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FOREWORD 

The Twelfth Conference on Coastal Engineering marks the twentieth year since 
the first conference was held at Long Beach, California, in October 1950 It 
appears appropriate at this time to present a brief history of the research coun- 
cils which have sponsored these conferences over the years 

In March 1949 the late Professor Boris A Bakhmeteff of Columbia University 
was invited to the University of California, Berkeley, to present a special lecture 
entitled, The Engineer in the World of Today At that time Professor Boris A 
Bakhmeteff was chairman of the Research Committees of both the American 
Society of Civil Engineers and The Engineering Foundation He observed in his 
discussions with Dean Morrough P O'Brien during his stay in Berkeley that there 
were numerous research councils in the country to sponsor and coordinate re- 
search in various fields, but none existed for studying waves and related prob- 
lems Following this suggestion Dean O'Brien prepared a proposal for the 
formation of a Council on Wave Research and submitted it to The Engineering 
Foundation through the Hydraulics Division of the American Society of Civil 
Engineers The A S C E Committee on Research approved the proposal and 
recommended to The Engineering Foundation that a grant be made to establish 
a Council on Wave Research The Engineering Foundation Board at its semi- 
annual meeting in June 1950 approved of the Council with the grant becoming 
effective in October 1950 The Council was thus formed with Dean O'Brien as 
Chairman and J W Johnson as Secretary 

In 1963 The Engineering Foundation revised its policy on the support of Re- 
search Councils With approval of The Engineering Foundation the Council on 
Wave Research proposed to the Board of Direction of the A S C E that the 
Council be incorporated in the A S C E and be renamed the Coastal Engineering 
Research Council The A S C E approved of the establishment of the Council 
in May 1964 and designated the Waterways, Harbors, and Coastal Engineering 
Division to serve as liaison between the Council and the A S C E Research Com- 
mittee Dean M P O'Brien remains as Chairman of the Council with R L 
Wiegel as Vice-Chairman, and J  W Johnson continuing as Secretary 



In October 1950 the University of California conducted an Institute on Coastal 
Engineering in Long Beach, California This was conceived as a local meeting of 
engineers and scientists interested in shoreline problems The aim was to aid 
engineers by summarizing the present state of the art and science related to the 
design and planning of coastal works rather than to present a series of original 
scientific contributions The program consisted of thirty five invited papers, 
copies of which were distributed to those in attendance This series of papers 
represented a rather thorough summary of coastal engineering as then practiced 
The quality and scope of the papers and the need for a comprehensive and 
modern treatment of the subject convinced the sponsors of the conference that 
publication in a single volume was desirable rather than piecemeal in the scien- 
tific and technical journals The newly-formed Council on Wave Research se- 
cured funds to underwrite the publication costs from the Engineering Founda- 
tion and the publication was entitled The Proceedings of the First Conference 
on Coastal Engineering 

Because of the success of the Long Beach Conference, invitations to cosponsor 
additional conferences were extended to the Council by various societies, univer- 
sities, etc , with the result that subsequent conferences were held in Houston, 
Texas (1951), Cambridge, Massachusetts (1952), Chicago, Illinois (1953), 
Grenoble, France (1954), Gainesville, Florida (1957), The Hague, Netherlands 
(1960), Mexico City, Mexico (1962), Lisbon, Portugal (1964), Tokyo, Japan 
(1966), London, England (1968), and Washington, D C (1970) In addition, 
conferences on Ships and Waves (Hoboken, New Jersey, 1954), Coastal Engi- 
neering Instruments (Berkeley, California, 1955), and Civil Engineering in the 
Oceans I (San Francisco, California, 1967) also were sponsored by the research 
councils 

The proceedings of the various conferences were published by the Council on 
Wave Research with assistance from The Engineering Foundation until the for- 
mation of the Coastal Engineering Research Council in 1964, after which the 
proceedings have been published and distributed by the A S C E 

In view of the fact that the term coastal engineering appears to have been first 
used generally in connection with the Long Beach conference the following 
quotation from the preface of the proceedings of that conference is of interest 

"A word about the term "Coastal Engineering" is perhaps in order here It is 
not a new or separate branch of engineering and there is no implication in 
tended that a new breed of engineer, and a new society, is in the making 



Coastal Engineering is primarily a branch of Civil Engineering which leans heav- 
ily on the sciences of oceanography, meteorology, fluid mechanics, electronics, 
structural mechanics, and others However, it is also true that the design of 
coastal works does involve many criteria which are foreign to other phases of 
civil engineering and the novices in this field should proceed with caution 
Along the coastlines of the world, numerous engineering works in various stages 
of disintegration testify to the futility and wastefulness of disregarding the tre- 
mendous destructive forces of the sea Far worse than the destruction of insub- 
stantial coastal works has been the damage to adjacent shorelines caused by 
structures planned in ignorance of, and occasionally in disregard of, the shore- 
line processes operative in the area " 

It is believed that the proceedings resulting from the conferences held over that 
past twenty years have done much to improve the art and science related to the 
design and planning of coastal works throughout the world 

J W Johnson, Secretary 
Coastal Engineering Research Council 
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CHAPTER 1 

THE CANADIAN WAVE CLIMATE STUDY -  THE FORMATIVE YEAR 

Laurence Draper 

National Institute of Oceanography, Great Britain 

Director, Canadian Wave Climate Study, 1968-69 
Department of Public Works 

ABSTRACT 

This paper describes the need for, and the 
factors involved in, the establishment of a Wave 
Climate Study, illustrated with particular reference 
to the Canadian Wave Climate Study 

INTRODUCTION 

The shortage of sea wave information is world-wide, and that which does 
exist has usually been obtained for specific purposes and is of value only 
in a very limited area   Of the existing information, a large part in in- 
complete in comparison with the desirable minimum of a year's continuously- 
sampled conditions, and much of that which has been collected systematically 
has been analyzed in ways which are difficult to interpret   Canadian waters 
were no better, and no worse, documented than most others, but the Canadian 
Department of "ublic Uorks, probably the major potential user of wave data, 
became concerned at the lack of information   The engineering design division 
had the foresight to see that techniques had advanced sufficiently to justify 
the setting up of an organization to devote itself solely to the collection 
of wave data to meet future needs   Because of the size of the country, the 
project envisaged was probably larger than any similar project which had 
previously been undertaken anywhere else in the world   Treasury approval 
was obtained for an exploratory phase, with a nominal budget of #183,000, 
and the author was privileged in being asked by the Chief Engineer of the 
Design Directorate, Mr G Millar, to direct the study in its formative 
year from October, 196« 

GENERAL JUSTIFICATION FOR A WAVE CLIMATE STUDY 

The first part of any such study is largely an administrative exercise 
Although the need to spend money is more than obvious to anyone who has ever 
had to dream up design wave characteristics, it has to be justified in some 
detail to the controller of the purse strings   Part of the justification 
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Figure 1 Schematic Relationship between Cost and Design Criteria 

is not difficult to find, wherever structures have been built in exposed 
locations there must have been failures which have been expensive to remedy, 
and it is likely that it would be easy to find major repair bills totalling 
far in excess of the likely cost of any wave climate study   It is just 
conceivable that no major repair works have been necessary, in which case 
this is again a forceful argument in the minds of the Treasury Officials 
as it is most likely that the structures have been overdesigned, and that 
the initial capital outlay has., been excessive.  Figure 1, based on a 
diagram in a paper by J.  Ploeg , suggests that there is a fairly sharp 
optimum cost of design for coastal structures, so that without a fairly 
good estimate of wave conditions, which are major parameters, it would be 
nearly impossible to come close to the optimum, and the cost would necess- 
arily increase   As a consequence of this, it is reasonable to infer that 
the structure which is ultimately the cheapest will require occasional 
expenditure on maintenance and repair of storm damage   Wave conditions 
are only one, albeit major, of a number of parameters affecting the ultimate 
cost of a structure   The cost of failure is very much more than the actual 
rebuilding cost, for example, if a breakwater fails, in addition to the basic 
repair cost there will be the cost of overloading alternative ports and 
transport systems, and also the social costs, the latter may well have been 
completely neglected in many assessments and include the disruption of normal 
patterns of life and true unemployment costs (not just those of unemployment 
benefit), and possibly the costs of loss of life 



CANADIAN WAVE CLIMATE STUDY 

It cannot be pretended that good wave information alone will enable 
a designer to define the optimum precisely, but it should appreciably 
reduce deviations from the optima and make important savings in expenditure 

STANDARDS FOR DESIGN 

In the development of standards and criteria for the design of 
marine structures it is necessary to have reliable information, in 
some detail, on wave conditions which do, and are liable to, occur 
The only way to ensure that criteria for waves are realistic is to 
study them, mstrumentally and theoretically, in all geographical 
areas 

Uses for wave information are legion   Apart from the obvious ones 
of design parameters for specific projects, and design standards in general, 
the results of a comprehensive wave climate study can be used for the 
assessment of utilization of all kinds of surface vehicles, ships, hydrofoils 
and hovercraft, drilling, pile-driving and pipe-laying vessels, and for many 
other civil, as well as military, purposes 

PERSONNEL AND ORGANIZATION 

The minimum personnel requirements of such a study, apart from a 
study Director, are for one or more Civil Engineers with marine experience, 
and preferably with a mathematical aptitude, a Hydrodynamicist with 
oceanographic experience to be responsible for data collection, for each 
field team a competent electronic engineer able to plan his own programme 
and work on his own, often in remote situations, and a technician able to 
work with him and on small boats   Diving experience in the field team 
would also be a useful attribute 

The field team should preferably be supervised by the oceanographer, 
and the analysis of results would be undertaken jointly by him and the 
civil engineers, who would then be responsible for treatment of data and 
its interpretation for engineering purposes   Apart from technical 
prowess, enthusiasm for and appreciation of the value of the whole project 
are essential in every member of the whole study   The field team must 
have the ability to meet and win the confidence of all persons whose 
cooperation is required for the success of an installation 

The engineers in the project must also be involved in the field work 
to help them appreciate the problems and difficulties involved, but their 
main task will be in the interpretation and application of data to real 
engineering problems   They will find themselves called upon to advise and 
pronounce on all manner of problems connected with waves   The study 
Director will probably have some difficulty in keeping a balance such that 
the group continues its research, and also helps those needing advice and 
often more substantial assistance, especially as they may well be the people 
on whom his field staff rely rather heavily for support in installing, 
running and maintaining equipment 
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The study must maintain close links with two groups who are generally 
regarded as distinct entities - at one end is the construction organization 
which may not be research oriented, and at the other end is the oceanographic 
research organization which might not be too interested in detailed practical 
applications of its work   The study should, if at all possible, house all 
its staff in close proximity to each other within one building, and also have 
its own laboratory and at least some workshop facilities.  Only in this way 
can full discussion, essential in such a project, take place and all members 
of the staff be able to appreciate the problems and needs of the other parts 
of the project. 

TASKS OF THE STUDY 

Existing Data 

One of the first tasks will be the tracking down and collection of 
all documents purporting to give wave information   The data in each 
one will have to be assessed, and listed according to its geographical 
location, so that when future needs arise it can be retrieved quickly. 
It is quite probable that very little data achieving the required 
standards will be found 

Known future needs 

Many projects can be foreseen in general, if not in detail, several 
years in advance, so that a picture can be built up showing where require- 
ments for wave information are likely to be concentrated   This information 
can often be obtained from area Public Works Authorities, Port and Harbour 
Authorities and major resource exploiters such as oil and mineral companies 

DEVELOPMENT OF A PLAN OF OPERATION 

When all the existing data has been collected and opinions on future 
needs have been assembled (previous attempts at wave recording are indications 
that there may be more interest in those areas), it will be possible to 
propose areas in which general coverage stations should be placed.  Usually 
these should be in open waters, placed so that each station samples wave 
conditions which are likely to be significantly different from those at any 
adjacent station.  Possible specific locations can usually be determined 
from hydrogcaphic charts of the area, in conjunction with land maps to give 
an indication of shore conditions, accessibility and density of habitation. 
The locations must be as exposed as possible and not suffer significantly 
from refractive effects, be shielded by reefs or sand bars, or be sheltered 
by long stretches of shallow water   If an underwater cable is to be used, 
a 'safe' landing zone must be available fairly conveniently, tidal currents 
should be as small as possible.  Possible locations for housing the recording 
equipment, such as lighthouses or other officially-owned buildings on a coast, 
may be found from charts and land maps, the authorities concerned are often 
only too pleased to help by giving introductory letters for project personnel 
to present to lighthouse staff and others, asking them to give assistance 
during site surveys. 
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When specific locations have been decided it is then necessary to 
make site surveys.  The actual visit to each site at which a cable may 
be brought ashore entails inspection on foot, preferably at low tide, 
to determine an actual route for the cable   The route must be as 
protected as possible to avoid sharp rocks and areas where boulders 
are liable to be moved by high waves   A major hazard for surface 
instruments is that they may be in collision with shipping, be stolen, 
or even used as targets for shooting practice, submerged instruments 
are less vulnerable, but can easily be trawled up, or the cable may be 
wrecked by a dragging anchor, in either case all local marine authorities 
and opinions must be sounded to determine the liklihood of misadventure 
These will usually range from black despair to high optimism, the real 
answer usually lies between the two, and a crystal ball may well be needed 
before the final decision is taken 

Loss of information can, and will, occur through many different 
causes, in fact, wave recording is a highly hazardous operation, at least 
from the point of view of the resulting data   In planning the Canadian 
Study, it is intended to leave each recorder in operation for two years 
so that gaps in the first year's records can be patched with data from 
the second   In the relatively rare cases when the first year's records 
have insignificant gaps, the instrument can be withdrawn and moved else- 
where   In ice-free waters a year means twelve calender months, but where 
the water is frozen over for part of the time, the "year" is taken to be 
the mean duration of time when substantial ice-cover is absent 

ASSESSMENT OF INSTRUMENTS 

There is no universal wave recorder, but for most studies it may 
well be possible to standardize on one sub-surface pressure recorder, 
one surface buoy and one through-surface recorder   From the technical 
points of view of expertise in servicing and costs of spares, the 
virtues of having as few different types of instrument as possible are 
self evident.  In the Canadian Study, it was initially intended to 
standardize on three types 

(1)  N.I 0 Shipborne wave recorder   This can only be used for 
routine data collection where a vessel is stationary at one 
place for long periods - for example, on Light Vessels or 
Weather Ships, or where a vessel often revisits a station 
or small area for routine sampling purposes   In our case 
the two Canadian Ocean Weather Ships which operate on 
station P in the North Pacific were each already fitted 
with a Shipborne wave recorder   The only remaining Light 
Vessel in Canadian waters, the LURCHER, was scrapped as an 
economy measure less than a month before the equipment was 
due to be installed   One instrument was installed on the 
PORTE DAUPHINE, a Great Lakes Institute vessel, the one 
destined for LURCHER should be installed on a vessel belonging 
to the Canadian Centre for Inland Waters 
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(2)  Pressure recorder   If at all possible the recorder should 
be capable of being monitored, so that a fault can be 
recognised at a very early stage   To achieve this it is 
necessary to use an underwater cable, but cables suffer badly 
from the vagaries of the sea, and may be damaged in a variety 
of ways which can reduce the insulation   For long-term 
installations it is essential that any damage which impairs 
the signal should be recognised at once   In a recorder 
which transmits back a voltage or a current, diminution of 
the insulation can result in an attenuated signal reaching 
the shore unit, and the presence of the trouble may not be 
recognised for a long time   Bven when it is known that 
the record is in error, it may not be possible to determine 
with any certainty the time of onset of the trouble, and many 
perfectly good records may have to be scrapped   Possibly the 
most elegant alternative is the use of the frequency modulation 
system in which a pressure signal is converted in the transducer 
into a frequency signal, so that a frequency is transmitted up 
the cable.  As long as the frequency can be discrimimated from 
background noise, regardless of the state of the cable, a shore 
unit will record the correct pressure   Failure, when it comes, 
will be catastrophic, and will be immediately recognisable 

At the time when the Study was looking into the problem, 
only two types of F M wave recorders were commercially 
available   After testing one of each it was decided to 
standardize on the instrument designed and built by the 
National Research Council in Ottawa 

(3)  Surface buoy   These instruments are intended for use where 
the water is deep and a pressure unit cannot be used, or 
where the distance to shore makes the cable cost prohibitive 
They transmit by radio to a shore station, which may be twenty 
or thirty miles away   One of each of two different types 
were tested, and it was decided to standardize on the Wavender 
buoy built by Datawell of Holland 

Through-surface recorder   In the first stages where only general 
area data was sought, there was no need for a through-surface recorder 
(they generally need to be fixed to an existing structure) 

DATA HANDLING 

In the Canadian Study it was intended initially to record by pen on 
paper charts, there were several reasons for this   The assessment of 
instruments was not due to be completed until the autumn of 1969, and 
until decisions had been made it was n6t possible to decide the type of 
digital equipment needed to match the outputs   In remote outstations 
the use of sophisticated equipment, especially if it is untried, can 
waste a great deal of time   Even if all the equipment had been well 
proven and was likely to give no trouble, the shortage of skilled 
technical staff would have reduced the number of installations which 
could be made in a given time.  The philosophy at present is that if 
good chart records can be obtained they can be analyzed cheaply at 
headquarters by people other than technicians 
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One technique which needs to be investigated is the transmission 
of data over existing telephone lines back to headquarters   This 
would reduce the amount of data logging equipment needed, and have 
the great advantages that only one data logger would be required and 
could therefore be of high quality, and also that servicing staff would 
be easily available   It would have the disadvantage that spurious 
signals might be injected into the records by parts of the system out 
of our control and that recording might not always be possible at the 
required time due to conjested lines 

The intention is to process the data, whether on charts or tape, 
following the recommendations given by the author at the 1966 conference 

WIND DATA 

A very important source of information from which wave data can be 
calculated is wind data   Measured or even observed wave data is sparse, 
but measured wind data is much more common and in many places is available 
for half a century or more   For calculations of extreme wave conditions 
the wind data may not be in the most useful form, the information needed 
is the most probable value of the highest mean wind, over durations up to 
24 hours, likely to be exceeded once in some long period of time such as 
20, 50 or even 100 years   If the basic measurements of mean hourly wind 
speed have been consistently made for at least ten years, an extrapolation 
can be made from them.  The author is at present aware of only two 
countries where wind data is available in the required form, these being the 
United Kingdom and Canada4, where the data has recently been obtained by 
this Study   If this mean-hourly data is available, a further requirement 
for wave forecasting is information on the ratios of the mean wind speed 
over periods of from six to twenty four hours to the highest mean hourly 
speed in each storm   For Canada this was done for the 20 most severe 
storms at 21 typical stations, the mean speed over 24 hours was between 
60% and 80% of the greatest mean hourly value,and the mean speed over six 
hours was between 80% and 90% of the greatest mean hourly value   For the 
U.K some ratios have been calculated by Shellard (private communication) 
and the percentages were a little higher 

REFRACTION STUDIES 

Any study group established to provide wave information will rapidly 
find itself being called upon to produce refraction diagrams   Several 
methods of doing this have been published, and one must be chosen and 
adapted to suit the computational facilities available, ideally the output 
should be drawn by a plotter   In the Canadian Study, the method devised 
by the U S Coastal Engineering Research Center was adapted , with the 
output presented on a Benson Lehner plotter 

THE PROPOSALS AND ESTIMATED COSTS FOR THE CANADIAN STUDY 

To achieve reasonable coverage of Canadian waters, 39 stations were 
designated (Fig 2), 9 being on the Pacific coast, 5 in northern waters, 
19 on the Atlantic coast and 6 on the Great Lakes   Details of the specific 
proposals are not given here, as they are of local value only   The 
estimated total cost is just over one million dollars, spread over five years 
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The staff requirements are for five persons in the first year building 
up to ten in the fourth year, the total number of man-years amounting 
to 40   At the end of the five years the study ought to achieve 
reasonable coverage of Canadian wave conditions, with data processed 
and presented in a standardized manner 

CONCLUSIONS 

The needs for wave information are many, but the cost of a major 
comprehensive study is more than justified by the probable economies 
in construction and repair costs alone 

In the running of a Wave Climate Study, a lot will depend on the 
recruitment of staff with not only the appropriate abilities but with 
the sort of pioneer enthusiasm which is necessary in a small new project, 
in which there are few precedents and where improvisation is needed in 
isolated locations   Such a group must not only collect and analyse data, 
but it must be capable of acting as a consultant to interpret its findings 
and advise those who need the data and who will, in all probability, flock 
to it in increasing numbers   Indeed, maybe its major problem will be 
that of finding a way to limit the time spent in solving particular 
localized problems, as this can easily interfere with the task of making and 
interpreting field measurements - the first priorities of the study   At 
this stage it is hard to estimate what will happen after five years, but 
the author's feelings are that the group will be so involved in many projects 
that its continuation will be essential to the proper design of marine works 
in Canada, and that its usefulness in many other spheres as well will ensure 
its survival both as a data collecting and an engineering consultant agency 
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CHAPTER 2 

OCEAN WAVE RESEARCH IN SOUTHERN AFRICA 

by 

J A Zwamborn , C van Schaik , A Harper 

ABSTRACT 

Wave recording on a national basis in South Africa commenced in 1967, 

when an "Ocean Wave Research" project was initiated, aimed at obtaining 

reliable data on sea conditions around the shorelines of the Republic 

and South West Africa and to improve on wave prediction techniques 

Various instruments are being used in this programme   Some of 

the problems encountered in practice with these instruments and the 

agreement between the results obtained using various wave recorders 

simultaneously at the same station are discussed   An indication of 

the volume of wave data so far obtained and the methods of analysing 

them are included 

INTRODUCTION 

The realisation that accurate data on the wave conditions along the 

country's entire coastline and also over the continental shelf were 

indispensable for further coastal development and nearshore operations, 

has become evident in South Africa several years ago   Although wave 

records had been collected on an ad hoc basis in certain localities 

for many years, it was not until February, 1967 that the "Ocean Wave 

Research" project was initiated   This project was instigated by the 

South African National Committee for Oceanographic Research and is 

supported by various authorities and private bodies and aims at col- 

lecting wave data on a national and systematic basis   The work is 

being carried out by a research team from the Hydraulics Research Unit 

of the CSIR's National Mechanical Engineering Research Institute 

Head, Senior Technical Officer and Research Assistant respectively 

of the Hydraulics Research Unit of the CSIR's National Mechanical 

Engineering Research Institute, Stellenbosch, Republic of South Africa 

13 
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OBJECTIVES AND PROGRAMME OF THE OCEAN WAVE RESEARCH PROJECT 

The mam objectives of the Ocean Wave Research project are to record 

and analyse wave conditions along the 4 000 km of coastline of South 

Africa and South West Africa, to correlate wave and wind data and to 

assist the South African Weather Bureau with wave forecasting 

Wave recording stations are being operated or are being installed 

about 300 km apart, along the entire coastline   Moreover, records 

are supplemented by deep sea data obtained from five research vessels 

operating m the country's coastal waters (see Figure 1) 
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FIGURE 1  LOCATION OF WAVE RECORDING STATIONS 

Most of the nearshore recording stations are in relatively shallow 

water of 10 to 30 m depth and the records obtained are only of local 

application   Using well-known refraction techniques, however, all the 

individual records are converted into deep sea values which not only 

apply to the recording area itself but they apply to much longer 

stretches of coastlines initially estimated to be as long as 300 km 

Available data have confirmed the reliability of this estimate but 
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extensive correlation studies between the data from adjoining stations 

are being continued to establish the optimum spacing of recording sta- 

tions 

The full programme will run until 1975 at the earliest   It is 

possible that recordings at only a few key stations will continue on a 

permanent basis after this data 

MEASURING INSTRUMENTS 

When data from instruments are not available, visual wave records col- 

lected either from merchant ships or from lighthouses have to be used 

The Ocean Wave Research project, however, aims at using only data ob- 

tained from wave recording instruments and relying as little as possi- 

ble on visual observations   Instruments using optical, accelerometer, 

acoustic and pressure measuring systems are being used to obtain the 

wave recordings 

Wave clinometer 

The wave cXvnometev  is an optical instrument developed in South Africa 

by the CSIR primarily for measuring wave direction   As can be seen in 

the photograph in Figure 2, it consists of a specially adapted tele- 

scope which is mounted on a stand and in such a way that its axis can 

be inclined at one of three fixed angles, namely 3,5 or 1\    to the 

horizontal   The instrument is installed on shore at a fixed compass 

direction and the angle of inclination of the telescope fixed at one 

of these angles so that it can be focussed on the observation point at 

sea   To measure wave direction, a horizontal cross hair in the tele- 

scope is aligned with the wave crests by turning the telescope about 

its axis and the angle is recorded on a graduated disc mounted on the 

telescope 

Wave heights and wave periods are measured by observing the move- 

ments of an anchored floating buoy using the graduations provided in 

the telescope between which the image of the buoy moves   The wave 

heights obtained agree closely with the so-called significant wave 

height, Hs   By measuring the time for 20 waves to pass the buoy, the 

average wave period can be determined   This is found to represent 

both the significant wave period T and the zero crossing wave period 
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T closely.  The buoys used are usually inflatable polyform spheres 

0.5 m in diameter.  Unfortunately, they are easily lost, due to such 

reasons as theft, running over by ships and interference by fish. 

Moreover, they do not usually last longer than about six months due to 

wear and tear.  Since they are not costly, they are normally replaced 

at four monthly intervals. 

FIGURE 2:  WAVE OBSERVATION WITH WAVE CLINOMETER 

Greater accuracy is achieved when the telescope is inclined in 

the 5 or 1\    positions, thus the instrument should preferably be sited 

on a high vantage point.   The water depth at the observation point 

should not be less than about 12 m, which means that the slope of the 

sea bottom should preferably be steep. 

At present a total of eleven clinometers are installed around the 

coast, most of them in lighthouses (see Figure 1).  The recordings 

are hand-punched on computer cards to facilitate subsequent analyses. 

Recordings can only be made during the hours of daylight and are nor- 

mally made at 5.00, 10.00 and 15.00 hours G.M.T. 

Shipborne recorder 

The well-known NIO shipborne wave recorder  is an accelerometer type 

instrument and consists of two identical units fitted under the water- 

line on each side of the ship's hull.  Each unit contains an accele- 

rometer and a static water pressure transducer, connected to a recorder 

unit normally installed in the ship's wheelhouse1.  The total verti- 

cal displacements of the ship are obtained by a double integration 
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(electronically) of the output of the accelerometers and averaging the 

two results   True wave height record is obtained after a correction 

is made for the ship's movements relative to the water surface by using 

the outputs of the pressure transducers   Wave directions are esti- 

mated by the crew using the ship's compass 

NIO recorders are installed on all five research vessels which 

operate in the areas shown hatched in Figure 1   Records of 15 mm 

duration are made every six hours at 6 00, 12 00, 18 00 and 24 00 hours 

GMT daily   The records are in graphical form and adjustments have 

to be made to the wave periods to eliminate the influence of the ship's 

speed   In the past the graphic records were converted into digital 

form and punched on tape with a D-Mac pencil follower but arrangements 

have been made to install paper tape punch units in line with the grap- 

hical recorders to facilitate computer analyses of the data 

The NIO recorders give reliable results but should be calibrated 

at regular intervals and should be operated preferably by the ship's 

officers, or the scientist on board the research vessels 

Boersma recorder 

The Boersma wave height meter  is also an accelerometer type instrument 

It is normally installed on a float and connected to an integrating 

and recording unit on board ship   In the early stages of the project 

the float, which is 1 m square, was launched from the weather ship 

(see Figure 1) but due to frequent cable breakage and instability of 

the float in heavy seas, it was later decided to install the accele- 

rometer in the cabin of the 51 m long weather ship   Records are 

obtained daily for 15 min durations at 6 00, 12 00, 18 00 and 24 00 

hours GMT   The records are m graphical form but a paper tape 

punch unit will be installed shortly 

Wave rider system 

The DataweVL wave rider system  is an accelerometer type instrument and 

consists of a telemetering buoy of spherical shape, anchored at sea 

and connected to a shore based receiving and punching unit   The buoy 

contains an accelerometer and transmitting unit, whereas the shore 

units contain the receiver, programmer, pen-recorder and punch-unit 

Three buoys can be used with one receiver unit and they can be anchored 
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up to 50 km from the shore station 

A Datawell wave rider system is installed at Mossel Bay (see 

Figure 1) where wave height records of 30 mm duration are obtained 

automatically at 6 00, 12 00, 18 00 and 24 00 hours GMT daily 

The records can be obtained either in graphical and/or punched form 

The shore unit of the wave rider system must be installed at a 

"civilised" place, since regular attendance is required for proper 

functioning   The Mossel Bay unit is installed at the radio station 

and has generally worked satisfactorily   The buoy is anchored some 

35 km from the shore in 100 m deep water, which is close to the ship- 

ping lanes   The buoys have proved to be the weakest link in the 

system, since over a period of nine months, one buoy was lost and a 

second buoy was salvaged twice after it was presumed to have gone 

adrift   It is difficult to decide whether a reward should be offered 

for the retrieval of a lost buoy, since this may encourage the removal 

of the buoy on purpose' 

Normal echo sounder 

Normal echo sounders,  which are acoustic type instruments installed 

on small boats, e g skiboats, are often used to obtain synoptic wave 

records to measure the effects of wave refraction and diffraction 

Provided the boat is small and wave periods are relatively long, e g 

as in the case with swell, accurate wave records can be obtained with 

these instruments 

INES wave recorder 

The inverted Echo Sounder  or INES wave recorder  is an acoustic type 

instrument developed by the Hydraulics Research Unit of the CSIR   It 

is a self-contained wave recorder which consists of a normal echo 

sounder housed in a waterproof canister placed in a supporting frame 

on the sea bottom   The transducer is fitted in the lid of the canister 

and the acoustic waves are reflected from the water surface, thus 

giving a continuous wave record (see Figure 3) 

INES recorders are operating at three stations at present and 

another four stations will be operative shortly (see Figure 1)   The 

instrument is left unattended on the sea bottom for up to five weeks, 

giving 15 min duration records at 6 00, 12 00, 18 00 and 24 00 hours 
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G.M.T. daily.  These records are in graphical form and are converted 

into digital form by a D-Mac pencil follower. 

FIGURE 3:  INES WAVE RECORDER 

The INES recorders can be placed in any depth of water up to 36 m 

deep.  Marker buoys indicate the position of the instrument, which 

are normally placed by divers to ensure that the tripod stand, which 

support the instrument, is in an upright position.  They are serviced 

at monthly intervals normally by divers (see Figure A) when the canis- 

ter containing the instrument is released from the stand and brought 

to the surface.  After servicing, it is taken down again.  When ope- 

rating in deep water, a spare serviced instrument is usually taken down 

by the diver on his first dive to replace the instrument which requires 

servicing.  With this procedure, only one dive per instrument is 

required. 

Good results have been obtained with these recorders but many pro- 

blems have had to be overcome, e.g. leakage of the canister, breaking 

of the stylus and failure of the marker buoy mooring system. 
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FIGURE 4:  PLACING OF INES WAVE RECORDER BY DIVERS 

Ospos recorder 

Ospos recorders  are also being used.  They are of the pressure type 

and are self-contained and can be left unattended for about four weeks. 

They are placed either on the sea bottom or suspended from an anchor on 

the sea bottom to "float" at a known distance, preferably 1 m below the 

lowest expected wave trough below the water surface.   In deep water, 

therefore, there is considerable movement of the suspended instrument 

with wave action and this affects the results adversely.  Moreover, 

since the depth of the transducer must be accurately known, the conver- 

sion from pressure changes to wave heights is dependent on the depth 

of submergence. 

The instrument records pressure variations for durations of 15 min 

four times per day, usually at 6.00, 12.00, 18.00 and 24.00 hours 

G.M.T.  The conversion from pressures to wave heights is very laborious 

and inaccurate and this recorder is used only if no other instruments 

are available. 

CORRELATIONS BETWEEN VARIOUS INSTRUMENTS 

Since the statistical analyses are based upon records obtained from 

different instruments, it is essential to check that their outputs are 

in good agreement2. 
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Comparison of the wave directions read from a wave clinometer 

(inclined at 5 ) with those obtained from aerial photographs specially 

made for this purpose showed a maximum deviation of 10 and an average 

deviation of 5 

A special correlation test was arranged at a point due west of 

Robben Island (Cape Town) in a water depth of 27 4 m on 2nd October, 

1969 from 15 00 to 16 00 hours S A S T   Simultaneous recordings were 

made using the following instruments 

(a) Boersma wave height meter (using the float) 

(b) INES wave recorder 

(c) Ospos wave recorder 

(d) NIO wave recorder on research vessel Africana II (NIO A) 

(e) NIO wave recorder on research vessel Benguela (NIO B) 

A comparison of wave height and wave period distributions using a 

30 mm period of the records, are given in Figures 5 and 6 
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The results show that the records of NIO recorders, installed on 

two different ships, are almost identical   The Boersma wave buoy 

seems to over-estimate the wave heights, especially for the lower wave 

group, whereas the Ospos generally gives wave heights which are too 

low   The INES records generally agree well with the NIO records, 

except for the maximum wave height   Wave periods agree well with 

each other except for the Ospos records 

In Figure 7 the smoothed energy density for a constant time inter- 

val of I 8 seconds is plotted versus the frequency as obtained from 

the results of recordings with the INES wave recorder and NIO wave 

recorders on two different ships   It will be noted from this plot 

that the frequencies for maximum spectral density lie close to each 

other, although there are noticeable differences in the values for 

maximum spectral density, with the INES wave recorder giving the 

lowest values 

FIGURE 7  WAVE ENERGY SPECTRUM 
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AVAILABLE DATA 

Data on ocean wave characteristics for the Ocean Wave Research project 

have been collected using the above-mentioned wave recording instruments 

since February, 1967 although wave data for certain areas have been col- 

lected since 1961   The number of recording stations has increased with 

the passage of time and the present situation is as shown in Figure 1 

The following instruments are in use 

11 Wave clinometers 

5 NIO shipborne wave recorders 

2 INES wave recorders 

1 Wave rider system 

1 Boersma wave height meter 

1 Ospos wave recorder 

The amount of data available from each instrument in its particu- 

lar area or position is shown in Table 1 and Figure 81*'5'6'7 

I 

I 

i 

-J 
U« L 

FIGURE 8  AVAILABLE WAVE DATA, MAY, 1970 
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WAVE ANALYSIS 

The distance of approximately 300 km between wave recording stations, 

was assumed to be adequate to give a good overall coverage of the 

actual sea conditions along the coast of Southern Africa   Since, 

however, wave data are obtained from both shallow and deep water, they 

have to be converted to deep sea values to obtain a basis for compari- 

son   This conversion is made using conventional refraction theories 

The method used for the construction of the wave refraction diagrams 

by computer, is that described by Wilson of the U S Army Coastal Eng- 

ineering Research Center8'9   The correction of all wave directions 

to deep sea values is made by use of graphs on which deep sea wave 

direction versus nearshore direction at the recording point (found 

from the above refraction diagrams) are plotted 

The method used for the conversion of nearshore wave heights to 

deep sea values, is that developed by Dorrestein10 whereby the wave 

direction graphs referred to above are used to obtain the height cor- 

rection factors   This method was found to be reliable and much 

quicker than the conventional method using pairs of orthogonals  In 

certain cases a correction for shoaling water also has to be made11 

Wave clinometer records 

Wave parameters obtained from the clinometer records are as follows 

(a) significant wave height (H ) 

(b) significant wave period (T ) or 

zero crossing wave period (T ) 

(c) wave direction 

The clinometer records are converted to data applicable to deep 

sea by using the above-mentioned methods for the correction of the 

wave heights and directions   This entails the production by computer 

of •'refraction diagrams for each recording station using the most recent 

bathymetric chart   The wave clinometer records are obtained directly 

on hand-punched computer cards to facilitate the analysis procedure 

The actual deep sea corrections, statistical analyses and tabulation 

of the data are now all done by computer 

Continuous wave records 

The wave records obtained from the INES, wave rider, NIO and Ospos 
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instruments all lend themselves to the same type of analysis, although 

the records of the Ospos, which gives pressure fluctuations, first 

have to be converted to water level fluctuations   A computer pro- 

gramme is available to obtain the following wave characteristics from 

these records 

(a) cumulative wave height (H) distribution 

(b) cumulative zero crossing wave period (T ) distribution 

(c) cumulative crest period (T ) distribution 

(d) characteristic wave heights Hr_, H,„ ., or H , H, and H 
°    50  13 5    s  1    max 

(e) characteristic zero crossing wave periods (T )_„, (T ) 
z 50   z 13 5 

or T and (T ) 
S        Z 1 

(f) characteristic crest period (T ) 

(g) the period of the maximum wave in the sample (T   ) 

To reduce the cost of analysis by computer a simplified programme 

will be prepared to give the following information 

(a) wave heights H^, H^, H,3 ,., H,0, H, and H^ 

(b) zero crossing wave periods (T ),n, (T )., ., (T ),. and (T ). 
Z 3U     Z U 3     Z 10        Z 1 

(c) wave period of the maximum wave height viz T„ ° Hmax 
(d) wave crest period (T )__ 

The wave rider system already produces a punch tape output, but 

the records from the other instruments are in graphical form and must 

be converted to punch tape on the D-Mac pencil follower before computer 

analysis is possible 

Statistical analysis and presentation of data 

The deep sea wave characteristics are analysed to yield seasonal and 

yearly directional distributions   An example of the distribution of 

significant wave heights is shown in Figure 9   Standard forms of 

presentation are also used for cumulative distributions and exceedance 

curves   The standards used and methods of presentation are shown in 

Figure 10 

COMPARISON OF WAVE DATA 

Cumulative distributions of wave direction, height and period for the 

various recording stations are plotted in Figures 11, 12 and 13 

For definition of terms, see Appendix 
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FIGURE  9       DEEP  SEA WAVE HEIGHT 

ROSES FOR CAPE  ST    FRANCIS 

tW HI     1M 

MCOHO    N EHVAU 

OCCURRENCE    SCALE 

IOAMMPIKSE    K]»  h 

FIGURE   10       STANDARDS TO WHICH 

WAVE RECORDS ARE ANALYSED 

M cue     c     "C 

FIGURE   11       COMPARISONS OF WAVE DIRECTIONS  CAPE TOWN TO DURBAN 
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FIGURE 12  COMPARISONS OF WAVE HEIGHTS CAPE TOWN TO DURBAN 

FIGURE 13  COMPARISONS OF WAVE PERIODS CAPE TOWN TO DURBAN 

These figures show that there is an overall swing in the direc- 

tions of wave approach from SW towards SE around the coast from Cape 

Town to Durban   There is no obvious trend in the variation of wave 

height along the coast, except that at East London and Port St Johns 

the waves are significantly higher and lower respectively than at the 

other stations   The wave period distributions indicate that there 

are two distinct areas, namely East London, Mossel Bay and Durban with 

an average median wave period of 10 7 s and Port St Johns, Cape St 

Francis and Cape Town with an average median wave period of 11 6s 

From these data the distance between stations of 300 km so far 
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appears to be satisfactory   More data will have to be obtained from 

some of the stations, however, before final conclusions on the suitabi- 

lity of this distance can be drawn 

CONCLUSIONS 

Since the commencement of the Ocean Wave Research project in 1967, data 

on wave conditions along the east and south coasts of Southern Africa 

have been systematically compiled   The first data on wave conditions 

along the west coast will become available early in 1971   Already 

the project has provided the basic design data for various harbour and 

other coastal works, as well as for the present oil prospecting opera- 

tions on the continental shelf 
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APPENDIX 

GLOSSARY OF TERMS 

H       - wave height  the vertical distance between a wave crest 

and the preceding wave trough 

T - the average wave period obtained by dividing the duration 

of the entire wave record (in sees) by half the number of 

times the actual water profile crosses the mean water level 

T - the mean crest period obtained by dividing the duration of 

the entire record (in sees) by the number of crests in the 

record 

H       - the average height of the highest one third of the waves 

occurring in a specified recording period 

T       - the average period of the highest one third of the waves 

occurring in a specified recording period 

H       - the greatest vertical height from crest to preceding trough 

in the record 

T„      - the period of H Hmax max 

H_n      - 50 per cent of the waves occurring in a specific recording 

period are higher than H„ 

H , ,. - 13 5 per cent of the waves are higher than Hj. . (H., ,- = 

H when distribution is Raleigh) 
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c50 

z50 

zl3 5 

zl 

- 1 per cent of the waves are higher than H 

- 50 per cent of the waves occurring in a specific recording 

period are longer than T .. 

- 50 per cent of the waves occurring in a specific recording 

period are long than T ,_ 

- 13 5 per cent of the waves occurring in a specific recor- 

ding period are longer than T , . 

- 1 per cent of the waves occurring in a specific recording 

period are longer than T 
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CHAPTER 3 

SWELL AND STORM CHARACTERISTICS 
FROM COASTAL WAVE RECORDS 

Warren C Thompson, Professor of Oceanography 
Naval Postgraduate School, Monterey, California 

ABSTRACT 

Manual analysis of strip-chart records from a conventional wave sensor 
at Monterey, California was found to yield a linear frequency shift associ- 
ated with each arriving swell tram, from which the origin time and travel 
distance of the swell could be computed  The use of surface weather maps 
allows identification of the source, and thereby yields an accurate deter- 
mination of the deep-water arrival direction of the swell for use on the 
local coast  The wave records are analyzed for the frequency of the indi- 
vidual waves composing wave groups, f , consistency of the results obtained 

indicates that f  is equivalent to the frequency of maximum energy density 

f   , obtained by spectral analysis  Five swell sets studied were found to max J     f J 

originate in North Pacific storms advancing toward Monterey  The seas in the 
fetch were fully arisen at the time of computed swell origin, and the surface 
to geostrophic wind ratio was 0 83  The dominant swell emerged from the 
fetch at a time when its group velocity equalled the velocity of the fetch 
toward Monterey 

INTRODUCTION 

Barber and Ursell m 1948 published non-directional power spectra of 
ocean waves recorded on the coast of Cornwall, and showed that the spectral 
peak of swell arriving from a distant source shifts continuously toward 
higher frequencies, or short periods, with time  This shift is the result 
of dispersal of the broad band of frequency components generated m a sea 
that takes place during the propagation of the waves to a distant station, 
the energy in each component being transmitted at a velocity proportional 
to the frequency of the component, i e , at group velocity  Barber and 
Ursell used the rate of increase m the frequency of the observed energy 
peaks to estimate the distance and time of swell origin, and identified 
swell sources at distances of 1200, 2800, and 6000 miles from the coastal 
wave station 

Subsequently, Munk, et al  (1963) and Snodgrass, et al (1966) conducted 
notable experiments in wave measurement and analysis in the Pacific basin 
In these studies, waves recorded daily and semi-dai]y at selected stations 
over several months were analyzed to determine their energy spectra, E(f,t), 
as functions of frequency and time  The spectra were used to construct 
frequency-time (f-t) graphs on which were drawn contours of energy density 
The resulting topography revealed pronounced linear ridges of high energy 
slanting across the graph wnich represent the arrival of swell trains gener- 
ated by individual storm  located in the South Pacific and South Indian 
Oceans at distances up to about 10,000 nautical miles (antipodal circumference 

33 
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of the earth)  The distance from the storm to the station, and the origin 
time of the swell, were derived from the slope of the ridge line and from 
its intercept with the zero-frequency ordmate, respectively 

As part of the study by Munk, Snodgrass , and colleagues, wave records 
from multiple-sensor arrays located on the continental shelf off San 
Clemente Island, California, and Honolulu, Hawaii, were analyzed for their 
direction spectra, E(f,6,t), from which the directions to the swell sources, 
corrected for refraction, were determined  Comparison of the origin of 
swell trains computed from the wave data with the location of storms on 
weather charts gave good agreement 

The present paper introduces a non-spectral method of determining the 
frequency-time distribution of a swell tram from coastal wave records  The 
f-t data thus obtained may be used to derive the source distance and origin 
time of the swell m the manner referred to above  This information, in 
turn, when used with synoptic weather charts permits identification of the 
storm, and provides a simple, accurate means of deriving the swell arrival 
direction in deep water off the recording station  The wave frequency is 
determined manually from wave groups appearing in strip-chart records 
Evidence is offered to the effect that the frequency derived from wave 
groups, f , is equivalent to the frequency of maximum energy concentration, 

f  , that is obtained from spectral analysis 
max 

This study also probed into the conditions prevailing in the storm, and 
provided information concerning the stage in the storm history, and the state 
of development of the sea in the fetch, when the observed swell was produced 
In addition, information was obtained on the relationship of the surface wind 
to the geostrophic wind prevailing in the fetch at the time of computed swell 
origin by an indirect means in which the surface wind was inferred from the 
frequency peak of the recorded swell train 

SYNOPTIC WAVE TRAINS 

The wave records used in this study covered a period of 4-1/2 months in 
February-March 1967, November 1967, and March 1969, and were obtained using 
a conventional pressure sensor (Snodgrass Mark IX model) located in shallow 
water m southern Monterey Bay, California (Figure 1)   The records were 
analyzed for wave height and period by procedures described m the next 
section 

Time plots of these parameters reveal an endless sequence of distinctive 
patterns representing the arrival of individual wave trains, each generated 
by a synoptic weather event occurring locally or somewhere in the Pacific 
Ocean  These synoptic wave trains sometimes arrive singly, and at other 
times two or more occur simultaneously  Nearly all swell trains recorded 
by the Monterey gauge have been found to originate in the North Pacific 
Ocean  Southern Hemisphere swell, which are observed occasionally on the 
adjacent open coabt, experience extreme refractive divergence in reaching 
the Monterey gauge and are seldom detected 
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Because of the sheltered location of the wave gauge, most of the 4-1/2 
month period was marked by the arrival of swell trains, but seas generated 
m several local storms, and occasional low wind waves, were also recorded 
In addition, there were several long quiet intervals of up to 12 days 
duration during which the wave height did not exceed 0 5 foot, and much of 
the time fell in the range from 0 1 to 0 3 foot 

Swell trains from distant storms are typified in a time plot bv a 
narrow band of periods which decrease continuously with time  The swell 
height begins to increase about the time the first periods appear, reaches 
a peak, and eventually diminishes beyond detection  This characteristic 
height-period pattern is illustrated in Figure 3, in which may be seen 
three swell trains which arrived successively at Monterey during otherwise 
quiet sea conditions 

The initial period recorded among 13 swell trains studied ranged from 
14 5 to 21 3 seconds, with the exception of the swell event of 22-28 March 
1967 in which an initial period of 27 5 seconds was followed by a number of 
measurements above 20 seconds  In most swell trains, the period distribution 
terminates at a fairly well-defined cutoff in the range of 10 to 14 seconds, 
which reflects tUa  submergence of the waning swell train below the rising 
energy level of r,  w waves 

During those extended intervals when the wave height was half a foot 
or under, the periods were broad band and random much of the time, possibly 
reflecting the arrival of diffusely scattered wave energy  On several 
occasions, however, the period data clearly revealed the presence of a swell 
train when no trace of it was visible in the wave-height plot  The wave 
period is thus seen to be a sensitive indicator of swell even when the 
energy level is below that of the background 

Waves from coastal storms, as seen in a time-series graph like that of 
Figure 3, are revealed by very short initial periods which increase with 
time and by a wide period scatter, characteristics which are representative 
of the broad spectrum m a sea  Periods decrease following passage of the 
wave peak and display a more limited scatter, which is consistent with the 
dispersive nature of young swell trailing m after the storm  Local seas, 
such as are caused by the commonly occurring sea breeze, produce a random 
scatter of periods ranging downward from about 6 seconds  No further 
attention will be directed to local wind waves or young swell in this paper 

ANALYSIS OF WAVE RECORDS 

Wave Period 

The wave data used in this study were recorded on Esterline-Angus 
strip-chart records, and were analyzed manually  The recorder was pro- 
grammed to write a 5-minute fast trace (3 inches per minute) once every 
hour and a slow trace (3 inches per hour) the remainder of the time, from 
which, respectively, wave periods and wave heights were obtained 
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As may readily be seen in a wave record, ocean waves characteristically 
display at intervals discrete wave groups composed of a variable number of 
more or less periodic waves  The average period of the individual waves 
contained in a wave group, T , is the period parameter used in this study 

T may be determined from a wave record by measuring the time interval, At, 

for the passage of a selected number of waves, n, as illustrated m the 
diagram below  The measurement is made between those equivalent parts of 
the wave form that the analyst judges to give the best measure in each case, 
e g , between selected crests, troughs, centers of wave mass, or centerlme 
crossings 

A» 57 see 

WAVE GROUP 

T„ 4? 114 sec 

At this point it is desirable to inquire Into the physical significance 
of T since it forms the basis of this study  Within the conceptual frame- 

work of a sea surface composed of harmonic components of various period, 
extension of the rules for waveform interference stated by Manley (1945) to 
an ocean-wave spectrum leads to the conclusion that the apparent or mean 
period of the waves forming a group, or beat, T , is equal to the period of 

that component present having the greatest energy density  In the case of 
swell, the component of peak energy density can be considered to be the 
value T   , or its reciprocal f   , that would be obtained from spectral 

max r      max r 

analysis of the wave records  As stated above, the frequency of the energy 
peak, f  , has been used with good success for calculating the origin time 

and travel distance of swell  The wave records analyzed in this study have 
not been subjected to spectral analysis for direct proof of the equivalence 
of T and T  , however, the writer believes that the consistency of the 

g     max 
results obtained using T m examination of the wave-generating conditions 

at the swell source, which are described below, can have been achieved only 
if this condition were met 

With regard to practical considerations in the analysis of wave records, 
the wave-group method of determining the period has the important advantage 
over the conventional significant-period (T ) procedure of quick application 
It also yields a number of values of T in  the 20-mmute or so length of 

wave record needed to obtain T   In addition, two or three wave groups in 
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superposition are frequently observed in the wave records, and the wave-group 
method has the further important advantage of providing the periods of each 
A time-series graph of wave data shows the simultaneously occurring periods 
to be associated with independent wave trains from different sources, and 
thus provides additional insight into the synoptic nature of the wave trains 
present  For best results in the application of the wave-group method, the 
judgment of an analyst having a basic understanding of wave-interference 
phenomena is required  The task of discriminating individual wave groups 
and measuring T remains for the present beyond the capability of machine 
programming 

In order to assure the quality of the period measurements in this study, 
care was taken to avoid phase shifts and also the small secondary swell waves 
that occasionally appear in a wave group, and to account for occasional 
missing waves in a sequence  Not infrequently during quiet intervals the 
waveform assumed a variety of highly irregular shapes  In spite of their 
bumpy appearance these waves often occurred in a regular sequence, and the 
values of T obtained were found to be consistent with the periods derived 

g 
from sets of well-defined waves 

For the interval covered by this study, the value of T derived from 

every swell group identified in the wave records was measured and graphed 
Within the limits of Figure 3, for example, no data have been omitted, and 
all waves, whether sea or swell, are represented  The occurrence of 
obviously spurious period values was found to be quite low 

The period data reveal variable amounts of scatter when graphed as a 
time series, as may be seen in Figure 3  The scatter is attributed to the 
spectral bandwidth of the waves, and to subjectivity inherent in the 
selection and measurement of the wave groups  In regard to the latter, the 
precision of period measurements is estimated to be about 0 2 second for a 
group consisting of 5 waves, and 0 1 second or less for groups of 10 or more 
waves  An idea of the overall precision can be obtained from the observation 
that out of 582 wave groups (of 4 or more waves per group) composing a ran- 
domly selected month of data, 62$ contained 4 to 6 waves, and 9$ had more 
than 10 waves  The number of waves in a group was found to be independent 
of the period 

Wave Height 

Wave heights, determined to 0 1 foot, were derived from one-hour and 
three-hour samples of the slow-trace portions of the strip-chart record 
using a shortcut method developed for the purpose  The method involves 
estimating visually the crest amplitude, A,_^, such that one-third of the 

wave envelope exceeded this amplitude  The trough amplitude was estimated 
in the same way  The crest and trough amplitudes, which differ because of 
wave assymmetry m shallow water, were summed to give H, <*,  and then con- 

verted into the significant wave height, H , using the empirical relation- 

ship H = 1 35 H.7Cjr obtained from the statistical height parameters given 
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by Pierson, Neumann, and James (1955) The method requires a strip-chart 
recording made at a speed such as to compress the waves time-wise but not 
beyond  the  point  at which  individual crests  and  troughs   can be distinguished 

This  slow-trace method of height analysis  is  a simple  operation which 
involves  no counting of waves       It has   the  important  advantage  of speed  over 
other manual techniques,  and can effect  a major savings  of time when a number 
of analyses  are made      The method  can be applied much more  quickly,   for example, 
than  the  analysis  method  that   is  based  on  the   identification and measurement 
of a single wave  in a  fast-trace  record having a height  that represents  some 
percentage   level  m a statistical height distribution      Another advantage  of 
the slow-trace method  is  that   the height variability associated with wave 
groups  and energy bursts which  frequently are  present  m  the records  is 
averaged out by treating a  long record      This  results   in a wave-height  time 
series  that displays  relatively  little scatter,  as  is   illustrated  in Figure 3 
Intervals  of unusually high or  low wave groups  having durations  of  10 or  15 
minutes  are  not  uncommon,  and bias   the  heights  derived  from the  conventional 
20-minute  fast-trace       Random comparisons   showed   the  heights  derived  from the 
slow-trace method  and  the  conventional zero-upcrossing method   to agree within 
20$ in most  instances 

Wave-height   information  is  not  needed  for  the  purpose  of  obtaining  the 
swell  origin distance and  travel time  from a wave  record,  although  it  is  use- 
ful,  when examined   in conjunction with  the wave   period,   for deducing  the 
synoptic characteristics  of arriving wave  trains  in a time-series  graph      The 
relative wave  height  is  needed,  however,   for  identification of the  period  of 
the  peak waves  in a swell train,  T        The  latter  is  used  for  probing  into the 

state  of development  of the sea  that  produced  the  swell and  for estimating 
the surface wind at the  time  of swell  origin,  as  discussed below 

Shallow-Water Effects 

It   is   possible,   in  theory,   for   the   frequency  of maximum energy density  in 
swell to shift across  the  spectrum as  the waves  travel  from deep water  to the 
sensor because  of shoaling transformations      A shift  of this  sort would alter 
the source distance and  origin time computed  for the swell       It  is  also possible 
for  the   largest waves  to appear at  the  sensor either earlier  or   later than  in 
deep water  for  the  same reason      Advance  or retardation  of the  swell  peak would, 
in turn,  result  in erroneous  values  deduced  for the  surface wind speed  in the 
fetch, which  is discussed  later      Accordingly,  an analysis was  made  to determine 
the magnitude  of the shift  in the wave  peak with both  frequency and  time,   and 
these  changes were  found to be negligible 

An  idea of the magnitudes  of the  shallow-water coefficients  at  the  sensor 
site,  and  their variation with  frequency,  may be gained  from Figure 2      The 
coefficients,  as  given by  linear wave theory,  are defined as   follows 

1/2 
Shoaling coefficient K    =   (C  /2V) 

1/2 
Refraction coefficient K    =  (d /d) 

r    o 

Hydrodynamic coefficient   K, = (cosh kh) 
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where C = phase (wave) velocity, V = group velocity, d = wave-orthogonal 
separation, k = wave number (2TT/L) , L = wave length, h = mean sensor depth 
(24 feet), and subscript o refers to deep water  Energy losses dut to 
bottom friction were considered negligible because of the relatively narrow, 
deep shelf offshore  Accordingly, the energy density at the sensor, E(f), 
relative to that in deep water, E (f), for a given frequency component in an 
arriving wave train is given by 

E(f) = (KsKrKh)
2 EQ(f) 

The curve of K applies only to Swell Train 1 of 21-23 February 1967 

(Figure 3) which arrived from 311   The variation of (K K K, ) with 

frequency is seen to be small over the range of wave periods observed 
(20 to 12 seconds)  Curves of (K K K, ) for North Pacific swell arriving 

from other directions also display relatively small variation, but differ 
somewhat in magnitude 

SWELL ORIGIN AND DIRECTION 

Determination of Swell Source 

Using spectral analysis of wave records, Munk, et al , (1963) observed 
that a swell train arriving from a distant storm is revealed as a prominent 
ridge line in the spectral density topography on a frequency-time (f-t) 
graph, and noted that ridge lines are linear or very nearly so (df/dt = constant) 
A straight ridge line (f-t line), m the context of linear wave theory, implies 
a point source for the swell in space-time, and provides a simple means for 
determining the apparent source distance and origin time  Thus, if the energy 
associated with each frequency component, f, generated in the sea is propagated 
at group velocity, V_ = g/4TTf, over distance D from the source to the wave 

gauge in travel time At = t-t , measured from the origin time t , then o o 

Vf = g/4TTf = D/(t-tQ) 

The slope of the f-t line is then df/dt = g/4-nD  Accordingly, the apparent 
distance to the swell source is given by 

1 515 /  .-    •> -      (naut mi ), "  df/dt 

where f is in cycles/second and t is in hours  The apparent origin time is 
given by the intercept of the f-t line with zero frequency 

In the present study, the values of T derived from the Monterey wave 

records were converted to f , and f-t graphs were constructed  Examples of 

three swell trains (from Figure 3) are shown m Figure 4 m which the linear 
character of the f distribution with time may be seen  From the 4-1/2 months 

of analyzed wave data, 13 swell trains were selected for study Straight-line 
fits to each set of f data yielded source distances ranging from 1515 to 4270 
naut mi ° 
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Wave records from a single gauge provide no directional information for 
use m locating the coordinates of a fetch that produced a given set of swell 
In fact, directional information at the Monterey gauge site would have little 
value for this purpose because refraction caused by extreme sheltering results 
in a nearly unidirectional approach for all swell 

The storm responsible for a recorded swell train was identified, however, 
using the computed origin time and distance combined with six-hourly synoptic 
sea-level pressure analyses produced by the Fleet Numerical Weather Central, 
Monterey  In all swell cases analyzed, an arc of radius D drawn from Monterey 
on a weather chart of time t was found to intersect a storm system  All of 

o J 

the swell sets studied were found to originate in eastward-moving cyclonic 
storms in the North Pacific Ocean  The absence of southerly waves among the 
swell sets selected is probably due to extreme energy reduction by refraction 
in passing around the Monterey Peninsula, since Southern Hemisphere swell is 
recorded on the adjacent open coast 

In view of the fact that a storm system produces swell for the duration 
of its passage across the ocean, it appears that the point source computed 
from the wave records represents that moment and location in the storm 
history at which the maximum energy density in the sea directed toward 
Monterey was generated 

Deep-Water Direction 

The deep-water wave direction, t|i , is a parameter required for nearly all 

coastal engineering applications involving waves in shallow-water  Direct 
measurement of this quantity is difficult and expensive as conventionally done 
because it requires synchronous operation of closely spaced multiple wave 
sensors and complex data-analysis procedures  In addition, the sensor array 
is placed on the bottom in shallow water, and shoaling and refraction trans- 
formations must be applied to the data in reverse in order to obtain the 
deep-water direction spectrum if that is desired  For these reasons dir- 
ectional wave recording remains for the present in the realm of research and 
is not performed on an operational basis 

With regard to swell, the procedure described in the previous section, 
by which the source is identified using coastal wave data from a single 
sensor m connection with weather charts, permits construction on the appropri- 
ate weather chart of a great-circle trajectory from the swell source to the 
coastal station, and thereby provides an accurate measure of i|t at the station 

as well as for other locations on the adjacent coast  Noting that the energy 
m a sea is proportional to the fourth (or fifth) power of the wind speed, the 
swell trajectory can logically be considered to originate at that point in the 
fetch where the wind velocity directed toward the coastal station is a maximum 
The deep-water swell directions derived in this manner for five selected storms 
producing swell recorded at Monterey are listed in Table 1, and can be seen m 
relation to the fetch trajectories of each storm in Figure 5  As implied above, 
the deep-water wave direction is also the fetch azimuth from Monterey 

The beamwidth, or angular intercept, of the fetch as viewed from a coastal 
station, is determined by both the fetch width and distance, and varies during 
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the life of a storm  For the purposes of this study the fetch width was 
defined as that swath of the wind field directed toward Monterey within 
which the winds can generate 70% or more of the wave energy generated by the 
peak winds, in the fetch  By this definition, the fetch beamwidth at Monterey, 
which is also the directional bandwidth of the arriving swell, was 3° to 4 
at the time of computed swell origin for the five storms studied (Table 1) 
These values appear to be typical for most swell trains arriving at coastal 
stations from distant sources  Accordingly, for practical engineering pur- 
poses, swell arriving on the Pacific Coast can be considered unidirectional, 
and to originate at the source computed 

In the directional recording of Southern Hemisphere swell at San Clemente 
Island, California, and Honolulu, Hawaii, Munk, et al  (1963) and Snodgrass, 
et al  (1966) found the computed swell source to lie pretty consistently to 
the left of the fetch location obtained from weather charts  The authors sug- 
gested that the deviations were the result of local refraction uncertainties 
and insufficient accuracy in the relative positioning of the sensors  De- 
flection of the swell direction by ocean-current systems also appears to be a 
possibility  For North Pacific swell arriving on the Pacific Coast, ocean- 
current deflection might be expected to amount to several degrees from the 
great-circle swell trajectory 

Long-Range Triangulation 

The results of this study indicate that the source of a swell train can 
be identified with certainty in most instances using the wave date from a 
single sensor coupled with weather charts, but occasionally more than one 
storm is present simultaneously at the computed origin distance  This was 
the case with Storm 3 shown in Figure 5 (Braunstein, 1970) 

It appears that positive identification can be obtained consistently and 
automatically by long-range triangulation using the swell travel distances 
derived from two sensors placed some miles apart along the coast  The feasi- 
bility of this was tested using wave sensors at Monterey and Bolinas, California, 
separated by 90 naut mi , for the swell train of 18-20 March 1969  The two 
stations happened to be nearly in line with the swell direction in this case, 
and the computed origin times and distances yielded an almost identical common 
source 

It is probable that location of swell sources by long-range triangulation 
will not give direction resolution that is as good as can be obtained using 
weather charts, however, the precision of deep-water swell directions obtained 
by this means may prove to be fully adequate for practical engineering purposes 

GENERATING CONDITIONS IN THE STORM 

Swell Origin in Relation to Storm History 

With the objective of determining the relationship between the computed 
swell source and the history of development of the storm, five swell trains 
recorded at Monterey were selected and the storms that produced them were 
intensively studied by Braunstein (1970) and the author through the use of 
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FNWC six-hourly synoptic weather charts  Data pertaining to the swell trains 
and storms are presented in Table 1 

Using objective methods devised for the purpose, Braunstein measured 
from successive weather maps the dimensions of the effective generating area 
and its azimuth and distance from Monterey  From this information, distance- 
time (d-t) graphs were prepared for the five storms throughout their develop- 
ment  A d-t graph for the fetch area that produced the swell train of 21-23 
February 1967, shown in Figure 3, is presented in Figure 6  The point of 
maximum wind m the fetch is shown by the dashed line, and the front and rear 
limits of the fetch are indicated by the solid lines  The speed of advance 
of the fetch with respect to Monterey is given by the slope of the curves 
The wind area is observed to have travelled rapidly in its early stages but 
slowed perceptibly about OOZ on 17 February 

The movement of the wind field may also be seen in Figure 5, which shows 
the fetch tracks for the five storms  The dots mark six-hourly positions of 
the point of maximum winds directed toward Monterey, and the small circle 
indicates the computed swell origin time  The fetch trajectories labelled 
1, 2, and 3 are associated with the storms that produced the three successive 
swell trains of Figures 3 and 4  The fetch tracks should not be confused with 
the trajectories of the storm centers, which are not shown 

The computed swell source derived from the Monterey wave records may be 
seen in Figure 6 to lie within the fetch observed from the weather maps  Also 
plotted are the lowermost, uppermost, and peak period components identified in 
the swell  The lines emanate from the swell source and arrive at the gauge 
(D = 0 naut mi ) at the times indicated  The group velocity of each component 
is given by the slope of its line  It may thus be seen that the peak swell 
component observed was generated when its group velocity coincided with the 
speed at which the fetch approached Monterey 

The histories of all five storms studied were found to be similar  They 
were characterized during their early phase of development by a high fetch 
speed, followed by reduced speed as the storm matured  The swell source was 
located within the fetch envelopes in four cases, and near the fetch margin in 
the other  The swell was found to emerge when the fetch velocity and the 
group velocity of the peak swell component generated were approximately 
coincident  It is significant that the peak geostrophic wind velocity in the 
five storms occurred from 20 hours earlier to 33 hours later than the computed 
swell origin time, and that it exceeded the geostrophic wind observed at the 
time of computed swell origin by as much as 33 knots, thus indicating that the 
time of swell origin is largely independent of the time of occurrence of the 
maximum wind speed in the type of synoptic situation dealt with, l e , swell 
from an approaching storm  The requirement for generating the maximum energy 
in the sea appears to be equivalence of the fetch velocity with the group 
velocity of the lowest frequency components with significant energy that can 
be generated by the surface wind present at the moment 

Fully Arisen Sea and the V /V Ratio 
 z —  s—g   

The condition in which the fetch travels at the velocity of the lower 
frequency components generated permits those components to remain under the 
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influence of the generating winds for a long effective duration over a long 
effective fetch, thus allowing maximum energy buildup  If it is assumed that 
North Pacific storms ordinarily permit the development of fully arisen seas 
directed toward Monterey, and if it is further assumed that the peak period 
generated is conserved during its propagation to Monterey, then the peak 
swell period observed, T , can be used to estimate the surface wind speed 

that generated the sea from suitable spectral models for the fully arisen 
sea  Entering the Pierson-Moskowitz (1964) spectrum with the values of T 

associated with the five selected storms yielded the surface winds listed in 
Table 1 

Of particular interest in the forecasting of ocean waves from weather 
charts is the surface to geostrophic wind ratio  Accordingly, the surface 
winds obtained in the manner described were used to calculate V /V for each 

s  g 
storm  The geostrophic wind used was that measured at the time of computed 
swell origin from the 12-mb band in the strongest portion of the pressure 
gradient occurring along that storm radius lying normal to the surface wind 
direction toward Monterey  The values obtained are listed in Table 1 and are 
illustrated m Figure 7 

As may be seen in the figure, the surface to geostrophic wind ratio is 
in close agreement for all five storms   Its mean value, 0 83, is in general 
accord with values quoted for the North Pacific, the North Atlantic, and the 
Greenland and Norwegian Seas (reviewed by Aagaard, 1969)  The magnitude of 
the values obtained, along with their internal agreement, provide strong 
evidence to the effect that the seas producing the swell in all five storms 
were fully arisen or nearly so 

In the case of a non-fully arisen sea, the peak swell period measured 
would yield a low value of V /V  that would lie on the left side of the curve 3 s' g 
in the figure  The smaller value of V /V  for Storm 4 (0 78) might indicate 

s  g 
that the sea was not quite fully developed, or it might reflect greater air- 
mass stability typical of the fall of the year (November)  The other four 
storms occurred in February and March when airmass stability is normally less, 
and their average value is a little higher (0 85) 

The consideration that perhaps most North Pacific storms may produce 
fully arisen seas is of potential importance with regard to forecasting swell 
on the west coast of North America 

APPLICATIONS AND FUTURE DEVELOPMENTS 

This study has demonstrated the fact that the source and deep-water 
direction of swell can be obtained by simple methods involving the manual 
analysis of coastal wave records from a conventional wave gauge and the use 
of ocean weather charts  The procedures described are best suited for use in 
economic situations and geographic regions where the availability of funds or 
technical expertise is limited, or computer facilities are not available, and 
a source of labor can be tapped 
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Perhaps the most difficult problem m present-day swell forecasting is 
making an accurate prediction of the time of arrival of the peak waves 
Based upon results obtained in this study, the author anticipates the develop- 
ment of a new method of swell prediction in which forecast products will 
include the rate of change of swell frequency with time, and the arrival 
time and frequency of the peak waves 

On coasts subject to costly shoreline damage by heavy swell, such as 
occasionally occurs on the California coast due to Southerly Swell, there 
is increasing need for an integrated program of forecasting and monitoring 
wave conditions  The author foresees the development of a swell warning 
system consisting of a network of coastal wave sensors from which recorded 
wave data will be transmitted automatically to an analysis center for con- 
tinuous machine processing  Storm systems will be identified and tracked by 
long-range triangulation  The deep-water swell characteristics along the 
coast will be obtained by forecasting and by swell analysis for use in esti- 
mating the wave conditions expected on local beaches 
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Figure 5 SIX-HOURLY  FETCH LOCATIONS FOR STORMS 1-5 
(after   Braunstein, 1970) 
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Figure 7 RELATIONSHIP   BETWEEN  SURFACE AND GEOSTROPHIC 
WINDS   AT COMPUTED SWELL SOURCE FOR  STORMS 1-5 

(after   Braunstein, 1970) 



CHAPTER 4 

MAXIMUM WAVE HEIGHT PROBABILITIES FOR 

A RANDOM NUMBER OF RANDOM INTENSITY STORMS 

L E Borgman 
Professor of Geology and Statistics 

University of Wyoming 

ABSTRACT 

A very general model is presented for the probability distribution 
function for wave heights in storms with time-varying intensities  Some 
of the possible choices for functions in the model are listed and dis- 
cussed  Techniques for determining the "equivalent rectangular storm" 
corresponding to a given historically recorded storm are developed  The 
final model formula expresses the probabilities for a random number of 
random length storms each with random intensities 

INTRODUCTION 

The probability law for the largest of N independent, identically 
distributed random variables is covered quite well in statistical and 
scientific literature  Gumbel (195^) provides an excellent survey of 
the main elements of the theory  His book (Gumbel, 1958) gives a very 
complete bibliography and many additional details 

The application of these techniques to determine probabilities for 
the largest ocean wave heights in a sequence of N identically distributed 
and independent waves was developed by Longuet-Higgins (1952)  What mod- 
ifications are necessary to yield maximum wave probabilities for storms 
which vary in intensity with time?  Furthermore, how would one obtain 
probabilities for the maximum wave in a random number of such time- 
varying storms? These questions will be considered in detail in the 
following 

PRELIMINARY ASSUMPTIONS 

The basic assumptions needed in the development are 
(1)  The probability distribution function 

FH(h) = P[H<h] (1) 

for wave  heights   is  known as a function of time-varying   inten- 
sity parameters       Here,  and   in   later deviations,   P[  ] will 
denote  the probability of the event   indicated within  the square 
brackets      The  intensity parameters   in Fu(h)  may be the root- 

n 

53 
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mean square wave height,  a, if the Rayleigh distribution   is 
used 

f.        -h2/a2 , 
Fu(h)    =    V  "e ,      for    h>0    ( (2) 

Hv 

for    h < 0 

FH(h) 

or the  r m s    wave height,  a,   and  the breaking wave height   if 
the clipped Rayleigh distribution   is used 

\  - e"h2/a2 

 _Hg/a2     ,        if    0 <_ h <_ H, 
1   - 2 Va -     -   b (3) 

0 ,       otherwise 

Another possibility   is   the Rice distribution outlined by 
Longuet-Higgins  and Cartwright   (1956) which depends  on   the 
r m s    wave height and a parameter,  e, which   is  determined 
from the spectral   density for the water   level  elevations 

(2) It will   also be assumed that each wave height   is statistically 
independent of the heights of  its  neighbors      This assumption 
is   largely one of convenience      The theory   is  much harder 
without   it      However,   it has been shown  theoretically  that  the 
limiting distribution for the maximum of random variables 
which are what   is  called "m-dependent" of each other   is   the 
same as   the  limiting distribution  for   independent   random vari- 
ables   (Watson,   195*0       The term,  m-dependent,  used here means 
that  random variables   in  the sequence with more than m-1  other 
random variables between them are statistically   independent of 
each other       It seems  reasonable  to assume  that a wave height 
is  at most   interdependent with  the first several wave heights 
occurring before and after   it and essentially   independent with 
waves  further back   into the past or forward   into  the future 
Hence m-dependence seems   reasonable  for wave heights 

Since  the   limiting distribution   is   the same for  independent as 
well  as m-dependent  random variables,  one can  tentatively pre- 
sume the   independence assumptions  for wave heights will   not 
lead to badly   incorrect conclusions       It would appear that  the 
independence assumption would  lead  to a conservative estimate 
of the maximum wave height probabilities,   in any case 
Longuet-Higgins  and others have made  this same assumption  and 
it will  be made here also 

(3) It will   also be presumed  that there   is a known,  or estimated, 
function T(t)   such  that  for any small  time   interval  dt,   the 
number of waves   in  the  interval   is  given by    dt/T(t) 
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A SINGLE TIME-VARYING STORM 

Consider first N   identically-distributed,   independent wave heights, 
each with probability distribution  function,   FH(h,a)       Here a_ denotes 

the set of one or more  intensity parameters which characterize  the 
intensity of the sea conditions       For this situation,   let H,,H2>H,,       , 

HM be  the N waves      The  largest wave   in  the sequence will   be  less   than 

or equal   to h   if,   and only   if,  every one of the waves  are   less  than or 
equal   to h       Thus 

P[max H <_ h]     =    P[H1 <_ h,   H2 <_ h,   H, <_ h, >   H
N 1 "1 W 

But since the wave heights  are assumed   independent of each other, 

P[maxH<_h]     =    P[H, <_ h]   P[H2 <_ h]   P[H, <_ h] P[HN<h]        (5) 

Finally since the N waves  are  taken  to have  the same probability distri- 
bution  function 

iN P[max H <   h] {FH(h,a)}' 

Suppose now that the time-varying storm can be subdivided into steps as 
shown in Table I below 

TABLE I 

FINITE STEP APPROXIMATION TO THE TIME-VARYING STORM 

Ti me Number 
Intensity 

1n te rva 1 Period of 
1 n te rva 1 of Waves Width Waves 

tQ to t, Nl ^ At, Tl 
t, to t2 N2 % At2 T2 
t2 to t. N3 ^3 

At T3 

t  .to t m-1   m N m a 
-m 

At 
m 

T 
m 

The probabilities for the maximum wave in the entire storm will be 
the product of the probabilities for each of the steps 

P[max H £ h] = n. P[max H £h  in the j1 step] 

m N. 

It is being assumed that the waves within a step change intensity 
sufficiently slowly so that, to a fair approximation, they may be taken 
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as being  identically distributed 

It  follows  that  the natural   logarithm of P[max H £ h]   can be written 
m 

log  P[max H < h]    =      jjjj     N     log FH(h,a_ ) (8) 

If 
%    =    Atj/Tj (9) 

is substituted into eq  (8), one gets 

log P[max H < h] =  I, (1/T ) log FH(h,a_ )At (10) 

Now let m->• » and max At ->- 0  By the usual definition of an integral, 

log P[max H < h] = f m [1/T(t)] log F (h,a (t))dt (11) 

It is presumed that the integrand is continuous and uniformly bounded so 
that the stepwise expression in eq  (10) becomes eq  (11) in the limit 

A SERIES APPROXIMATION 

The distribution function Fu(h,a(t)) will be expanded in a power 
n   — 

series about some convenient value h-  Several possibilities for fl- 

are the breaking wave height, H,, (if the maximum wave is probably going 

to be close to breaking), and the "expected" probable maximum, V, (which 
will be defined later)  Thus, let 

log FH(h,a(t)) = bQ(t) + b,(t)(h-h0) + b2(t)(h-hQ)
2 +       (12) 

It is presumed that the distribution function is differentiable to the 
required order so that 

bQ(t) = log FH(hQ,a(t)) 

ir)b,(t)    =   ajj-log FH(h,a(t)), h=hQ (13) 

(2')b2(t)    =   -jdM°9 FH(h,a(t)), h=h() 

etc 

If eq     (12)   is  substituted   into eq     (11), one gets 

log P[max H < h]    -    BQ + B^h-hg) + B2(h-hQ)2 + (14) 

wi th 

B, 
k =    | m  [bk(t)/T(t)]dt, k-0,1,2, (15) 
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The evaluation of BQ, B,, B_    to whatever number of terms is 

desired gives a convenient representation of the probability of maximum 
height as 

2 
P[max H £h] = exp{BQ + B^H-I^) + B2(h-hQ) +   }       (16) 

Presumably the first few terms would be sufficient for most situations 
since the higher order derivatives for most distribution functions 
become negligible as h grows large 

THE COMBINATION OF SEVERAL STORMS 

Another advantage of the representaion in eq  (14) is that it 
facilitates the determination of probabilities for the maximum for the 
combined wave heights in several storms  This is under the supposition 
that the same hQ has been used for all the storms 

Let P [max H < h] denote the probability that the maximum wave in 
i-h 

the  r      storm  is   less  than or equal   to h      Suppose  there are R storms   to 
be considered      Then the probabilities  for the maximum wave  in the com- 
bined set of wave heights would be 

R 
log P[max H <_ h]    =      Z,   log Pr[max H <_ h] (17) 

The function of h expressed by P   [max H <_ h]   can be evaluated from eq 

(11)   for each storm      Alternatively,   let B,     be the B.   value from eq 
i-h 

(15)   for the  r      storm      Then   if the same h0 was  used  for each storm, 
one may write 

logP[maxH<h]    =    J, BQr -i-^B, r(h-hQ) +r^1B2r{h-hQ)2+        (18) 

That   is,   the B.     can be added storm by storm       If B,    is   redefined as 
R Kr K 

JL,B,      then eq     (16)   gives  the distribution  function  for the maximum 

height   in  the combined set of waves 

The above development  is appropriate for hindcasting the probabil- 
ities  for maximum heights   in storms whose fundamental  time-varying 
intensities were measured or are known from other considerations      What 
about probabilities for future periods of time,  say the next hundred 
years?    One could  take the historical   record as  given by Wilson   (1957) 
and determine Bft,   B.,  B„  for each storm      Then  the probability density 

jointly  for   (B0,B.,B?)  could be estimated  from the data and used to make 

the extension  to the future 

This  procedure appears to have grave disadvantages   in   that   (B-.B., 
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B.) are not "intuitive" quantities whose meanings are easy to interpret 

One runs the risk of making mistakes because the unreasonableness of 
values arising apparently from the data are not recognized  A more 
trustworthy procedure would appear to be to shift over to intuitively 
interpretable values 

To fill this need, the concept of an "equivalent rectangular storm" 
will be introduced  A rectangular storm is defined to be one in which 
the intensity, wave period, and distribution function for the height of 
a single wave remain constant during the duration of the storm  The 
"equivalent rectangular storm" corresponding to a given historical 
storm will be that rectangular storm which leads to the same values of 
BQ, B., and B, as the historical storm  The constants for the "equiv- 

alent rectangular storm" will have intuitive meaning in characterizing 
the severity of the storm and in making predictions for the future 

PROBABILITIES FOR A RECTANGULAR STORM 

A special development will be made for the maximum wave height in 
a rectangular storm as related to the intensity parameters a_ and the 
number of waves, N  Let w(h,a) be defined for N independent, identi- 
cally distributed random wave heights, each with distribution function 
FH(h), as 

w(h,a) - N[l - FH(h,a)] (19) 

Then  the distribution  function  for the maximum value may be written 
approximately  (Cramer,   T946,  p    28 6, eq    28 6 2,  Borgman,   1961, 
pp    3296 - 3297,  see eq    (6))  for  large values of N  as 

P[maxH<h]    =    {F(h,a)}N    =   (1   - ^J^-)N    =    e_w(h'^ (20) 

Hence 

log P[max h <_ h]     ~    N[l   -  FH(h,a)] (21) 

Gumbel   (1954,  P     13,  eq    2   11)  defines   the "expected"  largest 
value,   V,  of a vanate to be the value V which satisfies   the equation 

w(V,a)    = N[l   -   FH(V,a)]    =   1 (22) 

This has a physical interpretation in that 1 - F (V,a) is the probabil- 

ity, P[H>V]  Multiplying this probability by N gives the expected 
number of times wave heights will exceed V in the N occurrences 
Hence V is that value such that on the average there will be exactly 
one exceedance in the N wave heights 

From eq  (22) 
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N = [1 - FH(V,a)]"' (23) 

This can be inserted into eq  (21) to give the approximation 

1   -   F  (h,a) 
logP[maxH<h]    *     ]   _  p

n
(v ^ (2k) 

H  — 

Now suppose that, paralleling eq  (12), one expands F,,(h) in a power 
series about hn 

FH(h) = CQ + C,(h - hQ) + C2(h - hQ) + (25) 

Then keeping only the terms to second order 

1   - C. -  C,(h - h  )   - C-(h - h  )2 

logP[maxH<h]     * ! ^ 
1 - CQ- C,(V- hQ) - c2(v- h/ 

wi th 

2 (26) 
Bg + Bj(h - hQ) + B2(h - hQ)

z 

B0 =  (1 - C0)/[l - CQ - C,(V- hQ) - C2(V - hQ)
2] 

Bj  = -C,/[l - CQ - C,(V - hQ) - C2(V - hQ)
2] (27) 

B2    =     -C2/[l   -  CQ  -  C,(V-h0)   -   C2(V-  hQ)2] 

The value of a_,  N,   and V for  the equivalent  rectangular storm will  be 
determined by equating B',   BJ.,   and B^  to the Bn,   B.,  and  B„   respect- 

ively given by eq     (15)   for the historical   storm      Thus,   to second 
order,   the equivalent  rectangular storm will  be producing  the same 
probabilities  for maximum wave heights as  did  the historical   storm 

(28) 

Here,   h.   is   regarded as  a previously selected   (and thus  known)   value 

to expand about      Now the  ratios 

R,     =     (B,/B0)     =    -C,/(.   -  CQ) 

The equations   to be solved are 

D    =     1   -  CQ -  C,(V - hQ)   -  C2(V • •v2 

BQ    =     (1  -  CQ)/D 

B,     =    -0,/D 

B2    =    -C2/D 

R2    =     (B2/BQ)     -    -C2/(l   -  CQ 

(29) 
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can be computed from the values of Bn,  B.,  and B„       If R.   and R_  are 

substituted   into the expression  for B-,  one gets 

BQR2(V - hQ)2 + BQR^V - h0)  +(BQ -   1)    =    0 (30) 

Hence V can be determined from eq     (30)  as a quadratic solution 

Now Fu(h,a)   is   typically a monotone decreasing  function of storm 
n ~" 

intensity for fixed h  That is, a higher storm intensity normally 
means that there is a larger probability of exceeding the fixed h value 
or a smaller probability of being less than or equal to that h value 
But eq  (23) states that 

FH(V,a) = 1 " J5" (3D 

Hence, the storm intensity can be determined from the value of N which 
is usually known, approximately at least, from other considerations 
If the intensity of a is a vector, reasonable interrelations between 
the components of a_ must be imposed 

In summary the computational procedure for determining V and a_ 
for the rectangular storm is as follows 

(1) Calculate R. and R from eq (29) 

(2) Determine V from eq  (30) 
(3) Compute a_ from eq  (31) and the value of N 

PROBABILITY GENERATING FUNCTIONS 

In developing the probabilities for the maximum height in a 
random number of random length and random intensity storms, it will be 
natural to introduce various probability generating functions  A 
probability generating function for a random variable N is defined to 
be the infinite series 

GN(s) = nI0P[M=n] sn (32) 

These functions have closed form for many probability   laws   (Borgman, 
1961.   P    3305,  eq     (21)   -   (27))       Two examples of particular usefulness 
are the probability generating functions  for the Poisson and the 
negative binomial  probability  laws   (Williamson and Bretherton,   1963, 
PP    9 -  10) 

Pofsson      P[N=n]    =    e~XXn/n' (33) 

GN(s)    =    exp[-X(l-s)] (3A) 

Negative binomial      P[N=n]    =    C^"')  pr qn (35) 
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GN(s)  = pr(l " qs)"r, p + q -  1 (36) 

The mean and variance of the Poisson is X  The corresponding mean and 
variance of the negative binomial are respectively 

mean = rq/p (37) 

variance    =    rq/p (3°) 

where p + q    =     1 (39) 

The negative binomial parameters, p, q, and r, can be estimated from 
2 

the mean N and variance (N) = s by the method of moments as 

p- = N/s2 (40) 

3 = 1 - p (41) 

f = NpVq (42) 

PROBABILITIES  FOR A RANDOM LENGTH STORM 

Suppose a  rectangular storm has  a  random length N and  fixed   inten- 
sity,   a_     What   is  the probability   law for  the maximum wave height   in  the 
storm?    Let GM(s)   be the probability generating functions   for N 

By eq     (21),   the approximate probability  law for H given a particu- 
lar value of N = n   is 

Ptmax H < h  |   N=n]    «    {exptl  -  Fu(h,a)]}n (43) — n       -" 

Then  for a random number of waves 

P[max H < h]     ~      f    P[max H < h   |   N=n]   P[N=n] 

-    nl0 P[N=n]  {exP[l  -  FH(h,a)]}n (44) 

=    GN(exp[l  -   FH(h,a)]) (45) 

A comparison of eq  (44) with eq  (32) will justify substituting the 
exponential for the argument s of the probability generating function 

In practice one could use the guessed values of R" and s2 together 
with the negative binomial probability law to determine the function 
G..(s)  Alternatively another probability generating function could be 

used 

PROBABILITIES  FOR RANDOM LENGTH  AND  RANDOM   INTENSITY  STORMS 

If a_ is  also  random,   then eq     (45)   must be  regarded as a probability 
given   that     intensity = a      Let 
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f. (a) = probability density for a 

Then 

P[max H < h]    = P[max H < h   |   _[_=a]   f, (a)   da_ •.-SA   '| 

r GN(exptl-FH(h,a])   f, (a)  da (46) 

PROBABILITIES   FOR A RANDOM NUMBER OF RANDOM LENGTH 

AND  RANDOM   INTENSITY STORMS 

The final  complication  is  to introduce a probability  law for the 
number of storms,   K, which may occur  in  the time   interval   for which  pre- 
dictions  are made      Let GK(s)   be the  corresponding probability generating 

function       By  the   identical   same argument   leading  to eq     (45), 

P[max H<_h]    =    k|Q P[max H <_ h  |   K=k]   P[K=k] 

kfo   ) f G
N
(expt'~FH(h,-)])  fl(-J  dT p[K=k]       (47) 

1,-co — J 
P[maxH<h]    =    GK    j     GN(exp[l-FH(h,a_)])   f,(a)da (W) 

The number of waves   in  a given storm may depend on  a_      Hence  the 
formula  can be made a  little more general   by   introducing the conditional 
probability generating function for N given a_     This  final  version of 
the formula would be 

'[maxH_h]    =    GJ  j     GN|g   (exp[l-FH(h,a)])   f, (a)   da (49) 

SOME FINAL COMMENTS 

(1) The application of the above formula will obviously require a 
digital computer and detailed analysis of the historical data for the 
particular location of interest 

(2) The negative binomial appears to be the best choice for the 
two probability generating functions although, at least for Gulf of 
Mexico hurricanes, there is some basis for using the simpler Poisson 
probability generating function for G,.(s) 
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(3) The possible choices for Fu(h,a) were discussed at the begin- n   — 
ning of the paper  Without more detailed information, the Rayleigh 
distribution appears to be as good a choice as any (Goodnight and 
Russell, 1963) 

(4) The choice of f.(a) would have to depend strongly on the analy- 

sis of historical data or on meteorological considerations  Hence it is 
hard to make a guess as to a reasonable choice  However, a form of the 
gamma density would seem to be a good first guess 

(5) In this whole discussion, the randomness of wave period has 
been ignored  A more adequate model would certainly include this source 
of variation 

(6) An alternative approach to the maximum wave height might be 
made through the statistical theory of maxima and minima of a random 
function  Unfortunately, when such an approach is attempted, theoreti- 
cal difficultires arise very quickly  Information on wave crest eleva- 
tion probabilities can be obtained, however, by the random function 
type of analysis 
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CHAPTER 5 

SPECTRAL. COMPUTATIONS ON PRESSURE WAVE GAUGE RECORDS 

by   Manuel   Mendes   de  CARVALHO* 
Pernando  Silveira  RAMOS 
Carlos  de  Campos   MORAES 

ABSTRACT 
With   a  view  to  establish   sea   wave   data   processing   procedures  to   be   applied   to 

records   obtained   at  the   Portuguese  coast,   a  detailed   study   is   made   of  different choi 
ces   of  certain  parameters  used   in   one-dimensional   spectral   analysis   of   a  pressure   wa 
ve   gauge   record     Statistics   computed   by   the   selected   spectral   procedure   are      then 
compared   with  results   of  a   Tucker-Draper   analysis   of  the   same   record     Finally    a 
hindcast   of  sea  conditions   for   the  date   and   place   of   the   record   is   made  by   different 
methods and  comparisons with  previous  results  are  presented 

1 _   INTRODUCTION 
Tne   study   of  the  coastal   sea   wave   regime   in   PortunM   needs   development   both 

in  programming  an  adequate  deployment of  sea  wave  gauges  and  in  what concerns es 
tabhshing   the   best  data   processing   procedures     The   authors  form   a   research     team 
charged  at  present  with  the  study  of the  instrumentation  and  use  of an irregular wa 
ve   flume   at   L.NEC     It   is  known   that   for   a   perfect   simulation   of   irregular   sea waves 
a   detailed  knowledge   is   necessary   of   the   wave   regimes   to   be   reproduced There     are 
two   phases  to  consider     the   first   is   a   qualitative   one   in   which   methods   i or   sea   wa- 
ve   data   analysis  and   computation   procedures   are   discussed   and   developed,   the   second 
is   quantitative,   results  from   the   first   being  extensively   applied,   to   try  and acquire a 
more   exact  knowledge   of  the   configuration   of   sea   waves   in  the   zone   of  interest 

The present paper relates to the above mentioned first phase It represents 
the study path followed by the authors Although most of the techniques presented 
are already known, it is thought that eventually some usefulness may be derived from 
reading it, particularly in pointing out some doubts and difficulties inherent in the me 
thods used The work being still restricted to the first phase, only one record was 
used   This  record   was   made   by   a   pressure   wave   gauge 
2 -   CONDITIONS   OF   WAVE   MEASURING,   RECORDING   AND   ANALYSIS 

In   the   approaches  to   Leixoes  Harbour   (in   the   northwestern  coast  of   Portugal) 
a   pressure  wave   gauge   is   installed  on   the   bottom  at  a   mean  depth  of  22   m   (Fig      1} 
It   is  an   autonomous   St  Chamond   Granat  pressure   wave   gauge,   type   LNH    Its work- 
ing   schedule   is   as   follows     at   both  0900   hrs     and   2100   hrs     a   twenty-minute   record 
ing  period  starts,   when  the  surface  waves  exceed  4  m  it automatically  produces     a 
twenty-minute  record  every   two   hours     Normally   a   250   mihbar   manometer   is   in   use 
The   present   study   is   based   on   a   twenty-minute   record   made   at   3 47   GMT   on Decem 
ber   18tn,    1968     For   the  record   digitahzation   a   Boscar   LNF   630   projector   by    Ben- 
son,   France,   was  used     This  projector  provides a  twelvefold  magnification  of the 35 
mm  film  from  the  wave  gauge  and can  also  handle   16  and  70   mm  films    The  computa 
tions  were   made   in   the   LNEC's  computing   centre   in   a   NCR-Elliott   4130   computer 
with   24  k   24-bit  words  and   3   magnetic   tape   handlers 
3 -   SPECTRAL  ANALYSIS 

Estimates   of   the   energy   spectrum,   P(f),   were   obtained  by   the   indirect    me- 
thod   through  the   autocovariance   function   c   (T) 

P(f)   - I"0      c(,]eH2*fTdT=TF[c|l|] (1) 
- CD 

where   TF   means  Fourier   transform     A   measure   of  the   mean  energy   of  the   waves 

Trainee   Research  Officers,   Laboratorio   Nacional   de   Engenhana  Civil   (LNEC), 
Lisbon,   Portugal 
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during the  record  duration T_   is given  by 

+ OD 
c(0)   =   2        / P(f}   df (2) 

o 

3   1-  Lag  and  spectral  windows 
If Z(t) is the water surface elevation above an arbitrary level as a function of 

time, t, and at a certain place, then the autocovanance function is the mean value 
of  Z(t)   Z(t+T)   along   time 

T/2 

C(T)   =   lim  -        / Z(t)Z(t+T)   dt (3) 

T—oo       _x/2 

C(T)   expresses covanance  between  Z(t)   and  Z(t+-r),   that  is,   between  water sur 

face  elevations at any two  instants separated  by a  time  lag  of  T  sees     In  case    there 
are  no   periodicities   in   Z(t),   then  C(T)   tends  to   zero as T tends i*o  infinity    If  there    is 
a   periodicity   in   Z(t) ,   then   an   oscillation   about   zero,   with  the   same   period,   appears In 
C(T)      In   practice,   the   autocovanance   function,   C(T),   IS  computed  as  the   mean   value 
of  Z(t)Z(t+T)   in   the  available  recording   interval,   whose   length   or,   rather,   duration, 
is   T C(T)   never   really  damps   out   to  zero,   not   only   because   T       is  finite   but  also 
owing   to   periodicities   which  always   occur   in   records        This   leads  to   the   necessity   of 
truncating**     the   autocovanance   function,   that   is,   to  consider   instead   of  c(t)thene\A 
function   C(T)   D(T )   where ,    ,        _^ 1 .     M   1TM 

D    (T)   -   f 
0 .   hi >TM 

D(T )   is   the   rectangular   lag   window  and   TM   is   the   maximum   lag   of  the  autocova- 
nance   function     Instead   of   D (T )   and   to  get  more   stability   in   the   spectrum   estimates, 
o-cner   functions   or   lag   windows,   D,{T)   are   used,   which  are   also   identically   zero   out- 
side   the   interval   (-T      TM)   and   take   the   value   1   for    T =0      Using   these   lag   windows, 
which   is   unavoidable   in   practice,   leads  to  the   fact   that,   for every   frequency,   one gets 
a   whetghted  average   of  neighbouring  values  of  the   record   spectrum     The   wheighttng 
function   is  Qj(f)   -   TFJD^T)], the so-called   spectral   window  corresponding   to  the   lag 
window  D,(T)      In   this  study   the   Parzen,   Tukey,   Hamming,   Bartlett   and   rectangular 
lag   windows  were   considered     Their   lag  and   spectral   versions   are   presented in   Fig     3 

It   is   known   that  to  each  window  there   corresponds  a   statistical   estimator       for 
the   spectrum   To  chose   one  among   these,   various  criteria   have   been   proposed, most of 
them   based   in   the   minimization   of  the   mean   square   error   of  the   estimator   or       some 
Function   or   functional   of   it      {See,   for   instance,   -Jenkins   and  Watts    [4J)     According to 
this   kind   of  criteria  the   rectangular   window  distinguishes   itself   by   being  considerably 
worse   than   the   others  mentioned,   which   in   turn  are   similar   to   one   another   in   perfor- 
mance     In  consequence  the  rectangular  window should  be  avoided  and  the  choice  among 
the   Parzen,   Tukey,   Hamming   and   Bartlett   windows   becomes   of   secondary   importance, 
as  compared,   for   example,   with  the   choice   of  the   maximum   lag   for   C(T ) ,   to   be   consi- 
dered   in   3   6     However,   differences   do   exist  and   a   choice   had   to   be   made 

The   fact   that  the   side   lobes   of  the   Parzen   spectral   window  are   much     smaller 
and   that   its   small   variance   originates   narrower   confidence   intervals   for   the    spectrum 
estimates   led  to   its   selection     For   this   window,   the   number   of  deqrees   of   freedom of 
the  spectrum  estimates  is  3   71   TR/TM     The  spectral  window bandwidth   is 

*   - As   shown   later,    {see   Fig     2)   the   autocovanance   function   relative   to  the   record 
considered   is   far   from   showing  any   tendency   to   become   zero 

**   -  Of  course,   if  C(T )   equalled   zero   only   outside   a  very   large   interval   a   truncation 
would   be   in   order 
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 !     m    1 =^86 (5) 

and   it   is  approximately   the  frequency   interval   between   two   practically   independent 

spectrum  estimates     It  is  seen  that the  smaller  is  b,   the  greater  is  the  resolution of 

the  estimates,   i   e   ,   the  smaller   is the   influence  exerted  on  an  estimate  by  estimates 

tn   neighbouring   frequencies     Applying   the   rectangular   lag   window  is  the   same   <as   simply 

truncating   the   autocovananrp   -Function     The   soectrum   ob-^med   t«s   termed   the raw spec 

trum     The   raw  spectrum   would   be   exactly   equaf   to  the   true   record   spectrum   if    the 

autocovanance   function   were   zerc   for      I a | ^TM,   which   never   happens   in   sea   wave ana 

lysis     Using   any   other   of  the   mentioned   windows   produces   smoothed   estimates,   that 

is,   more   stable   estimates     For   a   given   window,   if  TM   is   varied   then   stability     and 

resolution   increase   or   decrease   in   opposite   senses     Fig     4   shows  the   raw  spectrum 

computed   for   T^ = 80   s   and   its   Parzen   smoothed   version 

3   2-   Prewhitening  and  prefilterlng 

It ts known that spectral windows delete accidental details of the spectrum,that 
is, they smooth it In the process of smoothing ,the spectrum estimate in a given fre 

quency is influenced by the estimates in neighbouring frequencies A sharp peak is 

"spread" over its neighbourhood in a way similar to the spectral window configuration 

5 This leads to the alteration of the true form of the spectrum To avoid this dif 

ficulty as much as possible, Blackman and Tukey [7j suggested a prewhitening, that is 

a preliminary digital filtering of the record aiming to reduce the importance of its 

spectrum   peaks     This   is   bringing   the   spectrum  closer   to  that   of  a   white   noise 

The    suggested   digital   filtering   is   in   general 

yt  -   axt  +   bxt_, (6) 

{x   } being   the   input  time   series   and     f y   }      the   output  time   series     The   input   and   out- 

put   spectra,   P   (f) and   P   (f)   respectively,are   then   related   by 

P   (f)   =   (a2 +b2   +  2   ab  cos  2* f At)   Px(f> (7) 

In   this   way   the   spectral   window  will   be  applied  to  a   spectrum   without  sharp 

peaks   and   the   obtained   spectrum   P   (f)   may   then   be  corrected for prewhitening by (7) 

Computations   showed   that,   In   the   present   case,   estimates   were   practically   the 

same   with   and   without   prewhitening     This   led  to   giving   up   the  use   of   prewhitening 

As   for   other   kinds   of   prefiltertng,   it  was   not  deemed   necessary   to  eliminate   the   spu 

nous  energy   of  very   low  frequencies     A   first  difference   filter   was   nevertheless  con- 

sidered,   as   is   suggested   by   Uenkins   [4J ,   results   showing   that   it   was   not adequate,as 

its   influence   reaches   regions   of  too   high   frequencies 

3   3   -  Confidence   intervals 

Let   P(f)   be   the   smoothed   spectrum   estimate   at  frequency   f,   P(f)   the   true 

value   of  the   spectrum,   x   v        a   random   variable   following   the  chi-square   distribution 

with    v   degrees  of freedom  and  b the  spectral   window bandwidth     It  can  be  proved 

that   2   Tp   b   P(f)/P(f)    is   a   random   variable   following   the   chi-square  distribution 

with   2   T       b  degrees   of   freedom 

2   TR   b      P(f) X    2TR   b 

This  permits  confidence   intervals   to   be   constructed  for   the  estimates     Those 

intervals   will   be v _   
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where   1-a   is  the confidence  level  and x    (k)   is  a  number  such  that 
2 V 

P (Xy < Xy     (k))        =       k (10) 

In  Fig     5,   curves  of variation  with      of A(v) = '""  y: 7~y   and  B(v)= ;—rr-r- 
««m _• x   (1-0/2) x   (a/2) 

for   1-a =80% are  presented V v 

This was the  confidence   level   used  in  the  computations  made     Most spectrum fi_ 

gures   in   this  paper   show  a   80%  confidence   zone  obtained   in   the   manner   described 

3   4   -   Sampling   interval 

From   a  continuous   record   a  time   series  can   be   extracted   using   a   certain   sampl- 

ing   interval   At   (dtgitahzation)      If   F       ts   the   frequency   above   which   spectrum   values 

are  negligible  one  must  have 

F
Di  sh <»> 

to   avoid   the   so  called  aliasing      F       =      is  the   Nyquist  frequency     Aliasing   is   a 

consequence of the  digitalization  of the record     In  fact,   the  result  of digital  compu- 

tations  is not the  true  spectrum     P(f)   but the aliased  spectrum 

+00 

q=    -oo 

If  condition   (11)   is   met,   however,   then   (12)   gives   P(f)   values   between   0   and 

F Having  fixed   T     -   80   s   (and   so,   b  =   0   023   cps) ,   which   is   equivalent  to   having 

fixed   resolution   and   stability   of  the   estimates,   computations  were   carried   out   with 

At = 0   5,    10,    15,   20,   2   5   and   3   0   s, corresponding   to   Nyquist  frequencies of   1,05, 

0   33, 0   25, 0   20   and  0   16  cps     As   F       z   0   25   cps   in   the   present  case,   aliasing   should 

be   negligible   for    At=0   5,    1   0,   1   5   and   2  0s     In   fact,   it  was   seen   that   estimates 

were   practically   the   same      For     At=2   5   and   3   0   s,   that   is,   F_>  F     ,   aliasing      is 

already   strongly  apparent    (Fig     6) 

The  conclusion   is  that   inasmuch   as  there   is   no  aliasing,   the   sampling   interval 

may   be   as   high  as   wished     In  these   computations,At — 2   s  could   have   been   used 

3   5   -  Cutoff  frequency 

For   reasons   of  economy,   computation   of   spectrum  values   should   not  be  carried 
much   beyond   F Frequency   F       up   to   which    calculations  are   made   will   be   called   cut- 

off  frequency       One   should   then   have   F    <    F_ <    F The   choice   of   F       can     have 

great  influence  in  practical computation  of the  spectral  moments 

The   spectral   moment   of   order   n   is  defined   as 

+a> 
m     = / f" P(f)   df (13) 

n 
-OD 

For   even   values   of  n  and   since   P(f)   is  an   even   function,   we   may   write 

+00 

m     =  2 r       f
n P(f)   df ( 14) 

n •* 

o 

In   practice,   estimates  of  m      (even  n)   may   be   obtained   from 

k 

mn   =   2Af      S     <rAf>n   P   (rAf) (15) 

r=t 
with   kAf  =   F       and   f   being   the  frequency   interval   between   two   adjacent   estimates   of 
P(f) ° 
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Theoretically     we   have   m     =   c(0)   and   so  it   is   suggested  that,   in   practice     and 
with  a   view  to  calculating   spectral   moments,   F       be   chosen   such  that 

k 
c(0)   =   2 A f      J]      P(rAf) < 16) 

r=1 

with  F       =   kAf 
Fig     7  shows  the  variation  with  F      of m     values  obtained  from   (15)     It  ts  seen 

that F_   should  be  chosen  between  0   25  and 0   3  cps approximately 

3   6   -  Maximum  lag  for  the autocovariance 
The choice of T is very important, as on it are closely dependent the resolu- 

tion and stability of estimates A great T produces high resolution estimates owing 
to the narrow bandwidth of the spectral window, smoothing is however small and in 
consequence estimates present greater instability If T is small then the inverse is 
true we get small resolution and great stability A compromise is therefore necessa 
ry   between   stability   and   resolution 

Three  criteria   for   the   choice   of  T..   were   considered .    __ , M 
a) The   window  closing   technique 
This   technique   is   suggested   by   .Jenkins [41 and  consists   in  considering   successi- 

vely   increasing  T      values,   or, equivalently, decreasing   b  values   (window  closing),   which 
will   have   the  effect  that   initially   obscured   spectrum   details   will   become   more   defined 
There  are  no rules to decide  when certain  details,   as,   for   instance,   a  peak  which  is 
beginning   to   show,   are   real   or   due   to   instability     Jenkins   suggests   that  three spectra 
should   be   presented,   computed   for   T      values   from   the   range   where   the   initial   form 
of  the   spectrum   starts   to  change,   that   is,   where   after   the   initial   convergence     of 
shape a   divergence   begins  to   appear     Fig     8   shows  that  the   general   spectrum   configu- 
ration   is  kept   until   T       reaches  about   70   s     Afterwards,   a   swelling   begins  to   appear 
around   frequency  0   12   cps  and   it   becomes   quite   distinct  when   T       « 90   s     A   T      va- 
lue   of  about   80   s  seems  therefore   indicated 

b) Using   the   rectangular   lag   window 
If  the   autocovariance   function  C(T)   is   zero   for    |T|>   T   ,   using   the   rectangular 

lag   window  with  T,   >   T     produces   the   true   record   spectrum     If   one  uses   T._   <     To, 
Mo M 

negative  values   may   appear   for   the   spectrum,   which   is  an   indication  that  T       is   not 
sufficiently   high   (Barber {61)      This  could  eventually   serve   as   a  criterion   for   the   choj. 
ce   of  T Yet,   In   practice,   with   sea   wave  records,   the   autocovariance   function   ne- 
ver   really   comes   to   zero   however   great   we   may   make   T This   is   due   to   periodici - 
ties   which  always   turn   up   in   natural   records   and   the  result   is  that  negative  values 
may  always arise  whatever  the  T._     Fig     9  shows that,   though T.,  was  increased 

M M 
tenfold,   negative estimates  show no tendency to disappear     On the  other  hand,   when 
the autocovariance  function  looks  like  the  one  pictured   in  Fig     2,   where  there  are re 
gions  of almost total  damping,   as  in  the  neighbourhood  of T =  44 s,   a  rectangular  lag 
window  truncation   in   that  region   should   produce   a   spectrum   equal   to   one   from   a   re - 
cord  for   which  c   (T )   =0   from   that   region   on     This   spectrum   should   not   exhibit  nega 
ttve   values,   that   is   really  the   case  when,   in   the   present  computations,   T      s   44   5   s 
was   used,   as   is   seen   in   Fig     9     The   conclusion   to  draw  ts  that   using   the   rectangular 
lag   window  is  not  a   satisfactory   way   to  decide   on   T 

c) Variation  of e   with  TK 1 M 

One parameter  to  which the  name  spectrum  width is  generally  given   ts __ 
>   m4   -   m2 ,       x 
"^T^  (17) 

where   m     is  defined  by   (13)     e  values  computed   by   (15)   from   spectra   in   which  T 
M 
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vat led   from   2?   s   to   222   s   and  where   F       was  constantly   equal   to  0   3   cps   are   pre- 
sented   in   table   1   and   graphically   in   Fig      11      It   is   seen   that   for   T^  >   70   s   the 
lue varies only very  slightly 
has  been  reached 

M 
This  may  mean  that  a  sufficiently   high  value  for   T 

Table   1 

VARIATION   OF   T                                                           A t        0   5  s 
M                                                     Fc   »   o   3 cps 

TM 22 44   5 50 60 70 80 89 100 222   5 

e 0   61 0   56 0   55 0   55 0   54 0   54 0   54 0   54 0   53 

mo 0   50 0   51 0   51 0   51 0   51 0   51 0   51 0   51 0   51 

peak 0   085 0   080 0   080 0   080 0   080 0   080 0   080 0   08 2  peaks 

p<fpealJ 3   17 4   55 4   79 5   15 5   41 5   59 5   69 5   77 smo- 
othing 

These   3   criteria  considered,   it   was  decided   to  use   80   s   as  an   adequate   value 
for   T     ,   which   is   about   6   to   7  times   the   period   corresponding   to  the   peak   frequency 

M 
of  the   spectrum 

3   7   -   Record  partition 
in  four  5-mmute  parts     Table  2  and  Fig     10    show The   record   was   partitioned 

results  of computations made 
nd 

values  increase  clearly  from  the   1s     to  the  21 ->nd 

part  and   from   the   2na   to  the   3r< part     The   3rc*  and   4        part  values   are   about  the 
same     Spectrum   variations   may   have   different   reasons     They   may   result   from       the 
fact that we are  now dealing with  four different  samples and variation  may be  mere 
ly   statistical   in   nature     These  variations   should,   perhaps,   be  considered   large,   which 

ninute   period   is  too   short   for   getting  a   representative   re- 
cord     Since   m     is   a   measure   of  the   mean  energy 

l        F VE WHIi F VE    IN , VI M     , F Vt M     , O 

\ I I ] T       of  sea   waves,   another   reason   for   the   variations 
may  be  that the  record  should  not  be   considered 
completely   stationary     In   future,   when   an  extens^ 
ve  study  is undertaken  of  records  made  at the 
same   date  as   this   one,   the   matter   may   be  clan - 
fled  further 

3   8 

£ 0   54 
m0 0   51 

*p« k 0 06 
P(^p. k 5  59 

E 0   St 0   53 0  54 0   54 
mo 0  39 0   45 0   57 0  60 

fp«ak 0 09 0 08 0  08 0 0B 
Pffpoak 3   18 4  86 5   75 5 74 

£ 0   53 
m<, 0  42 

fpeak o oes 
P(fpeak) 3  96 

e 0   55 
<T><, 0   51 

fpoak 0   06 
P«fp«k) 5   28 

£ 0   54 
mo 0   59 

*peak 0  08 
P(fp. k) 5   72 

and Fc 
Tables   1 ,   3  and  4  show the variation  of e , 

m   ,   f        ,    and   P{f        ,  )   with   T At  and  F^ res 
o'      peak peak M' C      — 

pectively     Variation  of   e with  the  same  parameters 
is  also   shown   in  Fig      11 

As   said   in   3   5   variation   of At   will   not   mfluen- 

s 0 S3 
0   47 

fpank 0 06 
fMfp ak> 4  50 

ce  spectrum  estimates,   as  long  as F 
This  is illustrated  m  table   3 

Convergence   of e values   when  T 
apparent  from  table   1   and  Fig      11,   fi 
onwards 

D~ N 

increases   is 
rom   T,, = 70s 

»i 

£ 0  55 
mo 0   54 

fpe  k 0 08 
Plfpa  k 5  44 ever,   is   small   for   Tk 

slightly   with   TM    and   F c     as  seen   in   tables   1   and  4 

f is  practically   the   same   for   ail   T. . 
peak        K M 

but  P(f )   increases   with   the   closing   of     the 
peak 

spectral   window  since   the   influence   of  neighbouring 
low values  steadily  decreases     This  increase,   how- 

80  s     m     values  vary  only 
is clear  that F<-^      should 
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exert no  influence  on  f       ,    and P(f       , } Choice  of F_   is nevertheless very  impor- 
peak                    peak C ' 

tant for  the  calculation  of e as is  seen  in Table  4  and  Fig     11,   and  should  be  made 
according  to  3  5 

Table   3 Table    4 

Variation   of   At             M   „ „„ 
c<0)=0   506                                                  fC=0 25 

At 0   5 1   0 1   5 2   0 

e 0   52 0   53 0   53 0   53 

m o 0   506 0   506 0   506 0   506 

"fpeak 0   080 0   080 0   080 0   080 

p<W»k> 5   59 5   58 5   65 5   56 

Variation   of   F                     ^ t = 2n5 

c(0)=0   506                                       c                  TM- 8°s 
fc 0   150 0   200 0   250 0   300 0   650 1 

£ 0   45 0   50 0   52 0   52 0   79 0   95 

m0 0   495 0   505 0   506 0   506 0   507 0   508 

f peak 0   08 

P(f       , ) 
peak 5   59 

3 9   -  Conclusions 

The   considerations   made   from   3   1   to   3   8   led   to   the   adoption   of  the   following 
characteristics   for   the   final   computation   of   the   bottom   spectrum 

- No  prefiltertng 
- Window     Parzen 
- Maximum   lag     80   s 
- Cutoff frequency     0   3  cps 
- Sampling   interval     0   5s   (although this  could  have  been  wider   the  cor- 

responding computations were already available) 
- 80% confidence   intervals 

The number of degrees of freedom was 55 and the bandwidth 0 023 cps There 
suft.ng values for c , m0, fpeak and FMfpeak) are presented on table 1 Value comput 
ed  for   c(0)   was 0   5056 

This   final   bottom   spectrum   is   shown   in   Fig      12 Table   5 

4 -  WAVE   STATISTICS  AND   WAVE   HEIGHT   DISTRIBUTION 

4   1   -  Computations   of  wave   statistics   by   the   Tucker-Draper   method 
The   Tucker-Draper   method [s], [9], was  used   to  compute   the   sta 

tistics   of  Table   5     By   this   method,   the   fundamental   values   read from 
the   record   are   Tz (mean   zero   up   crossing   period)    H1   (sum of the high 
est  crest   with  the   lowest  trough), H2 (sum   of  the   second    highest 
crest w th the second  lowest trough)     To obtain surface   values    H 
from   bottom values  H the   classical   Hydrodynamics  Formula   was   used 

Hi   -   H   ch-^pL (18) 

wnere  d   (depth) - 23   3  m 

L_ (wave   length) gd   (1  -- 
4   68 

2__ ) T    * (19) 

g   being   the   acceleration   of  gravity 

Computations   were   based   on   the   digitahzed   record   using   a   sampl- 
ing   interval   At = 0   5  s 

4   2   -Wave   height  distribution   compared   with  the   Rayleigh  oistribution 

Wave   height   in   the   present   paper   is,   the   distance   between   the   le 

series  expan- * - This  formula   is   derived  from g L. th ^ by 
~2 TT 

sion  of the  th and  substituting   l_  by   its approximate value 

l_»   \fl&  Tz 

(H   ) 
s   1 

<Hs»2 

(H'_), 

(H,»»2 

(m   ), 
o   1 

(m   ) o'2 

10   8 

0   58 

3   5 

7   1 

5  5 

2   8 

0   48 
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vels of a crest and the preceding trough For the record considered, Fig 13 shows 
that the wave distribution is different from the Rayleigh distribution, which was tn 
be expected since e ~0 51, a value greater than the limit (0 4) below which, accord 
ing to Cartwright and Longuet-Higgtns [lOJ , wave heights follow reasonably well thai 
distribution 

5 - COMPARISON BETWEEN WAVE STATISTICS OBTAINED FROM THE 
PRESSURE RECORD BY SPECTRAL ANALYSIS AND THE TUCKER- 
-DRAPER METHOD 

In   Table   6   wave   statistics   obtained   from   the  pressure   record   by   spectral   ana- 
lysis and  the  Tucker-Draper  method  are compared 

Both  for   m     ana   H     a   pair   of  values   is  presented  comes Table   6 

ponding   to  calculations  made   from  H 

6 

e H 1    2 
CORRECTION TO SURFACE OF PRESSURE RECORD 
STATISTICS 

Though  the   aim   of  the   work   undertaken   is  mainly   the   pro 
cessing   of  digital   data   extracted  from   wave   records,   which  ma- 
kes  unimportant  the   nature   (surface   or   bottom)   of  the   record 
used,   a   comparison   of  results   arising   from   a   weather   hindc«ast 
with those  from  spectral  analysis and  the  Tucker-Draper  me - 
thod  is  possible  only  if a correction  to  surface  is  applied to the 
latter     Formula   (18)   was used with and  without  the  instrument 
factor   1   25   which   is   recommended   by   the   makers  of  the   LNH 
type  pressure   wave   gauge   as   adequate   for   the  correction   to sur 
face of the significant wave height The same formula, without the instrument fac 

tor, and the linearity hypothesis for spectrum decomposition as a sum of infinite- 
simal sinusoids leads to the following relation between surface and bottom spectra, 
P_(f)   and   P   (f)   respectively 

P   (f)   «   F>Jf) 

S   P T-D 

e 0   54 0   58 

m 
o 0   51 0   48 

0   35 

H 
s 2   84 2   8 

2   4 

2TT  d 
L_(f) 

(20) 

where   L(f)   is   the   wave   fength  corresponding   to   frequency   f 
It   should   be   noted   that      ( 1 )   the   instrument   factor   ts  very   important   and   an   in 

vestigation  should  be  made  to determine   if the  recommended  value  of   1   25   is adequa 
te   for   sea   wave   regime  at  the  Portuguese  Coast,    (2)   formula   (20)   is   based   on   an 
unverified  hypothesis,   namely,   on   linearity  of the  spectrum  decomposition  as  a  sum 
of  infinitesimal   sinusoids     In   Fig      14  results  of  the   surface  correction   for   the   spec 
trum   sre   shown     Some  pertinent  remarks  are   the  following 

- The   peak   of  the   surface   spectrum   occurs  at   frequency  0   085   cps,   which   is 
very  close   to  the   one   of  the   bottom   spectrum 

- The existence of a second peak at 0 11 cps may or not have a physical si- 
gnificance (as, for instance, a local storm superimposed on the pre-existent one) 
as pointed  out  in  3  6  a) 

- Up   from   f  =   0   13   cps,   P(f)   values   increase   without   any   physical   significan- 
ce     Owing   to  the   great  depth   (23   3   m)   of  the   recording   wave   gauge,   ch  —:—  va- 
lues    increase   rapidly  to   absurd   results  from   that  frequency   on 

7   _  WAVE   HINDCAST   FOR   DECEMBER   18th,    1968 
7   1   - Analysis of the  synoptic  charts 

Examining   the   synoptic  charts  for   some   days  prior   to   December   18      ,    1968, it 
is apparent that the pressure  field  has taken  a   little  varying  shape  in  the  last three 
days   (Fig      15),   the   isobarics  following  approximately  a   northwesterly   direction,   and 
that  Leixoes is  included in the generating area  over  which  this  three-day  storm ac- 
tuated     As  will   be   seen   later   the   sea   should  be   considered  as  fully  arisen 
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7   2   - Approximate  determination  of the  fetch to  be  considered 

In Fig 16 the maximum fetch relating to the meteorological situations of the 

storm days (16 , 17th and 18th) is delimited by a dashed line After a mean wind 
speed during the storm is fixed, it can be seen that any of the indicated fetches is 
greater   than  the  minimum  fetch  corresponding  to  a  fully   arisen  sea 

7 3   - Wave  refraction  up  to  the  wave  gauge  site 
Recorded  values  at   Leixoes   at  a  depth   of   23   3   m  cannot   be  transformed   in   off 

shore   values   without   some  criticism 
As  examination   of   Fig      17     reveals,   waves  following   a   course   close   to   NW   have 

a   refraction  coefficient  given  by  He/Ho   (where  He   is  wave   height  at  the   harbour 
entrance  and  Ho  the   corresponding   off-shore  value)   which   is   independent   of  period 
(the   latter   varying   between   10   and   17   s)   and   has   a   nearly   constant  value   of  0   7   a£ 
proximately    This is the  adopted value for a correction of statistics  for  off-shore 
conditions,   according   to   a   rough,   yet   seemingly   adequate,   procedure   for   the   present 
case     Concerning  the  course  followed  by  waves the  following  remarks  should be noted. 
It was  not possible to  secure radar photographs made at  Leixoes and  so there  is no 
direct  information  on  which course  to consider     However,   the  shape  of the  isobancs 
shows  that  that   course   should   be  close   to   NW     On   the   other   hand,   for   a     better 
accuracy  of  the He/Ho coefficient,   a refraction  plan  including the wave gauge  site 
should   be   available,   indeed,   elements   provided   in [2] concern   only   the   harbour   entran- 
ce     Therefore   the   adopted  0   7   value   should   not   be   accepted   unreservedly 

7   4   -  Hindcast 

7   4   1    -  Observations   from   North  Atlantic  Weather   Ships 

For   a   wave   hindcast   for   the   day   the   pressure   record   was  made,   knowledge  of 
wind,   sea  and   swell   data   provided   by   the   North  Atlantic  Weather   Ships   is   necessary 
According  to their  position  and  keeping   in  view the  NW direction  of the  storm,   the 
most   important   ships   are,   by   increasing   order   of  distance   to   Leixoes     K   ship    (730 
km),   J   ship   (1500   km)   and  C   ship   (2400   km) 

K   ship  is the  only  one  included  in  the  zone  common  to the three  fetches  indi- 
cated  in  Fig     16  and,   even  so,   she  is  outside  the  minimum  fetch  corresponding to a 
fully   arisen   30-knot   wind   sea,   as   will   be   seen   later     Tnis   is   then   the   ship   from 
which  the   most   important  information   stems,   as   regards  waves  at   Leixoes (Fig    18) 

We  may  roughly  guess  at  the  day  and  the  period  of  time  in  which  waves re- 
corded   at   Leixoes  were   passing   by   each   one   of   the   three   ships   (Table   7)      Once 
more   we   are   simplyfying   things   by   assuming   that   the   propagation   speed   is 
VT   -   g   T/41T    and   considering   the   period   range   to   be   8   to   16   s 

Table     8 Table 7 

a 

(fl 
(J0X 

0 J 

T 

(s) 

VT 

T
im

e
 

to
 

re
a

c
h

 
L
e
ix

 Ship 
by 

passed 
on 

day hr 

K 730 
8 6 2 33 16 19 

16 12 5 16 17 12 

J I 500 8 6 2 67 15 9 

16 12 5 33 16 19 

C !400 8 6 2 108 13 16 

16 12 5 54 15 22 

Q. 

U) 

Swell S sa 

Dir H (m) T (s) H (m) T(s) 

K 
W 

(const 
6 

(const) 
12 

(const) 

9 5 

(8-10) 

10 

(const) 

U 
276 

C270-282) 

7 5 
(7-8) 

12 

(const) 

6 5 

(6-7) 

8 5 

(8-9) 

C - - - 
5 

(4-6) 
8 

(7-9) 

Table   8   is   a   r<£surn&   of  sea   and   swell   conditions   recorded   by   each   one   of   the 
three  shrps   in   such   a   way   that   waves  could   have   arrived   at   Leixoes  during   the 
twenty-minute   recording   period   at   3   a   m     on   December   18tn      1970 

*   -   Reproduced  from  Fig     5 
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Table   9 

Another   important  problem   in   the   application   of  the   two   most  common  forecast 
ing methods   (SMB and  PNJ)   concerns the  choice  of  a  mean   wind  speed  likely      to 
have   occurred   during  the   storm     Fig      16   shows   that  the   mean   values   of   wind   speed 
recorded  at  K   ship   on   the   two  days   before   Dec      18        are 

Dec      16th U   =   42   knots (a) 
Dec      17th U   =   32   knots (b) 

Assuming  that  the   sea   is   fully   arisen   ( Leixoes   being   included   in   the   generating 
area)   it   will   be   interesting   to   know   land-recorded   values  at  the   closest  weather 
station   to   Leixoes   (Pedr<as   Rubras) 

Mean   value  at   Leixoes   (sea)      U=25   knots   (c) 
With  U  values  indicated  in   (a),   (b)   and   (c)     a 

mean  value   should   now  be  adopted     If  a   Neumann spec 
trum   is  chosen   corresponding   to  U=30   knots   according 
approximately   with   the   pressure   spectrum   (Fig      14) 
and  assuming   a   fully   arisen   sea,   the   following  mini   - 
mum   values  are   obtained   for   duration   and   fetch 
=   23   h,   F    =   518   km     Hence,   in   fixing   U,   only   L_ei': 

xoes  and  K   ship   should   be   considered   (K   ship   is   even 
beyond   F       in  case   U=30   knots) 

In   snort     with   mean   U   values   of   25   knots   (at 
Leixoes)   and   32   knots   (during   the   previous   24   hours) 
and   now  reasoning   backwards,   the  choice   of  U=30 

knots   seems  to   be   adequate   as  the  mean   prevailing  wind   speed   which   brought  about 
the  fully  arisen   sea   relative   to  the   Dec      18        storm 
7   4   2   -   Forecasts   of  the  S   M   N 

wave   forecast  for   Dec      1 

Day 17 18 

Hour 6 18 6 

Dm W NW W 

"D     W 
0    +J 
(U    0 
0.    C 

W £ 

Pedras 
Rubras 22 14 18 

Leixoes 29 20 26 

m 

-th 
Based   in   lighthouse   observations  the   S   M   N 

17        and   18        was   "strong   northwesterly   waves'*   which  corresponds  to   wave   heights 
between   2   5   and   5   5m 

7   4  3   -  The   Sverdrup-Munk-Bretschneider   Method   (SMB) 

For   U=30   knots  and   assuming  a   800   nautical   mile   fetch  corresponding   appnoxima 
tely   to   Dec      18th,   we   get     t=50   h,      Hs=6  09   m,        Ts=14  s 

There   is  small   accuracy   in   the  choice   of  fetch,   but   observing   Fig      1-7  on   page 
19   m [3] one   can   see  that  wave   characteristics  vary   only   slightly   between   800   and 
1000   miles     The   mean   wind   speed   of   30   knots  can   be   assumed  constant   during     two 
days  which  corresponds   approximately   to  t=50   h 

Wave   forecast  for   the   wave   gauge  zone, taking into account a He/Ho value of 0   7 
is   then   Hs=4   3   m 

7   4  4   -   Pierson-Neumann—James   method   (P   N   U   ) 
As   mentioned  above   a   30-knot  Neumann   spectrum   waschosen according   approxi- 

mately   with   the   pressure   spectrum   (Fig      14) 
The   corresponding   hindcast   statistics   have   the   following   off-shore   values 

H 
H 

av 3   m 

av 
1/10 

8   5s 

0   08   cps 

-66m 

8   3 
peak 

Taking   into  account  the   correction   for   the   wave   gauge   zone   we   get 

H        =21m H=44m Hw_=57 
1/10 

Servic.0  Meteorol6gico  Nacional   (Portuguese Weather  Service) 
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8   -  COMPARISON   OF   COMPUTED  AND   HINDCAST   SURFACE   SIGNIFICANT 
WAVE   HEIGHT   VALUES 

Tucker-Draper   method 
H      (from   H   )   =   4   42   m 

H      (from   H   )   =   3   78   m 

Taking   the   arithmetic   mean   and  correcting   to   surface   with   ch  —j  only,   we 
get  H   =4   1   m     If  the   instrument  factor   1   25  recommended   by   Chatou   is  used,   then 
H   =5   T 

s 
m 

P   N   O method     H   =4   4   m 

S   M   B method     H   =4   3   m 

S   M   N , th •forecast  for   Dec      18 Wave   heights   between   2   5   and   5   5m 
These   values  are   close   to   one   another   and   so   it   seems   reasonable   to  conclude 

that   at   Leixoes,   on   December   18      ,    1968,   the   surface   significant  wave   height  was 
4   to   5   m 

9  FINAL SUMMARY OF THE MORE NOTEWORTHY ASPECTS OF THIS 
PAPER 

Partial   detailed  conclusions   were   drawn   in   preceding   chapters  of   seemtngly more 

salient  aspects     A   summary   of   important   points   is 
- The   sampling   interval   may   be   as   high  as   2   s   if  spectral   analysis   only   is 

intended 
- If  a   smaller   interval   is   used,   which  means   a   higher   Nyquist  frequency   (F     }, 

then   a   convenient   cutoff  frequency   (F   )   should   be   chosen,   possibly   according  to 
coincidence   of  m     and   c   (0) 

- A good estimate of the spectrum width depends on a well balanced choice 
of   some   parameters,   especially   on   the   cutoff  frequency 

- A   good  choice   of   maximum   lag   for   the  autocovanance   function   is   of  great 
importance   to   spectral   analysis 

- Results  from   record   partition   seem   to   indicate   that  a   more   careful   study 
must   be   made   of   the   necessary   record   duration 

- Some  aspects  of wave  data  acquisition  which  are  well-known yet  should  be 
kept  in  mind concern 

- correction   to   surface   of   bottom   spectra   (lack    of   linearity)   and   of 
bottom   statistics   (adequate   instrument   factor) 

- great   influence   of  depth   on   wave  attenuation 
- faulty   characteristics   of   pressure   records  for   spectral   analysis   of   sea 

waves 
- For   hindcast  and   related   meteorological   problems,   the   usual   difficulties arise 

in   fetch  determination   (to  the   resolution   of  this   problem,   directional   spectra   may 
provide   a   useful   contribution)      It   is   also   important  to   make   a   realistic  criticism   to 
sea   wave   data   secured  from   meteorological   services,   indeed,   it   is   frequent  to 
detect   absurd  correlations   between   wave   heigths   and   periods  and   sometimes    falla - 
cious   distinctions  are   made   between   sea   and   swell 

As final conclusion we would like to stress the importance of a close collabo- 
ration between different techniques used in Maritime Hydraulics This collaboration 
is essential for an intimate connexion in the development of both the physical (me- 
teorology,   oceanography,   fluid   mechanics     ancj   the  mathematical   approaches 
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Fig      16   -   Fetch   delimitation 
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CHAPTER 6 

THE ANALYSIS OF WAVE RECORDS 

by 

D Lee Harris 
Research Division, U S Army Coastal Engineering Research Center 

Washington, D C 

ABSTRACT 

Data obtained from two surface profile wave gages and two pressure 
wave gages at the Steel Pier in Atlantic City, New Jersey, are used to 
check the consistency of the analysis variables obtained from a given set 
of records by several commonly used analysis procedures 

All estimates of the characteristic height tested are found to be 
correlated better than 86  The estimates of characteristic period are 
not so satisfactory and in some cases are below 25  Consideration of 
several proposed definitions of the characteristic period indicates that 
they are based more on convenience in data processing than on application 
of the derived data  Consideration of the use of wave data in engineer- 
ing design shows that no one definition of the period can be satisfactory 
for all applications  The best definition of the characteristic wave 
period for a given engineering problem can be specified only when the 
dynamic aspects of the problem have been identified 

INTRODUCTION 

The concept of a "significant wave height" and a "significant wave 
period" which can be used to characterize a wave field is appealingly 
simple  It suggests a simple transition from the experimental results 
in a laboratory wave tank and the theoretical results obtained with 
monochromatic wave theory to the phenomena that occur in the real ocean 

This concept was first introduced when sailors were asked to report 
the height and the period of "   the larger, well formed waves, and 
omit entirely the low and poorly formed waves " as part of the synoptic 
weather reports from ships  Comparison of early wave gage records, with 
visual observations, led to the opinion that the wave height "H " given 
by visual observers was the average height of the one-third highest 
individual waves, "H,/,"  Figure 1, taken from Ross (1966) and based 

on an earlier figure by Cartwright (1962) provides some perspective on 
the reliability of this approximation  Figure 1 is based on 905 pairs 
of visual and instrument observations from a weather ship equipped with 
a shipboard wave recorder  For the data included in this figure H, ,, = 

1 1 Hv  Comparisons of shipboard observations by two or more observers 
are given by Hogben and Lumb (1964, 1967) and likewise show considerable 
scatter 

85 
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Many wave records have been analyzed by listing the heights  and 
periods of individual waves  for the determination of H^/3 and the 

corresponding period Twj      This process  is rather tedious  and not 

truly objective,   for there is no purely objective way of making a clear 
distinction of which perturbations  on the record are waves that should 
be counted and which are ripples that should be omitted 

This problem is  illustrated by Figure 2, where simultaneous records 
from four wave gages,  located within a 12-foot circle on the Steel Pier 
in Atlantic City,  are shown      Note that some of the waves  appearing on 
the surface gage records do not appear on the pressure records,  and that 
almost any procedure for determining which waves  should be counted would 
accept some waves  on one surface record that would be rejected on the 
other 

OTHER DEFINITIONS OF WAVE PERIOD 

To obtain a more objective measure of the wave period, various 
writers   (Draper,  1966, Tucker,  1961) have suggested using the average 
period of all  zero up-crossmgs  as  the characteristic period      Both of 
these depend somewhat on the resolution of the wave recording system and 
Tucker's  depends  on a practical method for determining the  zero  line 
Draper suggests  that it can be estimated by eye      Thus two different 
estimates may lead to two different values      If interest is  centered on 
the wind-generated waves,  it would be more appropriate to consider cross- 
ing of a trend line      The difference would not be important with  large 
waves  and small tides, but it could be significant with large tide ranges 
and small waves      This  latter combination can be important in sedimenta- 
tion problems 

Since  1965,  it has been customary at CERC to identify the most 
prominent period in a 7-mmute wave record as  the significant wave period 

To clarify the meaning of wave period estimates,  it is useful to note 
that  according to the  linear theory for monochromatic progressive waves, 

h(t)  =    h + A cos(kx-at-it>) (1) 

,  sinh k(z+D) ,,       .    ,, ,,,. w        =    aA  , \ ^ J    sin(kx-at-4J (2) 
sinh kD v ' 

.  cosh kfz+D)    ,,  ^ ,, ,,, 
u   = aA  sinh kD   «»(kx-ot-« C3) 

P 
.„2, cosh k(z+D)   ,,   . ,. ,... 

pAC k sinh ^p—'- cos(kx-ct-*j (4) 

k2C2 = a2 = gk tanh kD = (4IT
2
)/T

2 (5) 

where w, u are the vertical and horizontal components of velocity, p the 
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Is this a wave ? 

How should these be counted r* Step Gage 

Upper Pressure Gage 

Lower Pressure Gage 
j i i 

10   20   30   40 
Seconds 

Figure 2  A sample of the simultaneous record from four wave gages 
at the Steel Pier m Atlantic City, N J , illustrating 
the difficulty in deciding which perturbations are to 
be considered as waves in determining H1/3  Records (a) 
and (b) are for pressure gages, (c) and (d) are pressure 
gages with (d) about 6 feet below (e) 
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pressure, k the wave number, a the frequency, 4> the phase at kx = at, C 
the phase speed, T the period, p the density and g the acceleration of 
gravity  The origin of z is taken at the water surface and the upward 
direction is taken as positive  Since, for any given value of D, there 
is a one-to-one relationship between period, frequency, wave number, wave 
length and phase velocity, functions which logically depend on any one 
of these parameters may be expressed unambiguously as functions of the 
period 

In the more general case when several wave trains are present, it 
is more useful to consider 

h(t) = h + 7 A cos(k X-CT t - <)> ) (6) K J L
1    m    mm   Tm 

m=l 

Similar expressions may be readily constructed for u, w, and p  In 
general kp and x should be regarded as vectors with k x as the scalar 
product of the vector wave number, k and the position vector x  This 

detail is not important here, however, for if the gage position is fixed, 
kmx is constant for each m, and may be absorbed into the phase angle <j>m 

This procedure will be followed in the remainder of the paper  If the 
sequence of om>  important in a given application is known in advance, as 
m the case of astronomical tides, the most expedient analysis procedure 
for the calculation of the amplitudes A would be a least squares evalua- 
tion of the coefficient s, a , b , in the expression 

h(t)  = h +    y    [a    cosot + b sma t] (7) J L,        m m m       m J 

m=l 

A2 2        .2 A =    a      + b 
m m m 

<j> =    tan        b /a m mm 
(8) 

If the sequence of a is not known in advance, and this is the usual case, 

the amount of arithmetic involved in the solution can be greatly reduced 
by choosing am = 2mtr/Ta, where Ta is the period of record selected for 
analysis 

2 
It can be shown by Parseval's relation that the sum of all the Am 

is equal to the variance of h(t)  It can also be shown that the variance 
of h(t) is proportional to the average potential energy of the wave 
(Kinsman, 1965, p 145ff) According to Taylor (1937), this is the idea 
Rayleigh had in mind when he first introduced the concept of an energy 
spectrum 

2     2 
If one value of A say A is much larger than all of the others, it 

seems natural to select the corresponding period, T = 2irs/Ta as the 
significant period  If there are many A2Js with nearly the same magnitude 
it may be desirable to regard the true energy as a continuous function of 
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2 
the frequency and the computed A as estimates of this function, inte- 

grated over a small frequency interval centered on cr   When this pro- 

cedure is followed, it seems natural to define the significant period as 
the period corresponding to the peak energy density per unit frequency 
If the wave energy is known, or estimated, as a continuous function of 
the frequency, a simple transformation of variables provides the energy 
as a function of the wave period  Thus, the significant wave period 
could be defined as the period of maximum energy density per unit period 

Short definitions of six proposed measures of the significant wave 
period are listed below 

1 The average period of the one-third highest waves, T1 ,_ 

2 The period most prominent in the record, TCERf, 

3 The average period of all waves, T .. 

4 The average period of all waves that cross the mean 
water level, T _ 

5 The period of maximum energy density, TpM 

6 The period corresponding to frequency of maximum energy 
density, TpM 

The last of these seems most suitable for a study of wave dynamics, 
and is suggested as a standard  The first two definitions have been 
proposed for convenience in collecting data, and the third and fourth 
to make the determinations more objective and reproducible 

OTHER DEFINITIONS OF WAVE HEIGHT 

Since the energy of a simple wave is proportional to the square of 
the wave height, it is natural to define a measure of the wave height in 
terms of the square root of the average energy  This estimate, called 
the root-mean-square wave height by Tucker (1961) is equivalent to the 
standard deviation of the wave record and is defined by 

[U !2 
1/2 

H
RMS 

= I £ I   [hCnat) - h r I O) 

where h(nAt) is the water surface elevation at time t=nAt, and h is the 
mean water level for the analysis interval  Thus HRM„, unlike H1 ,., has 

a clear physical definition and can be easily determined by either 
digital or analog computers  Both theoretical and empirical evidence 
suggest that the average value of the ratio vi/z^WiS  ls a'30Ut 4  The 
actual value obtained from a given observation depends on the full wave 
spectrum 
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Since 1965, it has been customary at CERC to estimate the signifi- 
cant wave height as the N'th highest wave in a 7-mmute wave record 
where N is a function of the selected period and is approximately 1/6 
of 420 seconds divided by the "significant period " This procedure can 
be performed very rapidly by making use of suitable transparent nomo- 
grams, but the determination of the "most prominent period in the 
record" is too subjective to be readily programed for a computer 

Draper (1966), making use of some work by Tucker (1961), proposed 
a more objective system which can be reaily programed  The standard 
deviation of the wave record called HRMC, by Tucker is estimated from 

the highest and lowest water elevations in the record, and the signifi- 
cant wave height is estimated as the product of the sum of the highest 
and lowest departures of the surface elevations from its mean position 
and a factor, which depends on the period of zero up-crossmgs 

A COMPARISON OF THE PARAMETERS AS EVALUATED BY SEVERAL DEFINITIONS 

Since 1966, CERC has been making a digital record from the step 
resistance wave gage at the Steel Pier in Atlantic City, New Jersey 
A computer program has been developed for calculating each of the 
measures of wave height and period discussed above with the exception 
of T  _ and H R„ which must be obtained manually  This program has 

been used to analyze the records from November and December of 1966 

It has been found, for the records analyzed, that all of the 
measures for wave height are highly correlated  The correlation matrices 
for the principal measures are shown in Tables I and II  Consequently, 
it appears to make relatively little difference how a record is analyzed 
to obtain wave height, since very nearly the same answer is obtained for 
any method  The Fast Fourier Transform algorithm of Cooley and Tukey 
(1965), often called the "FFT" was used to analyze records 1024 seconds 
(17 minutes, 4 seconds) long for the computation of energy spectra This 
permits a detailed definition of the spectrum with a frequency resolution 

_3 
slightly better than 10  Hertz 

Spectra with resolution per unit frequency similar to that obtained 
with the auto-correlation technique (Blackman and Tukey, 1958), were 
obtained by averaging across frequency bands of constant width  Spectra 
in terms of energy density per unit period were computed by averaging 
across frequency bands of variable width 

The correlation matrices for the various measures of the wave 
period are given in Tables III and IV, and a comparison of a few of 
the individual estimates in Table V  It can be seen that two estimating 
procedures which may agree to within 1 second in some cases, may differ 
by as much as 10 seconds in other cases  The correlation appears to be 
better for the higher waves  This is shown in Figure 3, in which the 
ratio of T_. to T_„__ is shown as a function of H_„„  H_.,_ is a measure 

FM    CERC RMS   RMS 
of wave height defined on page 6 
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THE INTERPRETATION OF A CHARACTERISTIC WAVE PERIOD 

For linear wave theory there is a one-to-one correspondence between 
period, frequency, wave length, wave number and phase velocity  Because 
of this, experimental results obtained with monochromatic waves are often 
tabulated or graphed as a function of period  A careful analysis, how- 
ever, may show that one of the other variables is more fundamental to 
the problem  Thus in coastal engineering design, the wave period may be 
used to specify either the characteristic time scale or the characteris- 
tic length scale of some process due to waves  A little reflection on 
the physical processes involved will show that no one variable can pro- 
vide the best estimate of the time and space scales for all processes 
due to a given sea state  This can be seen most clearly by considering 
a Fourier Transform of the wave record 

The energy spectrum for the wave height can be expressed in the 
form 

E, (a ) da =  A2 (10) hv mJ m v ' 

The corresponding expressions for the spectra of the velocity components 
are obtained from (2) and (3) in the form 

2 
r  r    -> J    .2 2 rcosh k(z+D)n ,..., 
E (a ) da = A a   [ T-T-R ] (H) w m       mm Lsmh kD   J 

„ , .. ,    .2 2 rcosh k(z+D)n2 E (a j da = A a  [ , , _—-] (12) 
uv mJ m m L smh kD  J v ' 

2 
The term a  produces an amplification of the height spectrum with 

increasing frequency  Thus if the height spectrum is flat or contains 
two or more nodes of nearly the same value, the peak of the velocity 
spectrum, on the surface, is likely to occur at a higher frequency than 
the peak of the height spectrum  The terms in square brackets decrease 
with depth and decrease more rapidly with increasing frequency  Thus 
the peak of the velocity spectrum will have a tendency to shift toward 
lower frequencies with increasing depth 

2 
Equation (5) can be used to eliminate C from (4) to obtain 

. cosh k(z+D)   , . .. 
P = pg A^ih-kD ^osf^-*) 

The horizontal displacement, X, may be obtained from (3) by integration 
with respect to time to obtain 

Y _ A cosh k(z+D)    , ^ ,, 
X " A cosh kD ~ sin(ot-« 

The corresponding spectra are 
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c r  -> A 22 .2rcosh kCz+D),
2 

E (o) do  =   p g  A [ r-Tn -] p &      cosh kD 

2 
„ , .. ,        .2 rcosh kfz+D) , Exw da =       A  iiirir i 

At the surface the peak of these spectra must agree with the peak 
of the height spectra, but the high-frequency components are attenuated 
with depth more than the low frequency components  Thus with relatively 
flat or bimodal spectra, there is a tendency for the peak of the spec- 
trum to shift toward low frequencies 

Other transformations, which will produce other changes in the 
spectra, and in the period which seems to be most important will be 
appropriate to some engineering problems 

It seems that no one definition of the "significant period" for a 
wave field m which waves of several frequencies are present, can provide 
the best value for use in all engineering calculation 

SUMMARY AND CONCLUSIONS 

The wave-height estimates obtained from any particular wave gage by 
any of the analysis procedures tested are consistent, in the sense that 
the ranking of estimates obtained by one procedure will be nearly the 
same as that obtained by any other analysis procedure tested  But a 
scale correction may be necessary to obtain the best fit between data 
analyzed by two different procedures 

The period data obtained by different analysis procedures are not 
consistent and the estimates of a characteristic wave period have little 
value unless the procedure used in obtaining the period estimate is 
known  Comparisons between wave periods may be more satisfactory when 
the data are stratified in some way which makes the data sample more 
homogenous  Restricting attention to waves more than 3 feet high is one 
such stratification which improves the consistency of the estimates 
Other forms of stratification may also be useful 

It appears that the best procedure for engineering design will be 
to disregard the tabulated periods, and to consider every period that 
might reasonably occur, along with the given height estimate, to deter- 
mine the critical conditions or the design wave 

The best choice for a design wave for a particular environment 
depends on the problem to be considered  No single value can be 
sufficient for all problems 
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CHAPTER 7 

COMPARISON OF PRESSURE AND STAFF WAVE GAGE RECORDS 

by 

D Esteva and D Lee Harris 
Research Division, U S Army Coastal Engineering Research Center 

Washington, D C 

ABSTRACT 

Simultaneous records from two pressure gages located at different 
depths, a step-resistance relay gage, and a continuous-wire staff gage have 
been collected at Atlantic City, N J 

Spectra and cross-spectra are computed using the Fast Fourier Transform 
Algorithm (FFT) method proposed by Cooley and Tukey  Individual harmonics 
of the pressure energy spectra are compensated for pressure attenuation 
according to classical theory  Results indicate better agreement is obtained 
between the wave height and the spectra computed from the compensated pressure 
gages and those computed from the continuous-wire staff gage than between the 
two surface gages 

Values of coherences are near 98 in the energy-containing part of the 
spectrum, and are always larger for the pressure-continuous wire staff cases 
than for the two surface gages which are displaced from each other only 12 
feet m the horizontal 

1   INTRODUCTION 

Two basically different types of wave gages are widely used by coastal 
engineers  One, called a surface-profile gage, produces a record which is 
considered to represent the actual elevation of the water surface at a point 
for each instant of time  The other, called a pressure gage, produces a 
continuous record of the pressure at some fixed position beneath the surface 
The amplitude of the pressure pulses generated by waves is attenuated with 
depth, and short waves are attenuated more than long waves 

To compensate for this attenuation, a theoretical correction is commonly 
applied to the record from a pressure gage  Several recent comparisons of 
the records from surface-profile gages with compensated records from pressure 
gages have shown systematic differences  (Hom-ma, Horikawa and Komori (1967)) 
In general, the differences have been attributed to inadequacy of the 
compensation formula 

The Coastal Engineering Research Center (CERC) has established a facility 
at the Steel Pier in Atlantic City, New Jersey, for obtaining simultaneous 
records from several wave gages  This installation is being used to compare 
surface-profile gages of various designs, and to obtain more information about 
the performance of pressure gages 
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A comparison of the records obtained from two pressure transducers, a 
step resistance relay gage described by Williams (1970), and a continuous 
wire gage is presented in this paper 

2  THE INSTALLATION 

The step-resistance wave gage has been installed for many years on one 
of the pilings supporting the Steel Pier at Atlantic City  The other three 
gages were installed on a 4-mch outside diameter, heavy-duty steam pipe 
jettied into the sand bottom and secured to the Pier deck about 12 feet to 
the northeast of the step resistance gage  The lower pressure transducer 
is immediately above the bottom of the continuous wire gage and the upper 
pressure transducer about 5 5 feet above the first  All gages are on the 
seaward end of the pier, about half a mile from the mean water line 

The mean depth at the gage site was determined as 15 5 feet MLW by lead 
line soundings a few days before and after the experiments  Extensive surveys 
a few months earlier and later snowed that the gage site was near the center 
of a shallow depression  The depth within 200 feet of the instruments varied 
from 11 0 to 16 6 feet, with an average value near 14 0 feet MLW  A sketch 
of the installation is shown in Figure 1 

The signal from each sensor is obtained m the form of a DC voltage 
All signals are transmitted to the CERC laboratory in Washington by telephone 
line 

The transmission was accomplished by using channels two through five of 
the IRIG multiplex channels as described m TELEMETRY STANDARDS, June 1962, 
Document 106-60, and in many other publications on telemetry  The transmission 
coefficient for the system is near unity for all frequencies less than 6 hertz 
In the laboratory, the signals are separated and converted back to DC voltages 
A digital voltmeter is used to measure the signal and the voltage is recorded 
on computer compatible magnetic tape at a rate of four samples per second from 
each gage 

3  THE ANALYSIS PROCEDURE 

The Fast Fourier Transform Algorithm (FFT) suggested by Cooley and Tukey 
(1966) was used to analyze observations 1024 seconds (17 minutes and 4 seconds) 
long This procedure gives 1024 harmonics with periods of 1 second or longer 
The initial record, expressed as a departure from the mean, was multiplied by 
a cosine Bell Taper function as suggested by Bingham, Godfrey and Tukey (1967) 
prior to the analysis in order to decrease the leakage of energy between 
spectral lines  That is to say, the FFT was applied to the series 

Y"(nAt) = -|"(Y(nAt) " f)(1 ~ cos T1^ (1) 
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Linear monochromatic wave theory was used to obtain the compensation 
function needed to compute the amplitude of the surface disturbance from 
the observed pressure disturbance for each harmonic according to the equation 

rr„\    -  cosh(k(m)H) ,,> 
cosh(k(m)G) 

where C(m) is the compensation function for the m'th harmonic, k(m) is the 
wave number of the m'th harmonic, G is the height of the pressure transducer 
above the bottom and H is the mean thickness of the water column above the 
bottom during the observation  The wave number is given by the implicit 
equation 

(2mirT)2 » gk(m) tanh k(m)H (3) 

where T is the lenpth of the observation (1024 seconds in this study) and 
g is the acceleration of gravity  Thus the compensation factor appropriate 
to each specific frequency is applied to that harmonic 

The Fourier Transforms were used to compute energy spectra for each 
gage record, the compensated record from the pressure transducers, and the 
cross-spectra between the records from the continuous wire gage and each 
of the other gages 

The detailed spectra obtained in this way contain more than 1000 in- 
dividual spectral lines The results are easier to grasp if some of this 
detail is suppressed, so the individual spectral values have been grouped 
into bands of 17 lines each 

4  RESULTS 

Eighty-three observations, taken 2 hours apart during December 19—26, 
1969 were analyzed  A sample of the resulting spectra, as obtained directly 
from the records of the four gages and from the compensated pressure records 
is shown in Figure 2  The spectrum from the continuous-wire record has been 
superimposed on all others  The data in this Figure are normalized with 
respect to the frequency band with period between 3 and 19 69 seconds  The 
short-period cutoff was imposed because the spectrum of the pressure record 
at higher frequencies has little correlation with the surface spectrum 
The long-period cutoff was imposed because the step-resistance gage shows an 
excessive amount of energy at longer periods for some of the observations 
The spectra computed from the compensated pressure records agree very well 
with that from the continuous-wire record within this period band 

Figures 3 and 4 show a comparison of the wave heights as estimated from 
the continuous-wire gage and from the pressure gages compensated fs>r hydro- 
dynamic attenuation as described above  The root mean square wave height, 
which is equal to the standard deviation of the wave record, is used as a 
measure of the wave height because unlike the "significant wave height" it 
is clearly and objectively defined  Figure 5 shows the same comparison for 
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the records obtained from the step resistance relay gage  A tendency for 
the step resistance gage to record higher waves than the other gages is 
apparent  This tendency has also been noted by Hom-ma, Horikawa and Komori 
These authors attributed this effect to wave runup on the gage or its support 
It has been determined that wave runup has affected the records from the 
step resistance wave gage at Atlantic City  This step gage is no longer 
being used 

Different mounting arrangements have been used at some other locations 
It seems likely that the installation at Atlantic City leads to larger runup 
than that experienced at some other installations  The possibility that 
the differences between the records of the step gage and the continuously 
variable gages is due to the digital nature of the record from the step gage 
was investigated by truncating the resolution of the continuous wire gage to 
correspond with that of the step gage  The results of the analysis of the 
truncated record did not differ significantly from those of the analysis of 
the original record 

It should be noted that the agreement between the compensated pressure 
records and the continuous-wire record is better than that between the two 
surface-profile records  The continuous-wire gage has been used as the 
standard in this comparison partly because of this better agreement and partly 
because wave runup is known to affect the accuracy of the step resistance gage 

The average factor needed to convert the wave heights as determined from 
the upper pressure transducer compensated by individual lines to those deter- 
mined from the continuous-wire gage was found to be 98 with a correlation 
coefficient of 999  For the lower pressure transducer this factor becomes 
1 04, with a correlation coefficient of 999  Even when the entire spectrum 
is compensated by the factor computed for the frequency of maximum energy 
density the factor is 1 08 with a correlation of 997  The agreement reported 
here is much better than most of those cited in the review paper by Grace 
(1970)  The improved agreement is believed to result partly from the use of 
a more satisfactory surface gage system, partly because the FFT procedure 
permits a more precise determination of the frequencies of maximum interest 
than the procedures used by earlier investigations, and partly because the 
correction was applied to the individual harmonics in the spectrum 

5  ACCURACY OF THE COMPENSATION FACTOR AS A FUNCTION OF FREQUENCY 

Hom-ma, et al, have studied the function n(f) defined by the relation 

E(f)sfr = n(f)E(f)cp (4) 

where f is the frequency, and the subscripts sfr and cp refer to the surface wave 
record and the compensated pressure record  The function n(f) has been computed 
from our data for all bands containing as much as 5 percent of the total energy 
in a given spectrum  The function n(f) based on all records from the upper 
pressure transducer is shown in Figure 6  The mean value of n(f) is plotted 
as a circle and the standard deviation is shown by a vertical line  A similar 
plot based only on those observations in which HRMC; exceeded 1 foot is given in 
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Figure 7  The two values for which no standard deviations are shown con- 
sisted of single observations  Similar results, but with a little more 
scatter, were derived for the lower pressure transducer, as shown in 
Figures 8 and 9 

It is noted that both the deviation of the mean value of n(f) from 
its theoretical value of unity and the scatter of the individual values is 
greater for low waves than high waves, and greater for the lower pressure 
transducer than for the upper one  From these results we are led to believe 
that the deviation results more from the presence of pressure impulses caused 
by factors other than surface gravity waves than from nonlinear effects due 
to the finite amplitude of the wave  This is especially likely at high fre- 
quencies where the large value of c(m) would greatly amplify small impulses 
In general, we feel that values of c^(m) greater than 25 should not be used 
at this installation 

6  CROSS SPECTRUM RESULTS 

The cross spectra calculations for band widths of 0 017 Hertz showed a 
coherence of 95 between the continuous-wire gage and the pressure gages in 
most bands containing more than 5 percent of the total energy in the spectrum 
The coherence between the two surface gages was slightly lower but still 
above 90 

Computations of the phase lags between the continuous-wire and the 
pressure gages showed that the phase of the wave advances slightly with in- 
creasing depth  This effect tends to increase with frequency  A phase shift 
of this kind has been predicted by Battjes (1968) and Mei and Chu (1970) 
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LEGEND TO FIGLPES 

Fig 1     Sketch of installation (not to scale) 

Fig 2     Computed frequency energy spectra from continuous wave 
gage superimposed on computed spectra from a) compensated 
upper pressure gage, b) uncompensated upper pressure gage, 
c) compensated lower pressure gage, d) uncompensated 
lower pressure gage, e) step resistance relay gage 

Fig 3     Comparison of E11S heights, compensated upper pressure gage 
vs continuous wire gage 

Fig 4     Comparison of RMS heights, compensated lower pressure gage 
vs continuous wire gage 

Fig 5     Comparison of RMS heights, step resistance relay gage vs 
continuous wire gage 

Fig 6     The function, n(f) for the upper pressure gage for all 
samples 

Fig 7     The function, n(f) for the upper pressure gage for high 
wave samples 

Fig 8     The function, n(f) for the lower pressure gage for all 
samples 

Fig 9     The function, n(f) for the lower pressure gage for high 
wave samples 



108 COASTAL ENGINEERING 

Pier Deck 

Step   -^ 
resistance 
goge 

12' 

20' 
/ 

187' 

15 5' 
5 5' 

\ 

^Continuous 
'wire gage 

 MWL 

MLW 

Upper pressure 
gage 

Lower pressure 
gage 

Fig 1    Sketch of Installation (not to scale) 
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RMS Height Continuous Wire Gage (Ft) 

Fig 3 Comparison of RMS heignts, compensated upper pressure 
gage vs continuous wire gage 
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CHAPTER 8 

DIRECTIONAL SPECTRA  FROM WAVE-GAGE ARRAYS 

by 

N N Panicker 
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and 

L E Borgman 
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University of Wyoming, Laramie, Wyoming 

SYNOPSIS 

The ocean surface may be considered to be composed 
of many waves traveling at different directions with 
different frequencies  A graphical plot showing the 
allocation of wave energy to the different component 
frequencies and directions is the directional spectrum 
Directional spectrum has many applications in Coastal 
Engineering  Herein an analytical procedure is devel- 
oped to obtain the directional spectrum from records of 
an array of wave gages  The two methods developed are 
the "locked phase method" and the "random phase method 
The locked phase method can be used to obtain the dis- 
tribution of both phase as well as energy of the waves 
with respect to frequency and direction and is a deter- 
ministic approach  The random phase analysis, on the 
other hand, is more suitable for wind waves in the 
ocean and yields just the distribution of energy alone 
as in most other procedures of spectrum analysis  The 
procedures programmed for computers are checked using 
simulated data and laboratory data  Wave records of the 
Pacific Ocean obtained off Point Mugu, California, on a 
5-gage array were analyzed using the method developed 
and examples of the directional spectra obtained are 
presented 

INTRODUCTION 

When confronted with a design or operation in the ocean environ- 
ment , an engineer invariably needs to know how high the waves are and 
from which direction they are coming  Had ocean waves been single 
sinusoids, one could immediately obtain the height and direction of 
the waves  But waves in the ocean do not look like sinusoids  At best 
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the ocean surface may be thought of being the result of adding together 
very many sinusoids of various frequencies traveling in vailous direc- 
tions  Therefore one has to specify the particular wave for which the 
height and direction are desired  As frequency, i e , inverse of the 
period of the component wave, is the least easily changeable wave para- 
meter, the component wave may be specified by its frequency  So, the 
problem is to obtain the wave amplitude  a1  and direction Q-^     for the 
various component frequencies,  f   But to consider the ocean surface 
to be composed of a finite number of sinusoids is a poor approximation 
A better approximation would be obtained if one lets the number of 
component simple harmonic waves to approach infinity and the frequency 
interval,  Af , between them to approach zero  The individual wave ampli- 
tudes,  ax , m this case must approach zero in order for the overall 
wave heights to maintain a finite, mean square value  However, in this 
limiting process the quantity a^/2Af remains finite and therefore it 
can be plotted as a continuous function of frequency  If the quantity 
a^/2Af  is plotted against frequency, the area under the curve within 
the frequency band of  Af  is  a^/2 , but this is proportional to the 
wave energy contributed by that frequency band because the energy of a 
simple harmonic wave of amplitude a^     in a medium of unit weight y 
is  Ya,/2 per unit width of crest, see, for example, Wiegel (44)   In 
the same manner the number of component directions may be assumed to 
approach infinity to yield a continuous function of direction and the 
area undei that cuive for any angular width will be proportional to the 
energy of the waves traveling in those directions for a particular fre- 
quency  Alternately, the above two plots can be combined into a two- 
dimensional plot which will show the distribution of energy with respect 
to frequency and direction  This is the Directional Spectrum 

USES OF DIRECTIONAL SPECTRA 

Directional spectrum shows the distribution of wave energy against 
frequencies and directions  Therefore, it specifies the wave climate 
more completely than any other way, ideally  When only some particular 
information like the predominant wave period and height alone are needed, 
that can be obtained from the directional spectrum  RMS wave height, 
for example, is the volume under the directional spectrum  Scott (37) 
and Neumann and Pierson (34) provide equations for the significant wave 
height from RMS wave height assuming different distributions for the 
frequency spectrum  As Wiegel (46) pointed out, there are still situa- 
tions where the significant wave concept is useful to the design engineer, 
but it might be possible to obtain that information from the directional 
spectrum  Nevertheless, there are many engineering problems where direc- 
tional spectra are the necessary input data for the correct design or 
prediction  For example, for the study of the diffraction of wind waves 
directional spectrum is necessary and, in fact, Wiegel and Mobarek (45) 
and Fan (19) successfully used it foi the study of diffraction of labora- 
tory wind waves   Refraction of ocean waves is another problem where the 
directional spectrum is needed and Karlsson (24) used it for practical 
cases  In the design of offshore towers and piles directional spectrum 
is useful for the analysis of vibration and three-dimensional analysis 
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of structures with torsional loads  Malhotra and Penzien (29) have 
succeeded in developing the procedure for analyzing tower structures 
using the spectrum and indicated the need for the directional spectrum 
For structures subjected to random forces, in general, a design by 
the method of simulation on a computer is highly suited and direc- 
tional spectra are the suitable input data  Borgman (11) showed how 
this can be done for offshore pile structures by linearizing wave 
forces  Directional spectrum is necessary for the prediction of the 
response of ships and floating drilling vessels to sea conditions as 
the spectra of their motions can be obtained from the directional 
spectra of the sea  It Is, in fact, used by naval architects (see for 
example, Abkowitz, Vassilopoulos and Sellars (1))   Even for the design 
of an ocean outfall sewer, directional spectrum may be useful because, 
as Wiegel (43) pointed out, mixing and wave spectra are related  Once 
a single wave model for longshore transport is established, directional 
spectrum may prove to be specifically cut out for the study of littoral 
transport because it provides at once the three crucial parameters of 
the problem, viz  the wave energy, frequency and direction  Another 
major use for directional spectrum is in wave forecasting and hmd- 
castmg  In hmdcasting the location of the origin of storms and the 
path of swell can be deduced from the variation of the non-stationary 
directional spectra, see Munk et al  (32) 

When directional spectra become available for desired locations, 
several other uses also may be found for them  The problem at present 
is its non-availability for almost any place  Here again, barring 
the huge expenses involved m the collection of necessary data, the 
lam hurdle is the lack of a valid, dependable computational procedure 
to obtain directional spectra in a routine manner 

REVIEW OF METHODS USED 

The most direct way of obtaining the directional spectrum is to 
obtain the sea surface elevations over an area by stereophotographs 
and to analyze these data to get the directional spectra  This was 
done in the Atlantic Ocean by W J Pitrson and his group, see Cote 
et al  (17), and in a much more modest scale by Ijima et al  (23) 
From the story of the Stereo Wave Observation Project [Cote et al (17)] 
one realizes how arduous and expensive this method is  Kinsman (25) 
therefore doubts whether it will ever become habit forming  Another 
successful method applicable for deep ocean is to take records of the 
elevation and tilt of a free floating buoy as used by Longuet-Higgins, 
Cartwright and Smith (27)   Fiom the water surface elevation and the 
slopes in two coordinate directions they computed the first five co- 
efficients (l e two harmonics) of the Fourier series expansion of 
the directional spectrum  To remove the appearance of negative energy 
they used a smoothing function «!„ = S cos4 % The net result of 
having a directional spectrum represented only up to two harmonics and 
then smoothing it is to get a very broad angular width for the spectrum 
If more accuracy is needed, records of the water surface curvatures 
are to be obtained  Ewing (18) also obtained a sequence of ten records 
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of the  directional  spectra  from the motions  of  a  floating buoy  located 
in the North Atlantic 

The use of an array  of wave  recorders to measure wave parameters 
and the computation of directional  spectrum from it was  tried  by 
several workers       Barber  (3) was probably the first to suggest  it 
The wave-gage  array  could  be  one-dimensional   (line  array)   or two- 
dimensional       If  one  can make  sure that  no wave  comes   from  one  of the 
sides  of a line  array,   a line array can be used to obtain directional 
spectrum       Barber  and Doyle   (4),   described  a procedure  to get  the 
directions  of  swells  by using just  two gages       Stevens   (39)   described 
the procedure  to  obtain directional  spectrum  from  a line  array  and 
used   it  for an array  in Buzzards  Bay       Macovsky  and  Mechlin   (28) 
described  a possible method of using a line array of  inverted  acoustic 
fathometers mounted on the deck of a submarine      Two-dimensional 
arrays,   in general, would be more  appropriate  for a general  situation 
Barber  (6)  discussed  a general  theory of gage arrays  and  suggested 
ways to compare the directional  resolving power of different  arrays 
Mobarek  (31)   found that the discrete energy method was the most 
successful  of the methods for the estimation of directional  spectra 
for laboratory wind waves       Fan   (19)  used  a 4-gage  array   in the   form 
of  a star and  compared  the Fourier transform method  and Least  Square 
Method  by  simulation technique to obtain the directional   spectra       He 
found  that  the  Fourier Transform Method  gave  better results  for higher 
frequency components  and  the Least  Square Fitting Method  gave  better 
results  for lower frequency components      Two-dimensional  arrays have 
also been used  in the ocean      Munk,  Miller,   Snodgrass  and Barber  (32) 
used three bottom pressure gages  forming an equilateral  triangle with 
sides  about  900  ft     in 330  ft     of water and   obtained  the  direction  of 
long period swell  from the data Bennett,  Pittman and Austin  (7) 
and Bennett  (8)  described  a 6-gage array  in the  form of a Pentagon 
with one gage at the center, which was used  off Panama City,   Florida 
in the Gulf of Mexico at depths  of 63  ft    and 104  ft       Bennett   (8) 
essentially used the procedure of Munk et al     (32)  by  fitting a 
single wave  of  a particular frequency  to the cross-spectrum equations 
This may,  perhaps,   be sufficient to obtain the direction of long 
period swell       But  as Tukey  (42)  pointed  out,   in analyzing or 
thinking about a computational process  involving several layers of 
approximations,  or the propagation of sampling fluctuations through 
several  layers of tranformations,  step-by-step  analysis  is not likely 
to be enough and  an analysis of the overall process  is needed 

A  few  other methods have  also been  reported       Nagata   (33) 
measured  orbital motions with electromagnetic current meters  and used 
it to obtain the directional  spectra      Ford,  Timme  and Trampus   (20) 
used a triset sensor made up of three vertical  surface-penetrating 
wave staffs located at the corners of a right triangle  of side about 
5  ft    to obtain the three outputs,  viz    two components  of wave  slope 
and the average wave amplitude at the sensor      From these they calcu- 
lated the directional  spectrum accurate up to 2 harmonics just  in the 
same way as Longuet-Higgins et  al     (27)  did      Simpson  (38)  had  a 
similar arrangement  but  the probes  at  the  apices  of  the  right  triangle 
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measured orbital velocities instead, and the side of the triangle was 
about 3 ft  By this arrangement he could obtain the first 4 harmonics 
of the directional spectra  Suzuki (40) proposed another method of 
determining the directional spectra of sea waves using a wave gage 
and a wave direction meter which can record X and Y component of 
wave force acting on a bottom mounted sphere 

There may, perhaps, be many more ingenious ways of obtaining the 
directional spectra  But it seems to the authors that wave gage 
arrays might be the most convenient arrangement for collecting data 
in a routine way to determine the directional spectra  Hence a general 
theory for the determination of directional spectra from records of 
wave gage arrays and a computer program for it were developed  A 
brief description of the theory and the results obtained are described 
below  The equations for use when the wave gages measure surface 
elevations are presented here  The detailed development of the 
general case will be given in a separate report 

A THEORY FOR GAGE ARRAYS 

The Modes of Analysis 

Two modes of analysis are developed - the locked phase method and 
the random phase method  The locked phase mode of analysis is essen- 
tially a deterministic approach where the phases of the component waves 
are assumed to be fixed  Hence the analysis provides both the dis- 
tribution of energy with frequency and direction as well as the 
distribution of phase angle with frequency and direction  In the ran- 
dom phase method the phases of component waves are considered to be 
random and independent of each other, hence they average out m the 
analysis  The locked phase mode of analysis is appropriate to situa- 
tions where phase is locked to particular values, such as in a wave 
tank with flapper  The random phase mode of analysis, on the other 
hand, is applicable to situations where phase changes randomly with 
time as in narrow band surf or wind waves 

Locked Phase Mode of Analysis 

The wave surface elevation, q, at a given instant of time t, is 
considered to be the result of superposition of a large number of 
simple harmonic waves each with its own frequency and direction  Let 
the amplitudes of the component waves be a^, a-,, &2,       am,  aM and 
frequencies fQ, f^, f2,   fm,  fM and let them propagate in all 
directions between -TT and TT  Let <f  be the phase and 6 the direction of 
wave  Let the coordinates of gage j in an array be x and y  and let 
the wave number be k = 2n/wave length  Then the water surface eleva- 
tion at gage j at time t can be written as 

M TT 

q   (t)   =    ) a  (9)   cos   [kx    cos9 +ky    sin6 - 2nft+q>   (6)] (1) J Z_jJm Lj *j TmJ 

m=0 -TT 
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The subsequent development will make use of the Fast Fourier- 
Transform technique [see Cooley & Tukey (16) , Cochran et al (15), 
Bergland (9) oi Bingham, Godfrey and Tukey (10)]  Let the length in 
time of the water surface elevation record be T and let the discrete 

T time interval of recording be At  Let T and At be such that N = — 
be a power of 2  One gets the complex amplitude spectrum A by 
taking the FFT of the surface elevation record q 

N-l 
V     -i2nmn/N 
I   qn " A     =  At  )  q e """"'"" (2) 

m      l—i      n 
n=0 

Let the directional distribution be represented as a finite 
Fourier series in complex form as below 

lCPm<6> 
a  (9)e    m        = F  (9) 

m N 
a   + la r- 

= ~2——- +    >     [(a   +ia')   cosnO + (b   + ib')   sinn9]       (3) 
2 ZJ

Lnn nn J 

n=l 

To determine  the directional   spectrum  one  therefore has  to evaluate 
the  coefficients  aQ,   a'0,   a^,   a^,   b^,   b^   etc       After going  through  some 
mathematical  manipulations,   one  can come up with  the  following two 
equations   for the  real   and  imaginary  parts  of the  FFT coefficients A 
of the  surface  elevation  record  for each  gage 

ft(2Amj)ArT)  = Voj  "  (ai Al*j  + K BlV   ~  (a2 A*23  
+ b2 BV 

+   <a3 A3j   +  b3   B3j>   +   (a4  A4j   +  b4   B2j>   " (4) 

W^/TTT)   =  a; A^   +   (a,  A^   + ^   B^)-  (a^ A^ + ^ B^) 

"  (a3  A3j   + b3   BSj>   +   (a4   B4*j   +  b4   *&   + (5) 

In these equations, 

and 

A* = 2 cos n8 J (kD) (6) 
nj n 

B* = 2 sin nB J (kD) (7) 
nj n 

where 
A = angle of gage j from origin 

J (kD) = Bessel function of order n with argument 
kD in which k = wave number and D = distance 
of the gage from the origin 

Once the coefficients a , an, b and bn are evaluated from the 
above equations up to the number of harmonics feasible with the number 
of gages, one may obtain the energy and phase by the following rela- 
tionships 
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a2(6)   =   |F(6)|
2 (8) 

cpm(6)  = arg  [F(9)] (9) 

Random Phase Analysis 

Let p(f,9)   be  the directional   spectral  density  function valid  for 
f > 0  and  -TT S  6  < rr       Then  it  can be  shown,   after Pierson  and  Marks 
(35),   that  the water surface  elevation q(x,y,t)   at  gage  j   at  time  t 
can  be  symbolically written  as 

q(x,y,t)= 2 J     j   /p(f ,6)dfd9 cos   (kxcos6  + kysinO -  2Tttt + ep) (10) 
O   -TI 

q(x,y,t) here ends up with a Gaussian probability density for any 
fixed x,y and t, because of the normal convergence criterion [Brown 
(14), Loeve (26), Takano (41)]  The cross covariance between water 
surface elevations at two gages therefore turns out to be independent 
of phase  The directional spectrum may be represented as a finite 
Fouriei series of the form 

a 
N 

p(f,6) = —- +  )  (a cos n9 + b sin n8) (11) 
& L->        n. n 

n=l 

Here  the  Fourier series  coefficients  a     and  b    are  to be  evaluated 
In terms  of the  co-  and quad-  spectrum for each pair  of  gages  the 
following two equations can be written down 

Co-spectrumjje  = TT^A*^- (a^ + b^) + (a^ + b^*^) - (12) 

Quad-spectrum     ^[(^Aj+^Bjj,)-  (a^*     + bgB*     ) H-C^A*  i+b,.B*  ^ 
(13) 

The  co-spectrum  and  quad-spectrum can be  calculated  from the  FFT co- 
efficients  on gage j   and  gage  &       The  quantities A*  and  B*  are  as  below 

and 

A*  =  2 cos  nP  J  (kD) (14) 
n n 

B* =  2  sin nP  J   (kD) (15) 

where g    =  angle  between gage j   and  gage  $> 

D    = distance  between the  gages, 

k     = wave  number =  2TT/wave  length  and 

J    =  Bessel   function  of  order n n 

The unknowns  are  the  Fourier series  coefficients  a„,   a. ,   b, ,   a„, 
bg  etc       There  are  two equations  for each  pair of  gages  and  two un- 
knowns   for every harmonic 
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Least square analysis is used to make coefficient estimates  In 
both procedures, a unidirectional wave train will produce analytical 
results spread over an angular band width, because only a finite 
number of Fourier coefficients can be estimated 

COMPUTATION OF DIRECTIONAL SPECTRA 

A very general computer program was developed to compute the 
directional spectrum, the details of which will be reported subse- 
quently  The analytical procedure and the scheme of computation was 
verified for their validity and workability by computation of known 
directional spectra using the scheme  The directions obtained out of 
the computer checked very well with the known directions of the simu- 
lated wave as well as regular waves generated in the laboratory when 
the respective data were fed in  However, there was considerable 
angular spread, in the results obtained for directions  These were due 
to leakage, finite length of data and the truncation of Fourier series 
representing directional spectra  It was also noticed that there was 
considerable negative energy showing up in the spectra  As the nega- 
tive energy caused by the presence of one wave may foul up with the 
positive contribution from another wave in the system, the presence of 
negative energy may affect appreciably the directional resolution 
Hence this had to be cured  For this a non-negative smoothing function 
W„((p) was applied where 

W2(cp) = RJJ cos2N (f) (16) 

in which IL is a coefficient to be obtained for each harmonic Borgman 
(12) has described the procedure to apply this smoothing  The smooth- 
ing, however, broadens the angular spread of the directional spectrum 
and decreases the value of the spectral peak  The problem of de- 
smoothmg the spectra seems to be very important and perhaps Medgyessey 
(30) may yield some clues 

The scheme of computation developed was used to compare the 
directional resolving power of some two-dimensional arrays by simu- 
lating a single wave tram and comparing the response to it from dif- 
ferent gage arrays  Figures 1 and 2 tabulate the relevant quantities 
for comparison  The difference between the two tables is that the 
quantities in Table 1 are obtained without Wp smoothing, whereas the 
quantities in Table 2 are smoothed  A comparison shows that all the 
arrays considered give the direction correctly, but there is a dif- 
ference in the angular spreads and the values of spectral peaks  For 
a single wave train the spectrum should have been theoretically a 
Dirac delta function, I e a spike  So, the narrower the angular 
spread and the higher the peak, the better the resolving power of the 
array  By this token, out of the five gage arrays tested, the CERC 
array seems to be the best  Figure 3 gives the plots of smoothed 
directional spectra obtained for different arrays for various input 
directions 



DIRECTIONAL SPECTRA 125 

t-    n    M    n 

QOOOOOOOOOO 

>r   n   io M    N    in    ~i    i    >n 
i»   to   c    —   •-   o* 
O    O    C    it    -*    c 

oooooooooooo c    o   o    c    o    o 

*  **  $ 
sis 

o    c    r    ci    w 
in     n    -o    I-     x 

n> 
o   o   o   o   o   o 

A    X    In    io 

o    o    o    o 

s ss 
M <N C4 V 
C4 N C4 C* 
N     C4     C*     N 

is; 
p>    v   « 
C*     N     N 
«     M     N 

liuin 
a. t> c 

3    3 

<A Q 

O      O     O O     O     O     O     O      O c   o   c    =   c 

ooooooooooocococ sec 

o    o    o 

tjodboooboogbaob 
onoiftcncftOkoiO 

oooooooc 

00    X    5    £ 
-i    — 
x    « 

o    o 

*   I- 

«   o   «   o ** «  a N 
p     00     n     tt 

O      O     O     O     O     O OOOCOOCOOOC 

o     -     -     * 

o   o   o   o o    o    w    o    —    o    c; 

M    O    o    o    o    ©    o o   o   o   o 

ffic-ffffffo-ifo- 

o    *r    o 

«     (O 

o    o    © 

OOOOOOOOOOCCC 

o    o    o 

00     00 

o   o 

00     0B     W     & 
On     <n     A     ff 
o    o    o    c 

rf : 

o    o    c    o    o    o    o 

8  I  8  1 
o   o   ©   o 

3  S 8   2   *   B 

«> N o 
io in ix> 

c c c 

• * * 
IO M « 
r- r- .© 
IKK 

OOO 

2  3 
<n    in 
«      9C 

K      S     9l 
l>      «      r+ 

«    x    x 

W 
Q 

2 3 
05 & < B 
«< 

o w w > > < 

EH  p 

ffi   M   M 
w     w 
6 fc EH 
fe < o 
M O o (a s 

O  CO 

O        H 

oSwD w 5 a 
S   M  EH 

o < w fc fe * 
O O la      o 
H <c w 
> ec co 

O  O « 
CO w 
MAO 
05 CO O 

w 

o o 
w w p 
EH  EH  S 
O  O  <C 
3 OS H 
HI  H 
O Q O 



126 COASTAL ENGINEERING 

*^ 

l/£. 

c   C/l 
C 

11 

\ 

jy 

1\ 
*V ̂  
> 

sK 

o o 

1. ^ t* ;   «  « 
|  *  Q 

C   t/i 

:        8 
> bt 

:5S 

«  6. * 

W     VJ     «     w 

co    w    CM    eg 

Cg       CO       CO      CM 

cgCOO)CMC«JC>JN(Tl(ON 

CMCgcMCgCMCgCgCM 

CM       tO      <0 

CM       CM      CM 

8-3 

3 8. a ai 
CO      CO      CO 

eg     (M     M 
CO      CO      CO 

00      -H      CO 

CO       CO      CO      CO      CO       CO 
ao    oo    ao    ao    ao     oo 

co    *r   rr   *f 

a $ 

r»    o    *     o> 

co    co    co 

«    tp    «    co    m    oo 
00 (D      00      i-H       CO 
01 O)     0>     O     O 

mem 

oo    m    » 

CO       CO      CM 

CM    eg    c» 

N    in    ft    m   d 

r-1        ,-<        Ol 

<f>      »      CO 

m    m    m    m    m    in 

3   3 
(OtO*O<0tOlO<O(O<£>(D«0 

in    m 

oo    en 

Q 
O 

BS 
W ft 
EH 
O 

Kl   (5 

2S 
P3  EH 

w > o < 

co 

CM   « 

g. o 

> p3 

o u 
CO W « ft 

E-i 

O 
M 
EH 



DIRECTIONAL SPECTRA 127 

JURE 
WECT0I 

"USR 

5 GAGE 
CERC 

4 GAGE 
STAR 

NO Of HARMONICS    8 NO Of HARMONICS    4 

5 GAGE 
PENTAGON 

6 GAGE 
HEXAGON 

NO Of HARMONICS    4 NO Of HARMONICS     2 

5 GAGE 
PLUS 

A 
^. 

Ul 

^_^ 

O 120        24036C 
ANGLE IN OEGfiEE - 

0 __l20    2*0_J6C 0        120    "240    55c 3 120       ?40     36C 

FIG 3  DIRECTIONAL RESOLVING POWER OF GAGE ARRAYS 
DIRECTIONAL SPECTRA OBTAINED ON DIFFERENT ARRAYS WITH W2 
SMOOTHING FOR FREQUENCY 0 5 Hz FOR A SINGLE WAVE TRAIN OF 
PERIOD 2 SEC AND AMPLITUDE 0 1* COMING FROM DIFFERENT 
DIRECTIONS 



128 COASTAL ENGINEERING 

Analysis of Data From the Pacific Ocean 

Figure 4 gives the location map and Fig 5 the gage orientation 
for a 5-gage array put up by the Coastal Engineering Research Center 
in the Pacific Ocean off Point Mugu, California  This array was 
specifically designed for the determination of directional spectrum 
of ocean waves of periods between 7 sec  and 25 sec , see Borgman and 
Pamcker (13) for the design  The gages were subsurface pressure 
transducers placed 3 feet from the bottom at a water depth of 30 feet 
and 1600 feet away from the shore  The wave data were analyzed for 
directional spectrum using the method developed   Some examples of 
results obtained are given below 

The choice of a frequency band for averaging the spectra was made 
by studying Fig 6 which shows the effect of the use of different 
frequency bands for averaging  When the band width is large, the con- 
fidence interval of the spectral estimate is close, but the spectrum 
obtained is rather too smooth, see, for example, the spectrum obtained 
when averaging is made in blocks of 64 FFT coefficients, l e , in band 
width of 64/1024 Hz  The spectrum is so smooth that it does not show 
the bimodality indicated by most other cases with block averaging in 
narrower frequency band width  But when the block averaging is done in 
too narrow a frequency width, as in block averaging of 4 Fourier co- 
efficients, the spectrum shows much erratic natuie  Tentatively, 
therefore, it was decided to average in blocks of 32 FFT coefficients 
and 16 FFT coefficients  Figure 7 shows a comparison of the spectra 
obtained at the different gages  They compare well but there is some 
discrepancy at peak frequencies   Figures 8 and 9 show typical 
directional spectra obtained for the locality using the random phase 
method of analysis described  The spectral densities shown are based 
on pressure in ft  of water and not adjusted for surface elevations 
The dominant directions would not be affected, anyway  Figure 8 shows 
a comparison of the directional spectra obtained at two different 
times  Notice the arrival of the prominent swell in the morning of 
March 28  Figure 9 shows a contour plot of directional spectrum ob- 
tained with a block averaging of 16 FFT coefficients, or a frequency 
band width of 16/1024 Hz  The typical bimodal spectrum of the Pacific 
coast can be seen with the ridges showing the strong sea and swell, 
both being shown to come generally from the West South West 

CONCLUSIONS 

The following conclusions may be drawn from the above dis- 
cussions 

1 Use of wave gage arrays seems to be well suited for the 
determination of directional spectra in a routine manner 

2 The analytical procedure and the scheme of computation 
developed seem to work well for the different situations 
tested, viz numerically simulated data, laboratory data 
and ocean data 
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FIG     4 LOCATION MAP  OF CERC  5-GAGE ARRAY  OFF POINT  MUGU, 
CALIFORNIA 
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Much more research work is needed in almost all aspects 
of the problem 

ACKNOWLEDGMENT 

The work presented herein was partially supported by Contract 
DACW 72-68-C-0016 with the Coastal Engineering Research Center, Corps 
of Engineers, U S Army  The authors express their appreciation to 
fellow research workers and to the staff of the Coastal Engineering 
Research Center who were extremely helpful m every aspect of the 
work  Professor R L Wiegel of the University of California, Berkeley, 
contributed greatly to the quality of the work by discussions, 
encouragement and other help which are highly appreciated  The 
assistance of Mr Dennis Dufalla of the Computer Science Division 
of the University of California, Berkeley, is also gratefully 
acknowledged 

REFERENCES 

Abkowitz, M A , Vassilopoulos, L A and Sellers, F H , 
"Recent developments in seakeeping research and its application 
to design," Transactions, Society of Naval Architects and 
Marine Engineers, vol  74, pp 194-259, 1966 

Abramowitz, M and Stegun, I A , Handbook of Mathematical 
Functions, Dover Publications, Inc , New York, 1965 

Barber, N F , "Finding the direction of travel of sea waves," 
Nature, vol  174, pp  1048-1050, Dec  4, 1954 

Barber, N F and Doyle, D , "A method of recording the direction 
of travel of ocean swell," Deep-Sea Research, vol  3, pp  206- 
213, 1956 

Barber, N F , "Some relations to be expected between the direc- 
tional spectra of swell observed at different times and places 
on the ocean," New Zealand Journal of Science, vol  1, no 2, 
pp  330-341, June, 1958 

Barber, N F , "Directional resolving power of an array of wave 
detectors," Ocean Wave Spectra, Prentice-Hall Inc , Englewood 
Cliffs, N J , pp  137-150, 1961 

Bennett, C M , Pittman, E P and Austin, G B , "Data process- 
ing system for multiple series analysis of ocean wave induced 
bottom pressure fluctuations," 1st U S Navy Symposium on 
Military Oceanography, pp 379-415, June 1964 



134 COASTAL ENGINEERING 

8 Bennett, C M , "A directional analysis of sea waves from bottom 
pressure measurements," Transactions of the National Symposium 
on Ocean Sciences of the Atlantic Shelf, Marine Technology 
Society, 1965 

9 Bergland, G D , "A guided tour of the FFT," IEEE Spectrum, 
pp 41-52, July 1969 

10 Bingham, C , Godfrey, M D and Tukey, J W , "Modern techniques 
of power spectrum estimation," IEEE Transactions of Audio and 
electroacoustics, vol AU-15, No 2, pp 56-66, June 1967 

11 Borgman, L E , "Ocean wave simulation for engineering design," 
Proceedings of the ASCE Conference on Civil Engineering in the 
Oceans, San Francisco, pp 31-74, Sept  1967 

12 Borgman, L E , "Directional spectra models for design use," 
Technical Report HEL 1-12, Hydraulic Engineering Laboratory, 
University of California, Berkeley, June 1969 

13 Borgman, L E and Pamcker, N N , "Design Study for a Suggested 
Wave gage array off Point Mugu, California," Technical Report 
HEL 1-14, Hydraulic Engineering Laboratory, University of Califor- 
nia, Berkeley, January 1970 

14 Brown, L J , "Methods for the analysis of non-stationary time 
series with applications to oceanography," Technical Report, HEL 
16-3, Hydraulic Engineering Laboratory, University of California, 
Berkeley, May, 1967 

15 Cochran, W T , et al , "What is the FFT'" IEEE Transactions on 
Audio and Electroacoustics, vol  AU-15, no 2, pp 45-55, June 
1967 

16 Cooley, J W and Tukey, J W , "An algorithm for the machine 
calculation of complex Fourier series," Mathematics of computa- 
tion, vol  19, pp  297-301, April 1965 

17 Cote, L J et al , "The directional spectrum of a wind generated 
sea as> determined from data obtained by the Stereo Wave 
Observation Project," Meteorological Papers, New York Univer- 
sity, vol  2, no 6, June 1960 

18 Ewmg, J A , "Some measurements of the directional wave 
spectrum," Journal of Marine Research, vol  27, no 2, 1969 

19 Fan, S S , "Diffraction of wind waves," Technical Report HEL 1-10, 
Hydraulic Engineering Laboratory, University of California, 
Berkeley, October 1968 

20 Ford, J R , Timme, R C and Trampus, A , "A new method for ob- 
taining the directional spectrum of ocean surface gravity waves," 
presented at the Marine Technology Society 3rd Annual National 
Conference, Surface Wave Measurements Session, June 1967 



DIRECTIONAL SPECTRA 13 5 

21 Graybill,   I   ,   "An  introduction to linear  statistical  models," 
McGraw-Hill   Book  Co   ,   Inc   ,   Ntw  York,   1961 

22 Hasselman,   K   ,   Munk W     and  MacDonald,   G   ,   "Bispectra  of  ocean 
waves,"  Ch    8  of  Time  Series  Analysis edited  by  M    Rosenblatt, 
John Wiley &  Sons,   Inc   ,   1963 

23 Ijima,   T     and  Matsuo,   T   ,   "Study  on waves   in  surf  zone," 
Proceedings,   15th Conference  on Coastal  Engineering  in  Japan,   1968 

24 Karlsson,   T   ,   "Refraction  of  continuous   ocean wave  spectra," 
Proceedings  of  the  ASCE,   Journal   of  the Waterways  and Harbors 
Division,   vol     95,   no     WW4,   pp     437-448,   Nov     1969 

25 Kinsman,   B   ,  Wind Waves,   Prentice-Hall,   Inc   ,   Englewood  Cliffs, 
N J   ,   1965 

26 Loeve,   M   ,   Probability  Theory   (3rd  edition),   D    van Nostrand  Co   , 
Inc   ,   New York,   1963 

27 Longuet-Higgins,   M S   ,   Cartwright,   D    E     and  Smith,   N    D   , 
"Observations   of  the  directional   spectrum  of  sea waves using 
the motions   of  a  floating buoy,"  Ocean Wave   Spectra,   Prentice- 
Hall   Inc   ,   Englewood  Cliffs,   N J   ,   pp     111-132,   1961 

28 Macovsky,   M    L    and  Mechlin,   G   ,   "A proposed  technique  for 
obtaining directional  wave  spectra  by   an  array  of  inverted 
fathometers,"  Ocean Wave  Spectra,   Prentice-Hall,   Inc   ,   Englewood 
Cliffs,   N  J   ,   pp     235-242,   1961 

29 Malhotra,  A    K     and  Penzien,   J   ,   "Stochastic  analysis  of  off- 
shore  tower  structures,"  Report  No     EERC 69-6,   Earthquake 
Engineering  Research Center,   University  of  California,   Berkeley, 
May  1969 

30 Medgyessy,   P   ,   Decomposition  of  superpositions   of distribution 
functions,   Publishing  House  of  the Hungarian Academy  of Sciences, 
Budapest,   1961 

31 Mobarek,   I     E   ,   "Directional   spectra  of  laboratory wind waves," 
Proceedings  of  the ASCE,  Waterways  and  Harbors  Division,  vol 
91,   no    WW3,   August   1966 

32 Munk,   W    H   ,   Miller,   G    R  ,   Snodgrass,   F    E   ,   and  Barber,   N    F   , 
Directional recording of swells from distant storms," Royal 

Society of London, Philosophical Transactions, Series A, vol 
255,   pp     505-584,   April   18,   1963 

33 Nagata,   Y   ,   "The  statistical  properties  of  orbital  wave motions 
and  their  application  for the measurement  of   directional  wave 
spectra,"  Journal  of the  Oceanographic  Society  of  Japan,   vol 
19,   no     4,   1964 



136 COASTAL ENGINEERING 

34 Neumann, G and Pierson, W J , "Known and unknown properties 
of the frequency spectrum of wind generated sea," Ocean Wave 
Spectra, Prentice-Hall Inc , Englewood Cliffs, N J , pp  9-25, 
1961 

35 Pierson, W J and Marks, W , "The power spectrum analysis of 
ocean wave records," Transactions, American Geophysical Union, 
vol  33, 1952 

36 Pierson, W J , "Wind generated gravity waves," Advances in 
Geophysics, vol  2, Academic Press Inc , New York, pp  93-178, 
1955 

37 Scott, J R , "A sea spectrum for model tests on long-term 
ship prediction," Journal of Ship Research, Society of Naval 
Architects and Marine Engineers, vol  9, no 3, Dee 1965 

38 Simpson, J H , "Observations of the directional characteris- 
tics of sea waves," Geophysical Journal of the Royal Astro- 
nomical Society, vol  17, pp  93-120, January 1969 

39 Stevens, R G , "On the measurement of the directional spectra 
of wind generated waves using a linear array of surface eleva- 
tion detectors," Unpublished manuscript, Reference No 65-20, 
Technical Report of Woods Hole Oceanographic Institution, Woods 
Hole, Mass , April 1965 

40 Suzuki, Y , "Determination of approximate directional spectra 
for coastal waves," Report of the Port and Harbor Research 
Institute, Japan, vol 8, no 4, pp 43-101, December 1969 

41 Takano, K , "On some limit theorems of probability distribu- 
tions," Annals of the Institute of Statistical Mathematics, 
Tokyo, vol  6, pp  37-113, 1954 

42 Tukey, J W , "The sampling theory of power spectrum estimates," 
Symposium on Application of Autocorrelation Analysis to Physical 
Problems, Woods Hole, Mass , pp 47-67, June 1949 

43 Wiegel, R L , "Some engineering aspects of wave spectra," 
Ocean Wave Spectra, Prentice-Hall, Inc , Englewoods Cliffs, N J , 
pp  309-321, 1961 

44 Wiegel, R L , Oceanographical engineering, Prentice-Hall Inc , 
Englewood Cliffs, N J , 1964 

45 Wiegel, R L and Mobarek, I E , "Diffraction of wind generated 
water waves," Proceedings, Tenth Conference on Coastal 
Engineering, vol  I, p 185-197, 1966 

46 Wiegel, R L , "Waves and their effects on pile-supported struc- 
tures," Technical Report HEL 9-15, Hydraulic Engineering 
Laboratory, University of California, Berkeley, March 1969 



CHAPTER 9 

Equilibrium Range Spectra in Shoaling Water 

by 

Takeshi Ijima , TakahiKo Matsuo and Kazutami Koga 

Abstract 

Xn shoaling water on sloping beach, waves break by hydraulic instability 

due to the fimteness of water depth, so that frequency spectra of waves in 

surf zone must have any limitirg form similar to the equilibrium spectrum 

given by Phillips(l958)  In this paper, authors haze derived an equilibrium 
form of spectra for surf waves from the limiting wave condition at constant 

water depth by Miche(l944) and from breaking wave experiments on sloped <ottom 
by Iversen(l952)  The results arc compared with surf «rave spectia obtained 
from field observations by means of stereo-type wave meter devised by the 
authors(1968). 

By means of this spectrum and by deep water wave spectra for various 

wind conditions, significant waie heights and optimum periods of limiting 
waves m surf ^one are calculated 

1  Introduction 

By dimensional considerations, Phillips(l958) has shown that in. the fre- 

quency spectrum of deep water wind waves the energy spectral density $(*^ of 

saturated high frequency component is proportional to -5 powers of frequency 

as shown by the following equation 

$& = ?¥** a) 
where g is gravity acceleration and P is non-dimensional constant, for which 

Phillips has given numerically 0 0117 from observed data and Pierson(l964-) has 

obtained 0 00810 from observed spectra on the North Atlantic Ocean 

Lq 1 is independent of wind conditions and is mterpretted as representing 

a  limiting spectrum for wave« breaking in deep water in the state of hydraulic 

instability 

As for waves breaking in shoaling water, the limiting wave height is 

determined by instability depend: ng on water depth h. and the similar limiting 

spectrum should exist, which, of course, is independent on wind conditions but 

depends onlj on water depth and p-ravity acceleration in the range of gravity 

waves 

(l) Professor of Kyushu University, Fulcuoka, Japan. 
(?) lecturer, Ooita Technical Co]lege, Ooita, Japan 
3) Iiaster Course Student, Kyushu University 
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Here, we assume straight shore line with constant slope and waves incident 

normally", so that one-dimensional waves without refraction effect 

2  Derivation of equilibrium range spectrum 

From observed wave record of a tram of waves at a point of depth h m surf 

zone, apparent individual wave height \\ and wa\e period T of ail thft waves 

are measured m spite of breaking and non-breaking and then wave length |_, of 

the wave at water depth h are calculated by small amplitude wave relation Then, 

we obtain a scatter diagram of H/ L related to h/ L as shown in Pig 1, which 

was obtained from wave record of 17 minutes long at depth of 5 7 meters on the 

Coast of Miyazaki (Pacific Coast ot Kyushu) 

The envelope curve through the upper limit of scattered points m the figure 

is interpreted to show the limiting wave condition for tiie depth h 

For a tram of single sinusoidal waves, the limiting condition at constant 

depth for h/L larger than about l/20 is given by Sh.che(l944) as follows 

%,-^-M^ (2) 
For deep water (.h/L-* 0° ), B/L IS l/7 and for shallow water long waves 

(h/li—»0), eq 2 gives H/h* 0 9, which is somewhat larger than 0 78 by solitary 

wave theory  For the bottom of constant slope, vie  have not yet theoretical 

relation but Iversen(l9b2) has shown experimental relations of H(,/H,> and n^Ho 

to Ho/ho for bottom slopes c< = l/lO, l/20, l/30 and l/50, where H0 ,I0 are 

deep water wave height and length and H (, , h (, are wave height and water depth 

of breakers  From these ejcperimenual relations, an empirical ielation of H /L 

and h/Li similar to eq 2 is obtained a& follows 

where oC is bottom slope  Above relations are shown m Fig 1 for at = 0 and l/lO 

Eq 3 may give somewhat larger valueg for h/l. ( l/20 for single sinusoidal waves 

but for actual randum waves the form of eq 3 may be assumed to represent approx- 

imate relations of limiting apparent wave height Hmnjand length L derived from 

apparent wave period T for all h/ L  Accordingly, we assume next relation 

for limiting apparent waves 

B•«* = r. -hcuJL f iu\ -^ I (4) = C,*«/4v[fw^£] 
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Where Cjis assumed to be constant 

As for actual waves with continuous spectrum, the limiting wave height Hmax 

is interpreted as the result that all the phases of component waves whose periods 

are within narrow range of period band between T - AT/2 and T + AT/2 centered 

at period T happened to coincide and their spectral wave heights were summed up 

to attain the limiting height HIRI^  And for sufficiently narrow width of AT, 

the component waves within the period band are considered to have nearly equal 

spectral wave height Ky   proportional to the limiting wave height Hnuy, that is, 

HT<* HUM* 
(5) 

Therefore, from eq 4 we have 

HT = C<m*t L**«JitfW^-] (6) 

Assuming that the number of component waves within, the period band is N 

and they are mutually independent, the total energy density within the period 

band of 7 - AT/2 and T' + AT/2 IS 

Accordingly, the total frequency spectral energy density q)(<»^A0vbetween 

fl\, — L°7Z  and f^-+ &-°7l is given by the following equation. 

$(*)A *= o*u* N La- h^ [f(^^J       (?) 
u 

The number of component waves N m above equation is considered to become 

large when the period band A T becomes wide, but to become small when the period 
*-• 
T becomes large for limited length of wave record   Accordingly, we may assume 

the following relation 

Now, eq 7 is written as follows 

fW^= <**«£ C-Wtiifa)^] 

(9) 
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P \+, -yj - ,2fA.ft^k\'/x do) 

In above equations, 27Ch/L is determined as a function of <h h/g by the following 

equation 

*V* = ^i**M^ (ID 
Li U 

In eq 10, when n?"h/g becomes large, 2lCh/L tends to 2Xh/Lo and H tends to 

(<Mi/g) , and when (hh/g becomes small, p tends to J%J){ <rh/g) 

Accordingly, from eq 9 it is seen that 

<£(*)= OTM* (2TC)HVJ       ^     _, ,    . 
Iv ' 0 for deep water waves    (.12) 

§ («-) = Om*t-(2lCJ:i |*(<*) k2 <h for shallow water waves (l3) 

Comparing eq 12 with eq 1, 

Thus, eq 9 is determined as follows 

(14) 

Above equation is considered to represent the equilibrium spectrum of surf 

3  Comparisons with observations 

The observation of surf waves is difficult because of various troubles in 

setting and maintaining wave meters  The authors(l968) have devised a stereo- 

type wave meter, with which field observations at Miyazaki Coast and Hata Coast 

of Kyushu were carried out  Pig 2 is an example of observed frequency spectra 

at Hata Coast. Fig.3 and 4 are non-dimensional plot of frequency spectra at 

Miyazaki- and Hata Coast, respectively, in which the curves are equilibrium 

spectra by eq 14 for^=0 and l/lO with.6= 0 00810. 

In Fig.3, measured spectral densities for large 0» h/g attain to the equili- 

brium values but for small tfv h/g measured densities are lower than the latter 
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This seems to be due to the fact that few waves are breaking by the effect of 

finite depth and only high frequency waves are saturated by local wind  In Fig.4 

measured energy densities almost attain to the equilibrium values, which mean 

that almost waves are breaking by the effect of finite depth 

4 Estimation of limiting significant waves in surf zone 

Assuming that eq 14 is the limiting spectral energy density at water depth h, 

the limiting spectrum for given wind conditions at the depth may be estimated by 

the following considerations 

In Pig 5, suppose that various spectra are drawn m linear scale and the 

curve MN is equilibrium spectrum at given water depth  When the spectrum of off- 

sea wind waves is given by the curve MWQ, the spectrum to be observed at the point 

of depth h shoald be given by the curve MCQ, which is the limiting spectrum for 

the given wind condition. When the spectrum of offsea swell is given by the 

curve ASQ, the spectrum at depth h should be the curve ABCQ, which is the limit- 

ing spectrum for given swell. Fig 6 shows an example of offsea wind wave spectrjm 

for wind speed U = 15 m/s, fetch length P = 400 km,which is proposed by the 

authors is shown m Appendix, and equilibrium spectra at water depth h = 8 meters 

for bottom slope <(, = 0 and l/lO 

Pig 7(a)(b) are significant wave height and its optimum period of limiting 

waves calculated by above-derived limiting spectrum at various water depth for 

fetch length 100 km and 400 km with wind speed 15 m/s and 30 m/s 

5 Conclusions ana remarks 

Omitting the effect of wave refraction and directional distribution of wave 

spectrum, the equilibrium spectrum of surf waves at water depth h is represented 

by eq 14, by means of which and a proposed fetch- or duration spectrum of offsea 

wind waves the limiting spectrum at any depth is estimated as shown in Pig 6 

Up to date, for design purposes of surf zone structures the limiting wave 

height by such an equation 2 or 3 is frequently used as design wave height 

But in some cat.es, it seems to be more reasonable to uee such a limiting spectrum 

as above  The effect of directional distribution of wave spectrum should be 

considered in future 
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Appendix 

Derivation, of Duration and Fetch. Spectrum 

We assume the general forci of frequency spectrum as follows 

where g is gravity acceleration, Uft  is friction velocity of w^nd and o(* , 

p * are non-dimengional constants 

Above spectrum has the maximum energy density <J (<^) at frequency (Js. ftS 

follows - 

fw-c^cv5"     w    ^p=g-p*f     (A3) 
from wmch- we obtain 

f* = 4 \-%-) CM) <** = fl  *W ^ ^) 

The time developement of the maximum energy density of wind generated-wave 

spectrum is given by Phillips(l966) as follows 

where H, and ji^ are densities of air and water and M. is coupling coefficient 

of air-sea interaction 

Substituting eq 44, A5 and A6 into eq Al, we obtain as duration spectrum 

4(*>=fte*f4(^/?^ ^I-K-E/J CAT) 

Meanwhile, Pierson(l964) has proposed the following spectrum for fully- 

developed wind waves 

&*> = <* ^"rWlw)4} (A8) 

wheie (A = 0 00810,8 = 0 74 and IT is mean wind speed at 19 5 meters high 

above mean sea surface, which is related to IT* and TJ^ ( wird <j.peed at 10 

meters above mean sea level) by tne following empirical relationships 

IT-KIT* K=Uo + j=r- (A9) 
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TJ l0 = -=-    C,o = (0«0 + 0.ll4-TIlo)K|0"
3 

M° K 
(AID) 

10 

For any given wind speed, the maximum energy density $(*J) of duration 

spectrum should lie always on the saturated spectrum curve of that wind speed 

given by eq AS, so that equating eq A6 to eq AS, WP obtain next relation for tf^j 

at any duration time t 

Eq A7 together with eq All gives duration spectrum- 

Fetch length X- ls related to duration time t by the following equation 

X = ^ C0 t (A12) 

where C,„is the phase velocity of waves with frequency^ 

Thus, fetch spectrum is obtained from duration spectrum as follows 

By the relation (h =• %/f   , duration and fetch spectrum is written as 

follows at / ^ iisy A 

(A14) 

(A15) 

In above equations, coupling coefficient M. is given by Phillips(1966J 

a" a function of C/U*   But when fetch spectrum is given by eq A15, the 

significant wave neight HJA IS shown by following equation 

-IS* = 400 JE /« ^teWtiflf CA16) 

And alfao from observation dal"a, significant wave height is empirically related 

^o  wind speed by the following equation by Wilson(l965) 
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Equating above two equations, coupling coefficient M- is obtained for Co/Ujf 

with parameter U#. as shown m Pig Al  Fig 42 is an example of fetch spectrum 
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CHAPTER 10 

WAVE INVESTIGATIONS IN SHALLOW WATER 

Dr -Ing.  Wmfned Siefert 

Strom- und Hafenbau Hamburg 

Forschungsgruppe Neuwerk, Cuxhaven, Germany- 

Abstract 

Examinatxon of the significant heights of zero-cros- 

sing waves in the Elbe Estuary has yielded two noteworthy 

results: 1  In the deeper water of the estuary, the value 

of the quotient relating the significant and the mean wave 

heights is larger than on the bordering tidal flat. 2. The 

value of this function is dependent on the height of the 

waves; on the tidal flat this dependency is considerably 

more sensative than in deeper water. With increasing wave 

height the value of significant wave height divided by 

mean height becomes smaller 

The propagation direction of waves moving onto the 

tidal flat is contingent upon the position of intertidal 

channels Such channels sharply reduce the possible pro- 

pagation directions The waves nearly always move up-chan- 

nel regardless of the wind direction 

It is possible to derive special wave period and wave 

height distributions representing the conditions m very 
shallow water 

151 
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I. Introduction 

As part of a general research program investigating 

the hydrologic, hydrodynamic and morphologic characterist- 

ics and changes in the Elbe Estuary, wave measurements are 

carried out (Laucht, 1968, and Fig 1). Few recordings - at 

least in Germany - have been made of waves in the nearshore 

zone, consequently, no data was available for the Elbe Estu- 

ary at the beginning of this program Only a minimal amount 

of information on wave behavior in morphologically complex 

nearshore areas is found in the literature (Koele and de 

Bruyn, 1964; Wiegel, 1964, US Army, 1966). It was therefore 

necessary to tailor an investigation program to fit these 

special conditions 

Concurrent wave measurements have been made at 6 sta- 

tions, and in 1970 an additional 7 stations on the tidal 

flat will be added. Of the present 6 stations, 3 are locat- 

ed on the edge of the Elbe channel in water depths from 5 
to 10 m, and 3 are located on the tidal flat in depths of 

less than 2 m (Fig. 2) Expanded records of 2 to 5 minute 

duration are recorded at preset intervals, following the 

Wemelsfelder principal. The results presented here are ba- 

sed primarily on the "Hundebalje" station located between 

the dune island Scharhom and the island of Neuwerk on the 

"high tidal flat" bordering an mtertidal channel system 

At mean high tide the water reaches a depth of 1 5 m at 

this point. 

II. Interpretation of Wave Records 

A Significant Wave Values 

Expanded records from the various stations give only 

wave height and period and thereby only part of the signi- 
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fxcant wave characteristics which must also include wave- 

length, wave propagation direction and velocity The lat- 

ter items can be obtained from radar and aerial photo- 

graphs, however, these techniques don't yield the height 

and period (Siefert, 1969) An attempt is presently being 

made to combine aerial photo analysis with wave gauge re- 

cords to bring together the height, frequency and direc- 

tional spectrums 

Following currently accepted methods, the records 

were analyzed for the mean values H and T of the zero- 

crossing waves as well as IL i-z,  TH-i/3> and H1/10* From 

these values, the ratios C. /•*, C1 /-io> 
e^c    were calcula- 

ted 

It is commonly believed that wave parameters such 

as the mean or significant wave height are of somewhat 

limited use However, even in an area with extreme depth 

variations, these values still serve to give the engineer 

a relatively good picture of the waves Therefore, for 

preliminary work the calculation of spectrums can be omit- 
ted m favor of using the significant wave values For 

construction planning, characteristics such as mean, sig- 

nificant and maximum wave heights and periods are more 

useful than spectrum analyses. 

In the investigation area it is common to have se- 

veral wave systems coming from different directions con- 

verging and overlapping one another. These systems can 

have quite different heights and periods depending on 

their origin and age A typical Gaussian distribution, 

as found m the theoretical treatment of Cartwright and 

Longuet-Higgms, or a Rayleigh distribution for a very 

narrow wave spectrum, are seldom present (Koele and de 

Bruyn, 1964). When several systems overlap it becomes 

impossible to measure a mean wave-length or height of 

each system The high degree of scattering in the wave 
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values precludes analytical treatment of data from this 

area until the mathematics of non-linear superposition 

is developed to a point where the spectrum can be calcu- 

lated for shallow water (Wiegel, 1969). 

In spite of these restrictions, the measured wave 

heights yield some interesting facts regarding the chan- 

ges that take place m waves as they move into shallow 

water 

B. Integration of the Dominant Wind Values 

The values H and T from the wave records were clas- 
sified according to wind velocity and direction The wind 

parameters prevailing during the 6 to 12 hour period pre- 

ceding the measurement were categorized into various wind 

sectors (Schrader, 1968) For wind directions from SW to 

N, the waves from the open sea are responsible for the 

waves in the channels and on the tidal flat. For these 

directions, the wind conditions prevailing outside the 

tidal flat area (Scharhornriff station, Fig. 2) must be 

considered. The division of the land wind directions (N 

to SW) is based solely upon the topography near the re- 

cording station In Fig 3, therefore, the wind sectors 

at the Scharhornriff station apply to the entire investi- 

gation area, whereas the sectors at the Hundebalje station 

apply only to records from this station. 

Aerial photographic analysis of the wave-length 

changes as waves move into shallower water showed that 

classic wave theory could not be applied in this topo- 

graphically complex region (Siefert, 1969). As a result, 

the attempt has been made to work with the changes in 

wave height as the waves progress into shallower water. 
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III Waves in Shallow Water 

A Comparison of Significant Wave Values in Deep and 

Shallow Water 

In order to achieve a reliable shallow water - deep 

water comparison, over 500 records from the 6 recording 

stations were analyzed for both mean and significant wave 

values using the zero-crossing method. This amounted to a 

comparison of the tidal flat readings (from the Scharhorn- 

West, Scharhorn-Sud and Hundebalje stations) with the dee- 

per water results (from the Scharhornriff, Scharhorn-Nord 

and Luchtergrund stations (see Fig. 2))- 

Wave Parameter Tidal Flat 8 m Water Depth 

TH 

T 
1.11 1.30 

C1/3   H 
1 49 1.52 

C1/10~ H 
1.76 1.90 

H1/10 
Hl/3 

1.18 1 24 

*) see Figure 4 

All of the values show a tendency toward uniformity 

as the waves reach shallower water, le , H., ,*Q  and H../•* 
become somewhat smaller in relation to the mean wave 

height. This is caused by a form of "sorting" in which 

the highest waves, which control the values of EL /10 and 

H.. I-I  in deeper water, are removed from the spectrum in 

shallower water. Therefore it is understandable that the 

ratio C| y10 should become smaller faster than the ratio 
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C1/, The change in the wave spectrum is also clearly 

seen in the decreasing values of Cr on the tidal flat 

So one can not rely on having constant wave ratios 

m the coastal area This applies to the wave heights as 

well as the periods. The value of Cr = —-L^  for the dee- 
f 

per Elbe Estuary, as well as off the Dutch coast (Svasek, 

1969), is 1 30, whereas on the tidal flat the value drops 

to 1 11 This lower figure corresponds well to the 1.10 

calculated by Sibul (1955) for shallow water in a wind- 
wave channel (see Wiegel, 1964). 

A further point should be mentioned which apparently 

is frequently overlooked in the evaluation of zero-cross- 

ing waves As Fig. 4 shows, using a deep water station 

(Scharhornriff) and a tidal flat station (Hundebalje) as 

examples, the ratio C, ,-r  = —J-d-  is dependent not only on 

location but also on the mean wave height H. Higher waves 

produce a more uniform wave spectrum; on the tidal flat 

the uniformity is achieved more quickly than m deeper 

water. 

Variances m the directional spectrum of the waves 

as they reach the tidal flat are shown m Fig. 5 where 

the main wave systems seen m two series of aerial photo- 

graphs are presented (see also Siefert, 1969). In the 

inner portion of the Elbe Estuary, nearly all wave direc- 

tions can be developed depending upon the wind However, 

this multiplicity of propagation directions is almost in- 

stantly reduced as the waves enter the tidal channels. 

The illustration shows propagation directions from WNW 

and E, a difference of 120° m the deep Elbe channel 

This difference is reduced to 30° in the Hundebalje chan- 

nel. This would seem to indicate that waves always move 

up-channel on the tidal flat regardless of wind direction 
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B. Distributions of Wave Periods and Wave Heights 

Everyone is aware of the large scattering in the re- 

lation of mean wave heights and periods, especially under 

the influence of complex topography and tidal conditions. 

Furtheron it is known that the heights and periods of indi- 

vidual waves seem to be nearly without any relation The 

only facts that become clear are that the highest wave in a 

spectrum does not belong to the longest period and that the 

longest period belongs to a wave of about mean height. There- 

fore it is useful to split further investigations into ana- 

lyzing separate period and height distributions 

Fig. 6 gives some characteristic period spectra in the 

form of cumulative distributions of the ratio of individual 

and mean periods in Gaussian paper. The comparison gives an 

interesting result: The distributions of Bretschneider and 

Putz are not the same, but similar, and both are derived for 

deep water waves. The spectra in the Elbe channel and the 

adjacent breaker zone (3 to 12 m) as well as those on the 
tidal flats (1 to 3m) are different from those. The period 

spectrum of the waves obviously becomes wider with decreasing 

water depth. So it seems that the well-known theoretical 

Rayleigh-distribution is characteristic only for waves m 

very shallow water. The analytical variation of this distri- 

bution is possible by raising the factor "2" in the formula 

of the Rayleigh-distribution with increasing water depth. 

Opposite developments can be noticed with the wave 

heights To the usually used Rayleigh-distribution after 

Longuet-Higgins there belongs a value C.. /•, = 1.60. Many 

authors found that this value is not always constant (see 

Wiegel, 1964). Investigations in the Elbe estuary show that 

the mean value is less than 1 60 and that the quotient be- 

comes smaller with increasing wave height, but not at any 

point with the same rate (Fig. 4). The cumulative distribu- 

tions of the wave heights in Fig. 7 give characteristic 
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curves for every C.. i-..  As C. i-,  decreases wxth increasing 
mean wave height, the wave height spectrum then must be- 

come narrower. This apparent relationship between the width 

of the spectrum and C. /•,  can be expressed as a relation 
between the factor f  m the formula of the wave height dis- 

tribution 

and C 
1/3! 

(*)- 
1 - e 

4 (•§)' 

Cl/3 1,35 1,40 1,45 1,50 1,55 1,60 1,65 

f 2,94 2,70 2,50 2,32 2,15 2,00 1,86 

This relation is valid up to 99 8%  and more. The following 

progress of the curves in Fig. 7 to a finite value indicates 

the influence of water depth, as there must be a maximum wa- 

ve height even with the propability zero. 

For a certain mean wave height in a certain place on 

the tidal flat, one can get the value of C.. /, by Fig. 4, 

and further on Fig. 7 gives the complete wave height distri- 

bution in dependence on C../,. 

Summarizing the investigations it can be stated that 

the period spectrum of waves progressing into shallow water 

becomes wider while at the same time the height spectrum 

becomes narrower. This fact has to be considered during 

further investigations, but we hope to find some general 

characteristics that may be applied to similar areas else- 

where. 
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C Wave Heights on the Tidal Flat 

Tidal conditions result in the wave height on a ti- 

dal flat being controlled by the water level, le•, the ti- 

dal phase In addition to the tidal fluctuations, the wa- 

ter level is strongly influenced by wind thereby yielding 

complex relationships: 

a) Wave height as a function of wind and water level 

b) Water level as a function of wind 

Some considerations may illustrate this double dependency 

of wave height on wind. When a constant water level is pre- 

sent (or in water deep enough to make such fluctuations in- 

significant) relationships can be established between wave 

height and wind. The Hundebalje station serves as a good 

example to show the influence of the wind on the water le- 

vel. In the German Bight, and particularly near the coast, 

strong SW to N (sea) winds result in an accumulation of wa- 

ter and therefore increased mean tidal levels; NE to S 

(land) winds drive the water away from the coast and re- 

sult m lower water levels. Because wave height is depen- 

dent on wind velocity and water level, higher waves can 

form on the tidal flat under sea wind conditions In con- 

trast, land winds produce an increase in wave height cou- 

pled with a lowering of the water level The wave height 

can increase only as long as the first effect remains lar- 

ger than the second; further increases in wind velocity 

will result in a decrease in wave height. It is therefore 

possible that hurricane force winds from some directions 

will produce no waves at all on the tidal flat if it falls 

dry. 

This relatively simple hypothesis could be varified 

on the basis of one year's measurements at the Hundebalje 

station The events during land wind conditions could be 

particularly well defined during a long east wind period 
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Figure 8 shows the mean wave height H in relation to 

the wind velocity from various sectors for three water 

levels (HW + 1 m, HW, HW - 0.5 m). As would be expected, 

the individual values are scattered. For clarity only the 

lines of highest If are shown. It can be seen that during 

periods of land winds from sectors 1 to 3 (346° to 210°) 

the waves never reach an H of over 37 cm on the tidal flat. 

For a ratio between significant and mean wave height of 
H.. i-z 
—-L2- =1.46 (Fig. 4) the significant wave height for this 
H 
location during N to SW winds is 

H
1/3 " 54 cm* 

From Figure 8 it can be seen that the highest waves 

do not develop when the water level (at a wind velocity of 

19 to 22 m/sec) reaches the HW level (1.9 m), but rather a 

level some 20 cm lower. Thus, with a water depth of 1.7 m, 

mean wave heights up to 37 cm can be expected. 

The maximum possible wave height is also of parti- 

cular interest. The maximum height will develop under we- 

sterly winds when both wave height and water depth are 

increasing. It is too early to set an absolute height 

limit based on only one year's measurements, particularly 

when these include relatively few storm-wind periods. Du- 

ring W to NNW wind (sector 6, Fig 3) with Beaufort force 

10 (about 27 m/sec) waves with a mean height of 60 cm were 

recorded. The significant wave height was 85 cm. The re- 

cording is being continued. 

The dependency of wave propagation direction on wa- 

ter depth is shown in the fact that the highest waves on 

the tidal flat develop during W to NNW wind (sector 6). 

During these times the Hundebal^e recording station on 

the tidal flat lies directly in the wind shadow of the 

island of ScharhSrn (Fig 3). The fetch of about 1.5 km 

over water depths from 0 to 1 9 m is not sufficient to 

generate mean wave heights of over 50 cm. The relation- 
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ship m Fxg. 9 between wave hexght on the txdal flat (Hun- 
debalje) and in about 8 m depth off the txdal flat (LUch- 
tergrund) shows that the hxghest waves are recorded on the 
flat at the times when the hxghest waves off the flat are 
recorded (sector 6, 268° - 354°). 

It should agaxn be stressed that the results obtain- 
ed from the Hundebalje station apply only to its immediate 
area. The station was placed on a tidal channel in order 
to measure waves by their ingress on the tidal flat. On the 
higher parts of the flat away from channels, other condi- 
tions prevail which result in smaller waves. The wave spec- 
trum on the tidal flat exhibits extreme local variations. 

IV. List of Symbols 

fl/2 
H 
H1/10 

CL/*   Ratio of Wave heights 

C1/10  Ratio of Wave heights —^ 
H 

Cj-    Ratio of Wave periods 
T 

H     Mean height of the zero-crossing waves 

Hmax  Maximum from number of mean wave heights 

EL i-i        Significant wave height = average height of the 
'    highest one-third of the zero-crossing waves 

H ... /..Q  Average height of the highest one-tenth of the 
' zero-crossxng waves 

HW Mean hxgh txde 

T" Mean perxod of the zero-crossxng waves 

T„ Mean perxod of the hxghest one-thxrd of the zero- 
1/3 crossxng waves (x.e. the sxgnxficant waves) 
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Fig / 
German Bight 

with Jnvestigation Area of the Forschungsgruppe Neuwerk 

GERMAN BIGHT 
(NORTH SEA) 

investigation area of the 
Forschungsgruppe Neuwerk 
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Fig 4 

Quotient of Significant Wave Height HJ/3 and Mean Wave Height H versus H 

scattering  mean t005 

maximum tOI7 

100 cm 

mean wave height H 



SHALLOW WATER 167 

Fig 6 
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Fig 7 



SHALLOW WATER 169 

Fig 8 

Station Hundebalje 
Relation between Wave Heights and Wind 

(Depth of Water 19m at HW) 

12 K 20 2i 28 mh 12 K 20 24 28 mh 
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Fig 1 
German Bight 

with Jnvestigation Area of the Forschungsgruppe Neuwerk 

GERMAN BIGHT 
(NORTH SEA) 

invsttg*tion area or the 
Forxhungigruppt Ntuwtrk ^^^v 
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Fig 4 

Quotient of Significant Wave Height HU3 and Mean Wave Height H versus H 

scattering  mean t005 

maximum t017 

100 cm 

mean wave height H 
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Fig 6 



176 COASTAL ENGINEERING 

Fig 7 
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Station Hundebalje 
Relation between Wave Heights and Wind 

(Depth of Water 19m at HW) 
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CHAPTER 11 

EXPERIMENTAL STUDIES ON THE GENERATION 
OF WAVES IN SHALLOW WATER 

C. T. Kuo 
Associate Professor 

Frederick L. W. Tang, Dr. Eng. 
Professor and Chairman 
Hydraulic Engineering Department 
Cheng Kung University 
Tainan, City, Taiwan 
Republic of China 

SYNOPSIS 

The seas in front of China coast such as Yellow Sea, East 
China Sea and Taiwan Straits are all located on continental 
shelf.  In consequence, waves approaching these coasts are 
generated in shallow water area in comparsion with wave length. 
The authors has developed tangible calculation procedures for 
evaluating the wave features in such areas in stationary or 
moving fetches (l).  However, the basical formulas of calculation 
are derived from experimental data of Bretschneider and Thijsse. 
In order to investigate the generating process of shallow water 
wind waves and obtain more detailed informations for correcting 
calculation criteria, a series of experiments have been performed 
at a wind tunnel of 75 meters in length.  Various investigations 
on the relationships between waves and wind as well as water 
depth ar4 to be submitted in this paper. 

In addition, the situation of wind wave coexistance with 
regular wave is studied from experiments, because it resembles 
the superposition of refracted and local wind waves on the 
western coast of Taiwan. 

SIGNIFICANT WAVE FEATURES 

From the experiments, the wave heights and periods increase 
with wind velocities and fetch lengths, however, they reach fully 
arisen state more rapidly than deep water waves, only a few 
minutes in the experiments.  After fully arisen, a portion of 
high waves begin to break and reduce their heights slightly, 
however, the waves recover their heights after advancing a 
shotft distance and then they break partially, such phenomena 
repeat again and again especially in the cases of the wind being 
strong.  The wave periods remain increasing within the fetch 
length in these experiments, however, it can be expected that 
the wave periods and heights may become constant if the fetch 
length is long enough. 

179 
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The experimental curves of gHj./U* versus gf/VJ  with 
parameter gd/TJ* as shown in Fig. 1 have the sane tendency 
with the curves of Bretschneider (2), however, our data are 
larger than those of Johnson, Huft and Hamada, and even larger 
than the values predicted from the fetch graph of SMB in the 
region of gF/U* in Fig. 2 are located below breaking limit 
and Bretschneider*s steady state of friction coefficients 
equal to 0.01.  In Fig. 3 the experimental result of the 
relationship between gTj- /O versus gF/U  is guite agreed with 
deep water waves.      3 

Statistical characteristics of wave heights and periods 
have also been calculated.  As shown in Fig. 4 and 5 the probability 
distribution corresponds sufficiently to Gaussian's rather than 
Rayleigh's.  The ratias between various l/nth wave heights are 
as follows. 

H^/Have = 1.38     (l.6o) 
HW f/%     = 1.16     U'27} 
Hmax/H^ - L39    (1.64) 

Any of the numbers is smaller than the theoretical value 
of Longuet-Higgins (in parenthesis).  The ratios of l/nth wave 
height to root-mean-square wave height Hrms are as follows. 

"ave/Hrms =0.94 
H>/>  /Hrms = 1.30 
HV» /"rms « 1-55 

They seem to be little concern with spectral width parameter. 

On the whole, there is no substantial difference between 
the statistical properties of wind waves in shallow and deep 
water. 

SPECTRAL ANALYSIS 

The power spectra are calculated from experimental records 
by Blaclcman-Tukey*s method. Sampling time interval H ii l/lO- 
1/15 sec., total number of data is N s 800, maximum time lag m 
equals 40, and folding frequency fm = 5 cps (or 0.375 cps). 
The degree of freedom calculated by Tukeys formula is 40, is 
consequence, confidence limit in 10% is 0.73-1*30. 

At early stage, the spectra grow continuously as the fetch 
length becoming longer till saturation state is reached*  Vmile 
the fetch lengths extend, the lower frequency parts of the 
spectral curves increase their density, as Fig. 6,7,8. 
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The relationship between wave spectra and wind valocity 
has the same tendency of deep water waves.  Namely in same 
fetch length and water depth, the spectra grow with wind 
velocity being increasing.  As Fig. 9 A 11, if the depth is 
small, the spectral density is smaller than that of deep water 
waves, as shown in Fig. 12, 13, ik,   for same wind velocity. 
The greater the wind velocity is the earlier the low frequency 
portion of spectrum developed, and the wider the frequency band 
becomes.  In any case, the high frequency side of equilibrium 
range decades remarkably and can be represented by f"n   . 

The connection between T y}   and optimum period Top is to 
be T y. a 1.23 Top in our experiments, and TK= 1.23 Tave = 1.23 
j*rms, accordingly Trms = Tave = Top. 

Philips pointed out th£ shape of spectral curves in high 
frequency side should bet   x 

<?(f) iff^f^    - 
However, Hamada proved tha-t <£  (f) = /? g * f  , and n will 

be larger than 5 in deep water wave spectra.  Our experiments 
also reveal n = 7-10 in shallow water waves. 

H   and E = 2 /$ (f) 
sly Hi/ = 2.83 yi".  As 

The relationship between H  and E = 2 /Jr (f) df is the 
same as deep water waves, namely H i£   = 2.83 ,/lf.  As shown in 
Fig. 15. 

STUDIES ON THE COPERPOSITION OF REGULAR AND WIND WAVES 

According to the special topography of western coast of 
Taiwan, the beach is very flat and the waves approach from 
Taiwan Straits are breaking on offshore mars.  The distance 
between bars and the main coast or sea dike is still as long 
as 5 km.  Local wind waves are overlapping on the waves after 
broken.  To investigate such a phenomenon in order to offer 
design criteria for sea dikes, we generated regular waves by 
flap type wave generator and blow wind simultaneously in the 
same wind wave channel.  The regular wave spectra are shown in 
Fig. 16 and the spectra of wind wave while regular wave are not 
to be existing are shown in Fig. 17.  Fig. 18 shows the result 
spectra of overlapping.  Apparently there are two kinds of waves 
existing independently.  However, if the regular wave steepness 
is large such a phenomenon disappears as Fig. 19.  The comprison 
of the energy of resultant wave energy and energy calculated by 
linear summation is shown in Fig. 20.  In case of broken waves 
superposed by wind waves as the case of western coast of Taiwan. 
Wave height in front of sea dike can be approximately calculated 
by H-" = Hwa + HR*. 
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CONCLUSION 

From experimental data described above following conclusions 
be made. 
1. The generation prooedure of shallow water waves is closed 

resembling to deep water waves, however, the duration 
for fully arisen is much shorter. 

2. In the range of our experiments wave period seems not 
to be significantly influented by water depth.  The wave 
height increases with fetch length increasing, however, 
they are smaller than deep water waves due to the 
influence of water depth. 

3. Xf wave spectra of shallow wave area are available, 
the significant wave height can also be calculated by 
By-  = 2.83 VET  (E = 2y^(f) df). 

k.   In the problem concerning superposition of two series 
of waves, if the steepness is small, the resultant 
wave heights can be calculated by linear summation of 
their energies. 
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Fig      4 
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CHAPTER 12 

WAVE FORECASTING FOR THE WEST COAST OF IHDIA 

J. DATTATRI » 

AND 

P S. RiNUKARADHYA ** 

ABSTRACT 

The applicability of the general Wave Forecasting procedures 

like the SMB and the PNJ methods, to the Indian coasts is studied. 

The study consisted in analysing the bynoptic charts to obtain the 

necessary wind characteristics. The computed wind characteristics 

were used in the above Forecasting methods to yield significant wave 

heights  These were compared with the wave characteristics as recorded 

by a sub-surface pressure type recorder after suitable modifications 

to account for the attenuation of wave pressure with depth. 

The predicted wave heights compare well with the recorded wave 

heights and the SMB method predicts wave heights better for the case 

studied. 

1. INTRODUCTION. Adequate foreknowledge of waves is essential for 

any coastal Engineering work. One of the ways of obtaining this 

necessary information about the wave characteristics is by 

installing wave recorders at suitable places along the coastline 

to obtain continuous records of waves. These records are 

statistically analysed to yield the required design wave height 

data. There are hardly any such recorders installed on the Indian 

coasts to the authors' knowledge. As such in the absence of any 

*  Department of Civil Engineering, Karnataka Regional Engineering 
College, Surathkal, India. 

** Formerly Post-Graduate student, Marine Structures Section, 
Karnataka Regional Engineering College, Surathkal, India. 
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recorded wave data, in moat cases  the only alternative will be Wave 

Forecasting to get the required design wave height. 

The  two commonly used methods of Wave Forecasting are the 

Sverdrup-Muak-Bretschncider method  (hereafter referred as  the SMB 

method)  and the Fierson-Neumann-James method  (PNJ method).    These 

methods are based almost entirely on field data and as such can be 

used with confidence in areas from where  the field data is taken. 

These methods cannot be directly used for the Indian coasts without 

verifying their applicability. 

The primary aim of the present paper is  to study the general 

applicability of these Wave Forecasting methods to Indian Coasts.    For 

this purpose  the South-West Monsoon period of 1968 was considered for 

the analysis, since  it is during this season the strong monsoon winds 

generate  the heavier seas.    This work was possible thanks to the Wave 

Recorder installed near the Mangalore Harbour Project area situated 

10 KM to  the south of the College. 

2.ANALYSIS:    The analysis consisted in Hindcasting  the waves by the 

SMB and the PNJ methods for the Mangalore area on the West Coast of 

India from known meteorological conditions  and comparing the Hindcast 

waves with the recorded waves. 

The study consisted of three stages,   (i) analysis of weather 

maps  (synoptic charts) to get the required meteorological data,  (ii) 

wave Hindcasting (iii) analysis of wave records and comparison of 

recorded waves with Hindcast waves. 

2.1    Meteorological Data;-    The Indian Daily weather maps published 

twiee a day by the Indian Meteorological Department, Poona, were used 

to obtain the required meteorological data (wind speed, direction, 
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and duration, Fetch length and width and Decay distance). These 

weather maps are prepared with very scanty data, particularly over 

the Arabian Sea and the Bay of Bengal, which render any data based °~n- 

then very approximate. Ihe present analysis lb subject to that 

limitation. 

2.1(a) Wind characteristics!- The wind velocity over the generating 

area was determined by computing the Geostropic Wind velocity(5)» 

from the isobar spacmgs and applying the corrections for isobar 

curvature and the air-sea temperature differences as given in T.R-4(6) 

to yield the surface wind speeds. 

The wind direction was assumed to be parallel to isobars and 

the wind duration was fixed by a study of the changes in the successive 

synoptic charts. 

Comparison with a few observed wind velocities from ships' 

reports showed that the computed wind velocities were not much 

differing from the observed velocities. 

The use of the geostropic wind equation over the generating 

area for the Mangalore Coast can be questioned. G.F. Taylor ($) 

recommends that the geostropic wind equation should be used for 

latitudes above 20°. The generating areas for the Mangalore coast 

generally lies between 10° and 18° latitude M.  (latitude of 

Mangalore is 12° 52' N) The equation therefore is likely to give 

inaccurate results with tendencies for the computed wind velocities 

being on the higher side. In the absence of any other method for 

finding the wind velocity, the Geostropic wind equation inspite of 

its limitations was used. 

* Numerals in parenthesis refer to corresponding iteai in the 
list of references given at the end. 
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2.1(b) FSTCHs- The generating areas were demarcated on the synoptic 

charts according to procedures laid down in T.R-4(6). For most 

cases in the monsoon periods the isobars are straight and practically 

run Bast-West and the generating areas can be marked with a fair 

degree of accuracy  The fetch length, width, decay distances and 

angles required for the PNJ method were directly scaled from the 

synoptic charts. 

2.2 WAVE HIHDCASTIMG: As mentioned earlier the &MB and the PNJ 

methods were used for wave hindcasting. The procedure for the SMB 

method was as that given in T.R-4(6) while that for the PNJ method 

was that given in Pierson et al (3). 

The wave heights, periods and the time of arrival at the 

required hindcasting point were determined according to the standard 

procedures. 

2.3 WAVE CHARACTERSTICS - RECORDEDs  The observed wave heights were 

obtained from the analysis of the wave records, recorded by the 

wave recorder. 

The Wave Recorder is of the frequency modulated pressure type. 

The Recorder is kept at a depth of 6.2 metres from the M.W.L. and 

the water depth at the place is 7.5 metres. 

The wave heights as recorded need to be modified to account 

for the attenuation of wave pressure with depth. From theoretical 

Wave Hydrodynamics (7) the surface wave height H is related to H' 

obtained from a pressure recorder by the following equation. 

Cosh 2TTd/L ,..< 
H = H' Cosh 2TTdA (I'-j/d)"' 
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where z = distance below still water level to the recorder 

d => depth of water where the recorder is installed 

L m  wave length in water of depth d 

In the above attenuation factor the wave length L, must be known. A 

close look at any wave record will show the wave heights and periods 

continuously changing. If the attenuation factor is to be applied 

for each individual wave heights based on its period, with no computer 

facilities available, the work is very tedius and time consuming. As 

an approximation it was decided to use the average period of the 

waves in the sample under consideration for computing the above 

attenuation factor. 

To investigate the probable error involved, some random 

samples of the wave records who selected, each of atleast 15 minutes 

duration. The significant wave height were calculated using 

attenuation factors based on the individual periods of each wave 

in the 15 minute record as well as the average period. The results 

of this investigations is shown in Table 1. 

This random survey as summarised in Table - 1, shows that the 

percentage error involved if the average period is used to be less 

than 6%      This Is insignificant particularly in view of the findings 

that an additional factor together with the above attenuation factor 

may be required to get the correct surface wave heights from a sub- 

surface recorder. As such the attenuation factor is based on the 

average period only. 

The attenuation factor as given by Equation - 1 has been 

recognised to be inaccurate to correlate the underwater wave pressure 

with the surface wave heights. Based on simultaneous surface and 

sub-surface observations many investigators have proposed an additional 



208 COASTAL ENGINEERING 

TABLE 

Sample 
No. 

Significant wave heights 

Without With 
attenuation attenuation 
factor 

Inches 

With attenua- 
tion factor 

1 24.40 

2 28.40 

3 27 00 

4 43.60 

5 47.20 

6 44.76 

7 68.90 

8 64.00 

9 58.60 

10 50.89 

11 21.26 

12 18.60 

13 38.50 

14 26 60 

15 26.90 

factor based on based on 
average period  individual 

inches 

29.00 

34.00 

32.20 

53.00 

57.50 

55.60 

85.50 

78.50 

69.20 

63.50 

26.70 

22.70 

52.30 

34 80 

35.60 

factor 
inches 

30.00 

36.00 

33.70 

53.20 

58.00 

59-00 

87.00 

81.20 

69.80 

63.10 

25.40 

23.80 

53.30 

37.00 

37.50 

Percentage 
error based on 
individual 
period 
attenuation 
factor 

-3.3 

-5.5 

-4.45 

-0.38 

-0.86 

-5.75 

-1.73 

-3.20 

-0.86 

+0.63 

+5.1 

-4.60 

-1.87 

-5.80 

-5.00 

factor to be used. As summarised by Hasashi Homma etal (2) this 

factor designated n is normally taken as a constant for the analysis 

This modifies equation - 1 to equation - 1(a) as follows 

..  ..1(a) H = n H* Cosh 2ftd/L  
Cosh 2ird/L (1-z/d) 
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Seiwell (2) recommends a value of 1.35 for n, in Japan (2) a value 

of 1.3 to 1.5 is used, while laboratories National D'Hydraulique, 

France (2) recommends a value of 1.25, on the other hand Draper and 

Glukhovskiy (2) have presented formulas giving n as a function of 

relative water depth d/L. Cicslak and Kowalski (1) recommend a 

value of 1.25 

In the absence of any definite criteria to fix this value of n, 

n = 1.25 is used in the analysis 

3. REDUCTION OF DEEP WATER WAVES TO SHALLOW WATiJRS  The waves as 

predicted by the Forecasting methods are deep water waves. Since the 

Wave Recorder is in shallow waters, the predicted deep water waves 

have to be reduced to shallow water waves to allow for refraction 

and shoaling. With the crests travelling parallel to coasts, the 

bottom contours also being practically parallel to the coast and the 

coast being a very flat one, the refraction ana shoaling coefficient 

are very nearly unity so that the waves as predicted are directly 

compared with the recorded waves. 

4. RESULTS OF THE ANALYSIS: Fig. 1 gives the significant wave heights 

as predicted by the SHB and the PNJ methods and the recorded 

significant wave heights over the active monsoon months of June and 

July. It is observed that the predicted wave heights are consistently 

smaller than the recorded heights for smaller wind velocities (upto 

15 Knots). For wind velocities greater than 15 Knots there is a 

strong tendency for the predicted wave heights to be more than the 

recorded heights.  Between the two methods, the SMB method appears 

to be closer to the recorded wave heights than the tNJ method. 
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Fig. 2 and Fig.3 show the comparison between the predicted wave 

heights and the recorded wave heights for the two methods. No doubt 

there is scatter since we are dealing with data which are subject to 

errors but the reasonable agreement cannot escape the attention. 

The other results of the study reported elsewhere (4) can be 

summarised as; 

(1) the generating areas for the waves that reach the Mangalore 

area on the West Coast of India, lie between 10° and 18° latitude 

North and 64° and 74° E longitudes 

(2) the fetch lengths in the monsoon period lies between 200 

to 600 NM 

(3) the maximum calculated wind velocity is about 40 Knots while 

generally it is around 25 Knots 

(4) the general direction of wave travel is between S 35°W and 

N 65°W since the range of wind direction is found to be between these 

limits. The predominant direction is from west. 

5. CONCLUSIONS'-  Ihe planning, design and construction of any Coastal 

Engineering structure requires knowledge of wave characteristics, 

At present on the Indian Coast in most places the required design 

wave height is obtained from Wave Forecasting. 

In this study undertaken at the Coastal Engineering Section of 

the Karnataka Regional Engineering College, Surathkal, India the 

primary aim was to investigate the applicability of the general Wave 

Forecasting methods like the FNJ and the SMB methods to Indian 

Coasts. 

The present analysis indicates that the predicted wave heights 

compare well with the recorded wave heights and between the two 
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methods used,   the SMB method predicts wave heights which are nearer 

to recorded wave heights. 
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CHAPTER 13 

COMPILATION OF OCEAN AND 

LAKE WAVE STATISTICS 

John Simpson Hale 
Head, Coastal Engineering Group 

Los Angeles County 
Los Angeles, California 

RESUME AND COMMENTS 

The wave program described in this paper is one intended 
to provide wave statistics by having our Los Angeles County 
life guards observe the wave heights, directions and periods. 

Mark-sense cards and    high speed data processing equip- 
ment and computers are used to handle the volumes of statistics. 

While some scientists are planning very accurate, costly 
solutions to the problems of wave statistics, agencies are 
reluctant to venture into an expensive, elaborate wave sur- 
veillance program requiring a large quantity of personnel. 

I feel that neither the accuracy of present day design 
or construction methods warrant "split hair" accuracy in 
wave surveillance. 

The method described in this paper will provide a prac- 
tical solution if the statistics are handled as follow 

1. Wave statistics are gathered continuously over many years 
of time. 

2. A standard is set to check the observed values. 

3. Large rare damaging storm conditions will be developed 
by any reasonable means available until enough years of 
observation have passed to provide adequate statistics. 

217 
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TEXT 

With good wave statistics, we can provide a design that will 
prevent the msipient failure that occurs, occasionally, 
with various coastal structures such as coastal homes, 
hotels, jetties, groin systems with sand fills, breakwaters, 
bulkhead walls, etc. 

This wave compilation program coupled with surveys showing 
shoreline movement is all that is needed to design coastal 
structures for todays coast line profiles as well as for 
predicted coast line profiles that might exist 20 years 
from now. 

This paper will be confined to the problems of wave 
statistics. 

Wave statistics, used in my work, must include wave heights, 
periods and directions and be compiled in a way that gives 
the results of daily observation, individual storm energies, 
resulting azimuths, resulting energies, root mean square 
wave heights and average periods. 

Our wave observation program is planned to be a continuous 
program for years to come and will include observations in 
areas of special interest along miles of Los Angeles County 
Coast Line. 

Hmdcast wave statistics have been compiled on the deep 
water side of the island maze that surrounds our County, 
but the effects of island sheltering and wave refraction 
have to be calculated to make these wave statistics usable 
as design waves along the shores of the continent. This 
is a laborious method of compiling design wave values 
even with the use of present day computers. The method 
doesn't have the accuracy or the usefulness that the wave 
compilation system discussed in this abstract will 
illustrate. 

After investigating deep water buoy type wave gauges, 
shallow water pressure gauges, and many other systems, we 
decided to tabulate wave statistics by visual observations 
from chosen points along our shoreline. 

The chosen points were shoreline areas of future design, 
areas where man-power is available and areas involving 
unusual shoreline culture and contours. There were 
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points where much of the tabulated data could be converted, 
by applying wave refraction calculations, to deep water 
waves. The deep water waves could then be used to tabulcte 
wave statistics in coast line areas, where wave observations 
were not recorded. This was to enable us to provide wave 
statistics for larger coast line areas. 

A great volume of work is eliminated in data retrieval and 
tabulation by the use of mark sense cards and the I. B. M. 
1620 and 360 systems. Our process will supply the wave 
statistics needed by the County of Los Angeles at little 
additional cost and may be trit type of program that many 
coastal engineering groups can implement. 

The procedure enables us to use County lifeguard personnel 
without interruption of their daily duties. The lifeguards 
will mark the wave observations on mark-sense cards which 
are easily edited and processed with our I. B. M. 1620 
computer. Neither personnel time to edit, nor the cost of 
machine time is a large quantity. The direction of the 
waves is observed with a vane compass, the periods are 
timed with the second hand on a wrist watch or stop watch 
and the average wave heights will be obtained by comparing 
wave heights to swimmers, rocks, surfboard riders, etc. 
Observations are made twice a day with each observation 
being over a period of five minutes or more  The wave con- 
ditions are averaged during each observation and the 
resulting values marked on the specially prepared mark- 
sense cards. 

This statistical sample is quite small but is often 
enlarged considerably by the fact that the lifeguards 
observe the waves for a number of minutes prior to the 
above five minute period. 

While the most accurate immediate use of these statistics 
will be for beach improvement projects, observations over 
many years will provide enough statistics to allow us to 
make accurate calculations for rock construction and other 
types of coastal structures. 

The mid range wave conditions, in our County, are those 
most important in shaping the beaches because of the large 
energy provided as the results of their frequency of 
occurrence. 

Just one year's observation will result in average statis- 
tical waves close to the correct values for the entire 
family of wind formed waves. 

Years of tabulating the above statistics would enable us to 
do the following 

1. In the design of a barrier groin sytem, we can 
determine from the tabulated resultant wave direction 
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the plan view alignment of the shore]me and the 
realignment with changing storm waves. 

2. By defraction calculations, we can determine the wave 
heights inside a Harbor. 

3. 'Ae can determine the height of groins from wave 
statistics. Uprush resulting from the comfiled 
statistics can be added to the tidal averages to deter- 
mine how high a groin has to be to provide for sand 
over topping. 

5. Knowing the beach profile movement, we can use the wave 
statistics to determine the height of buildings on the 
shoreline, the type of foundations to be used, the 
height of the bulkhead walls and revetment structures. 

6. From the wave statistics we can determine the size 
rock for revetments, breakwaters and jetties and the 
dynamic and static forces that coastal structures must 
resist. The designs of these and many other types of 
coastal structures are dependent on the Coastal Engi- 
neer's having these basic wave statistics. 

After recording the name of the beach, the position on the 
beach and the date, the lifeguards record the average 
breaking wave heights, directions and periods. These tabu- 
lations are made twice everyday during the year. 

The following list shows symbols and a resume of the basic 
formulas used by our I. B. M. computers to compile these wave 
statistics. 

List of Symbols 

H|j = Breaking height of wave observed by lifeguards 
d • Breaking depth of wave observed by lifeguards 
n = Value used in computation of shoaling co-efficient 
t = pi = 3.1416 
L = Shallow water length of wave 
L0 « Deep water length of wave 
H0 = Height of deep water wave 
T * Period of wave observed by lifeguards 
C • Inshore velocity of wave 
C0 • Deep water wave velocity 
g = Gravity 
En = Energy in millions of foot lbs/foot of beach 
N = Number of observations 
W = Weight of water 
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Computations 

dsHfc> x I 26 CAppt-oxtmate) 
C • "VgcA  (Appr-oxima-te) 
L=CxT 
Co » 5 12 *T 
t_o s £>I2 * T2 

n *yz *[l *(4ff> 4/L)/ Sinh(4 P«(/L)] 

Hb/Ho » •vyzc/nK LO/L. 
Ho= Hb/Hb/Ho 
* En»W»H**C/gM06 = W*Hp2xCo/l6 x lO6 

Root Mean Square Wave Height = -\/£ Hb'/N 

Anthmatic Average For T= £ Ens I6/(WK£ HO2 * 5 12) 

*  Greater accuracy was obtained by converting Hb to Ho and 
calculating En by the use of the following 

En = W x Ho2 x Co/16 x 106 

All energy values are in millions of foot pounds. 

Most of these listed formulas are commonly used in the 
Coastal Engineering field, but the solutions used for 
resulting azimuths, energies and average periods are special 
innovations  Resulting energy is calculated by making 
vectors from each observation  The vectors are formed by 
wave direction and calculated energy  The machine mathe- 
matically joins the vector ends and calculates the resultant 
direction and energy  The formula for the average period 
calculation is shown in the preceeding tabulations 

The program tabulates each daily observation and will cal- 
culate the resulting azimuths, energy, root mean square 
wave height, and average period for any time duration the 
computer operator desires 

Once the data has been edited and sorted for the IBM 
1620, it takes only 7 minutes to tabulate an entire years 
observations for one point on the County Coast line 

This type of tabulation will very quickly give the design 
engineer wave statistics that he can convert to any type 
of design use  Accuracy is well within the limits needed 
The data processing program for the IBM 1620 and 360 
systems is available in the Office of the Los Angeles 
County Engineer, where it is filed as "Library Program 
No  TG016" 
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CHAPTER 14 

MACRO-TURBULENCE FROM WIND WAVES 

Chin-Yuan Lee* and Frank D    Maschr 

ABSTRACT 

Laboratory studies m a wind wave flume were carried out to investigate the 
macro-scale turbulence associated with wind waves and white cap conditions      Velocity 
fluctuations m water were measured with a hot film anemometer and parametric 
correlations between wind waves and turbulence characteristics were established 
Measured data were recorded m analog form,  digitized and stored on magnetic tape 
Auto - covanance  functions and power spectral density functions were then obtained 
for all sample records 

Results   showed that the depth of the penetration of the macro-scale turbulence 
increased rapidly with wind speed but the rate of penetration diminished at the higher 
wind speeds      This rate of macro-turbulence penetration was found to vary inversely 
with wave height and wave steepness      Most turbulent fluctuations having frequencies equal 
to or higher than the frequency of the ambient surface waves were confined to the zone of 
macro-turbulence penetration although some disturbances such as vortex rings and other 
turbulence associated with white cap wave conditions occasionally penetrated to greater 
depths      It was found that the energy dissipation increased with wave height and that almost 
all wave energy dissipation was concentrated near the water surface 

INTRODUCTION 

Turbulence has been analyzed and described variously m terms of instantaneous 
velocity fluctuations,   correlation functions,   power spectral density functions     eddy 
viscosity    mixing length    and turbulent shear stress      Yet,  much of the experimental 
work on fluid turbulence has been on the relatively special cases of steady flow or plane 
couette flow     Most of this experimentation has been largely conducted m wind tunnels, 
pipes and conduits      Very little experimentation has been on the "basics" of the 
phenomenon of macro-turbulence created by wind induced waves 

The objectives of this investigation are     (1) To obtain some insight into the 
phenomenon of macro-turbulence m large    natural bodies of water due to wind induced 
waves   and   (2) To establish empirical    parametric correlations between the major 
interrelated elements of the macro-turbulence phenomenon     Underlying this investigation 
is the requirement to seek feasible practical solutions to the subsidiary objectives of 
pollution control based on the efficient use of the natural mixing and dispersion processes 
m natural bodies of water 

1      Assistant Professor of Civil Engineering    Tri-State College,   Angola,   Indiana 
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Energy from wind is imparted to water through shear stress at the interface, 
the "sheltering effect" on the lee side of individual waves,  or the action of turbulent 
pressure fluctuations of the air stream     Some of the energy is absorbed m the form of 
a thin surface layer of flow called wind drift     Some energy is dissipated through viscosity 
m orbital motions of water particles     Additional dissipation occurs when surface drift 
interacts with orbital motions and wave breaking     As the wind grows stronger and the 
waves approach fully developed conditions,  energy dissipation continues to increase until 
an equilibrium state is reached with respect to energy input from the wind     It appears 
that the increased energy dissipation results mostly from intensified interaction between 
the wind,  wind drift,  wave breaking,  and orbital motion of water particles      Since these 
are mainly surface phenomena, it can be inferred that the macro-scale turbulence induced 
by wind waves is highly amsotropic      Thus,  auto-correlation and power spectrum functions 
appear to be the most viable means of analysis      Furthermore    since the diffusive action 
of turbulence is believed to be determined mainly by the larger eddies,  primary emphasis 
is placed on the lower frequency portion of the power spectrum 

Systematic measurements m a wind wave flume gave sample records of surface 
waves and velocity fluctuations for various combinations of water depths and wind speeds 
Assuming random Gaussian processes,   each sample record was regarded as representative 
of the entire ensemble      Comparisons of auto-correlation functions of surface waves and 
those of velocity fluctuations permitted evaluation of an arbitrarily defined depth of 
penetration of macro-turbulence     Relative intensity of turbulence at different depths 
from the surface can also be inferred from power spectrum functions      This information 
permits a more realistic assessment of the effects of wind and waves on the mixing and 
dispersion processes in natural bodies of water 

EXPERIMENTAL APPARATUS AND TEST PROCEDURES 

Experimental Apparatus 

All experiments were carried out m a 70 ft    wind wave flume at The University of 
Texas at Austin     This flume is 1   1 ft    wide    2-1/2 ft    deep    and is equipped with a 4500 
cfm blower     The blower is attached so that air is drawn m at the upwind end of the closed 
flume through a vaned intake and then discharged through the blower to the atmosphere at 
the downwind end of the flume     The wind velocity was controlled by a vane installed at the 
throat section in the flume near the blower     This arrangement had the advantages that 
wind speed inside the flume could be effectively reduced without causing large pressure 
drops in the flume,  and by leaving the entrance unobstructed    the streamlined guide vane 
produced relatively uniform inflow of the wind at all wind speeds      Wind velocities up to 
40 fps were obtainable m the flume and were measured with a standard Prandtl-type pitot 
tube connected to a Uehlmg Type-B inclined draft gage      Wave absorbers were installed at 
the end of the flume to help dampen out oscillations and reduce reflections 

Continuous records of the heights and periods of the wind generated waves were 
measured with parallel wire wave gages inserted through the top cover of the flume      The 
outputs from the wave gages were recorded on a two channel oscillograph equipped with 
carrier preamplifiers 
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To measure velocity fluctuations in fluids,  many approaches have been tried 
Macovsky [l] found that impurities m water prevented stable operation of hot-wire 
anemometers      Beginning m 1949    studies were undertaken at MIT to develop an instrument 
for turbulence measurements m water which would be free from the troubles encountered 
by hot-wires      This effort resulted m an impact tube-pressure cell combination,  Ippen,  et 
al [2] which measured the fluctuation m dynamic head at the tip of the impact tube by means 
of the change in electrical capacitance between a diaphragm and a fixed electrode      However 
any device based on this principle has relatively low natural frequency,  picks up static 
pressure fluctuations as well as the dynamic head associated with the velocity fluctuations 
and is suited best for measurements of low intensity turbulence      Lumley [3] reported the 
use of a hot-thermistor probe for measuring turbulence      The main disadvantage of this 
device is the difficulty m attaining high frequency response 

The measurements involved m this study were made with the Heat Flux System 
Model 1010 constant temperature hot-film anemometer     This instrument consists basically 
of a power supply,  wheatstone bridge,  feedback amplifier,  and readout meter      The bridge 
has two fixed resistance legs,  a cylindrical sensor,  and a three stage resistance decade 
The frequency response reported by the manufacturer ranges from 0 cps to 1,000 cps 

The cylindrical hot-film sensor consists of a pyrex glass rod coated with a thin 
platinum film and sputtered with a thin layer of quartz      The platinum and quartz coatings 
are each approximately 10~5 inches m thickness      The quartz coating reduces bubble 
formation and electrical shunts across the sensor      This helps to eliminate the require- 
ment for pure water and greatly reduces the effect of contamination of the surface      The 
sensor used m this study was 0  002 inches m diameter and 0  040 inches long 

In order to obtain a good calibration,  an effort was made to assure    the kmematical 
resemblance between the conditions of operation and calibration     Since a fixed sensor 
inserted into a water body under wave action experiences a periodic flow that changes 
direction continually each cycle    a special calibration unit was built     This unit consisted 
of a half-horsepower electrical motor and a Vickers transmission and gear combination 
that supported an aluminum rod which held the sensor holder m a vertical position while 
undergoing an "irrotational rotation"      This resulted m a periodic circular motion of the 
sensor relative to the still water      The amplitude of the circular motion could be adjusted 
by varying the position of the supporting points      Prior to a series of measurements    analog 
wave records were obtained and samples of wave heights were chosen at random intervals 
and plotted against the corresponding wave periods      After about 30 waves had been obtained 
and plotted m this way    a distance equal to the model wave amplitudes was taken as the 
distance from the axis of the wheel to the supporting points of the aluminum rod     This 
corresponded to the amplitude of the circular motion for the sensor     During calibration, 
the rotating speed of the wheel was first maintained constant long enough for the angular 
speed to be measured and for the output from the hot-film anemometer to be observed 
and recorded      As  some effect of the supporting rod vibration was present during 
calibration,   the average value of the output was assumed to represent the true sensor 
velocity     A second speed was then maintained and recorded as before      Repetition of 
this process before each series of velocity fluctuation measurements enabled the 
determination of the mean velocity experienced by the sensor under various wave actions 
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The sensor stand was placed 60 feet from the entrance section of the flume 
This location provided a long fetch yet remained some distance from the downwind end 
of the flume     During actual operations    two external sources contributed to the vibration 
of the sensor,  and gave signals irrelevant to the velocity fluctuations      The first was the 
vibration of the flume due to the blower and motor     The second was the vibration of the 
support rod for the sensor unit caused by the drag of the wind and waves m the flume 
The following measures were taken to reduce the vibration of the sensor      First,  the 
sensor stand was built of steel channels solidly welded together and was used to support 
the sensor independently of the flume      Secondly,   the support rod was firmly attached to 
the sensor stand    inserted through a hole m the top cover of the flume,  and fastened with 
a very thin wire at the lower end near the sensor to dampen out vibrations      Finally    the 
throat section connecting the flume and the blower was cut and re-sealed by masking tape 
to practically eliminate the transmission of vibration from the blower to the flume 

Water m the flume was kept clean by regular replacement     Before any measure- 
ments were taken with the hot-film sensor,  new water was allowed to stand m the flume 
at least 24 hours to reduce the air content of the water and thus,   the chance of bubble 
formation at the surface of the  sensor which tended to create hot spots on the sensor 
surface and cause "erosion" of the quartz coating     If the quartz coating is deteriorating 
the cold resistance of the sensor drifts and no meaningful measurements are possible 
Under such conditions the sensor soon fails completely 

Test Procedures 

All experiments associated with the present study were designed m such a way 
that the characteristics and relative intensities of wind wave turbulence at various 
distances below the still water surface could be compared with one another under 
statistically constant wave conditions      In order to attain this objective,   the water depth 
m the wave flume was first set at a predetermined level,  a constant wind speed was main- 
tained and the sensor was inserted into the water to measure the velocity fluctuations at 
a fixed point below the actual water surface,  and a sample record was measured     The 
elevation of the sensor was then changed successively until sample records were obtained 
for a number of points uniformly spaced over the depth     Usually    the spacing was taken 
to be 0   1 foot and the uppermost point was about 0  05 to 0   1 foot below the still water 
level,  depending upon the wave conditions      This constituted one series of sample records 
from which information could be derived and the lower limit of penetration of the macro- 
scale turbulence associated with the wind waves estimated     The wind speed was then 
varied and the experiment repeated     Finally,   the water depth was also varied to provide 
new wave conditions under different wind speeds 

Theoretically,   sample record should be as long in real time as possible   but there 
are several limitations to this requirement     To avoid the appearance of a squeezed or 
even blurred trace and to minimize human error m the digitizing process    widely spaced 
records are desirable      These considerations favor a higher chart speed which means a 
shorter sample record m real time for a constant length of strip chart     Since the 
dimensions of the digitizing machine (the Pencil Follower) limited the effective chart length 
to about three feet (90 cm)    a chart speed of 20 mm/sec was selected for all measurements 
This chart speed and resulting chart length represented an actual operation time of 45 
seconds and covered from 90 to 150 waves      When digitized,  from 1800 to 3000 discrete 
points were obtained to describe the original sample record 
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ANALYSIS OF RESULTS 

Measurements of surface waves and velocity fluctuations were made at water 
depths of 0   7,   1   0 a,nd 1   2 ft    respectively      Three different wind speeds were applied 
successively at each water depth    resulting m three series of measurements reflecting 
the variations of water particle velocity fluctuations at different depths      A. total of 96 
sample records were obtained     Wind velocity profiles at the center of the flume and 
contour lines of wind velocity m a cross-section were also obtained     Generally speaking, 
the wind velocity distributions in the wave flume were relatively uniform    and the maximum 
cross-sectional velocity ranged from 13 to 40 fps    with the corresponding Reynolds number 
varying from 2   44 x 104 to 7  51 x 104 

Mathematical Considerations 

It is desirable at this point to make a summary analysis of the variables and the 
relations involved in the application of the stochastic process model approach adopted 
for this study     There are many useful expositions and interpretations of the mathematical 
rationale underlying such methods m standard texts on stochastic methods,  noise theory 
and random process analysis [4,   5t  6] 

Suppose a stationary random process y(t) has been given m the form of a time 
history record     The mean value h"-   is 

hm    1   fl . .    , 
* =   T-^OTJO       

y(t)  dt (D 

where T is the length of the record     The mean square value is 

and the positive square root of this value is called the root mean square or rms value 
The variance,      °"  ,   is 

2       hm   fT r   . ,        ,2 
°"     =   T->oo]o [y(t) " ^] dt <3> 

The positive square root of the variance is called the standard deviation     By expanding 
Eq    (3),  it can be shown that 

«.2  =  o-2  + f2 (4) 



228 COASTAL ENGINEERING 

The auto-covariance function C ( 7" ) is defined as 

C(7~> =   T^oox    1 y("        y(t+r)   d* <5) 

when the mean value of M- of the process is assumed to be zero     "When   M- ^ 0 

1 -I      ^T/Z 

C(T) = ££Jf [y(t) - M.] [y(t + f) - n]   dt (6) 
-T/2 

In Eqs    (5) and (6)    /   represents a time lag   C( JT~) is also frequently called the 
"autocorrelation function" although this term should be applied to the normalized ratio 
C(^-)/C(0) 

The power spectral density function P(f) may be defined as 

P(f)   =   f'>0C(^)       e^^df (7) 

where f is the frequency of the fluctuation of the process at a certain point m the frequency 
domain and 1 =  \f-T     It can be seen that P(f) and C( /7~-) are Fourier transforms of each 
other      From the stationary hypothesis    the auto-covariance function is an even function 
of I"",  and from Eqs    (5) and (6),  it can be seen that C( 7") is a real function     Thus, 

C(T)  = (^   P (f) el2l,trdf 

1 P (f) cos 2Trf7"df +i P (f) s in 2-FrfTdf 

„J-oo 
P (f) cos 2-nfTdi =   real function 

(8) 

By inverse transformation or a similar argument 

f°° P(f) = C(T)  cos2i,irdT (9) 

Since C(^ ) is an even function P(f) should also be even     The above relations for the 
real valued two-sided power spectral density function P(f) may be simplified to 

P (f)  =   2   (  C(T) cosZ^ifiT^ (10) 

The   physically realizable one-sided power spectral density function V(f) is defined by 

V (f)  =  2 P (f)  =  4  I     C(71 cos Z-nlTiT' (11) 

0£f S, »o 
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For practical applications, the record lengths are limited and the y values involved 
in the actual calculations are uniformly distributed along the time axis Discrete forms of 
the above equations for numerical calculations, are given as follows 

, N 

1=1 
where N is the total number of data points      The auto-covanance    C,, is given by 

A N - M + 1 
y(I)       y(I  + M - 1) (13) 

M       N - M + 1      f . 
1=1 

where I = 1,   2,   3 N and M = 1,  2,   3 MI     In this study    MI is assumed to be 
N/10      The lag time    7*-   (M-l) At for a data sampling interval   .At 

The power spectral density function V(f) is calculated from 

V     -  one-sided power spectral density function 

MI -   1 

^- iS.    =   £ -» 

C4    +    2 ZI CV COS        KK   "   d> 
1 K  = 2 k 

(J - 1) IT/(MI   -   1)] + C cos  [(J 
(14) 

where J = 1,   2,   3 MI     This is an estimate of the power spectrum associated with 
the discrete covanance function defined by Eq    (13) rather than the continuous function 
of Eq    (16)      For this discrete cosine transformation    the spectral estimates at any 
frequency are affected by the energy in neighboring frequencies      It is apparent,   therefore, 
that a smoothing operation is desirable     In this study,   the Banning procedure,   [7],  was 
performed on the above raw spectrum    VT,  to obtain the so-called refined spectrum U 

0  5VMI .1+°  5VMI 

I-1+VI+1> (15) 

where 1+2    3    4 (MI - 1)      Note that m order to facilitate computer programming, 
the notation is such that U,  stands for C(0)    U    for C(£ t)>  UT 

for C[U - 1)     fcL  etc 

Eqs    (12),   (13)    (14) and (15) form the basis for the numerical evaluation of the auto- 
covariance and power spectral density function 

Digitizing and Computing Procedures 

To digitize the sample records    each paper chart was placed on a 51" x 54" table 
with a magnetic field below the surface      The curve on the chart was traced with a special 
"pencil" which responded to the magnetic field and identified its position xn terms of x- 
and y-values m arbitrary but predetermined units      These digitized values as well as 
calibration and identification data were stored on a magnetic tape through an incremental 
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tape recorder      By means of a high speed digital computer,   the raw data were decoded 
and transformed into grid point data uniformly spaced on the time axis using a straight- 
line fit     Wave characteristics    auto-covariance and power spectral functions were 
calculated and then tabulated and plotted on microfilm 

Interpretation of Results 

A random process may be classified as wided-banded if it consists of fluctuations 
of various frequencies   narrow banded if the range of frequencies is limited      The 
auto-covariance function of a wide-band random process diminishes  rapidly as the lag 
time is increased   for a narrow-band random process   the diminishing rate is slow [l] 
Inspection of the auto-covariance plots for each test series (Fig    1 is illustrative of a 
typical test series) revealed that the surface wave fluctuations appeared as narrow-band 
random processes and velocity fluctuations appeared as wide-band random processes 
near the water surface and narrow-banded at greater depths      Thus    the spatial pattern 
of transition of the velocity records from one type of fluctuation to the other gives an 
estimate of the depth of penetration of wind-wave induced macro-turbulence 

For each power spectral plot of surface wave record    (Fig    2 is typical) there 
is only one major peak which always centers around the frequency corresponding to the 
mean wave period which,  for this study,   varied from about 0  38 to 0  63 seconds      For 
velocity fluctuations measured near the water surface,   there is also a major peak centering 
around the frequency of the mean surface wave, but the smaller peaks at higher frequencies 
are relatively significant     However    for velocity fluctuations measured at a considerable 
distance below the surface,  the trend is again toward the dominance of a major peak 
centering around the frequency of the mean surface wave 

The power spectral density function for random data describes the general frequency 
composition of the data m terms of the spectral density of its mean square value      Integra- 
tion of the power spectral density function between two frequency values represents the 
amount contributed to the mean square value by the power spectrum within these limits 
Comparison of all the power spectra for a given series of experiments (I e   ,  for a given 
combination of water depth and wind speed) permitted the determination of the common 
lower and upper frequency limits for the first major peak at the mean surface wave 
frequency     Integration of the power spectrum between the&e two limits was designated by 
Aj      Beyond the upper limit of A\    the power spectrum decreased m magnitude rather 
rapidly until a point was reached beyond which it began to flatten out     The change m the 
slope of the power spectrum was generally somewhere around 8 cps      A common frequency 
value of this turning point for each series of experiments was also determined from the 
power spectrum     Integration of the power spectrum between the upper limit of Aj and this 
point was designated as A2     It was assumed that Aj essentially represents the contribution 
from wave motion to the mean square value while A? represents the contributions from 
macro-scale turbulent motions     Although turbulent motions of larger scale comparable to 
wave motions supposedly were compounded into A,,   the effect was assumed insignificant 
and the ratio of Aj to A2 was regarded as an indicator of the relative strengths between 
wave motion and wind wave induced turbulence      In other  words,  a small A, /A2 ratio 
implies a high turbulent intensity due to wind waves 
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Results 

Relying mainly on the spatial variation of auto-covariance    the depth of penetration 
of macro-turbulence was estimated for each combination of wind speed and water depth 
These data are plotted in Figs    3 through 6      Figure 3 shows that the depth of penetration 
increases rapidly with maximum wind speed m the flume when the wind speed is relatively 
low,  but the rate of increase diminishes rapidly at higher wind speeds      The maximum 
wind speed was taken from wind velocity profiles at 0   3 to 0   4 feet above the still water 
level     In Fig    4,  it is seen that when the wave height is small,   the depth of penetration 
increases rapidly with wave height    but as the wave height is increased,   resistance to 
increase m depth of penetration becomes stronger     In Fig    5,   the ratio,  Hi/->Q/T^,y-.Q, 
which is proportional to wave steepness using the one-tenth wave height and the 
corresponding wave period is plotted against depth of penetration     At small steepnesses 
i-he penetration increases rapidly,  but for the steeper waves,  there appears to be a lower 
limit to the penetration     Since the wave speed c  is proportional to the wave period T, 
U2/T2jJYQ is related to the wave age  c/U,  where U is the wind speed     Using the same 
maximum wind speed as m Fig    3,   Fig    6 indicates that the depth of penetration correlates 
quite well with wave age 

Values of Aj/A-, al&o were plotted against water depths      Figure 7 is typical of 
these plots      It is clear that the relative turbulent intensity is much higher near the water 
surface than below     This tendency is much more evident with lower wind speed than with 
high wind speed     On the other hand    the overall   relative intensity of turbulence is much 
higher for high wind speed (CS 10V01 series) where the return flow is stronger than for 
low wind speed (e  g    CS 10V04) 

For the surface waves,  a small Aj/A2 ratio means widening of the frequency 
band or a confu&ed sea surface condition     It was interesting to note that the ratio Aj/A2 
correlated quite well with the wave steepness m a way which suggests that the white cap 
wave condition and consequently the turbulence level m a wind wave system grow    m 
accordance with the characteristic wave steepness 

SUMMARY AND CONCLUSIONS 

It is well known that larger eddies generate smaller eddies through mertial inter- 
action    thereby transferring energy to the smaller eddies which consume most of the 
kinetic energy of turbulence through viscous dissipation     However    Von Karman and Lin [7] 
assumed that the eddy diffusivity might be regarded as a parameter determining the character 
of the turbulence m the lower-wave number range      In other words    the diffusive action of 
turbulence is determined mainly by the larger eddies      Hence,  it can be expected that once 
the behavior of the macro-turbulence is understood,  the relative intensity and spatial 
distribution of the smaller    energy-dissipating eddies could be inferred     This point is 
reinforced by the tendency for confinement of macro-turbulence to a surface layer a few 
wave heights m thickness and the existence of high relative turbulent intensity near the 
water surface      This confirms the finding of Stewart and Grant [8] who based on a study of 
energy-dissipating eddies concluded that almost all wave di&sipation is concentrated near 
the water surface and decreases rapidly with depth from the surface      Thus    rapid and 
effective mixing near the water surface can be expected m a body of water subject to wind 
waves 
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While direct application of the results of this laboratory study to field situations has 
to be confirmed by further investigation,  the results derived here disclose,  qualitatively, 
the general tendencies under comparable field situations      The main conclusions from this 
study may be summarized as follows     (1) The depth of the macro-scale turbulence pene- 
tration due to the wind induced waves increases rapidly with maximum wind speed but the 
rate of increase diminishes at higher wind speeds      There is a limiting depth of macro- 
turbulence penetration which is not exceeded even if the wind velocity is further increased 
(2) The rate of increase m the depth of penetration of macro-turbulence varies inversely 
with wave height,  wave length and wave steepness   and   (3) Most turbulent fluctuations 
having frequencies higher than the mean frequency of ambient surface waves are confined 
to the zone of macro-turbulence penetration     This suggests that wind wave induced 
turbulence is a phenomenon confined essentially to the surface layer with thickness of a 
few wave heights      However,  certain vortex rings or some disturbances associated with 
white cap wave conditions occasionally penetrate to greater depths, but the elements of 
the vortex spirals deteriorate into an admixture of random,   small scale eddies 
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(4 05180,  3 96818 xlOa) 

VELOCITY   SENSOR ELV = 0 60FT 

VELOCITY  SENSOR  ELV « 050 FT 

03 06 09 12 

FREQUENCY ~   CPS 

FIG  2B      POWER    SPECTRAL   DENSITY   VS    FREQUENCY 
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(2 02613, 4 97452 x I04) 

(3 93969, 3 12371 x I03 ) 

VELOCITY   SENSOR ELV * 0 40 FT 

FIG   2C       POWER   SPECTRAL   DENSITY   VS    FREQUENCY 
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(190030, 3 98791 x I04) 

(3.80060, 1.18176 x I03) 

VELOCITY   SENSOR   ELV  = 0 20 FT 

FIG   2D       POWER    SPECTRAL   DENSITY    VS     FREQUENCY 
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CHAPTER 15 

THE SHEAR STEESS OF SEA BREEZE ON A SWASH ZONE 

By Shih-Ang Hsu 
Coastal Studies Institute 
Louisiana State University 

Baton Rouge, Louisiana 70803 

ABSTRACT 

Measurements of shear stress under the effect of a sea hreeze 
were made by simultaneous wind and temperature profiles over a shore 
near Fort Walton Beach, Florida  It was found that the sea breeze In 
the surface boundary layer is in the atmospheric free-convection, regime 
The measured shear stress coefficient is in conformity with that ob- 
tained by other investigators by the sea surface tilt method under 
the unstable condition  For coastal applications, the result is found 
to be more reliable than those assumed coefficients obtained under 
neutral stability for this localized coastal wind system 

INTRODUCTION 

In coastal areas, especially on tropical, subtropical, and marine 
desert coasts,and on the shores of relatively large lakes, we can 
observe m the course of a day the reversal of onshore and offshore 
winds, called sea breeze and land breeze, respectively  Perhaps the 
most lucid synopsis of the mam features of these local wind systems 
has been presented by Defant (1951)  Baralt and Brown (1965) have 
complied an excellent annotated bibliography on this subject  It 
should be noted that whereas a hurricane or storm may cause extensxve 
damage to coastal structures, the sea breeze is a persistent phenomenon 
and may, m the long run, be more important  For instance, loss of 
beach sand into the backshore area as a result of sea breeze is an 
urgent engineering problem, examples are found especially in coastal 
Peru, Libya, Florida, and the Cape Hatteras National Seashore 

The mesoscale structure as a function of space and time and par- 
ticularly the hypothesis of land- and sea-breeze systems which are 
governed by the circulation theorem have>been observed and verified 
on the Texas coast by Hsu (1970)  Some of the microstructure of the 
frontal characteristics and the diurnal clockwise rotation of the system 
with time owing to the Coriolis effect have been observed and presented 
elsewhere (Hsu, 1969a), this paper will study the surface shearing stress 
aspect of the sea breeze 

243 
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The sea breeze is effective in generating waves and currents 
(Murray, personal communication), which in turn transport sediments 
in the littoral environment (Sonu, personal communication)  Also, 
eolian sand transport (Sonu, personal communication) and air pollution 
(Neiburger, 1969) in the coastal zone are closely controlled by this 
localized wind system  Since in the nearshore areas that are frequently 
affected by diurnal local wind systems the lapse rate is rarely adia- 
batic and buoyancy forces must be considered, the wind shear stress 
coefficients obtained under the near-neutral condition (see, e g , Wu, 
1969) cannot be used under these local wind conditions, as previously 
pointed out by Hsu (1969b)  It is hoped that this study will fulfill 
the need for coefficient values under the sea breeze situation 

THEORETICAL CONSIDERATION 

The following derivation for the sea breeze regime in the surface 
boundary layer is due to McPherson (1968) and is an expanded version of 
that presented by Estoque (1961) 

It is presumed that in the layer immediately above the surface the 
viscous forces acting on a fluid element are much larger than the mertial 
forces, thus the horizontal momentum equations and the thermodynamic 
equation for the layer become 

y (K if) - o (i) 

and 

k <K i> - o <2> 

where K is an eddy exchange coefficient, assumed to be the same for both 
heat and momentum transfer, u is the magnitude of the horizontal wind, 
and 6 is the potential temperature  If K is known as a function of height 
Z, the equations can be integrated to obtain u and 6 in the boundary layer 

Under conditions of free convection—that is, when the buoyant forces 
dominate the mechanical forces—the expression of K used is 

K= AZ2 (| | || |)1/2, Ri < -0 03, (3) 

as discussed by Priestley (1959)  Here A is an empirical constant, g is 
the acceleration of gravity, and 5 is a layer-mean potential temperature 
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in the layer in which the Richardson number (Ri) is evaluated  Eqs 
(1) and (2) may be written as 

if — = Tl 2 K 3Z  U* 
(4) 

and 

*^*> C5) 

where U^, 9^ are termed the "friction velocity" and "friction temperature" 
respectively  From Eqs  (4) and (5) we obtain 

3u _ U* 39 
(6) 

and 

3* 3u 
(7) 

For the free-convection regime, we use Eqs  (3) through (7) and obtain 

5 s     "11/3 
is 
3Z 

V e 
-4/3 (8) 

and 

ii 
3Z 

2      2 - 
V V e 

L      A g 

1/3 
-4/3 (9) 

Eqs (8) and (9) can be integrated to give 

IV e ^ 

*'_ 

-1/3 + Constant 

"2  2 - v V e 

. x2s . 

-, 1/3 
-1/3 Z    + Constant 

(10) 

(11) 
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The expressions for turbulent shear stress (T) and surface shear 
stress (x ) are 

and 

P U * (12) 

T = p C U 2 (13) 
o     z z 

where p is the density of air and C2 is a dtmensionless "shear stress" 
or "drag" coefficient for the height Z 

Combining Eqs  (12) and (13) gives 

-C- Cz - I —) (14) 

Thus, from simultaneous temperature- and wind-profile measurements in the 
atmospheric boundary layer and from Eqs  (8) through (14), the values of 
C and T are obtained 

FIELD EXPERIMENT AND DATA ANALYSIS 

Field Site and Experiment 

The experiment site (see Figs 1 and 2) was located on the Gulf 
Coast near Fort Walton Beach, Florida  The site (86°43'W, 30°24'N) has 
an approximate east-west shoreline orientation  It has been used to 
study the local wind system (Hsu, 1969a)  The experiment related to the 
present study was designed to measure the temperature and wind profiles 
in the surface boundary layer as shown m Eqs  (8) through (11) and was 
performed during the month of May 1970 

Ins trumentation 

The mam instrument used for this study was a Thornthwaite Wind 
Profile Register System (Model 106) with 6-unit, 3-cup fast response 
mounted 20, 40, 80, 160, 240, and 320 cm above the beach surface (Fig 1) 
The anemometers have a distance constant of better than 1 meter and are 
rugged enough to withstand limited exposure to a marine atmosphere 
(Seesholtz, 1968)  Note that the system is portable so that during the 
experiment it is quickly and easily moved to a desired location 

Temperatures were measured at 170, 360, and 550 cm above a grass- 



SWASH ZONE 247 

-»- *, ' 
. V 

- ^   "--^1- *-• 

•"— , 

\ 

%----*• •     .       - 

Fig. 1.  Cup anemometer array located in the swash on 
the coast of the Gulf of Mexico near Fort Walton Beach, 
Florida.  Hot-wire anemometer, also part of the instru- 
mentation, is shown in the background. 

free berm surface by three identical recording hygrometry systems 
(Taylor Instrument Company, Series 76J, having readings within 
± 1 percent of any given chart range).  The sensors were mounted on 
a 10-meter meteorological tower.  An all-purpose wind-recording 
system (Science Associates, Inc., No. 162) at the 10-meter level 
above the surface made wind speed and direction measurements as the 
reference level.  For detailed information about these instruments 
and their installation, relevant manuals should be consulted. 

Data Reduction 

Wind velocities measured by the Thornthwaite Wind Profile Regis- 
ter System were recorded by a Thornthwaite's Digital Printout Recorder 
(system model 706), which uses the well-known Polaroid reproduction 
process.  A system of mirrors and mechanical level movements moves the 
image of a row of counters by small increments along the length of the 
film card.  During the experiment an exposure of the register image is 
made on command from a timer after each movement of the image.  A 
15-minute time interval was used for the present study.  The readings 
of the counters are then entered on the film card at the start of the 
period and again at the end.  The difference is obtained and the corres- 
ponding wind speed in centimeters per second is determined from the 
appropriate conversion table supplied by the manufacturer. 
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0 10 20 30 40 Step 
Horizontal distance    m 

Fig 2 Beach profile on the coast of the Gulf of Mexico near Fort Walton 
Beach, Florida, during the experimental period, between May 20 and May 26, 
1970 

Method of Data Analysis 

Our immediate concern is to examine the validity of Eq C10) under 
sea breeze conditions  First, by integrating Eq (10) between any two 
heights a and b, we have 

UK _ u» = 3 b   a 

V e 
x2g| 

1/3 

(a"1/3 - b"1/3) (15) 

This may be written 

y = ao + a±  x (15a) 

where 

y - U, - U J        b   a 

a = 0 o 

al = 3 

1/3  .-1/3 

1/3 
(15b) 

We plot the observations for each run in the form y against x, plotting 
on point for each available pair of heights  Eq (15a) shows that, if 
the data do follow the free-convection form, the points lie on a straight 
line  This method is similar to that used by Webb (1970)  Eqs  (15a) 
and (15b) have also been obtained by the least-squares technique  Table 
1 gives as an example the least-squares values of each correlation 
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coefficient (r), as well as the y-axis intercept (a0)  It can be seen 
from this table that, in the whole sea breeze range from 1000 to 2200 
CDT, r > 96 and -5 2 cm < a0 < 5 2 cm, which is within the experimental 
error  In other words, these observations verify that the sea breeze is 
in the atmospheric free-convection regime and that its wind profile in 
the surface boundary layer can be represented by Eq (10) 

Similar analyses were made for temperature profiles under sea 
breeze conditions whenever wind profiles were measured  Thus, the U* 
and 6* values are obtained from these observations, as mentioned pre- 
viously  Note that, on the basis of the findings by Priestly (1959), 
Deardorff and Willis (1967), and Dyer (1967), the value of X was chosen 
to equal unity and was used m the present analysis 

SURFACE SHEAR STRESS OF THE SEA BREEZE 

Since the mam purpose of this paper is to provide the shear 
stress coefficient (Cz) under the sea breeze condition, and since 
usually Z = 10 meters is taken as reference level, Figure 3 shows the 
required results  It can be noted immediately from this figure that 
the C^Q x 10-3 value for a given wind speed is greater than that under 
neutral and stable conditions (e g , Roll, 1965)  This is not sur- 
prising inasmuch as the sea breeze Itself is set up by the differential 
heating between land and water (Hsu, 1970)  Thus the buoyancy forces 
must play the dominant role, as demonstrated in Table 1 

The result is consistent with the findings by J and M Darbyshire 
(1955), who showed that atmospheric stability has a very marked effect 
on the tilt of the water surface in response to the wind  In measuring 
the surface slope of a lake under different thermal conditions, they 
obtained stress coefficients that, for a given wind speed, were twice 
as great in unstable cases as in stable ones  According to Roll (1965), 
the Darbyshires' result is also in conformity with the findings of 
several authors in different regions of the world (see references given 
by Roll, 1965) 

Since the shear stress coefficient may also be affected by the 
fetch of the wind (e g , J and M Darbyshire, 1955, and Roll, 1965), 
the annotated bibliography compiled by Baralt and Brown (1965) for the 
sea breeze structure in various parts of the world and a summary of 
local winds by Defant (1951) may be consulted  Furthermore, since the 
land and sea breeze systems, which are governed by the circulation 
theorem, have been verified by Hsu (1970), the fetch may be estimated 
from wind observations (see Eq 8 in Hsu, 1970), provided that the value 
of the coefficient of friction can be estimated on the basis of accurate 
geomorphological survey of the coastal area in question (see also the 
discussions by Haurwitz, 1947)  An example of the mesoscale structure, 
including the fetch study of the sea breeze, is given by Hsu (1970) 

As for coastal applications, Murray (personal communication) found 
that the computed shear stress value based on Figure 3 for a given wind 
speed fits his wind-induced current prediction and observation under the 
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Fxg 3  Measured shear stress coefficients under the sea breeze condi- 
tion  Each point is calculated from a 15-minute time average from both 
air temperature and velocity profiles  Correlation coefficient of the 
least-squares fit for the straight line is 0 80 

sea breeze condition more reliably than that based on the neutral sta- 
bility coefficient (e g , Wu, 1969) 

CONCLUDING REMARKS 

While this study is intended to provide the shear stress coefficient 
under the sea breeze condition, caution should be exercised In applying 
the result, which may not be applicable to other coastal winds, such as 
the land breeze, coastal mountain and valley winds, and other synoptic 
and subsynoptic wind systems  It is suggested that before this result 
can be applied some knowledge of sea breeze meteorology may be needed 
In this connection, papers by, among others, Defant (1951), Baralt and 
Brown (1965), and Hsu (1969a and b and 1970) may be consulted 
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ABSTRACT 

Wave-height attenuation measurements were made in two 
identical flumes of different widths and the results used to separate 
bottom energy losses from sidewall energy losses  These energy- 
losses, in the form of rates of energy dissipation, were then com- 
pared with their theoretical values as calculated by solving the 
linearized Prandtl boundary layer equations and evaluating the 
Rayleigh dissipation function  Using these results, an adjusted 
formula for the wave-height attenuation modulus was determined 

INTRODUCTION 

Up to the present time no direct measurements of the sidewall 
and bottom rates of energy dissipation in laminar boundary layers, 
produced by progressive, oscillatory gravity waves m a wave flume, 
have been made  A comparison between these experimental values and 
their related theoretical values would be valuable as the results could 
be used to produce an adjusted formula for the wave-height attenuation 
modulus a, which is defined by the equation 

257 



258 COASTAL ENGINEERING 

H = e"*X   
where HQ is the wave-height at position x = 0 and H is the subsequent 
wave-height at positior x,  in the direction of wave propagation 
Bagleson (1) and Iwagaki and Tsuchiya (2)  measured the bottom shear 
forces produced by a wave by measuring the shear on a plate fitted 
flush with the flume bottom  Their results led to values of a^, 
(where a^ is the attenuation modulus which results from the bottom 
boundary layer), which did not agree with the theoretical values of 
%, the formula for which is derived by the authors mentioned  In 
model harbour tests it is often necessary to have an accurate 
estimate of this attenuation modulus in order that the prototype 
wave-heights may be interpreted from the model measurements  This 
is because harbour models are constructed according to the Froude 
modelling law whereas the model wave amplitude attenuation is 
normally a viscous phenomenon 

GENERAL APPROACH 

In order to separate bottom and sidewall friction effects 
it is necessary to have two flumes which are identical except for 
their widths  Since_the space rate of change of average wave power 
per unit plan area, 3P/3x, is equivalent to the sum of the average 
time rates of energy dissipation per unit plan area on the bottom 
and sidewalls, dB^/dt and dE^/dt respectively, the following 
simultaneous equations can be written 

6. 3?/4x --(6, dh/di +2h clEVc/t) 
— — _ * 

Bz hPM - - (Qz dEbM  + 2h dB„/di) 

where B is flume width, h is still water depth and the subscripts 1 
and 2 refer to the two separate flumes  If the quantities 3Pj/3x 
and 3^/3x are known, then the equations can be solved for dE^/dt and 
dEw/dt  These equations must be solved for the case when the wave 
parameters, wave period T, wave height H and still water_depth h, 
are the same in both flumes because then the values of dE^/dt and 
dEb/dt are the same in the two flumes  Thus it becomes necessary 
to determine experimental values for 3P/3x in the two flumes  Now 
since F, from first order wave theory, can be written as 

p=yH*c3/e  2 

where y is the specific weight of the fluid and C~ is the wave group 
velocity, it is possible to write 3F/3x as 

dP/^-^A JH/dxC3   
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for constant T and h  First order waye theory was used because the 
horizontal water particle velocities are described best, in this 
case, by this theory, (he ifehaute et al (3)), and because the first 
order approximation to the solution of the waye equation satisfies 
the boundary conditions at the free surface as well as other 
theories, (Dean (4))  It now becomes obyious that it is necessary 
to determine wave height versus distance attenuation curves for waves 
with the same periods and depths in the two flumes  Equation 4 can 
then be evaluated and equations 2 solved 

EXPERIMENTAL TECHNIQUE 

The Coastal Engineering Laboratory of Queen's University at 
Kingston has two similar flumes of width 2 ft and 3 ft and length 
150 ft  They are constructed from concrete and the inside walls were 
cement plaster which has been sanded smooth and painted  However, in 
order to obtain sufficient difference between attenuation rates in the 
two flumes, an aluminum sheet wall was constructed m the 2 ft flume 
to make a temporary flume 6 inches wide  The flumes had identical 
motors and similar flap-type paddles 

The wave-heights m the 6 inch flume were measured using a 
carbon-strip probe and those in the 3 ft flume using a capacitance 
plate probe  Both of these instruments have similar accuracy, 
(± 0 002 ft ) in comparison with a hook gauge  Risaltex "horse-hair" 
mats were used to make beaches which absorbed the energy of the 
incident waves  The reflection coefficient was always less than 5% 

The useful measuring length for each flume was about 25 ft 
out of a total length of some 150 ft  This distance was not long 
enough to produce a sufficient number of wave-height versus distance 
data points  For this reason the flume was "lengthened" using the 
following known method which is described by Battjes (5)  The 
wave-heights were measured at two stations 25 ft apart, wave-height 
at x = 0 ft and wave-height at x = 25 ft  The wave paddle was then 
adjusted so that the wave-height measured at x = 25 ft was now 
produced at x = 0 ft in the flume  The wave-height produced at 
x = 25 ft is now the wave-height which would have been produced 
at x = 50 ft if the flume had been long enough  By repeating this 
procedure the flumes were "lengthened" considerably  In fact the 
paddle was adjusted so that the wave-height measured at x = 0 ft , 
for each "lengthening" increment, was within + 0 3mm of the required 
wave-height  The difference in wave-height decrements for waves of 
initial height differing by this small quantity would be very small 
Each measurement was performed three times, the wave-height decrement 
being taken as the average of these values 

The wave-heights at stations were measured by moving the 
measuring device over a distance of one half wavelength on both sides 
of the station, thus measuring two maxima and two minima of the 
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incident-reflected wave interference piofile  Then, assuming linear 
attenuation oyer a short distance, and assuming first order wave 
motion, the wave-height at a station can be shown to be equal to 

H- </8(A+36+30D) 

where, m this case, A, B, C and D are the consecutive values of the 
maxima and minima taken from the recorder profile 

DIMENSIONAL ANALYSIS OF ENERGY DISSIPATION 

The rate of energy dissipation in the laminar bottom boundary 
layer can be written in the functional form 

dEb/</t = ^,T,Ap) 
where y is fluid viscosity, p is the fluid density and a,; is the 
length of the bottom fluid particle motion  Using dimensional 
analysis this equation becomes 

dEb/df=paJ/T!^
2/Tv)   s 

where v is kinematic viscosity It is well known that for laminar 
flow conditions a viscous force is proportional to the first power 
of a velocity, 1 e 

Force o£ velocity 

Now the rate at which work is done, or energy dissipated, is given by 
the relationship 

Rate of work = Force x average velocity 

1 e Rate of work°c (velocity)2 

or in this case 

2 
dEb/dt- <* uc 

is taken, where uQ is the horizontal velocity of fluid particles at 
the upper limit of the boundary layer  Thus equation 5 can be written 
in the form 

clEb/<ii'^(a^A(iahhlj/y) 
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which, upon putting uo = constant x ag/T 

dhM *f><*lh(4*TM —     -  7 

In order that equation 6 can be satisfied, <j> mist be of the form 

<£- constant (-4*T/V) __              

By suitable arrangement and substitution of equation 8 in equation 7, 
the following is obtained 

^/^experimental   =   const   ^/^theoretical 

/dt. D d^/d theoretical 

and m a similar way the sidewall rate of energy dissipation functional 
relationship produces 

dVdtexpermental = konst ^^theoretical 

w     theoretical 

The subscript "theoretical" indicates the theoretical equation for 
the rate of energy dissipation  D and F are constants 

From the above analysis it is obvious that, once the rates 
of attenuation curves for wave-height have been determined m the 
two flumes for waves with the same period and water depth, the 
constants D and F can be determined  One experiment only is required 
However nine experiments were performed in order to reduce the effect 
of experimental error  The periods used were 0 91, 1 08 and 1 21 
seconds  The water depths were 4 1, 5 6, 7 9 and 10 0 inches  The 
selection of these values ensured that the wavelength to depth ratios 
would be m the range 0 <" L/h <" 10, the lower limit being for 
deep water waves and the upper limit being the commonly accepted 
limit for cnoidal waves  Maximum wave steepness was about 0 05  To 
ensure that the boundary layers remained laminar, the criterion for 
laminar oscillatory boundary layers under waves derived by Collins (6) 
was used, this being that 

Uo R£-
u-f </&> 
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where <5 is a boundary layer thickness parameter defined as 

8 - (VTA)* 
A 

In addition, the water surface was kept clean and the condition 
of an immobile surface never occurred Energy dissipation as a 
result of surface films was not considered to be of importance 

RESULTS AND CONCLUSIONS 

The experiments were performed as described and the results 
tabulated  The next step was to fit a suitable equation to the 
experimental results so that equation 4 could be evaluated. This 
was done by assuming exponential attenuation and linearizing 
equation 1 

I e  InH = InH -otx 
o 

Using the least squares technique and a weighting function of H , the 
values of a and H were determined  Table 1 shows the experimental 
values of a together with their related theoretical values  The 
data was found to fit this form very well  The fit was tested using 
the parameter 

2 

where 

^2= t_rcn-nt> 

I fL 

I'I 

n is the number of data points obtained for a particular attenuation 
curve and R, is the wave-height at position xx  along a flume  The 
values of R^ were better than 0 995 m all cases 

Grosch and Lukasik (7) determined an attenuation equation 
for finite amplitude waves  This equation was also tried and the 
results of aggression analysis showed that their equation fitted the 
data almost as well as the exponential equation  However, the latter, 
because of its easier mathematical form, was used for evaluating 
equation 4 
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With experimental values of a and Hg determined, the values 
of rates of energy dissipation on the bottom and sidewalls can be 
separated  For constant values of T and h, the constants D and F 
will not yary with change in H as both the theoretical and     ~ 
experimental rates of energy dissipation are then functions of H 
only  Tables 2 and 3 show theoretical and experimental rates of 
energy dissipation, calculated for an H value of 20 mm , for the 
bottom and sidewalls respectively, together with the values of D 
and F  The values of D and F are 

D = 1 48 ± 0 15 

F = 0 94 * 0 09 

at the 95% confidence limits  These values show that theory con- 
siderably underestimates the rate of energy dissipation on the 
flume bottom, whereas for the sidewalls, theory is very close to 
experiment  The fact that first order theory and experiments agree 
quite well for energy dissipation on the side walls, whereas this 
is not the case for bottom losses, cannot be satisfactorily 
explained  It is not thought that energy dissipation at the fluid 
surface as a result of surface films is the cause for the approx 
50% difference since the experimental surface was certainly not 
immobile by any stretch of the imagination 

Using a method similar to that demonstrated by Eagleson (1), 
an equation for the adjusted attenuation modulus for bottom and 
sidewalls was determined 

ol k(TV "\z(/483k / O Hs">k 2kh \ 
U"BU^ V 2kh -t-   smkzkk   '       -   -   - -   9 

where k = 2fr/L and L is wavelength  This adjusted modulus would, 
for the case of a wide, shallow flume, be considerably larger than 
the well-known theoretical value 
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TABLE   1 

TABLE OF THEORETICAL AND EXPERIMENTAL 

ATTENUATION MODULI 

Depth 

3 ft  flume 

Theoretical Experimental 

6 inch flume 

Theoretical Experimental 

1 21 seconds 

10 0 inches 0 00107 

T = 1 08 seconds 

4 1 inches 0 00315 

5 6 inches 0 00213 

7 9 inches 0 00143 

0 0 inches 0 00115 

T = 0 91 seconds 

4 1 inches 

5 6 inches 

7 9 inches 

10 0 inches 

0 00337 

0 00227 

0 00156 

0 00125 

0 00108 

0 00464 

0 00246 

0 00170 

0 00116 

0 00453 

0 00300 

0 00214 

0 00159 

0 0037 

0 00675 

0 00543 

0 00451 

0 00412 

0 00758 

0 00620 

0 00543 

0 00515 

0 00306 

0 00784 

0 005 70 

0 00446 

0 00356 

0 00933 

0 00714 

0 00550 

0 00521 
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TABLE 2 

TABLE OF THEORETICAL AND EXPERIMENTAL VALUES 

OF dEb/dt 

Depth 

dE,/dt has units ft lb /ft  /sec 

dEb 
dt exp 

x 10- dEb 
dt theor 

x 10' 

1 21 seconds 

10 0  inches  J     0 166 

T = 1 08 seconds 

4 1  inches 

5 6 inches 

7 9 inches 

10 0  inches 

0 742 

0 361 

0 249 

0 151 

0 131 

0 450 

0 290 

0 178 

0 118 

1 27 

1 65 

1 24 

1 40 

1 28 

T = 0 91 seconds 

4 1  inches 0 615 0 437 1 41 

5 6   inches 0 390 0 270 1 45 

7 9  inches 0 275 0 148 1 86 

10 0  inches 0 162 0 090 1 79 
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TABLE  3 

TABLE OF THEORETICAL AND EXPERIMENTAL VALUES 

OF dE /dt w 

dE /dt has w 
9 

units ft lb /ft /sec 

Depth dE     x 103 
" w 
dt exp 

dE       x 103 w 
dt theor D 

i 

T = 1 21 seconds 

0 225 

i 

10 0 inches 0 173 0 77 1 

1 
T = 1 08 seconds 

0 583 4 1  inches 0 521 0.89  J 

5 6  inches 0 422 0 420 1 01  I 

7 9  inches 0 273 0 303 0 90  ' 
i 

10 0 inches 0 191 0 239 0 80 

T = 0 91 seconds 

0 636 4 1  inches 0 726 1 14 

S 6  inches 0 485 0 462 1 05 

7 9  inches 0 287 0 329 0 99 

10 0 inches 0 244 0 262 0 93 
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SYNOPSIS 

The maximum amplitude of shear stress in the bottom boundary layer 
of water waves was evaluated with a Preston probe inclined on a 1 12 5 
slope beach  Near bottom velocity profiles were obtained in laminar and 
developing turbulent flow conditions from which the experimental boundary 
layer thicknesses were evaluated  Agreement between experimental bottom 
velocities and those calculated from Airy theory deteriorate with decreas- 
ing depth on the beach resulting m lower shear stress values than pre- 
dicted by linear theory  The measured boundary layer thickness on the 
slope exceeds the predicted for horizontal bottom, increasing shoreward 
to some critical depth outside the breaker zone from where it decreases 
shoreward  The influence of roughness on the shear stress distribution 
is considerable m the "offshore" region, but becomes negligible near 
the breaker zone  On a smooth bottom the coefficient of friction agrees 
with Kajiura's expression 

INTRODUCTION 

In order to quantitatively evaluate nearshore sediment transport, it 
must be recognized that substantially more is required to be known about 
oscillatory boundary layers, the magnitude of energy dissipation due to 
bottom friction and fluid turbulence and about the effect of permeability 
in various sediments, in other words about the physical phenomena near 
the fluid-solid interface  Our present knowledge on the flow of fluid 
near the bottom boundary is negligible because analytical solutions of 
mass transport exist only for laminar flow and for horizontal impermeable 
boundary  Nature prescribes, in contrast, sloping beaches, loose bound- 
aries and waves undergoing transformation and breaking  Furthermore, at 
this time we cannot yet solve the equations for turbulent boundary layer 
in unidirectional steady flow, let alone when waves are present  One of 
the early efforts of investigating the nature of the oscillating laminar 
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boundary layer was Eagleson's (1959)   Solutions for the horxzontal bound- 
ary were given by Longuet-Higgms (1958), Grosch (1962) and Iwagaki, et al 
(1967)  Turbulent boundary layers were investigated by Jonsson (1963) and 
Horikawa and Watanabe (1968)  The authors of the latter reference employed 
Kajiura's (1968) theory for turbulent boundary layers with some success 
Direct measurement of boundary shear stress and evaluation of the friction 
coefficient have been made by Eagleson (1959) and Iwagaki et_ al   (1965) 
The indirect method of velocity measurements has been applied by Jonsson 
(1963), Horikawa and Watanabe (1968) and Sleath (1968)   Sleath's results 
are particularly interesting because he used a permeable bottom boundary 
One of his conclusions was that increase in the permeability of a sandy 
bottom brings ab out an increase in the near bottom mass transport ve- 
locity  Experiments by Horikawa and Watanabe, employing the hydrogen 
bubble technique, hold out promise toward understanding not only the 
measurement of instantaneous velocities and boundary layer thickness but 
a very critical aspect of boundary layer research, namely phase differ- 
ences between the velocities within and outside of the boundary layer 
and between the local velocities and the boundary shear stress 

The use of the Preston probe for evaluating boundary shear stress 
from measurements of dynamic pressure is well known from literature for 
unidirectional turbulent flows  Its theoretical development is due to 
Preston (1954) who used the probe on smooth boundaries  Evidence for its 
applicability to rough boundaries was presented by Hwang and Laursen 
(1963) and Ghosh and Roy (1970)  Nece and Smith (1970) used an enlarged 
version of the probe on loose boundary of a tidal estuary with partial 
success  The Preston probe, as presented m this report, has not been 
applied to oscillating flows nor to a sloping bottom  In presence of 
waves, pressure gradients will necessarily be present in the direction 
of flow  Hsu (1955) and Patel (1965) have given proof of the probe's 
use in pressure gradients  In addition, Hsu (1955) extended its use to 
laminar flow 

The aim of this paper i& to report on some aspects of the oscillat- 
ing flow near the bottom, in particular about resistance on a sloping 
beach and its manifestation in velocity and shear stress distributions 
near a solid boundary  The theoretical developments of Kajiura (1968) 
for the oscillating boundary layer were followed  Velocity and shear 
stress measurements were obtained for various wave conditions, a fixed 
slope, smooth and a rough boundary in a wavetank, using the indirect 
method of a Preston probe 

THEORETICAL CONSIDERATIONS 

For the case of unsteady flow of a viscous, incompressible fluid 
flow the Navier-Stokes equations of motion, two-dimensional case, is 
given as 

„ -3u     3u    3u.     3D  ,   32u P ("3T + U3l + ^> " " ta + " JJ (1 l) 



BOUNDARY SHEAR STRESSES 271 

where the x-axxs is positive m the direction of wave propagation, z is 
the vertical coordinate measured positive upward, p is the fluid density, 
y is the viscosity, p is pressure and u, v are the local velocity terms 
in the horizontal and vertical directions respectively, defined 

3<b 
u - - "£ (12) 

3* 
and v = - gf (1 3) 

so that the condition of continuity is met by 

given $ as the velocity potential  Defining d as the local water depth 
positive upward from the free surface, U as the free stream velocity, 
and S  the boundary layer, the boundary conditions are 

z=-d,u=0,v=0 at the bottom 

z = 6 , u = U(x,t) at the outer edge of 
the boundary layer 

z ->- •» , u = U(x,t) at the free surface 

Introducing harmonic velocity components 

U(x,t) = U(x) + U'(x.t) 

U'(x.t) = U(x)elat , a = 2TT/T (1 5) 

U'(x.t) =0 (16) 

u(x,y,t) = u(x,y) + u'(x,y,t) 

v(x,y,t) - v(x,y) + v'(x,y,t) (1 7) 

p(x,t) = p(x) + p'(x,t) 

we integrate Eq 11 over one wave period and obtain 

,3u , —3u .  ,3u'  - 3u ,  ,3u. , 3p   32u   n ,.   „. 

for the flow in the boundary layer  Using the same procedure, the 
averaged expression for the flow outside the boundary layer will be 

p'S^s^-^-'i^+s-ve -° 
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Because xts effect is negligible we can omit the viscous term in Eq 19 
and extract the pressure term 

3p     ,3U , 77 3U  , „,3U\ 

having also neglected the terms containing v, assuming that the vertical 
velocity is small  Substituting Eq 1 10 into Eq 1 8, gives 

3u   ,  - 3u   ,      ,3u       r30x-3U j  „,3U', dzu 
^r + uii + u^-  fi7 + UiI + U^]=V3^ (HI) 

which describes the total velocity distribution 

Based on the parameter 5/L « 1 (where L is the wavelength), we make 
the assumption that the contributions represented by the nonlinear con- 
vective terms (except turbulence) are numerically not significant There- 
fore we rearrange Eq 1 11 to show the defect velocity relationship 

Ft <» - "> = i7 £> (1 12) at 3z  p 

where 3u (1 13) 
T = u rr 

dZ 

and x = K —• (1 14) 
/.   oZ 

are the laminar and turbulent horizontal shear stress relationships 
respectively, and the dynamic viscosity u = pv  Eq 1 12 is the ex- 
pression for oscillatory mean motion in the boundary layer based on 
potential theory  According to Schlichting (1960), the validity of 
Eq 1 12 can be established if the laminar boundary layer thickness 

«L -(2v/a)'
s (1 15) 

The Laminar Case 

Recalling that u is the horizontal velocity in the boundary layer 
and U just outside the layer, so that 

u(x,y,t) = U(x,t) = a/d  C sin (kx-at) 
lira z •+ 6 (2 1) 

where C is the wave celerity, "a" the wave amplitude and k = 2ir/L is the 
wave number  Grosch (1962) has shown that for a/d « 1 or a/d near 
(kx-crt) = 0 the linearized theory in the laminar case provides an adequate 
description of the flow because the sum of all the terms 0(a/d) in the 
nonlinear solution for the bottom shear stress equal the linear solution 
and are hence negligible  The solution becomes analogous to the Blasius 
series for steady flows 
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The steady state solution of the velocity m the boundary layer can 
be written as 

u = U[sin(kx-at)-e~z/ L sxn(kx-at-z/6L)] ,   •. 

where the subscript "o" refers to boundary conditions, §L is defined in 
Eq. 1 15 and 

U = -— smb.  kd 

(2 3) 

is the velocity immediately outside the boundary layer 

Iwagaki,  et al    (1967) based on Grosch's  solution obtained the 
approximate  expression for the bottom shear stress 

T0/(pu0
2) =   l^sin  (kx-ot    - ir/4) 

where the local Reynolds number is 

u 2T 

K = ~ (2 5) 

and the phase difference between U and x0 is irA 

The maximum shear stress was given by Iwagaki, et al  (1967) as 

o max _  /2v"    (—\i^1 

PgH   g sinh kd V (2 6) 

To max = pJ(— > <2 T) 

which shows that the amplitude ",  of the local boundary shear stress is 
a function of the local free stream velocity amplitude (therefore the 
water particle excursion distance) and a boundary layer thickness  The 
wave height H = %a is applicable to sinusoidal wave profiles 

In the laminar case we can describe the flow regime with the 
appropriate Reynolds number, which should contain the parameters for 
the boundary layer thickness, local velocity and viscosity  Hence, 
re-arranging Eq 2 5, we get 

-h    _  1 ,2VTT h _  v  /2 
m        -  U <• T '  " U  &r 

\. TJ6' 
and K2 = _i = IRS (2 8) 

where 6L = ( v/ a) = SjJ /2 for smooth bottom The Reynolds number in 
Eq 2 8 is identical with Kajiura's (1968) and that of Horikawa and 
Watanabe (1968) 
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For laminar flow we now nominally define the wave friction co- 
efficient to be of the form 

Cf UU = n(To/p) (2 9) 

where n must be determined from experiments  For the case of smooth 
bottom laminar flow Kajiura (1968) approximates the amplitude of the 
friction coefficient by 

C = 1/ K  for K < 200 
1      b (2 10) 

for the case of the smooth boundary  Introducing now z , as the charac- 
teristic roughness length, so that when 

D - 30 z0 (2 11) 

we have the equivalent Nikuradse's roughness expressed, we follow Kajiura's 
notation and write the Reynolds number for the rough boundary as 

\=f (212) 

and the friction coefficient can be expressed as 

Cf = 1 70 (-7-)"
2/3 (2 13) 

The Turbulent Case 

From experiments of steady turbulent flow (e g , see Clauser, 1954) 
we know that the turbulent boundary layer structure is threefold, con- 
sisting of the inner or laminar sublayer at the wall, the outer or defect 
layer near its outer edge, the two connected by the overlap layer A 
similar breakdown for oscillatory layers was suggested by Jonsson (1966) 

The general form of the turbulent velocity profile can be written as 

£. - A log <^> + C (3 1} 

which in the presence of roughness on the wall is modified to read 

^ - A log (Si, + C - £ (3 2) 

where Au/u* represents the vertical shift of the logarithmic profile caused 
by the roughness elements, A and C are constants to be appraised experi- 
mentally and 

(u*)2 = T/p ^ ^ 

Similarly       (u*)2 = (T(j/p) % = Q (3 4) 

is the shear velocity 
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and the shear stress is given by 

x = K 8u/3z (3 5) 
z 

Kz is Kajiura's (1968) eddy viscosity (1 e , the Boussmesq effective 
viscosity) of the form 

m the inner layer 

K = {. K u* z      in the overlap layer (3 6) 
z   ]    o 

in the outer layer 

where Kj = K U S£, K = 0 2 is a universal constant,<5£ is defined in Eq 
1 15 and K =  0 4 is Karman's universal constant  Eq 3 6 is in relation 
to a smooth boundary  For the rough case the overlap expression of Eq 3 6 
applies for zQ <z < 6, except when (6^/D)< 1 in which case 

K2  - 5 53 KU* ZQ (3 7) 

for the laminar sublayer Kajiura's eddy viscosity assumption is based on 
analogy to steady state flow  It presents the possibility, however, of 
being an improved estimate because it takes the structure of the layer 
into consideration  But as Clauser (1956) pointed out for steady flow, 
"the turbulent eddies introduce shearing stresses for which no reliable 
method of calculation exists", and this phenomenon should only be more 
complex in time periodic flows 

Even small changes in bottom roughness will drastically alter the 
profile of the turbulent boundary layer, which makes the vertical dis- 
tribution of K zdifficult to establish  Liu (1967 , as quoted by Kline, 
1969, vol I, p 529) showed that changing z0 can result in a change 
of Kz by a factor of four in the defect layer  Indeed, Horikawa and 
Watanabe (1968) showed that Kz attenuates with respect to z on both 
smooth and rippled boundaries, therefore further research is needed 
before accepting the formulations given in Eq 3 6, 3 7, and 3 8 

The friction coefficient for the smooth bottom in turbulent flow is 
given by Kajiura as 

Cf = ( Kg myL)"
2 for mg > 200 (3 g) 

Wlth m = 4 \Jf ,  N = Const = 12    assumed    (3 10) 2 
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^L 

/i<N<5L (3  11) 

~* 
DL  = Nv/u (3  12) 

where y, is the distance between the bottom and the lower limit of 
the overlap layer, we obtain the the aid of Eq 2 8 the approximate 
expression 

Cf = (-A 
loN2 

(3 13) 

For rough boundaries Kajiura gives 

KtyR (3 14) 

where y„ is the upper limit of the laminar sublayer 

For U/azQ < 1000 Eq 3 14 can be approximated by Eq 2 13 

The Preston Probe 

Preston (1954) assumed that in turbulent flow on a smooth boundary 
a region must exist close to the wall in which the "law of the wall" of 
the form 

u* ~ fl <—> 
(4 1) 

applies, so that the local shear stress at the boundary T  can be related 
to the velocity distribution by measuring the differential pressure Ap, 
with a modified Pitot tube m contact with the wall  The inter-relations 
are 

f=f2(^> (4 2) 
o 

311(1 To   _ «  ,AEd2 (4 3) 
pv^ - £3 <- 

where f2, 13 denote functional dependence, and d is the outside diameter 
of the probe  The logarithmic expression obtained by Preston (1954) 

T d2 .  ,2 
log,- -r2-? = 2 604 + 7/8 log,-, 7^ (4 4) 610 4pvz 10 4pvz 

was modified by Hsu (1955) for the laminar sublayer (hence for laminar 
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boundary layers)   to read 

y* m % lo8l0  <ife?>  + * x* (4 5) 

and for the turbulent portion 
7 

y* - log10 k + 8 x* (4 6) 

Where y* = log10 (x0d /4pv
2) and x* = logiQ (Apd2/4pv2) , t = the ratio 

of inner to outer diameter of the stagnation tube and should be in the 
vicinity of 0 6, k = I(t) and I(t) is given by Hsu in tabulated form 

Preston also advanced the hypothesis that the relationships presented 
in Eqs 4 2 and 4 3 are independent of the x-wise pressure gradient in 
the turbulent boundary layer  Patel (1965) indicated, however, that for 
severe favorable and adverse pressure gradients the Preston probe over- 
estimates skin friction  The analytical solution given by Yalin and 
Russell (1966) 

p(aU2 + ggSS) 

given g as the gravitational acceleration and a, 6 as empirical constants, 
takes into consideration the instantaneous position of the free surface 
S, thus the pressure gradient  It is clear therefore, that to avoid the 
influence of vertical accelerations on the local static pressure, as well 
as the influence of wave set-down near the breaker zone, initial evalua- 
tion of flow parameters with the Preston probe must be restricted to S=0, 
l e , to the wave crest and wave trough, or approximately (kx- t) » 0 

EXPERIMENTAL APPARATUS AND PROCEDURE 

Experiments were carried out in a fixed level, concrete floor, con- 
crete and plexiglas-wall wavetank designed by the authors and constructed 
in 1968-69 at Louisiana State University  Dimensions of the channel were 
65x3x3 feet and it is shown in Figure 1  A fixed angle beach was con- 
structed at the downstream end of the tank with a slope of 1 12 5, covered 
with aluminum sheet to provide a smooth surface  For part of the tests 
sand of uniform size was attached to the beach face in thickness of one 
grain dimension (z0 = 00123 ft ) 

Resistance type wave gauges and the Preston probe were suspended 
from a forward-reverse gear, variable speed carriage and positioned with 
the aid of point gauges  A Sanborn Model 150 oscillograph served as the 
excitation source and recording unit for the wave and pressure recording 
Waves with fixed periods of T=l 0, 15, 2 0 seconds were generated with a 
bottom-hinged paddle-type wavemaker  The surface configuration of these 
waves were quite asymmetric for low frequencies and high amplitudes, con- 
sequently they were damped using various combinations of baffles following 
recommendations of Keulegan (1968)  An undamped short period wave train 
is shown in Figure 1 
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Figure 1.  Experimental set-up 

showing the wavetank, instrument 

carriage with Preston probe, and 

pressure transducer.  Beach is 

nearest observer. 

Since the Preston probe was to be used in wave boundary layers, the 
calibration procedure had to conform to the oscillatory motions experi- 
enced.  For this purpose a variable stroke, variable frequency calibrating 
apparatus was built whose real time response was recorded by a linearsyn 
differential transformer.  This enabled calculation of both the pressure- 
velocity relationship for the probe and the associated time lag.  Differ- 
ential pressures were sensed by a Pace 90B pressure transducer. 

For the given wave periods the wavemaker stroke was changed to pro- 
vide two wave amplitudes, noted as "large" and "small" in the graphs. 

Water depth was fixed at 2.0 feet in the horizontal floor portion of 
the tank. Waves were measured in this part of the channel as well as ad- 
jacent to the Preston probe, aligned with the sloping bottom (Figure 2). 
The definition sketch for the probe is presented in Figure 3. Measurements 
of the differential pressure were made under the wave crests and troughs 
only by orienting the probe upslope and downslope, keeping other conditions 
the same.  Adjustments for the phase difference between the surface, the 
free stream velocity and the velocity in the boundary layer were recorded. 
Measurements were carried out first on a smooth, then on a roughened bottom 
keeping other conditions the same. Water temperature was regularly recorded 
during the experiments. 
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Figure  2.     Preston probe aligned with rough boundary. 
Static probe is  in front. 

Preslon stagnation tube 
b/a't 

ffODOftQDrXI?--^ 
z, = .0026 ft. 

»c zero datum 

grains 

Figure 3. Preston probe resting on rough boundary, 
definition sketch 

EXPERIMENTAL RESULTS 

Rigorous evaluation of the velocity distributions on a slope, rela- 
tive to waves undergoing transformation and without specific knowledge 
about boundary layer structure, growth and separation during a wave cycle 
will have to await further experimentation and a solution to the nonlinear 
phenomena experienced.  Results presented on the velocity profiles on a 
sloping bottom are therefore exploratory only.  In Figures 4, 5, 6, a set 
of profiles are illustrated from one of the experiments conducted on a 
smooth bottom with "small" amplitude waves. 
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•I 

Figure 7.  Boundary layer obtained with injected dye 
on a rough boundary. 

Visual confirmation of the presence of a boundary layer is shown in 
Figure 7, showing displacements of a dye streak upslope, indicative of 
incremental mass transport with successive wave cycles.  The dashed lines 
of Figures 4-6 refer to the elevation of the maximum velocity in the 
boundary layer fl0 max following the procedure of Eagleson, Dean and 
Peralta (1958).  Experimental values of U, were found to agree very well 
for "deep" water on the slope, but the agreement declined for decreasing 
water depth and the linear model was found to overestimate the measured 
values.  It should be noted the maximum reflection (Hr/H^) was less than 
10% for any one test.  Grosch's (1962) criterion for neglecting nonlinear 
terms in the N-S equation was a/d<.01; it was exceeded in all cases.  The 
effect of the convective velocity terms should be additive under the crest 
and subtractive under the wave trough with respect to linear values 
(Eq. 2.3). 

Experimental data on boundary layer thicknesses are presented in 
Table 1 for various combinations of wave amplitude, water depth and wave 
period.  Values of 6 exceed the theoretical 6. (Eq.1.15), by factors of 
3 to 8.  Boundary layer thicknesses were found to be greater under wave 
crests than under wave troughs, this is no doubt influenced by vertical 
accelerations prior to attainment of Umax under the crest.  Growth of the 
layer is also affected by the contribution of upslope mass transport 
which allows a longer excursion distance for its development.  This phe- 
nomenon occurs on both smooth and rough boundaries.  The effect of rough- 
ness is to increase 6. The contribution is more under wave crests and this 
is to be expected because the rate of boundary layer growth accelerates 
with increasing roughness element size. Wave amplitude influence on 6 
was difficult to discern, more tests are needed to evaluate this relation- 
ship.  In some cases, boundary layers were observed to grow to some maxi- 
mum value offshore of the breaker zone from which point 6 diminished 
shoreward, the reversal usually taking place at d = 1.0 foot. 
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Table 1  EXPERIMENTAL BOUNDARY LAYER THICKNESSES Cm 10 ° feet) 

fi SL 

Wave Ampl "Large" "Small" 
Boundary Smooth Rough Smooth Rough 
Wave - Crest Trough Crest Trough Crest Trough Crest Trough 

d/T2 

1 56 11 9 6 9 15 3 13 1 12 5 7 6 12 3 7 0 1 79 
1 42 16 7 7 3 7 5 10 2 12 5 9 4 12 5 7 1 
1 25 15 8 8 0 7 3 12 5 12 5 10 3 17 2 - 
1 083 22 6 6 2 13 5 7 1 16 3 10 6 17 5 10 4 
0 92 8 1 10 6 7 5 - 17 5 17 5 7 5 - 
0 695 14 5 7 5 11 3 7 6 11 5 6 2 12 0 14 5 2 18 
0 629 12 6 8 2 14 6 11 2 15 0 8 4 10 7 - I 
0 555 8 7 8 7 16 1 - 16 2 10 5 13 3 18 2 
0 481 12 6 9 0 16 4 5 7 12 0 13 8 10 5 16 5 
0 407 15 0 9 5 11 1 16 2 7 5 14 4 8 2 13 7 1 

0 391 14 5 12 5 16 8 12 1 6 0 10 1 11 6 5 9 2 54 
0 354 - 14 1 12 4 10 2 14 0 11 2 8 5 10 6 
0 312 12 6 14 1 9 5 7 6 13 5 12 5 10 3 8 2 
0 271 7 0 8 9 15 4 10 7 12 0 17 5 12 2 17 4 
0 229 8 7 5 9 13 0 - 12 5 12 5 16 2 12 5 

The classification of boundary conditions in terms of the prevalent 
flow regime, I e to establish where laminar gives way to turbulent flow 
is a difficult task  Kajiura specified the transition region as 

25 IRg < 650 for smooth bottom 

and 100 < 1RR <1000 for rough bottom 

Collins' (1963) critical Reynolds number of 113 (by transformation) 
is in the range for IRS  Both ranges are wide and until a universal 
velocity distribution for oscillatory boundary layers is established, we 
do not know when to assume inception of turbulence or when full turbulence 
appears  Considerable data fell into the transition ranges specified 
above  The critical Reynolds numbers of Ks = 250 for the smooth bottom 
and IRR = 500 for the rough boundary are proposed 

Evaluation of boundary shear was based on Eqs 4 5 and 4 6, using the 
given critical Reynolds numbers  Maximum amplitudes of the shear stress 
were corrected for phase lag  The distribution of x0 max upslope is 
shown in Figure 8 corresponding to wave crests and m Figure 9 for wave 
troughs 

Although the rate of increase varies depending on wave period and ampli- 
tude, the trends are linear  The dependence on wave amplitude is clearly 
discernible, higher shear stresses are associated with "large" amplitude 
waves  In "deep" water initial values of x0 max are smaller under wave 
troughs than under wave crests  Convergence was noted, however, for both 
cases of boundary conditions on nearing the breaker zone, indicating also 
that the effect of roughness used becomes negligible for very shallow water 
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Smooth Boundary 
Experiments 

T(see)      H„(ll) 

Large amplitude waves 
°        10 480 
"15 284 

°       20 200 
Small   amplitude waves 

• 10 ^28 

• 15 135 
• 20 075 

Figure 10  Relation between the coefficient of friction C^ and 
the Reynolds number Eg for smooth boundary 

The relation between the shear stress and the corresponding velocity 
is dependent upon the coefficient of friction, whose value is a function 
of boundary conditions and the local flow regime For the smooth bottom 
Figure 10^is presented where agreement between Kajiura's curve and the 
computed Cj is very good for n = %  This is in contrast with n=2 for the 
rather widely used Cf ( e g , see Eagleson, 1959)   It is shown that the 
friction coefficient increases for decreasing wave amplitude 

In presence of boundary roughness, Eq 2 13 is applicable when 0/ozo
<1000, 

and this condition is validated for the test cases  In Figure 11 the 
linear trends show that the friction coefficient increases for increasing 
wave frequency, decreasing Reynolds numbers and decreasing wave amplitude 
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Figure 11  Relation between the coefficient of friction Cf and 
the Reynolds number ]RR for rough boundary 

CONCLUSIONS 

Laboratory investigations of boundary layer thickness, near bottom 
velocity profiles and bottom friction were carried out on a slope with 
the aid of a Preston probe in hopes of initiating greater understanding 
about littoral sediment transport  The use of Preston probe is limited 
under oscillating flow conditions although its simplicity of construction 
and applicability to both laminar and turbulent flows is appealing  Wave 
boundary layers are complex phenomena m time and space and their analysis 
on a sloping bottom presents considerable difficulties  The thickness of 
fully developed layers greatly exceeds the theoretical, and this is proba- 
bly the result of non-negligible vertical accelerations and the presence 
of mass transport  The nonlinear effects could not be appraised for the 
velocity distribution and the agreement between the theoretical and ex- 
perimental reference velocity only occurs for relatively deep water  The 
shear stress distribution appears to have a linear relation to decreasing 
water depth, with higher amplitudes as wave height is increased 
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CHAPTER 18 

VARIATION OP LONGSHORE CURRENT 
ACROSS THE SURF ZONE 
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ABSTRACT 

The wave-induced longshore current variation across the 
surf zone is described for a simplified model  The basic 
assumptions are that the conditions are steady, the bottom 
contours are straight and parallel but allow for an arbitrary 
bottom profile, the waves are adequately described by linear 
theory, and that spilling breakers exist across the surf zone 
Conservation equations of mass, momentum, and energy, separa- 
ted into the steady and unsteady components, are used to 
describe second order-wave-induced phenomena of shoaling waves 
approaching at an angle to the beach  An expression for the 
longshore current is developed, based on the alongshore com- 
ponent of excess momentum flux due to the presence of unsteady 
wave motion  Wave set-down and set-up have been included in 
the formulation  Emphasis in the analysis is placed on 
formulating usable predictive equations for engineering 
practice  Comparison with experimental results from the 
laboratory and field show that if the assumed conditions are 
approximately fulfilled, the predicted results compare quite 
favorably 

INTRODUCTION 

A knowledge of the variation and extent across the surf 
zone of the longshore current is important in design con- 
siderations of structures placed in the littoral area  This 
kind of information is particularly important for groins or 
similar structures designed to impede sand movement since the 
longshore current is a primary mechanism for sand transport 
On the other hand, it is often desirable to have natural 
bypassing about jetties constructed for navigational purposes 
at inlets and harbors  The distribution of effluent, intro- 
duced onto beaches and into the littoral zone, is also 
influenced by the currents in the surf zone  There is a very 
real need for a more complete understanding of the littoral 
zone so that further improvements and preservation of our 
beaches can be based on more rational and concrete approaches 

The study of the area in and about the surf zone presents 
a difficult problem due to its very complex nature  A proper 
treatment of the surf zone must consider a three-dimensional 
problem of unsteady fluid motion and is further complicated 
by moving interfaces at the upper and lower boundaries, that 
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is, at the water surface and sediment bottom  The hydro- 
dynamics of the littoral zone can be characterized by two 
idealized systems of either a longshore current or rip 
current system which can occur for seemingly similar con- 
ditions  Thus, it is necessary to make definite and simpli- 
fying assumptions in order to make the problem tenable to a 
theoretical approach 

This analysis considers the steady-state distribution of 
quantities on a line normal to the shoreline  A schematic 
of the surf zone area is shown in Figure 1  The analysis is 
restricted to the case of an arbitrary bottom profile with 
straight and parallel contours in the y-direction (parallel 
to the beach)   The x-direction is perpendicular to the beach 

CONSERVATION EQUATIONS 

A convenient starting point for this analysis is a state- 
ment of the general conservation equations of mass, momentum, 
and energy fluxes applicable to unsteady flow  The analysis 
is not concerned with the internal flow structure of the 
fluid, hence, the derivation can be simplified by integrating 
the conservation equations over depth  Conservation equations 
which have already been developed by Phillips [1] are used 
and are presented below 

The conservation equations are applied to wave motion, 
but they are equally applicable to general turbulent motion 
The unsteady velocity field of the wave motion can be 
expressed in the same manner as in the treatment of turbulent 
motion as the sum of its mean and fluctuating parts 

u= (Ui(x,y,t) +u^(x,y,z,t), w(x,y,z,t))   i=l,2     (1) 

where (1,2) refer to the horizontal coordinates (x,y), 
respectively, and z is the vertical coordinate  The tensor 
notation is used only for horizontal components of water 
particle motion  The mean current is assumed uniform over 
depth for simplicity  The pressure term can be stated simi- 
larly  These expressions can be substituted into the mass, 
momentum, and energy equations, and the mean and fluctuating 
contribution identified 

The conservation equations are averaged over depth and 
time (one can consider averaging over a few wave periods) 
For the case of waves superposed on a mean current, all the 
wave motion is identified with the fluctuating quantity which, 
when integrated over the total depth, can contain a mean 
contribution due to the waves  The time averaging of the 
equations ftr a general development, being over a short inter- 
val compared to the total time, does not preclude long term 
unsteadiness in the mean motion 

A  Conservation of Mass 

The general conservation of total mass per unit area can 
be expressed 
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FIGURE 1    SCHEME OF THE SURF ZONE 
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£ e° + 33^ fii = ° 1 = 1>2 (2) 
D is the total averaged depth of water which can include a 
mean elevation rf, above (or below) the still water depth h, 
so that 

D(x,y,t) = (n + h) (3) 

The overbar^shall be used to signify time averages  The total 
mass flux Mj. can be partitioned into its mean and fluctuat- 
ing components 

M±   = M1 + M± (4) 

B  Conservation of Momentum 

The equation defining the conservation of horizontal 
momentum is derived by integrating the momentum equation over 
depth and averaging in time  The balance of total momentum 
per unit area can be expressed 

*Tfii + 3T- ^iSj + V =Ti + Ri (5) 

o 
Here M^ denotes the total horizontal momentum per unit area 
Hence, the first term on the left represents the rate of 
change of the total mean momentum per unit area which includes 
both the current momentum and wave momentum 

Uj is the total mean transport velocity  The second term 
on the left of Equation expresses the momentum flux of a 
steady stream together with an excess momentum flux term S1-. 
arising from the superposed unsteady motion, where 

SiJ =  / (Kuj + eV dz " * ^D 6i0 " -^   (6) 

-h 

and 6j_, is the Kronecker delta  The unsteady terms in the 
integral contain contribution from the mean motion, the last 
two terms represent the hydrostatic pressure and mean momen- 
tum flux contained m the integral term and is subtracted 
out so that the term represents only the excess momentum flux 
due to the unsteady motion  The last term is generally of 
higher order, but very near and inside the surf zone the term 
is of second order and consistent with this analysis, however, 
its maximum contribution is only four percent and this term 
will be neglected  The term T. is given by 

Tj. = - pg(n + h) |J- (7) 

and represents the net horizontal force per unit area due to 
the slope of the free water surface 
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FU is the time mean averaged shear stress which must be 
included in any realistic treatment of the surf zone where 
dissipative effects occur  The integrated form of the 
resistance term is given by 

n 

R, = 
-h 

8T 

i = / 1^Az  + \i  " Thi   ^ = 1'2      (8) 

where T includes the combined lateral shear stresses of 
waves and currents and the last terms are the surface and 
bottom shear stress respectively 

In the development of the conservation equations, no 
restrictions are placed on the wave slopes or amplitudes 
Also, no restrictions are placed on the fluctuating motion 
so that the equations are equally applicable to wave or 
turbulent motion 

DESCRIPTION OF THE WAVE FIELD 

A  Waves outside the Surf Zone 

It is known that, due to the fluctuating water particle 
motion of the waves, there is a momentum flux component  If 
the waves have a direction component parallel to shore, a 
longshore current can be generated due to changes in the 
longshore momentum flux component of the shoaling waves  In 
waves, the momentum flux is the sum of the pressure and the 
product of two velocities  It can be shown that the average 
momentum flux is nonlinear in wave height   In order to 
specify the excess momentum flux of the waves, it therefore 
becomes necessary to consider nonlinear, or higher order, 
effects of the wave motion 

The development presented here retains terms to the 
second order m amplitude (first order in energy and momen- 
tum) and neglect all higher order terms  The wave solution 
is substituted directly into the conservation equations 
providing a means for describing the wave-induced mean motions 
In making this substitution and dropping all terms of orders 
higher than the second, only knowledge of the first order 
(linear) wave water particle velocities and surface elevation 
is necessary  This is because, in expanding and then averag- 
ing over the period, the terms involving higher order quan- 
tities in velocity and surface elevation go to zero  The 
pressure must be known to the second order in wave height, 
however, the average second order pressure component can be 
determined from the first order water particle velocities 
and surface elevation terms  Thus, only the linear wave 
solution is required 

B  Waves inside the Surf Zone 

Inside the surf zone, energy is dissipated due to the 
generation of turbulence in wave breaking, bottom friction, 
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percolation, and viscosity  The waves in the surf zone con- 
stitute a non-conservative system m which the use of poten- 
tial flow theory is no longer valid  In fact, there is no 
analytical description available for the waves in the surf 
zone  Hence, one is required to make rather gross assump- 
tions and then to test these assumptions experimentally  The 
linear wave theory will be retained as the input to the 
conservation equations, but with modification to the wave 
amplitude and speed  The wave height inside the surf zone is 
controlled by the depth and is of the same order of magnitude 
Thus, even the second order theory in wave height is a rather 
poor assumption, but seems to agree surprisingly well with 
measurements of some phenomena 

Spilling breakers lend themselves to a physical treatment 
since the potential energy and momentum flux of the waves 
inside the surf zone can be expressed approximately in 
analytical form  If the beach slope is very gentle, the 
spilling breakers lose energy gradually, and the height of 
the breaking waves approximately follows the breaking index 
curve  The height of the wave, H, is then a function of the 
total depth, D, as given by 

H = KD (9) 

where the breaking index, K = 0 78, as predicted by the soli- 
tary wave theory 

It is further assumed that the kinetic and potential 
energy are equally partitioned so that the total wave energy 
can be described in terms of the wave height which is a 
function of the depth 

E = -| pgH2 = i pgK2D2 (10) 

This is a non-conservative statement of the energy distribu- 
tion within the surf zone 

The waves inside the surf zone are assumed to retain their 
simple harmonic character so that the wave profile and water 
particle velocity are described by 

IJ 

n = - cos(kixi - at) (11) 

" = I f "k" cos(kixi " CTt) (12) 

where k is the wave number, a the wave frequency and c the 
wave speed  The expression for the horizontal water particle 
velocity is based on the Airy wave theory and has been simpli- 
fied for shallow water 
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In very shallow water, the waves are non-dxspersive with 
the wave speed being only a function of the depth  It has 
been found experimentally that a reasonable approximation to 
the wave speed in the surf zone is that predicted by the 
solitary wave theory 

c = /g(H + D) = /g(l + K) D (13) 

Since the bottom contours are parallel, Snell's law can be 
used to account for the changes in wave direction due to 
refraction  The wave angles are referred to the breaker wave 
angle which is the commonly measured angle in the study of 
the surf zone  Hence, 

sina. (14) 
"b 

where the subscript "b" refers to the breaker line  Refrac- 
tion due to shear flow is neglected and can be shown to be of 
minor importance 

The excess momentum flux tensor can be determined by 
substituting the wave expressions into Equation (6)  In 
general terms of energy, group velocity, c , and wave speed, 
c, an expression applicable to both inside^and outside the 
surf zone is given by 

ij 

c    „  „  2c 
E -£ cos « + | ( C 2   c 

Ef£ sin2a 

1) 2 c sm2a 

E -£ sin2a+ §• c        2 
(2 f£. 1) 

(15) 

The effects of turbulence and surface tension have not been 
included 

LONGSHORE CURRENT FORMULATION 

The wave field has been completely specified  These 
results may now be substituted into the general conservation 
equations to describe wave-induced phenomena inside and 
outside the surf zone 

Recalling the analysis is restricted to the case of an 
arbitrary bottom profile with straight and parallel contours 
in the y-direction  The water depth is then a function of 
the x-direction only  Since the distribution of mean prop- 
erties of the wave field is a function of the depth, this 
eliminates any y-dependence  An exception to this was found 
by Bowen [2]  Using the fact that Incident waves can excite 
transversal waves, commonly called edge waves, he showed 
that if these waves are standing waves, or only slowly pro- 
gressive, gradients in the mean water surface can be developed 
in the longshore direction which in turn can result in 
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circulation cells  Thus, a more exact formulation has to 
assume suitable spatial averaging in the longshore direction 
so as to preclude the effects of any transversal waves 

It is assumed that wave reflection is negligible  This 
assumption is justifiable outside the surf zone for gently 
sloping bottoms  The present analysis is most valid for 
spilling breakers which implies a gently sloping bottom  The 
wave reflection is least for this type of breaker condition 
and is assumed negligible inside the surf zone as well 

Shear stresses at the surface due to the wind are 
neglected 

The problem can be conveniently discussed by considering 
separately the areas outside and inside the surf zone  A 
determination of the distribution of mass transport and 
energy of the waves is first necessary in order to solve for 
the wave-induced currents 

A  Mass Transport Velocity 

Due to the absence of any y-dependence, the mass conser- 
vation Equation (2) reduces to 

(16) 

Integration gives 

Mx = constant =0 (17) 

which must be equal to zero since the beach forms a boundary 
in the x-direction  This then says 

U = _ M coga (l8) 
x    pD 

which states that there is a mean reverse current balancing 
the mass transport onshore due to the wave motion  This 
must be true everywhere, both inside and outside the surf 
zone, to ensure that there is no accumulation of mass or 
growth of currents in the y-direction in order to maintain 
steady-state conditions in accordance with the original 
assumptions 

B  Changes in the Mean Water Level 

The changes in the mean water level must be determined 
inside the surf zone in order to specify the variation of 
wave energy since the waves are assumed proportional to the 
total depth of water  The changes in the mean water level 
can be determined from the x-momentum equation given by 

JI  Sxx = Tx = - P«D I (15) 
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where shear stresses are neglected and time dependence, 
y-gradients and net mass flux in the x-direction are all 
zero  This equation states that there is a change in the 
mean water level to balance the excess momentum flux of the 
waves  Lonquet-Higgins and Steward [31 have solved Equation 
(19) for the case of wave approaching to an arbitrary plane 
bottom using linear wave theory  Outside the surf zone they 
found 

H2    k 
T sinh 2kh 

(20) 

where the negative sign indicates a set-down which is a 
function of the local conditions only 

Inside the surf zone the changes in mean water level are 
again determined from Equation (19)  It is assumed that the 
excess momentum flux tensor inside the surf zone can be 
expressed in terms of the energy and wave speed in the same 
form as in shallow water  This assumption implies that even 
under the breaking waves, water particle motion retains much 
of its organized character as described by linear wave 
theory 

The excess momentum flux decreases inside the surf zone 
due to the decreasing wave height as energy is dissipated 
This results in a wave set-up inside the surf zone given by 

n = K(hb - h) + nb (21) 

where the set-down at the breaker line r\.    can be determined 
from Equation (20) and 

K =  ^- (22) 

3K 

Bowen et al  [4] conducted laboratory studies verifying 
the theory predicting the changes in mean sea level for waves 
normally incident to the shoreline  The effect of waves 
approaching at an angle is neglected in the above formula 
but was shown by Thornton [5] to result in a maximum change 
in the total depth of less than 2 per cent 

C  Distribution of Currents Outside the Surf Zone 

There is a component of excess momentum flux directed 
parallel to the shore due to the oblique wave approach  The 
question of whether a current can be generated is investigated 
by considering the general y-momentum equation  Applying 
the previous assumptions, Equation (5) can be written 

3S 

"^ = Ry (23> 
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where the time dependent term is zero, the gradients in the 
y-direction are zero and the conservation of mass equation 
showed that Mx= 0  If it is assumed that outside the surf 
zone that energy is conserved, that is, no dissipation of 
energy, then the stress term will be zero  Therefore, the 
change of momentum flux due to the waves and mean motion in 
the y-direction is zero—there is no driving force for 
generating a current outside the surf zone  The only wave- 
induced current far outside the surf zone is then due to the 
mass transport velocity which is weak 

With the mean water profile and energy distribution 
specified, the variation of the longshore current across the 
surf zone can be determined  The y-momentum equation inside 
the surf zone can be written the same as that outside the 
surf zone  Inside the surf zone energy is dissipated due to 
turbulence and bottom friction and the stress term Is 
important  In order to solve for the longshore current 
inside the surf zone, an appropriate description of the 
resistance term composed of both bottom and internal shear 
stresses is required 

D  Bottom Shear Stress 

It is desired to determine the combined bottom shear stress 
due to waves and currents  It is assumed that the total 
instantaneous bed shear stress for combined waves and currents 
is related to the velocity by 

Th = P | v|v| (24) 

where v is the resultant instantaneous velocity vector of the 
combined wave and current motion, and f is the friction factor 
Since the problem has been formulated as a combination of 
wave and current motion, it proves convenient to resolve the 
shear stresses into components in the direction of the wave 
and current components  Resolving the component shear 
stresses in the direction of the velocity vectors results in 
the shear stress and velocity vectors being conformal  Hence, 
the shear stress component for the wave motion can be written 

Thw - Th J =   p 2 |v|uw (25) 

where uw is the instantaneous velocity of the wave motion 
measured just above the frictional boundary layer near the 
bottom and V is the mean motion which was assumed uniform 
over the depth and in the longshore direction only 

Similarly, for the shear stress in the direction of the 
mean current 

?       mtlmpL  |S|V (26) 
hy h + 2   '    ' 
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If friction factors for the wave and current motion are now 
defined. 

(27) 

This results in the shear stress components given in a form 
consistent with experimental results 

hw 
w 
2 (28) 

lhy -^v2 (29) 

The shear stress for waves, as defined in Equation (28) 
is in the same form as given by Jonsson [6] for which infor- 
mation of the friction factor was found experimentally  He 
found, further, that the friction factor was practically 
constant over an oscillation period  The constancy of the 
friction factor for particular flow conditions is an important 
result which allows for a better analytical determination of 
the combined shear stress due to waves and currents  Using 
the available data from several sources, he found that the 
friction factor for wave motion alone for rough turbulent 
boundary layers (as usually found in nature) could tenta- 
tively be represented by 

1 

4/f 
+ log 

4/r 

5h 0 08 + log -f- (30) 

where r is a measure of roughness, and £n is the maximum water 
particle excursion amplitude of the fluid motion at the bottom 
as predicted by linear wave theory 

S  = H  1  
h  2 smh kh 

(30a) 

Equation (30) is based on the roughness parameter r being 
a measure of the ripple height  The wave friction factor is 
seen to be a function of the wave characteristics  This is 
because, for granular beds consisting of a particular grain 
size, the ripples adjust their dimensions according to the 
wave motion, and it is the ripple geometry that determines 
the effective roughness  The difficulty in using the quad- 
ratic shear stress formula is in stipulating the friction 
factors  The wave friction factor is seen to be a function 
of the wave properties for a deformable bed, that is, the 
fluid motion, whereas, the friction factor for steady currents 
for rough turbulent boundary layers is only a function of the 
system geometry  It would seem reasonable to expect that for 
weak currents, as compared to the water particle motion of 
the waves, that the wave dynamics would dominate the hydro- 
dynamical system  For this reason, it is desirable to use 
the combined bottom shear stress in terms of the wave 
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friction factor alone, even though it is less well defined 
than the friction factor for steady currents 

For the problem at hand, the bottom shear stress directed 
parallel to shore can be written in terms of the wave friction 
factor by combining Equations (27) and (28) which results in 
the form 

TK  = 
Q-^-  V2 = p -# |u~| V = pf #- & V        (3D hy   2        2 I wh |      w 2ir c 

where shallow water waves are assumed 

E  Lateral Shear Stress 

It is necessary to include the lateral shear stress in 
the formulation  If the lateral shear stress is not included, 
a velocity discontinuity at the breaker line is predicted due 
to the abrupt change in momentum flux here  The lateral shear 
stress effectively couples the adjacent elemental water 
columns together resulting in a diffusion of momentum in a 
direction perpendicular to shore  The lateral diffusion of 
momentum flux seaward across the breaker line results in the 
momentum flux inside the surf zone driving the currents out- 
side, the lateral diffusion of momentum shoreward results in 
the maximum velocity displaced shoreward 

Considerable success has been achieved using Prandtl's 
mixing length hypothesis for specific problems  This concept 
will be utilized to relate the internal shear stresses to 
the mean flow  The expression for the internal shear stress 
can be given in terms of the mean turbulent Reynolds stress 
which is compared to a "Boussinesq" approach 

xxy = - p u^"= pS|I (32) 

where e is the kinematic eddy viscosity 

The variation of the turbulent velocity component in the 
y-direction is given in accordance with Prandtl's hypothesis 
by 

V - *• g (33) 

where £' denotes a mixing length which can fluctuate with 
time  From Equation (32), the kinematic eddy viscosity can 
then be written 

e = - lu^lTI (34) 

For the case of superposed waves and currents, it is 
natural to consider the length over which momentum is trans- 
ferred as equivalent to the water particle excursion due to 
the wave motion and the velocity fluctuation u' equal to 
that of the water particles in the waves 
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Because u* and £' are in quadrature, the absolute value 
of the product is necessary in order to obtain a non-zero 
value  The mixing length I'   can be interpreted as a measure 
of the turbulent scale and u' as a measure of turbulent 
intensity  This interpretation is not unreasonable 
physically  Examination of actual energy spectra of turbu- 
lence occurring in the surf zone shows that most of the 
fluctuating energy is associated with the waves 

The kinematic eddy viscosity can be evaluated by recal- 
ling Equations (12) and (30a)   It will be assumed for 
simplicity that shallow water wave conditions apply, so that 

2 
e,r = -^o  ^f cos2a (35) v  8-ir^ h 

Evaluating the internal shear stress term by substituting 
Equation (32) gives 

I   *-&**'!   ^(evl» to = ^«sl'    ^6) 
-h        -h 

where e  and V are independent of z 

The total resistance term, including internal and bottom shear 
stresses, is then given by 

P  Distribution of Currents Inside the Surf Zone 

The variation of the longshore current inside the surf 
zone can be solved by equating the changes in excess wave 
momentum to the resistance forces  Substituting for S 
from Equation (15) gives 

h   [E Slna eoSa]=Ry = pD JL (evg)-P^fHV  (38) 

The height, celerity, refracted angle of the waves, and, 
hence, changes in momentum flux inside the surf zone can be 
expressed in terms of the local depth of water  Substituting 
Equations (10), (14), and (35) into Equation (38) gives 

,n3/2/, n  „ D  4 2  > 3D   „ 3  ,   3V\  pK „ I    gD  „ , on AD    (1-°7 s^ sln V 17= p° 3i (ev 3i}-f? ^/nf^y V (39 

where 

R     „ sina, 
A = 3^ Pg K     2- (40) 
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This is a general equation expressing the changes in momentum 
flux across the surf zone in terms of the total local depth 
of water  Included in the formulation is the set-up of water 
and the effects of wave refraction inside the surf zone  This 
equation is subject to the restriction that the waves be 
described as spilling breakers, and, hence, the depth con- 
tinuously decreases shoreward from the breaker line  Thus, 
the momentum flux decreases monitonically inside the surf 
zone since both the energy and wave angle decrease with 
decreasing depth 

This development is similar to that by Bowen [7] in an 
investigation limited to a plane beach in which he assumes 
linear bottom friction and constant kinematic eddy viscosity 
in order to obtain an analytical solution 

The inclusion of the bottom friction requires Equation 
(39) to be solved numerically  Also a general method of 
solution is sought for comparison to the arbitrary field 
conditions  Boundary conditions imposed on the problem 
inside the surf zone are for D = 0, V = 0 corresponding 
to conditions at the intersection of the water line and the 
beach, and for D = D, , V = V, corresponding to conditions 
at the breaker line 

A similar solution can be sought outside the surf zone 
where it is now assumed that the driving force for the 
currents outside the surf zone is zero—the changes in the 
momentum flux directed parallel to shore are zero  The 
y-momentum Equation (38) reduces to 

where now the force driving the currents is due to lateral 
momentum flux resulting from a coupling of the adjacent 
vertical faces of the differential water column across the 
breaker line  This is to say that currents outside the 
surf zone are being driven by the longshore currents inside 
the surf zone due to coupling across the breaker line 

The boundary conditions imposed on the formulation out- 
side the surf zone are that the velocity approaches zero 
far away from the breaker line (D-*--00) and that the veloci- 
ties and velocity gradients inside and outside the surf zone 
match at the breaker line 

COMPARISON OP THEORY AND EXPERIMENT 

The laboratory results of Galvin and Eagleson [8] are 
used to test the predictive equations  The only parameter 
that is necessary to be chosen is the roughness in order to 
utilize the predictive equations  A value of r = 0 0033 
feet (1mm) was chosen for the concrete beach which is a 
reasonable value  The kinematic eddy viscosity is completely 
specified by the kinematics of the flow field  The resulting 
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velocity distribution is shown in Figure 2 The distributions 
of the kinematic eddy viscosity and friction factor are also 
shown in Figure 2 The kinematic eddy viscosity is a maximum 
at the point of breaking, where the maximum momentum exchange 
would be expected to take place, and decreases to zero at the 
shoreline The friction factor varies slowly except near the 
beach where fw increases very rapidly and approaches infinity 
at the intersection of the beach and the still water line 

Other cases and a more complete text is given by Thornton 
[51   In general, surprisingly good correlation is found 
considering that the only parameter chosen is the roughness 
in order to completely specify the longshore velocity distri- 
bution 

The same equations are applied to the field data taken by 
Ingle [9]  The velocity distribution is shown in Figure 3 
The bottom profile is shown in the same figure   Information 
concerning the bathymetry outside the surf zone is lacking 
so a bottom slope of 0 01 is assumed  The kinematic eddy 
viscosity and friction factor distributions are also shown 
and are similar to those found for the laboratory beaches 
The friction factors for the laboratory and field are of the 
same order of magnitude, owing to the fact that the friction 
factor is not only dependent on the roughness but also the 
wave characteristics  The kinematic eddy viscosity for field 
conditions is several orders of magnitude greater than the 
value found for laboratory conditions owing to the greater 
turbulent scales 

CONCLUSIONS 

It was shown that the component of excess momentum flux 
due to the presence of the unsteady wave motion (sometimes 
called a "radiation stress") directed parallel to shore can 
generate longshore currents  Changes in the excess momentum 
flux, as the waves shoal, must be balanced by a resistance 
force in order to maintain the assumed steady-state condi- 
tions  The component of excess momentum flux perpendicular 
to the beach is responsible for wave set-down outside the 
surf zone and wave set-up inside the surf zone  These changes 
in the mean water level were included in the longshore current 
formulations 

Logical means of introducing the friction factor associa- 
ted with the bottom shear stress term was presented—the 
friction factor being related to the wave and bottom rough- 
ness characteristics  A mixing length hypothesis and the 
kinematics of the wave motion were combined m order to 
define the internal shear stresses  Comparison of experi- 
mental results from the laboratory and field with the derived 
theory shows that the predicted results compare favorably if 
the assumed conditions are approximately fulfilled 
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FIGURE 2    VELOCITY DISTRIBUTION ACROSS 
THE SURF ZONE FOR LABORATORY BEACH 
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FIGURE 3    VELOCITY DISTRIBUTION ACROSS SURF ZONE, 
TRANCAS BEACH, CALIFORNIA 
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ABSTRACT 

This paper firstly describes two methods to measure vertical distribution 
and time variation of horizontal water particle velocity induced "by surface 
waves in a wave tank These two methods consist of tracing hydrogen bubbles 
and using hot film anemometers, respectively 

Secondly, the experimental results by the two methods are presented with 
the theoretical curves derived from the small amplitude wave theory, Stokes 
wave theory of 3rd order, and the hyperbolic wave theory as an approximate 
expression of the cnoidal wave theory 

Finally, based on the comparison of the experimental data with the 
theoretical curves, the applicability of the finite amplitude wave theories, 
which has been studied for the wave profile, wave velocity, wave length and 
wave crest height, is discussed from view point of the water particle velo- 
city 

INTRODUCTION 

The water particle velocity induced by surface waves is one of the most 
important factors to solve the wave breaking mechanism, wave forces acting on 
submerged structures, mechanism of suspension and diffusion of materials by 
waves, and so on However, there have been very little experimental data1)2)3) 

, because of difficulty of the measurement Among the laboratory experiments 
of the water particle velocity, the data taken by Le Me'haute' and others1* using 
tracers of neutrally buoyant particles show by the comparison with the 
predicted values from the various small amplitude and finite amplitude wave 
theories that no theory is uniformly valid This conclusion makes us confused 
in applying finite amplitude wave theories to practical problems It is 
necessary, therefore, to check the validity of the conclusion 
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Recently, a new method to measure the water particle velocity was 
proposed, which is by using hydrogen bubbles as tracers, that is, tracing 
motions of hydrogen bubbles generated in water by electrolysis every very 
short period, to measure the water particle velocity induced by waves5'6 

This method is a very useful tool to measure vertical distriburions of the 
water particle velocity at a particular phase of waves On the other hand, in 
order to measure time variation of the water particle velocity, the hydrogen 
bubbles method is not so useful, but the use of a hot film anemometer is 
suitable, which was primarily developed for turbulence measurements in water7 

These two methods were applied in this study to measure the water particle 
velocity induced by waves in a wave tank As mentioned above, vertical 
distribution of the horizontal water particle velocity under the wave crest 
was measured by the method of tracing hydrogen bubbles, and time variation 
during one wave period at a definite height from the tank bottom was measured 
by a hot film anemometer 

This paper presents the experimental results of the horizontal water 
particle velocity obtained by these two methods, and comparison with 
theoretical values calculated from the small amplitude wave theory, Stokes 
wave theory of 3rd order8, and the hyperbolic wave theory9 as an approximate 
expression of the cnoidal wave theory of 2nd approximation10 Based on the 
comparison between the theories and the experiments, the applicability of the 
finite amplitude wave theories for the water particle velocity is discussed 

EXPERIMENTAL APPARATUS AND PROCEDURE 

EXPERIMENTAL APPARATUS 

The wave tank at Department of Civil Engineering, Kyoto University which 
has a wave generator of piston type was used in the experiments 

Method of tracing hydrogen bubbles  The experimental apparatus to 
measure the water particle velocity by this method is shown in Fig 1 A 
platinum wire of 0 05mm in diameter was used as a negative pole to generate 
hydrogen bubbles in water One end of the wire was attached to the tank bottom 
and stretched vertically, and the other end was connected with the pomtgauge 
set a few centimeters high above the wave crest height Four pieces of copper 
plates(l5cm x 37cm), which were put on both side wall glasses of the wave tank 
arround the negative pole, were used as positive terminals One wave gauge was 
mounted side by side with the negative pole m the transverse direction of the 
wave tank, while the other wave gauge was mounted as far as about 2mfrom it 
Two wave gauges were connected to the recorder The equipment to load pulse 
voltages on the terminal can supply output voltages of ItOOV, with the pulse 
period of It "v 700ms and the pulse width of 0 h  "v 70ms Photographs of hydrogen 
bubbles generated along the platinum wire and moving with flow were taken with 
a camera through the side wall glass 

Method,of using hot film anemometer  Two hot film anemometers of type 
55D05 and their probes of type 55D85 made by DISA were used The anemometer 
amplifies electrically heat convected from the probe which is one of bridge 
resistances The probe, as shown in Fig 2, consists of a thm metal film as 
electrically heated resistance and its support This anemometer is of 
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water surface 
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bottom \ camera 

Fig 1 Schematic figure for measurement of water particle velocity by- 
method of tracing hydrogen bubbles 

Fig 2 Probe of hot film anemometer 
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constant-temperature type designed for measuring energy required to keep 
always probe resistance(therefore probe temperature) constant(operating 
resistance) 

When fluid flows as shown in Pig 2, the probe can detect its current 
velocity, but not its opposite current velocity Therefore, if the probe is 
mounted controntmg waves as shown m Fig 3(l), the record of the anemometer 
is reliable when the water level is higher than the still water level(full 
line), but not reliable when the water level is lower than the still water 
level and the flow direction becomes opposite In addition, the probe can not 
detect opposite change of the flow direction On the other hand, if the probe 
is mounted following waves as shown in Fig 3(2), the record is reliable even 
when water level is lower than the still water level(full line), but the 
other part of the record is not reliable 

In the experiments, two probes and one wave gauge were mounted side by 
side in the transverse direction Especially, two probes of the hot film were 
set at the same height, confronting each other (see Fig 1+) The other wave 
gauge was mounted as far as about 2m from the probes All of two hot film 
anemometers and two wave gauges were connected to the recorder 

EXPERIMENTAL PROCEDURE 

Method of tracing hydrogen bubbles  Among the waves generated by the 
wave generator, one wave which became fully stable and was not influenced by 
the reflected waves from another §nd of the tank was selected Just before the 
crest of this wave passed over the negative pole, pulse voltage of a proper 
period At began to be loaded Lines of hydrogen bubbles generated along the 
platinum wire are transported by the flow in the direction of wave propagation 
under the wave crest The photograph in this state was taken by a 35mm camera 
At the same time, the records of waves at the wire position and as far as 
about 2m from the wire were taken When pulse voltage is loaded on the 
terminal, the wave gauge can detect it and the disturbance appears in the 
record Therefore, the time tg when the first pulse was loaded can be detected 
(if the time when the crest of a selected wave passes over the wire is put as 
t=0, t0<0) 

The m th and (m+l) th hydrogen bubble lines were selected on the film, so 
that the arithmetic average tQ+{m-(l/2)} At of to+(m-l) At and tQ+m At becomes 
the smallest(see Photo 1) Reading the distance between these m th and (m+l) 
th lines and dividing it by At, the horizontal water particle velocity u at 
the phase of t/T=[to+{m-(l/2)} At]/T was obtained approximately(T the wave 
period) This process was repeated at different heights above the tank bottom, 
and the vertical distribution of the horizontal water particle velocity was 
obtained 

Test conditions are shown in Table 1, Where h is the water depth, H the 
wave height, and p the pulse width The opening and shutter speed of the 
camera were always 1 k  and l/l25sec 

Method of using hot film anemometer  After the value of operating 
resistance of two hot film anemometers was set to be 1 00 ^ 1 15 time of cold 
resistance value, the calibration curves of two anemometers were determined by 
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(2) 
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Fig 3 Relation between direction of probe and record of hot film 
anemometer 

to anemometer 

bottom 

Fig 4 Schematic figure for measurement of water particle velocity by- 
hot film anemometer 
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Photo 1 Hydrogen "bubble tracer 

Table 1 Conditions of experiments by method of tracing hydrogen 
bubbles 

h   (cm) T  (sec) H   (cm) At   (msec) p   (msec) Tv^Th H/h 

30.5 0.93 9.08 1»0 20 5.3 0.298 

20.9 0.96 7.22 20 10 6.6 0.3lt5 

16.0 0.9b 5.22 20 10 l.k 0.326 

13.0 0.95 3.98 20 10 8.3 0.306 

16.0 1.10 U.91 20 10 8.6 0.307 

13.0 1.10 It.13 20 10 9-6 0.318 

29.8 l.T1* 7-12 50 20 10.0 0.239 

21.0 I.7I+ 6.1t7 30 15 11.9 0.308 

21.0 I.76 6.hh 20 5 12.0 0.306 

21.0 1.89 6.2k 20 10 12.9 0.297 

16.0 1.73 5.18 20 5 13.6 0.321+ 

13.0 1-93 3.66 20 7 16.8 0.282 
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moving two probes with the carrier The records of two confronting anemometers 
were read out usung two calibration curves The full lines in Fig 3(l) and (2) 
were selected, which are the part of the record of the anemometer confronting 
waves and that of the other anemometer following waves These two curves were 
drawn up side down each other on the same figure, matching the phases of the 
waves, as shown in Fig 5 In general, as mentioned above, two records do not 
represent zero values but overlap where the real values of the velocity are 
zero In order to obtain the time variation of the horizontal water particle 
velocity during one wave period, the records were modified assuming that the 
phase of u=0 was located where the absolute value of the upper record was 
equal to that of lower one, as shown in Fig 5 

In the experiments, the water depth h was constant, and the wave period T 
and the wave height H were variable Test conditions are shown in Table 2, 
where z is the ordinate taken upwards from the still water level, and Zp is 
the depth of the probe, so that Zp+h(zp<0) means the height of the probe above 
the tank bottom As shown in Table 2, the value of (zp+h)/h was always 0 05 

EXPERIMENTAL RESULTS 

Fig 6(1)^(12) show the experimental results of the horizontal water 
particle velocity at the phase of the wave crest measured by the method of 
tracing hydrogen bubbles under the conditions of Table 1  u/vgh as 
dimensionless expression of u(g the gravity accerelation) is taken as an 
abscissa, and (z+h)/h as dimensionless expression of the height from the 
bottom taken as an ordinate, with parameters of T/g/h, H/h and the wave phase 
t/T In this figure, the experimental data are denoted by circles, and, for 
the same values of T/g/h, H/h and t/T, the vertical distributions based on the 
small amplitude wave theory, Stokes wave theory of 3rd order8 and the 
hyperbolic wave theory proposed by Twagaki9 as an approximate expression of 
the cnoidal wave theory of 2nd approximation10 are shown for comparison with 
full, broken and chain lines, respectively 

The thick full lines in Fig T(l)^(l2) show the profiles of the waves 
measured simultaneouly with the vertical distribution of the velocity As in 
Fig 6,  the wave profiles based on the three theories are also shown for 
comparison in the figure 

The thick full lines in Fig 8(lH(l0) show the continuous records of time 
variation of the horizontal water particle velocity during one wave period at 
(zp+h)/h=0 05 measured by the hot film anemometers under the condition of 
Table 2 and the wave profiles recorded simultaneouly Other three thin lines 
show the theoretical curves as in Fig 7 

DISCUSSION 

The error of the velocity measured by the method of tracing hydrogen 
bubbles, which results mainly from the error of reading films and the error of 
pulse period, will be approximatelj 3%    Also, the error of the velocity 
measured by the hot film anemometer occurs in the stage of determining the 
calibration curve, which will be approximately 3%  too 
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^ 
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Fig 5 Schematic diagram for modification of record of water particle 
Telocity by hot film anemometer 

Table 2 Conditions of experiments by using hot film anemometer 

h (cm) T (sec) H (cm) Zp+h (cm) Tv^Th H/h (z,,+h)/h 

16 0 1 03 6 72 0 80 8 1 0 lt20 0 05 

16 0 1 30 6 86 0 80 10 2 0 U29 0 05 

16 0 1 58 6 oU 0 80 12 It 0 378 0 05 

16 0 1 83 7 21 0 80 11* 3 0 kk8 0 05 

16 o 2 08 7 05 0 80 16 3 0 kkl 0 05 

16 0 2 39 It 89 0 80 18 7 0 306 0 05 

16 0 2 63 5 06 0 80 20 6 0 316 0 05 

16 o 2 8fc It 13 0 80 22 2 0 258 0 05 

16 o 3 07 It 11 0 80 2k 0 0 257 0 05 

16 o 3 U0 3 66 0 80 26 6 0 229 0 05 
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In Fig 6, the ralues of wave phase t/T are not always zero, hut the 
ahsolute values exist "between 0 and 0 01, which means that the data taken are 
regarded as at the phase of the wave crest Generally speaking, among the 
theoretical curves of vertical distributions of the horizontal velocity, those 
of the small amplitude wave theory are steepest and the curves of the 
hyperbolic wave theory are most gentle The value of the velocity based on the 
small amplitude wave theory is smaller all over the depth than that of Stokes 
wave theory, and the difference between them becomes largest at the water 
surface On the other hand, the value based on the hyperbolic wave theory, in 
most cases, is s-naller than that of the small amplitude wave theory near the 
bottom, but larger than that of Stokes wave theory near the water surface 

The experimental data were obtained generally at every height of 5$ of 
the water depth from the bottom However, in the region where (z+h)/h<0 1, the 
velocity field induced by waves was disturbed by the obstacle of 5mm high to 
attach the platinum wire to the bottom, and in the region where (z+h)/h>l 0 
the velocity could not be measured because of insufficient generation of 
bubbles In the case when T/g/h =5 3, the experimental values have the same 
trend as two theoretical distributions based on the small amplitude wave and 
Stokes wave theories In the cases when T/g/h =6 6 and 7 ^, the experimental 
values agree fairly with those of Stokes waves In the case when T/g/h £8 3, 
the vertical distributions of the velocity based on the hyperbolic wave theory 
are also presented In cases when T/g/h >8  6, the experimental data are 
plotted between the theoretical curves of Stokes and hyperbolic waves In 
general, when T/g/h =10, the vertical distribution of the velocity under the 
wave crest can be explained well by the hyperbolic wave theory as an 
approximate expression of the cnoidal wave theory rather than Stokes wave 
theory 

Fig 7(1)^(12) show the comparisons between theories and experiments of 
the wave profile corresponding to each case of Fig 6 as mentioned above It is 
evident that the experimental results of the wave profile are close to those 
of two finite amplitude wave theories rather than that of the small amplitude 
wave theory However, it is very difficult to decide which finite amplitude 
wave theory is fit to the experiment on the wave profile from the figures In 
other words, the difference between two finite amplitude wave theories is not 
clear in the case of the wave profile, but very clear for the vertical 
distribution of the velocity It should be noticed that this fact is very 
significant when the wave force acting on submerged structures is estimated by 
the theory Especially remarkable differences of the velocity between Stokes 
wave and hyperbolic wave theories appear near the bottom and above the still 
water level 

The probes of the hot film anemometer were mounted as high as 5$ of the 
water depth above the bottom rather than near the water surface, because of 
avoiding risk of damage by exposing the probe in air Tendencies of three 
theoretical curves of time variation of the velocity shown in Fig 8 are that 
the theoretical curves of Stokes and hyperbolic waves are sharper near the 
phase of the wave crest snd flatter near the phase of the wave trough than 
that of the small amplitude wave theory, in the same manner as in the wave 
profile However, in the cases when T/g/h =8 1 and 10 2, the velocity of 
hyperbolic waves at the trough is greater than that at the crest This trend, 
rtiich is of the cnoidal wave theory itself, occurs near the bottom only when 
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T/g/h <12 0 and the value of H/h is large Under the wave crest, the 
theoretical value of u//gh~ of Stokes waves is largest and that of hyperbolic 
waves is smallest near the bottom when T/g/h £16 3, and the value of 
hyperbolic waves shifts in the middle of small amplitude waves and Stokes 
waves when T/g/h 518 7 

The experimental results of time variation of the horizontal velocity 
during one wave period show that, m general, the wave crest is sharper and 
the wave trough is flatter than those of small amplitude waves, m the same 
manner as the theoretical curves of finite amplitude waves It is seemed that 
the experimental curves near the crest are close to the theoretical values of 
Stokes waves when T/g/h ^12 h  and to those of hyperbolic waves when T/g/h § 
16 3, although secondary waves appear at the wave trough In the vertical 
distributions of the velocity shown in Fig 6, as mentioned above, the 
experimental values agree fairly with the hyperbolic wave theory when T/g/h S 
10 However, in the experimental results of time variation of the velocity, 
the experimental values agree roughly with the theoretical curves of Stokes 
waves at least when T/g/h §12 1* One of reasons of the discrepancy may be the 
difference of the values of H/h as shown in Table 1 and 2, that is, when T/g/h 
=l6 3 in Fig 8, values of H/h are greater than 0 It in most cases, and 
considerably large compared with those in Fig 6 

In Fig 8, measured wave profiles are close to theoretical profiles of 
finite amplitude waves rather than those of small amplitude waves However, 
differences between measured profiles and computed profiles based on two 
finite amplitude wave theories are not so clear as in the horizontal velocity 

In all cases of the experiments by the hot film anemometer, Reynolds 
numbers defined as 

NR=/TT/VT H/smh(2Trh/L) 

were calculated(v the kinematic viscosity) The maximum value among them is 
smaller than the critical Reynolds number NR=l60 for transition from laminar 
to turbulent boundary layer by waves11 Also, it was confirmed that the 
calculated thickness of the laminar boundary layer in this case, which is 
assumed to be the height from the bottom where the velocity becomes 99%  of the 
velocity at the outside of the boundary layer, was h  8mm at maximum and 
smaller than the height of the probes from the bottom, 8mm 

CONCLUSION 

The authors described two methods to measure the horizontal water 
particle velocity induced by waves in the wave tank, the method of tracing 
hydrogen bubbles and the method of using a hot film anemometer Experimental 
results of the vertical distribution of the velocity under the wave crest 
measured by the former method and time variation of the velocity during one 
wave period at a definite height from the bottom by the latter method were 
presented Discuceions were made compared with the theoretical values based 
on the small amplitude wave theory, Stokes wave theory of 3rd order and the 
hyperbolic wave theory as an approximate expression of the cnoidal wave theory 
of 2nd approximation 
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After all, the following conclusions were obtained The region, where the 
hyperbolic wave theory should be applied to the horizontal water particle 
velocity rather than Stokes wave theory, is T/g/h SlO, which was found for its 
vertical distribution under the wave crest, and T/g/h gll* for its time 
variation during one wave period It should be noted that, in computing the 
wave force acting on submerged structures, Stokes wave theory may give too 
small values of the horizontal water particle velocity at the water surface in 
the region T/g/h llO 
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CHAPTER 20 

A SYSTEM FOR MEASURING ORBITAL VELOCITIES IN WAVES 

by M. M. Kolpak+ and P S Eagleson * 

Abstract 

A single-ended, cylindrical hot-film sensor and a direction- 
vane transducer are studied as instruments for measuring flow fields 
in laboratory waves  Errors in the hot-film measurements are discussed 
in terms of sensor voltage and water temperature drifts, and direc- 
tional sensitivity  The response of the direction-vane transducer is 
discussed in terms of the parameter b/r, which is the ratio of the vane 
chord length to the radius of curvature of the measured orbital flow 

The instruments are tested in a laboratory wave system, using 
stationary and traversing measuring techniques  The velocity measure- 
ments so obtained are compared to those obtained by a photographic 
technique, to determine instrument error  The flow speed comparisons 
indicate that the maximum hot-film error in flow speed measurements is 
between + 5 and ±1 0 inches/sec for the range 1 to 11 inches/sec 
tested  The flow direction comparisons indicate that the direction 
vane response is subject to errors larger than 5° for fo/r>0 1 

The study was carried out under the sponsorship of the Coastal 
Engineering Research Center at the Massachusetts Institute of Technology 
and is reported in full detail in the M.I T. Hydrodynamics Laboratory 
Report No 118 

Introduction 

This is a study of the utility of a hot-film sensor and a 
direction-vane transducer m the laboratory measurement of velocity 
fields in water waves  It was motivated by a need for orbital data 
which is easier to obtain than by photographic techniques  The photo- 
graphic techniques, m which neutrally buoyant particles are suspended 
in the wave flow and photographed, have the advantage that they produce 
relatively accurate data, but the disadvantage that the reduction of 
such data to flow speed and direction is so time consuming and tedious 
that the quantity of such data reduced to date is rather limited 

f Sr Research Engineer, Pan American Petroleum Corporation 
* Head, Dept of Civil Engineering, Massachusetts Institute of Technology 
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As an alternative to this method of measurement, a study was 
made of the use of the hot-film and direction-vane, which have electrical 
outputs that can be digitized and subsequently processed by computer to 
reduce the task of data reduction 

For flow speed measurements the 6 mil diameter, single ended, 
cylindrical hot-film sensor shown in Fig (l) was studied  The sensor 
consists of an electrically heated metal film which conducts heat to 
the surrounding flow in proportion to the flow speed  When positioned 
so that its cylindrical axis is perpendicular to the plane of flow in a 
two dimensional wave flow field, the sensor can measure flow speed 
regardless of flow direction 

For measurements of flow direction, the direction-vane trans- 
ducer shown in Fig (l) was studied  It consists of a neutrally 
buoyant vane 1 25" long, 0 3" wide and 0(A" thick, attached to a 
rotateable shaft  Fluid drag tends to align the vane with the direction 
of flow  By monitoring the angular orientation of the shaft with a 
sensing device in the transducer housing, it is possible to obtain 
measurements of flow direction in a two dimensional wave flow field 

The two instruments are mounted back to back on a strut and 
submerged to any location where simultaneous measurements of flow speed 
and direction are desired 

The Hot-Film Sensor 

Experience with the hot-film sensor in this study showed that 
1) The water in which measurements are made must be filtered 

to prevent output signal drift due to accumulation of dirt particles 
around the sensor 

2) The water must be deaerated to below about 16 ppm at 70°F 
dissolved gas content to prevent formation of gas bubbles on the sensor 
surface and the accompanying signal drift 

3) The overheat ratio, which is a measure of the degree to 
which the sensor is heated above the water temperature, must be less 
than about 1 15 to further prevent formation of gas bubbles on the 
sensor surface 

h)      The presence of the sensor in the orbital flow field of 
wave motion can result in velocity and thermal disturbances m the flow 
which tend to remain in the vicinity of the sensor and interfere with 
measurement  These disturbances are illustrated schematically m Fig (2) 
where the wake emanating from the sensor is shown at four different times 
during the passage of a wave past a stationary sensor  Since the motion 
is orbital, the wake is orbital  And since the water m the wake is 
warmer than the surrounding water the wake tends to rise and have a 
spiral shape  Whenever a wave trough is passing the sensor, the sensor 
is crossed by previously formed loops of its own wake  Since the sensor 
is sensitive not only to flow speed but to water temperature, wake 
crossings therefore result in the aberrations of output signal schematized 
m Fig (2e) and (2f). 
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FIGURE (l) Hot-film Sensor and 
Direction-Vane Transducer mounted 
on Strut. 
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HEATED-WAKE    EFFECTS 
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CONDITION K << I K < I K > 1 
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2A = MINOR  AXIS   OF PARTICLE   ORBITS 

T     = WAVE   PERIOD 

FIGURE     (2) 
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Through experiments it was found that signal disturbances due 
to heat wake crossings are reduced to tolerably low levels when the 
overheat ratio is kept between 1 02 and 1 12  At the lower figure, 
however, the hot-film becomes relatively more sensitive to long term 
variations in water temperature than to velocity so that it is desir- 
able to operate at around 1 10 

We may obtain estimates of the sensitivities of the hot-film 
by use of Kings Law type empirical heat transfer equations  For 
example, at 1 10 overheat ratio a 1$ drift in the sensor's output 
voltage corresponds to a 5$ velocity error  Also, a 1°F change in water 
at 1 10 overheat ratio results in a 3$ velocity error unless corrections 
for temperature are made 

5)  The hot-film sensors tested in this study have an undesir- 
able sensitivity to flow direction, in spite of efforts by the manufac- 
turer to avoid it  A typical calibration for directional sensitivity is 
illustrated in Fig (3) which shows the result that the normalized sensor 
output voltage varies with flow direction when the direction of a constant 
speed flow is varied but kept perpendicular to the sensor axis at all 
times  The points are representative of a range of constant flow speeds 
and overheat ratios and tend to fall on the same curve which is very 
nearly sinusoidal  Even though the maximum variation is only about +3$ 
in voltage, this however translates to a +15$ velocity error unless 
corrected for  Such corrections were possible in the present study since 
the calibration points collapsed to a single sinusoidal curve, but even 
so, flow direction had to be known before the corrections could be made 
Hopefully such sensitivity can be reduced as the art of sensor fabrica- 
tion improves 

The Direction-Vane Transducer 

Experience with the direction vane in shallow water waves has 
shown that  1)  The vane can properly respond to changes in flow 
direction, but only near the free surface where the orbits are more 
nearly circular than near the bottom boundary of the flow where they 
are highly eccentric ellipses  Near the bottom the vane tends to lag 
the flow direction  The problem of predicting the vane's response error 
due to considerations of inertia and friction of the moving parts is 
complicated by the difficulty of obtaining a solution of the vane's 
dynamic equation of motion, which is highly non-linear  Furthermore, 
the forcing function in the equation, fluid drag on the vane, is not 
known for the general unsteady case, including the effects of virtual 
mass and separation  Although some approximations might be made about 
the drag force and numerical methods might be employed to solve the 
equations, no solutions were obtained m this study  Rather, it was 
decided to carry out some quantitative experiments first to establish 
criteria for the vane's response 

2)  Apart from the dynamics, the fact that the vane is rigid 
whereas the flow is curvilinear means that the vane will generally lag 
the flow by an amount which is a function of b/r, where b is the chord 
length of the vane and r is the radius of curvature of the flow past 
the vane  This is illustrated ' Fig (k)  where, schematically, we have, 
initially, several particles on cither side of the vane identified by 
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DIRECTIONAL SENSITIVITY OF HOT-FILM  SENSOR 

V = DIRECTIONAL SENSITIVITY FACTOR =Vfl/VA 

Vfl= SENSOR VOLTAGE FOR FLOW DIRECTION 6 

VA= AVERAGE   VOLTAGE   OVER  360° RANGE 

•   EXPERIMENTAL  POINTS FOR ALL COMBINATIONS, OF 

OVERHEAT = I 10, 107, 105 
VELOCITY  = 3 5,774, 12 12, 16 26 IN /SEC 

180 270 
6-DEGREES 

90 

FIGURE   (3) 
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KINEMATIC   INCOMPATIBILITY 
r<b 

SHAFT VANE 

( P. (P2 P3 ( 

3—- 
P4 **-*-?*- 

TRAILING 
EDGE 

FIGURE   (4a) 

r = RADIUS OF CURVATURE 
OF ORBITAL PATHS 

FIGURE   (4b) 
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small circles, Fig (%)  For the sale of lllustiation, let the vane at 
this time be aligned with the direction of the flow  It is seen that if 
the particles undergo portions of their undisturbed orbital motion, they 
move to the new locations shown m Fig (^b), but the rigid vane cannot 
possibly respond by pivoting about a fixed shaft and yet remain between 
the particles without deforming  In fact, the vane will more likely 
point in the 0V direction rather than in the actual direction 0 of the 
flow  This illustration is for the case of b/r>l, but it can be extended 
for the case b/r<l, and we realize that this purely kinematic considera- 
tion shows that the vane will in general lag the flow  An approximate 
calculation of the resulting directional error,0_, yields 

0e = Sin
_1[b/2r] (l) 

which gives 0_2s>5° for b/r $0 1 

To obtain experimental verification of this and some other 
quantitative aspects of the hot-film's response, measurements of the 
same flow field were made by the instruments and by a photographic 
technique and the results were compared to estimate instrument error 

Measuring Techniques 

The instruments were utilized m a number of ways 

1) The "stationary" technique - here the instruments are 
submerged to a given depth and kept stationary for several wave periods' 
duration  This is the simplest measuring technique, however, the 
response of the vane is rather limited by the small orbital radius of 
curvature near the wave tank bottom 

2) The "transversing" techniques - these are represented 
in Fig (5) for the case of towing the instruments vertically upwards 
during measurement  Refermg to Fig (5a), as the instruments are 
towed upwards at uniform speed we obtain data along a straight line 
depth-time characteristic A-B  If the flow is periodic, repeating 
itself exactly, every wave period, then portion C-B may be shifted by 
one wave period to D-E, so that the data can be viewed within the time 
domain of a single periodic wave  Thu^, by making several traverses, 
all at different beginning phase times, it is possible to fill the y-t 
plane with data  Later, by subtracting the towing velocity rector from 
the relative flow vector measured, we obtain a mapping of the flow field 
along a vertical section through the flow  The advantage of such a 
technique is that the radius of curvature and the flow speed of the 
relative flow  past  the vane are both larger than for the stationary 
technique and the vane response improves  However, such improvements in 
response occur only during times when the vertical component of the flow 
is opposite tt> the direction of towing  Thus to obtain data of superior 
relative accuracy a set of upward traverses is needed for T/ii-it—3T/4 
and a set of downward traverses for 0£t£T/^ and 3T/4£t^T, where T is 
the wave period and t is time 

3) The "dual tow" technique - where it is possible to obtain 
measurements of flow direction using only the hot-film sensor and not 
the direction vane transducer  The procedure is to first fill the 
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depth-time plane with measured relative flow speed data, R-,(y,t), having 
made traverses at towing speed Sj_  Then the measurements are repeated 
but at a different towing speed, S2, giving relative flow speed data, 
Rgiy'f'b)      The result is that at every point in the y-t plane, we now 
have the four knowns, R-[_, S-j_, R2, 

s2> from which it is possible to solve 
for the two unknowns, U, the local flow speed, and 0 , the local flow 
direction  With Fig (6) representing the vector diagram of the variables 
the Cosine Law for triangle ABC is, 

4 S| + U^ - 2SXU Cos (it -©) (2) 

and for triangle ABD, 

R§, = S2 + U2 - 2S2U Cos (it - e) (3) 

Subtracting and rearranging, we obtain 

U = (So2 - Ro2)Sn - (Sn2 - HI2)SQ 
S2 

1/2 

from which U can be obtained since Sj_, S2, R]_ and Rg are known  Equation 
(3) may then be used to solve for 

Since Equation (k)  yields only the principal values of  , 
additional information about whether the vertical component of U is up 
or down, is required to resolve the ambiguity  In practice, the 
position of the free surface may be used as an indicator 

Experimental Results 

Typical experimental results for the stationary technique are 
shown in Fig (7), where the differences between hot-film measurements 
and photographic technique measurements are plotted against time for 
various depth locations, y/h, where y is the depth at measurement and 
h is the total depth  The hot-film error for this typical case is seen 
to be generally less than 1 in/sec for the range of flow speeds, 1 to 11 
m/sec tested  These results are for plane progressive waves k  3" high, 
10 3 ft long and having a 1 k'jk  sec period 

Similar comparisons of flow direction data for the stationary 
technique are shown m Fig (8)  It is seen that near the free surface, 
y/h = 0 138, the direction-vane error is generally less than 10° for this 
case, whereas near the bottom, serious errors occur 

Fig (9) shows the decrease in direction errors achieved by 
utilizing the traversing technique 

Fig (10) shows the directional errors for the case of the dual- 
tow technique  Errors generally less than 10° were obtained even for 
locations well below the water surface 
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VECTOR   DIAGRAM  FOR THE DUAL-TOW TECHNIQUE 

(ir-6) 

s2*s, 

FIGURE   (6) 
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VELOCITY   ERROR 

FOR 

STATIONARY   TECHNIQUE,  STA - 15 

UE   =  UHOT-FILM "U PHOTOGRAPHIC 
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FIGURE    (7) 
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DIRECTION-VANE   ERROR 

FOR 

STATIONARY   TECHNIQUE,  STA+9 

^E    = ^DIRECTION "^PHOTOGRAPHIC 
VANE 

CURVE © © ® ® ® 
-y/h 217 395 545 704 882 

FIGURE     (8) 
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DIRECTIONAL   ERROR 

FOR 
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FIGURE    (9) 
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DIRECTIONAL   ERROR 

FOR 

DUAL-TOW,  STA -15 

TOWING SPEEDS = 0, 2 52 IN/SEC 

eE   " eDUAL-TOW "^PHOTOGRAPHIC 
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-y/h 138 354 465 589 708 
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FIGURE     (10) 
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Fig fll) shows experimental values for the vane plotted against 
the parameter b/r  The approximate relation for error given by Equation 
(l) appears to define the upper envelope of the points corresponding to 
small b/r fairly well  The data thus confirm that0g£5° for b/r£0 1 

Conclusions 

1) Since the problem of miniaturizing the physical dimensions 
of the vane sufficiently to make its chord length, b, an order of magni- 
tude smaller than r, becomes prohibitive for the case of small laboratory 
waves, it appears that the direction-vane transducer is more suitable for 
larger scale wave flows, such as real ocean waves 

2) The directional sensitivity of the hot-film sensor appears 
to limit its accuracy at present to +15$ of the velocity measured unless 
corrections are made  Apart from th:s, the sensor can measure flow speed 
to within at least 10$ of the velocity 

3) The dual-tow technique allows measurement of flow direction 
without the need for a separate direction measuring instrument  It is not 
scale dependent and thus makes possible measurements in small scale labora- 
tory flow fields  However, the flow field must be periodic for the 
technique to be valid 





CHAPTER 21 

SHOALING OF FINITE-AMPLITUDE 
WAVES ON PLANE BEACHES 

Robert K -C Chan 
Robert L Street,1 M ASCE 

ABSTRACT 

This work focuses on the shoaling of large water waves with 
particular application to storm-generated waves and tsunamis  The 
specific objective is the exact simulation on a digital computer of 
finite-amplitude waves advancing on a beach of constant slope 

The study is based on the simulation technique called SUMMAC 
(the Stanford-University-Modified Marker-And-Cell Method)  The flow 
field is represented by a rectangular mesh of cells and by a line of 
hypothetical particles which defines the free surface  Based on the 
Navier-Stokes equations, finite-difference equations were derived so 
that the entire flow configuration could be advanced through a finite 
increment of time  The pressure and velocity components are used 
directly as the dependent variables  Through extensive analyses and 
numerical experiments, this scheme was found to be computationally 
stable if the cell size and the time increment are properly selected 

As a specific example, the dynamics of a solitary wave passing 
from a zone of constant depth onto a sloping beach were simulated 
Primary attention was focused on the details of the water particle 
motions and the changes in the amplitude and shape of the wave as it 
climbed the slope  The computed results are compared with the experi- 
ments with good agreement 

INTRODUCTION 

The motion of water waves whose amplitudes are appreciable in rela- 
tion to the water depth is nonlinear in nature (Stoker, 1957)  Conse- 
quently the linearized theory (Lamb, 1945) does not provide adequate 
physical description of waves in the shallow-water zones  Most of the 
existing nonlinear analytical theories deal with a steady-state solution 
(See, e g , Laitone,1960, Dean, 1965, Monkmeyer and Kutzback, 1965) 
However, in shallow water the primary interest is in the transient 
aspect of the wave processes  It is quite difficult to treat time- 
dependent problems of this kind without recourse to computational 
me thods 

At present several numerical methods are available for computing 
waves in shallow water and nonlinear terms are included to some extent 
(See, Street, et al , 1970, for a detailed summary)  These methods 
retain in their governing equations the terms representing the kinetic 
energy of the vertical motion to varying degrees of accuracy  Only 

Department of Civil Engineering, Stanford University, Stanford, 
California 94305 
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one space variable,  namely    x ,   is  involved      Vertical variation of the 
fluid variables has been eliminated by  integration or a series  expansion 
approach and use of boundary conditions      These approximate  theories 
generally produce good results  for  long waves  of small but  finite 
amplitude-to-depth ratio      However,  more must be known about  the 
internal distribution of pressure and velocity which must be incorpor- 
ated in the governing equations of motion if one wishes  to study waves 
of considerable amplitude 

Chan and Street  (1970a) proposed a computing technique for analy- 
zing two-dimensional finite-amplitude water waves  under transient 
conditions      The method,   called SUMMAC,  is a modified version of the 
Marker-And-Cell method  (MAC) which was originally developed by Welch, 
et al     (1966)      The essence of the modifications  consists  of a rigorous 
application of the  pressure boundary condition at  the  free surface and 
of an extrapolation of velocity components  from the  fluid interior so 
that inaccuracy  in shifting the  free surface is  kept at a minimum 

Thus,  Chan and Street  (1970a)  outlined the basic  features  of 
SUMMAC and established its viability as  an engineering research  tool 
The present work summarizes  the earlier study,  presents  some essential 
new concepts  and features,  and finally,   in giving a means  of treating 
sloping beach problems,   greatly broadens  the realms  of usage of MAC- 
type programs 

THE SUMMAC METHOD 

The presently implemented SUMMAC is designed  for simulating the 
unsteady motion of water waves  in two space dimensions      The  fluid  is 
regarded as  incompressible and the effect of viscosity is  considered 
to be negligible 

To set up a  computing network,   the  entire flow field is  covered 
with a rectangular mesh of cells,  each of dimensions     6x    and    6y 
The center of each cell is numbered by the indices    i    and    j   ,  with 
l    counting the  columns  in the x-direction and    j     counting the rows  in 
the y-direction of a  fixed Cartesian coordinate system (Fig    1)      The 
field-variable values describing the  flow are directly associated with 
these  cells  (Welch,  et al  ,   1966)      The  fluid velocity  components    u 
and    v    and the pressure    p    are used as  the  dependent variables while 
the independent variables  are    x    and    y  ,  the Cartesian space coor- 
dinates,  and  the  time variable     t 

In addition,   there  is a  line of marker particles whose sole  pur- 
pose  is  to indicate where  the  free surface is   located      The marker-and- 
cell system provides  an instantaneous representation of  the  flow field 
for any particular time during the evolution of the dynamics 

By neglecting viscosity, we  can reduce  the Navier-Stokes  equations 
for an incompressible  fluid to 

9t 3x 3y Sx      °x 
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St    3x    ay    3y  5y (2) 

Here g  and g„ are the components of gravity acceleration  All 
variables are dimensionless  The continuity equation is 

ax ay 
(3) 
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Fig 1  Cell Setup and Position of Variables 

On the surface of a vertical impermeable wall, the boundary condi- 
tions are 

u.0, g=0 and g=gx (4) 

Similar procedures can be followed to derive the boundary conditions 
for a horizontal solid boundary 
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ou S£ = v = 0  ,    — = 0      and      r*- = g 
ay Sy      y (5) 

For incompressible fluids with very low viscosity, such as water, it 
is sufficiently accurate to use the single condition on the free 
surface 

P = Pa(x,t) , (6) 

where    pa    is  the externally applied pressure at the free surface  (Chan 
and Street,   1970a) 

A finite-difference scheme can be derived  from Eqs     (1),   (2)  and 
(3)  for cell    (i,j)    in Fig    1 as  follows 

u   ,,     = u   ,,     + 6t • g    + —— (p 
i+%j i4%j 6x       6x Viij Pi+U) 

n+1    _    * 
vij+%        i.i+% 

6t 
u+t + 6t'gy+¥(pij -pU+i) ' 

n+1 n+1 n+1 u   -i     - u    , v     ., 
il+L D

n+1 =    i-Hjl L±L + 
ij 8x 

n+1 

(7) 

(8) 

(9) 6y 

* * 
where    D        is  the velocity divergence,    u      and    v      are contribu- 
tions  to  Ju and    vn+l  ,  respectively,  by pure  convection      Varia- 
bles with the superscript    n+1    are related  to  the    n+lth    time step 
while those  lacking a superscript are evaluated at  the    nth    step 
If the original MAC scheme is  used,    u      and    v      are  evaluated by 

u   ,i     = u   ,i     + 6t i+%j i+%j 

v     ,i   = v     ,,   + 6t ij+%        ij+% 

2 2 
u.     - u   ,n (uv). ,,     ,   -  (uv)   ,,    .i 

*1        i+l.l   , "l+kl-% 'i+%.1+£ 
6x 6y 

2 2 
(uv)    i    ,i   -  (uv). .,    ,,       v - v     ,, 

i-%1+%               i+%1+% +    n n+1 
6x 6y 

, (10) 

(11) 

Substituting Eqs  (7) and (8) into Eq (9) and requiring D 
lead to the pressure equation 

n+1 
n 

„-i(**&**'->*&* **>,).       <»> 
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where 
z-2(^) 

(13) 

ij 6t 

J ,1  " u I 

6x 
'lH* 

6y 
i.r* (14) 

Near the free surface "irregular stars" (Fig 2) must be used to 
derive a special equation for pressure so that, in the discrete sense, 
the free surface condition [Eq (6)] is applied at the exact location 
of the surface and not in a nearby cell center where p is normally 

defined  Let % , TU '  % ' \    be the lenSths of the £our legs of 

the irregular star (Fig 2) and Pi.P2.P3. P4 
be the values of 

p at the ends of these legs  By expressing p-^  ,  p2 , P3 , P4 m 
terms of Taylor series expansions about the point (i,j) , Chan and 
Street (1970a) obtained 
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Fig 2  Irregular Star for P Calculations 

A complete set of initial data -- the u and v fields and 
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the position of a line of particles depicting the free surface -- are 
needed to start the computation  The initial pressure p need be 
known only approximately  A hydrostatic distribution is adequate, 
because the p field is obtainable if u and v are given  Chan 
and Street (1970b) described a method of generating the flow fields 
of a solitary wave which may be used as the initial condition in 
simulating the shoaling process 

The evolution of the fluid dynamics is calculated in "cycles" or 
time steps  At the start of each cycle the source term R   for each 
cell is evaluated by Eq  (14)  The pressure p is computed only for 
those cells whose centers fall within the fluid region  Equation (12) 
is used if the centers of the four neighboring cells are all located 
on the fluid side of the free surface  If any of these neighboring 
centers lies beyond the free surface, then Eq (15) is used  The 
Successive Over-Relaxation method is employed to solve for p , with 
Eqs  (12) and (15) being the iteration formulas  The iteration is 
terminated when the condition 

|p(m 1 iJ 

(m) .  (m-l)| 

is met  for every cell,  where     (m)    means  the    mth    iteration and    s 
is a predetermined small positive  number 

Now we can compute the new velocities using Eqs     (7)  and  (8) 
Then,  each  free surface marker particle is  advanced  to its  new position 
by 

n+1        n  ,    n+1   .. .,_. 
xfc      = xfc + uk      6t  , (17) 

n+1        n        n+1  _ /1o\ 
yk      = yk + Vk      6t   ' (18) 

where xk and y^ refer to the position of the kth particle and 
the particle velocities ufc and v^ are interpolated from the 
velocity fields at the n+Ith time step  Thus, a cycle is completed 
and the next one can be immediately started 

BOUNDARY CONDITIONS ON A SLOPE 

A set of boundary conditions can be rigorously obtained for a 
plane beach of constant slope which coincides with the diagonal of the 
cells (Fig 3)  The mam consideration in deriving an equation for 
p   which lies on the beach face is the conservation of mass  In Fig 
3 we require that the net flow into the triangular region equal zero 
at the n+lth time step, viz , 
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n+l     . n+1     , „ u    ,     5y - v     ,,   6x = 0 
'iJ+5> 

(19) 

By substituting Eqs     (7)  and  (8)  into Eq    (19) we have 

= 7T-1 -i-rJ- + -^^r + R 
2 2 

5x 6y 
(20) 

where 

6x        6y 

(21) 

ij 5t \   6x 6y    / \6x      6y/ 
(22) 

In the  iterative solution of the    p    field, Eq    (20)  is used at a 
beach cell 

8X 

<£ 

•i+i 

8Y 

V"*t 
Ui-i t> 

Fig 3  Definition Sketch for Computing p 
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Now,   consider the diamond-shaped  control volume  for computing the 
convective contribution    u*^       (Fig    4)       The  total influx of the 
u-momentum is as  follows 

Through Face 1 

M. 

Through Face 2 

M2 

1 bX Vi+lj+% \ 2 / 
(23) 

Through Face 3 

Through Face 4 

2 
(u    ,     + u   ,,     \ 

M4 = 6x 

2 

(VdLLpliil) (26) 6y 

The  area of the control volume is     6x6y        Therefore,  by relating 
the net inflow of the u-momentum to  its  rate  of increase,  we obtain 

(<+%, 8" 
MnjT\ (6x6y)  = Mx + 1^ + M3 + M4 (27) 

or,  by rearranging, 

UUj  = U^J + 6^ (M1 + "2 + M3 + V (28) 

The total u ,,   is then 

u ,,  = u ,  + 6t g + — (p  - P ,, ) (29) 
i+%J   i+5J      x  6x vrij   l+lj 
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Fig    4      Definition Sketch for Computing    u 

If Face 4 is  the beach face,  then    MA  = 0    because  there is  no flow 
across it      Similarly, we use    ML  = M,   = 0    if both Face 3  and Face 4 
are solid boundaries 

To evaluate    v near  the beach face,  a different  type of diamond- 
shaped  control volume  is used  (Fig    5)      Again,   the  concept of balancing 
momentum within  the  control volume  is employed  to  compute the  convective 

The  total influx of the    v-momentum is  as  follows contribution v .* 
ij+l 

Through Face  1 

Ml = " 6y ui+%j+l I 2 ,' (30) 

Through Face 2 

M2  =  6y (V*.1+l + Ui4%1+l)    (Vn4%+VnH4) 

/v    ji, + v     ,3 \ 2 
-   8x (31) 
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Through Face 3 

/vi1-t%+Vi-l1-%\ (32) 

Fig    5      Definition Sketch for Computing    v 

Balancing the net inflow of the v-momentum with its  rate of 
increase, we have 

(lijH±_l_V1ii) (fix6y) = Mi + M2 + M3 (33) 

St v  , = v, ,,+ ~- (M. + M, + M,) ij+%   ij4%  6x6y v 1   ^ 3 
(34) 

The total    v     ..is  then 
iJ+S 

>Z*-<3* + «*y+%^3-*^i> 
(35) 
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APPLICATION TO THE SHOALING OF WAVES 

The initial position of the wave crest was chosen such that neither 
the left-hand wall nor the beach influenced the wave at t = 0   The 
beach slope used first was S = 0 05  (1 on 20)  Each cell had the 
dimensions  6x = 0 50 and 6y = 0 025   The time increment was 
6t 0 05   The initial wave height was H = 0 25 

S* 0 05       H0/d0- 0 25 

SPILLING 

Fig 6  Shoaling on a 1/20 Slope (Surface Profiles) 

When the wave advances into the beach section where the water depth 
decreases, its shape changes  The wave profiles at various stages of 
shoaling are shown in Fig 6  It is seen that the wave shape gradually 
loses symmetry on the beach  The wave has a steeper front than its 
hind part which looks like a long tail  At approximately H/d =20, 
where H is the instantaneous wave height and d is the local still 
water depth under the wave crest, the wave crest peaks up with a very 
slight tendency to curl forward  This result is consistent with the 
observation of Ippen and Kulin (1955) that spilling rather than 
plunging occurs when a solitary wave of this magnitude breaks on the 
1/20 slope  All these properties regarding the wave deformation also 
agree with the observations of Camfield and Street (1967) 

The evolution of the fluid dynamics under the wave is best illus- 
trated by the contour plots of the u and v  fields   In Fig 7(a) 
the time history of the distribution of u is shown  On the two 
outermost contour lines,  u = 0 015   Then the value of u is 



356 COASTAL ENGINEERING 

increased by 0 030 per line toward the wave crest  Thus,  u = 0 375 
at the wave crest at t = 0   When the wave xs well up the beach 
(t = 23 00) , u = 0 675 at its crest  In Fig 7(b) the motion of the 
v field is shown  To the left of the crest, the lowest contour line 
has v = -0.015 , and v decreases by 0 030 per line toward the free 
surface  To the right of the crest, the lowest contour line has 
v = +0 015 , and v increases by 0 030 per line toward the free surface 
The line v = 0 lies between the lines v = ±0 015 and is not shown 

-^r 
T • 0 00 

w®^ 
T • II 29 

—pf^-^ 
T • 23 00 

(a) u (b) v 

Fig 7  Shoaling on a 1/20 Slope (Velocity Contours) 

The contour lines in Fig 7 were computed by using a plotting 
program developed by Schreiber (1968)  The facility used was an 
IBM 2250 graphic display device in which the computed contour lines 
are shown on a TV screen  By directly photographing the surface of 
the screen, the contour plots were obtained  Several motion pictures 
have also been made with this apparatus  These graphical outputs 
prove to be valuable visual aids to an understanding of the physics 
in the waves 

In Fig 8 the mass transport phenomenon in the mid-section of the 
beach is shown  A vertical line of fluid particles are moved forward 
from their initial position x = 35 0 by the passing wave  The mass 
transport here is of the translation-type as opposed to the oscillation- 
type in the periodic waves  Also, the wave induced motion on the beach 
is seen to be quite uniform throughout the water depth 
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FLOW   DIRECTION 

*00 3H.50 35 SO 36 00 
X/da 

36 SO 37 00 38 00 

Fig 8  Shoaling on a 1/20 Slope (Particle Paths) 

To study the growth of the wave height H as a function of the 
local water depth d , computations were conducted covering a range 
of the initial height-to-depth ratios  (H /dQ)   The results are 
compared with the experiments of Ippen ana Kulm (1955) in Fig 9 
Ippen and Kulin did not indicate the HQ/do value associated with 
each data point, but H /d  is an important parameter in predicting 
the wave growth  The scattering of the measured data cannot be 
reconciled without knowledge of this parameter  However, the Ho/d 
ratio clearly has a profound effect on the wave's initial reaction to 
the slope  Our results show that m the region d/d > 0 45 , a 
solitary wave with smaller H0/dD has greater relative growth  (H/HQ) 
The trend is reversed in the shallower region where d/dQ < 0 45   For 
H /d = 0 10 comparison was also made with the theories of Peregrine 
(196?), Madsen ani Mei (1969) and the characteristics solution by 
Camfield and Street (1967) (Fig  10)  With the exception of the 
characteristics solution, these theories seem to agree quite well 
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x 

BEACH  SLOPE     S- 0 05 

O      EXPERIMENT (IPPEN a KULIN, 1955) 
—     SUMMAC' 

CURVE H0/d0 

1 0 1 
2 02 
3 03 
4 04 
5 OS 

^ 10 a en asa o no o so am 070 o BO O SO too 

d/d0 

Fig    9      Growth of Wave Amplitude    (S  = 0 05) 

X 

     SUMMAC 

     PEREGRINE  (1967) 

 CHARACTERISTIC    SOLUTION 
(CAMFIELO  a  STREET,1967) 

MADSEN   a   MEI  (1969) 

J l_ _l L_ J l_ 
°0 I 0 2 03 04 OS 06 

d/d„ 
07 08 

Fig    10      Comparison of Wave Amplitude Growth 
with Other Theories     (S  = 0 05) 

09 
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Second,  a wave with    H0/do = 0  10    was  shoaled on a beach with 
S = 0 045         In Fig    11 the  local height-to-depth ratio    H/d    is 
plotted against    x /db-l/S      --1     -      --  "v- J •.-••..  where is the distance measured from 
the intersection of the still water level and the beach and d^ («£ 085) 
is the breaking depth  The solution agrees favorably with the measure- 
ment of Camfield and Street (1967) 

BEACH SLOPE  S • 0 045 

O   EXPERIMENT (CAMFIELD a STREET, 1967) 

   SUMMAC 

H,/d0 • 0 10 

X*/dk- l/S 

Fig    11      Growth of Wave Amplitude     (S = 0 045) 

We also simulated wave run-up on a 45    slope which has direct 
application to  the study of wave run-up on coastline structures  such 
as rubble-mound breakwaters      The  cell size was     6x =  6y = 0  10        The 
initial wave height was    Ho/d0 = 0 48    and a time increment     6t = 0 05 
was  used in computation      The wave profiles at several stages  of run-up 
are plotted in Fig    12      Quantitative  comparison of these profiles with 
experiments was  not made because of the difficulty in obtaining a 
computed profile which corresponds  to a measured profile  in time 
Nevertheless,   the profiles  closely resemble  those observed by Street 
and Camfield  (1966)      We  find the  calculated envelope of the wave 
crests  slightly higher  than that of the experiment in the early stages 
of run-up,  but the engineering interest is  primarily in the prediction 
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of the maximum height of run-up RQ/d0  (Fig  12)  The numerical 
model gave Ro/d0 = 1 27 which is equal to the measured value 
(Street and Camfield, 1966) 

H0 /d0 » 0 48 

 STREET   a   CAMFIELD (1966) 
SUMMAC 

X/d, 

Fig     12      Run-up Profiles  on a 45    Slope 

CONCLUSIONS 

The successful application of the SUMMAC  technique to several 
physical problems  indicates  its usefulness as an engineering research 
tool for analyzing the dynamics of water waves  in two space dimensions 
It  is  capable of providing accurate quantitative results  as well as 
qualitative descriptions  [e  g  ,   the prediction of wave run-up on a 
45    slope]       In addition,  rapid advance in the design of high-speed 
computing systems makes numerical modeling economically feasible 

While  it is  possible to employ  the  SUMMAC  technique  to attack 
a wide variety of water wave problems,  some  limitations inherent in 
the method must be noted      First,  as a result of achieving a high 
degree of accuracy in applying the  free surface pressure condition by 
using irregular stars, waves after breaking cannot be simulated      When 
breaking occurs,   the computation must be  terminated      Second,  only 
non-turbulent flows  are  considered in our model      Although  laminar 
viscous  damping has   little effect on  large scale wave motions,  energy 
dissipation due to the  turbulence can be significant      However,  recent 
studies  by Gawain and Pritchett  (1970)  and by Pritchett  (1970)  show 
that it  is  feasible  to implement a phenomenological simulation of 
turbulence in the MAC  framework 
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CHAPTER 22 

PERIODIC WAVES SHOALING IN WATERS OViR 

STEEPLY SLOPING BOTTOMS 

by Dr.Hanhara Rama AYYAR 
Assistant Professor m Civil Engineering 

Indian Institute of Technology, nadras, India. 

Abstract 

The bottom bed slope plays a vn tal role m the shoaling 
and breaking of periodic waves. This study aims at the 
understanding of the effect of steep sDopes (range 
steet>er than 1 10) on the breaking point and the breaker 
trajectory and the point of impact. This range of slope 
is often met with in. the near-shore structures. Analytical 
investigations and model studies are outlined. The 
influence of slor>e on each of the significant breaker 
parameters is discussed. 

1. INTRODUCTION 

A tram of periodic waves prorogating on a sloping 
beach presents one of the most interesting and perhaps 
one of the most exciting phenomena m nature. Similar 
phenomena occur on the slopes of near-shore structures 
like sea-walls, oreakers, dykes etc. A knowledge of the 
point of breaking and position of occurrence of maximum 
impact pressures due to breakers will be useful aids to 
the designer. It has been observed tnat beyond the point 
of breaking tie particles nove m a confused manner. 'lave 
theories cannot be applied m this zone, at best till the 
breaking point only. 

2. PERIODIC \L,VES  PROROGATING IN SHOALING WATERS 

It is known from IRY(1)'s theory of small amplitude 
waves, that tne energy in a wave tram is transported m 
the direction of wave propogation witr the group velocity 
CQ. Considering a tram of progressive waves advancing 
m water of variable derath, with change m depth being 
uniform and small RAYLEIGH(Z.) assumed that the mean rate 
of energy transport past all vertical sections is constant. 
Eurther it v/is assumed thab since the change in depth is 
very gradual, the characteristics of the wave at any 
section are given by AIRY's equations. This leads to the 
relation 

26osh2 kh __ ,   . 
H°  \l 2ki + smh 2kh 

363 
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and      $k ~~ J^rfi^m  • c<« ^      (2) 
where    H = Height of the incident wave (deep water) 

H° = Height of wave at any given location 
L0 = Length of incident wave(deep water) 
L = Length of wave at any given 3ocatn on 
h = Local depth of water be]ow SWL 
k = Wave number = 2K/L 

This solution, however, does not predict breaking, as it 
is based on the linear theory of AIRY. 

ST0KER(3) analysed the breaking problem based on 
the classical non-linear wave theory and the method of 
characteristics. The solution is however not explicit and 
calls for individual treatment. Only solutions for a few 
special angles of bottom slope were obtained. The solutions 
of STOKER do not predict the breaking point correctly 
(LE MEHAUTE(4)) and also predicts a bore even when the 
wave travels on a horizontal bottom. Moreover the results 
of STOKER al\?ays predict a smiling breaker observed onlv 
on mild slopes. On steep slopes nlungxng breakers arc 
formed invariably. 

3. SOLUTION BASED ON CLASSICAL NON-LINEAR SHALLOW V/ATER 
WAVE THEORY 

The classical non-1mear shallow water wave theory 
equations are 

_*_ u(v h)  = - II- (3) 
J|u    u |u_ = _   |1_ w 
£t OX 6  ^x v ' 

where u = particle velocity m the horizontal direction 
(ie. direction of wave advance) 

x = horizontal distance from the onnn in the 
m the direction of wave advance. 

'*)    = the vertical elevation of any ^article on 
t^e free surface above GVL 

h = depth of water measured below SSL 
g = acceleration due to gravity 
t = the time reckoned from the moment the wave 

enters the sloping bottom. 

The origin is taken at the intersection of SWL with the 
vertical at the foot of t^e slope (See Fig.1) 

The equation can be expressed m terms of dimension- 
less quantities 

x' = -?— where 1 = nh 
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n - 4- 
u where    uo  = .Jgh 

t>   =    _JL-      where    t0  = -   ' h 

The  equations   (3)  and  (4)  will reduce  to 
.i 

^»'(1 -*• -r> •- 4V (5) 

Along the characteristic directions 

dx'   .., . „, 
dt'   - u   ' ^ 

u'   +  2C   +  t' =  Constant 

dt,     - u        0 

u'   -  20'   +  t' = Constant 

(7) 

(8) 

It is shown by GREENSPAN($) and KISHI(6) that the initial 
positive characteristic is given by 

x. = t' - -4-  t'2 (9) 
m the x-t plane. jJy changing over to a moving coordinate 
system, the slope of the wave front is obtained as 

By using the kinematic stability criterion that u = G 
at the crest at the breaking noxnt and using this relation 
m the integrated equation (10) 

V = O ~J- ^) c' (11) 
But the property of the initial positive characteristic 
gives 

1  ... 

Hence 

C'= 1 

H = (1 - -£_ t') {^^) 
Suitable parameters are to be chosen to define the 
kinematics of the breaker. The following are chosen m 
this analysis. 
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h , = Der>th at breaking point below SWL 
yf = Height of breaker crest above bed. 

Jrom  the relations (9) and (12; and the geometry of the 
breaker, the following final relations will result. 

hB _ r2m_vV5 M,N 
-7T~ ~   ( 1+2m } (13) 

yB _ ? ,  ?m ,4/3 M,>, 
TT^ - 2 C -1+2m •> (14) 

and   ir = 2 (15) 

TJ 

where    m  = f).7C. j (16) 

/hen friction and reflection effects are neglected, as 
was done m this analysis, one gets tne relation (15) 
for tne breaker geometry. This also confirms the thumb 
rule t/iat breaking occurs at about the point where the 
wave height equals water depth. However the effects of 
reflection of wave energy are to be accounted for m the 
case of waves shoaling on steep slopes. 

4.LABORATORY STUDIES IN FRANZIUS-INSTITUT AND CONCLUSIONS 

As a result of a large number of model tests conducted 
by the author m the Iranzius Institute m the Technical 
University of Hannover, West Germany the following conclusions 
were arrived at, by which the determination of the character- 
istics of breakers is made possible. Various bottom slopes 
(m the steep slope range) incident wave height and 
incident wave period were studied m a wave flume 4-5*X 0.5mX 
0.9mr with a paddle type wave generator, with provisions 
for changing the period as well as the heignt of the wave 
even during operation. 

Instrumentation used consisted of a number of wave 
gauges of the parallel wire resistance type (gold-plated 
to prevent any chemical action) of different lengths to 
suit the local depth of water. The wave r>rof i les were 
recorded by tnese wave gauges connectedtto a 3 channel 
electronic direct recording devices, which recorded the 
wave profile on a millimeter section paper run at the 
known sneed. To ensure perfect linear relationship between 
the water lev&J fluctuations and the records on paper 
special tyoe of variable resistances were introduced m 
the circuit . This ensured linear relationship over a 
]arge range of wave height. The visual determination of 
the point of breaking was almost impossible. Therefore 
the wave statistics was collected along the flume and 
sl^o above t">c si oiinr bottom. 
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A •eohod was developed to determine  the breaking 
r>omt from tae wave-st jtistic0 thus collected, on the 
nssunrotT on that the trajecto y of the breaker crest is a 
second degree curve. This follows from t^e fact that the 
particle voJocity at the breaker crest at the breaking 
point is purely horizontal and eouel to C, the -chase 
velocity of the wave and xn addition the particles are 
subjected to a gravitational acceleration g. That this 
is very much so is demonstrated by the shane of the 
plunging breakers m nature. A computer Programme was 
written using the method of least squares and solving 
the resulting simultaneous eouations by the diagonal 
matrix method (compact Gauss method). The comnutations 
were done m CDC-1604- digital computer. The breaking 
•oomt was straightaway determined and then the breaker 
trajectory nlotted. A back check was made, to verify the 
degree of the curve (Pig.2). The agreement was auite good. 

5.THE RETARDATION (DF THE BROKER 

Prom dimensional analysis of the variables involved, 
it was found that the factors influencing the breaker 
characteristics are H/gT2 and n (T is the period of the 
wave) which are the incident wave steepness and the bottom 
slope function respectively. The variation of YB/b.3 with 
H/gT? was studied for all the slopes tested. The variation 
showed the same trend for all the slooes. A relation \ias 
established as follows 

-Jl « log Uo.  n°-5. ( *)0-25 2   (1?) 

(Fig.3) Note that the curves show the variation of ^B/hg 
'/ith bed slope as well as the wave steepness (compare 
theory Js/h-Q  = 2) 

The denth at the breaking nomt wi 11 help us to 
fix the location of breaking inception (Pig.4). For 
incident waves of given deoth and period, the breaking 
denth remains almost constant for slopes flatter than 
1 5. It was observed that for si ones flatter than 1 "5, 
all the breaking action of the wave takes place shoreward 
of the breaking nomt. For slopes steener than 1 5, the 
values of hp increases sharply due to the seaward retardation 
of the breaker. 

6. THE INFLUENCE OP A SLOPE ON LrixAKER 

Pig.(5) shows the influence of the bottom slope on 
the breaking of a wave. 

The reflection coefficient is negligibly small for 
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a bed slope of 1 50, increases very slowly tn11 a slope 
of 1 5 is reached and then increases sharr>ly till the 
bed slope of 1 2 is reached and is then asymptotic till 
a factor of 1 0 is reached for vertical walls. 

The breaking deptJr hg is almost constant till a 
bed slope of 1 5 is reached, since the reflection is still 
very small of the order of 15/^. The small decreasing 
tendency seen in the breaking depth is indeed negligible. 
For slopes steeper than 1 5 the breaking depth increases 
sharply showing that the breaker is retarded seawards. 
The breaker crest elevation yg varies m a similar manner. 

The variation of yg/hg is of interest. The theoretical 
value of 2 is never reached. The forces of reflection are 
almost negligible and frictional losses are small compared 
to tne slopes 1 5u etc. For slopes flatter than 1 10 
frictional losses increase. The effect of this is to reduce 
the potential energy growth and hence yg/hg decreases. 
For n=10 to n=5, the breaking action occurs shoreward,the 
waves still overcome the forces of reflection, i slight 
decrease is registered. For n<5» hg increases sharply 
due to retardation of the breaker, yg also increases but 
at a slower rate, yg/hg decreases. The lowest value of 
1.10 is reached for breaking clapotas. 

7; THE POINT OF IMPACT 

The point of impact of the breaker on the slope of 
the bottom boundary can be calruTated once yg and hg are 
known. From the geometry of the slope (FUEHRB0ETEfi)(7) 

Ah = - hB + yB [l - -\  (-/l + 2n? - 1)2]   (18) 

The determination of the point of impact was checked 
on the model. With pressure cells connected to electron"1 c 
direct recording devices (Honeywell ultraviolet light 
beam oscillograph), the impact pressure variation with 
respect to time is followed. Impact pressures were 
recorded at 6 points at 20cm intervals along the slope 
simultaneously..The maximum pressure corresponds to the 
direct impact of the breaker on the slope which helps to 
locate the point of impact. Comparison of the calculated 
values and measured values shoved less than 8# error. The 
The deviation of the curve Ah/hg for the slopes tested, 
from the curve computed from the linear theory applicable 
with reasonable accuracy for mild slopes is shown m Fig.(6). 
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CHAPTER 23 

BREAKING WAVE SETUP AND DECAY ON GENTLE SLOPES 

by 

Li-San Hwang,   Member 
and 

David Divoky,   Visitor 

ABSTRACT 

Waves of large amplitude on a gentle slope may form spilling 
breakers which propagate shoreward and are slowly transformed 
In addition,  there occurs a modification of the mean water level 
termed wave setup     An analytical description based upon consider- 
ation of momentum flux has been developed which predicts this wave 
setup and the decay history of breaking wave height     The results 
have been compared with experiments and found quite satisfactory 

The effect of wave setup on breaking wave transformation is 
particularly important near the shoreline,  where setup dominates 
the vanishing mean depth 

INTRODUCTION 

The transformation of a breaking wave over a slope is a problem 
of obvious concern in the design and planning of coastal facilities      A 
number of investigators have considered this topic,   including Freeman 
and LeMe'haute' (1964),  Horikawa and Kuo (1966),  LeMehaute* (1962), 
Divoky,   LeMehaute",  and Lin (1970),  Nakamura, Shiraishi,  and Sasaki 
(1966),  and Street and Camfield (1966)      The present contribution con- 
siders an essential aspect neglected m previous studies,  the phenomenon 
of "wave set-up  " 

Set-up,  while negligible seaward of the breaking point,  becomes 
dominant with respect to still-water depth as the shore is approached 
It is apparent,   then    that any analysis of breaking wave height transfor- 
mation should account for the set-up      Experimental investigations of 
set-up have been made by Saville (1961) and by Bowen,   Inman,   and 
Simmons (1968) with the result that the maximum elevation may be a 
significant fraction (~ 50%) of the breaking wave height     Additionally, 
measurements obtained during the Mono Lake explosion-wave tests in- 
dicated a set-up value equalling the maximum height of the superposed 
dispersive wave train (Van Dorn,  et al,   1968)     Hwang (1970) also in- 
vestigated dispersive wave trains and found a fluctuating set-up of 
roughly half the peak wave height 

Wave set-up has been investigated extensively in a series of 
papers by Longuet-Higgms and Stewart (I960, 61, 62, 64) from an 
analytical approach     The difficulty m applying their results to the 

Tetra Tech,   Inc   ,   Pasadena,   California 
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surf zone,  arises from the problem of finding an adequate description 
of the waves after breaking     Bowen,  Inman,  and Simmons (1968) 
assumed that the wave height remains a constant fraction of mean water 
depth after breaking and found,  from a momentum balance,  a linear 
set-up variation 

In this paper,  a more detailed description of the wave transfor- 
mation has been used so that height-decay and set-up are calculated 
simultaneously     The approach roughly follows Divoky,   LeMehaute, 
and Lin (1970) with the wave decay computed from an energy-dissipation 
model     The essential difference is that the set-up is included so that 
more realistic behavior is found near the shoreline, m particular,  a 
significant surviving wave height is found at the still-water shoreline 

MODEL 

Two governing equations are adopted in the present model      Firstly, 
a balance of forces across a fluid element (see,   for example,   Longuet- 
Higgms and Stewart,   1964),  as shown in Figure 1,  gives the momentum 
equation 

gt • pg(h+?)fl   =   0 (1) 

where   M   is the momentum flux,    h   is the still water depth,  and   §   is 
the wave set-up     The energy dissipation rate is assumed to be a fixed 
fraction,   B,   of that of a bore of the same height     Then the standard 
formula (see,  for example,   Lamb,   1945) maybe adopted--adjusted,   of 
course,  to conform to a moving jump, the result is 

dE   _ B/dEN =   B££      H3D 
dx       BW;BORE        B4     yt(y.+ H) <2> 

In this expression the volume flux   Q   has been taken to be   CD   wheie 
C   is the wave celerity and   D   is    (h+f),  y.   is the depth below the trough 

(corresponding to the depth ahead of the jump) and   (y,+H)   corresponds 

to the depth behind the jump     The assumption which has been made here 
is that   B,  which must account for all forms of energy dissipation,   is 
constant within the breaking region 

To implement this simplified model,   a suitable wave description 
must be chosen m order to calculate   E   and   M     In this,  we have 
followed the observation of LeMe"haute,   Divoky,   and Lin (1968),   that 
the cnoidal wave theory of Keulegan and Patterson (lr40) appears to 
give the best description of periodic waves m moderately shallow water 
and that this description may be adopted for gently spilling breakers 
with moderate success, of course,  any non-breaking wave theory will 
be inadequate to describe violently plunging or surging conditions 

The following equations of cnoidal wave theory have been used 

n   =   yg- D = yt-D + Hcn2[2K(k)|-] (3) 
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kK(k) 

t 16D 
3H 

kK(k) 

1 +• 
H    n      E(kpT 
TZVZ " icIkTJ 

(4) 

(5) 

k D 

D - H + -±££_   |K(k) [K(k)-E(k)] I 
3L H    ' ' 

(6) 

For given values of H, D,  and T,   Equation (5) is used in an iteration pro- 
2 

cedure to find the elliptic parameter   k  ,  which then allows calculation 
of all other quantities      In particulai,  we have evaluated the energy as 

E   =   2(POTENTIAL ENERGY) r\   dx 

pgL -<yt-D)2+i% 
1 3k^ [- k2 + (2-4k '>(£ (7) 

Calculation of the momentum flux from defining integrals poses 
a time-consuming and costly task even on a computer,   since it involves 
repeated evaluation of the cnoidal wave properties     We have made the 
greatly simplifying approximation that 

M: 3    E_ 
2    L (8) 

a result essentially from Airy theory given by Longuet-Higgms and 
Stewart (1964)      Following them,  we consider this to be a not unreasonable 
assumption within the surf-zone, with the possible improvement that   E 
and   L   are computed here from a more adequate wave theory 

The solution of Equations (1) and (2) begins with specification of a 
set of initial values for height,  depth,   set-up,  and period     Equations 
(3) - (8) then give the wave properties at that point     For an advance by 
an increment   dx   toward shore,  Equation (2) supplies the correspond- 
ing energy loss    dE      An iteration procedure involving Equation (1) 
then gives new values of wave height and total mean depth consistent with 
the available energy 

A word concerning calculation of the elliptic parameter is in order 
2 

The cnoidal wave theory is of greatest interest when   k     is extremely 
2 

near unity     A direct expansion of   E   and   K   m terms of  k     is then 
2 

limited by problems of round-off m   k        This problem has been obviated 
by defining 

P   = -logjO (!-k 
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2 
E   and   K   are written as power series m   P   rather than   k  ,  and all 

2 
calculations involved in Eqs     (3) -  (8) similarly suppress k        P   is an 
easily manageable number and is roughly the length of the string of 

2 
nines in the decimal form of   k       In the present calculations    P has 
varied from less than unity to above fifty 

RESULTS 
A number of observations on wave transformation are summarized 

in Figure 2      The data of Horikawa and Kuo (1966) for a slope of 1/65 
is shown m Figure 3 with the solid lines representing results of the 
present model with   B   taken arbitrarily as    0   8      The general trend 
appears quite good,  and a somewhat better fit might have been obtained 
with other values of   B     The comparison indicates that the data scatter 
is accounted for by the variation m deep water steepness,   so that the 
transformation is not solely a function of bottom slope 

The dependence upon slope is indicated in Figure 4     Here,   only 
slope is varied and the theoretical height transformation is shown     It is 
noted that the present model is probably better for gentle slopes than 
steep slopes,   since all calculations of wave properties are based upon 
the assumption that the water depth is constant and equal to the local 
value 

Measurements of set-up are relatively few     A comparison of the 
present model with observations of Saville (1961) is shown in Figures 
5 and 6 

The curves labelled "Calculated" represent the contributions to 
set-up m the breaking and non-breaking zones      The latter has been 
computed from (Longuet-Higgms and Stewart,   1964) 

1        H2k 
8   sinh 2kD 

where   k   is the wave number      The contribution due to breaking has been 
calculated by using observed values at the breaking point as initial values 
with   5   taken as zero (the portion due to breaking)      The figures show 
that the general trends and magnitudes are correct and that the observed 
set-up "patches together" the portions contributed before and after the 
breaking point 

In all of the calculations shown so far   B   has been taken arbi- 
trarily as 0   8,   representing an energy dissipation rate 80% of that for a 
hydraulic jump of equal height     The dependence of results on this 
parameter is indicated in Figure 7, showing set-up for the conditions of 
Figure 6     It is seen that   B = 0  6   would have shown better agreement 
with observation,   but that the differences are relatively small 

DISCUSSION 

The model presented here appears,  from limited comparison with 
data,  to be capable of adequate prediction of set-up and height decay in 
the breaking zone      Considerable improvement is possible,  however 
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x 

Figure 2     A Summary of Wave Transformation Data Shore- 
ward of the Breaking Point 



WAVE SETUP AND DECAY 383 

1 1 1 1 i 1 1  !' 
in 

^ _ 
o 

0s 

^ O 
o 

II 

ui 
0- 

O 
o o - 

_1 
CO 

o « 

10 

ii 
1- 

u o 

°©^ 
\o\ O 

ID 
g> 

II 

1- O 
g o 

-J 
111 

o 
Z3 

ii _ 
a o z <B 

t- O 
00 

1  
  
  
  
 l 

R
E

S
E

N
T 

CO 

o 
ii 

CO 

2 < 

O 

t- 

\o 
Q- X 

_             1 

1 1 

O 

1 | 1 1 1   ... i | 

- 

00 

o 

CO 

o 
(0 
o 

CM 

O 

0   fr 

*0 

*J 60 

c ^ 
<y o 
to *" 
o ,-. 

— fi 
•" o ° 
0 « ao 

S c* 
IH nj nj 

** rt " 
P< !S CO 
cm 

<a 5 

3 

WH 



384 COASTAL ENGINEERING 

<B 
eu 
o 

(U T—1 

0 <n 
a X 

Tf o 
B 
Cu HI 

Q o 
ao fl S 

o 
SI 

X nri 
i/J a 
r-( 

Tl n! 
O 

u a 

O *j 
X 

J2 M 
^3 ^ 
g 0) 
in X 

oi o 

WH 



WAVE SETUP AND DECAY 385 

o o 

1» 

o u 4. i> • • 
IO o w CO 

0> 
11 

II 
on 

ii 
tn 

o 
11 

1- i o ffi 

133d   'df1-13S 



386 COASTAL ENGINEERING 

•o   •-   «. 
C    4)    0) 
o   4>   a> 

O 10  g) 
tO   CM  <VI 

CD   CD 
X   O   CD 

X33d  'dn-13S 



WAVE SETUP AND DECAY 387 

o 
10 
••^ e ^_ «^ H- 
II O u> 
LI CM CM 

0. (> 
-1 CD CD 
to V- X Q 

0   <D 
A *» 43   <D 

M   S 
0  n) 

>H  u 
n! 

I    M 
*!  C 
<U    H 

tf> A! 
, rt J)   u 

> u 
• CO 

«•- 00 .£ •* « *• 
Ul 
CC 
O 
X 

a) ~ 
CO u. « <u 
u. *H    ^ o 0  3 

,   60 
Ul o 

0)     •* 

(3 z a; *£ 
< •S  ° h- 0    a] 
V) 4>    d 
Q 

0>     ,-t 

Q -S 
« ^ 5 c jd 5 
H o 

i~- 

0) 
n 
3 
60 

o o 

« *dfl-J.3S 



388 COASTAL ENGINEERING 

In particular,  the approximation to the momentum flux given in Equation 
(8) is especially primitive   as noted,    M   can be computed directly from 
defining integrals,   although this is difficult and inherently approximate 
for breaking waves if a non-breaking theory is adopted 

The magnitude of the set-up at the shoreline is found,   in accordance 
with the data of Saville (1961),  to be quite large      It is pointed out that the 
Saville data,  given in field magnitudes,  was actually obtained m very 
small scale tests     Similarly,  the data of Bowen,  Inman,   and Simmons 
(1968) was also taken at a small scale with periods on the order of one 
second and maximum set-up heights of a very few centimeters      For this 
reason,  comparison with available data,  including that of Saville,  is 
somewhat problematic owing to the possibility of scale effects 

An interesting phenomenon observed by Bowen,   Inman,  and Simmons 
was a strong tendency for the set-up profile to become tangent to the beach 
slope, their analysis,  which assumed a breaking wave height equal to a 
constant fraction of the total water depth,   also showed this feature      The 
present model was unable to duplicate this,  always showing a set-up pro- 
file convex-upward intersecting the beach, the data of Saville appears 
generally similar 
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CHAPTER 24 

AIE ENTRAINMENT AND ENERGY DISSIPATION IN BREAKERS 

by Alfred FtlHRBOTER1 ^ 

SUMMARY 

Even m shallow water, only a part of wave energy is lost 

by turbulent vnscosity and bottom frxctxon, most of wave 

energy transfer takes place m the narrow zone of surf at 

the shore. 

Till to the point of breaking, the theoretical conception 

of an one-phase flow may be applied to the problem. From 

beginning of breaking, however, the effect of aeration 

can not be neglected. 

Prom a simple physical consideration, the sudden reduction 

of wave height and wave energy inside the surf zone can be 

explained by the  entrainment of air bubbles into the water. 

Except compression and surface tension effects, most of 

wave energy is stored at first by the static energy of the 

air bubbles which are driven into the water. 

Using idealized assumptions for calculation (uniform con- 

centration of air bubbles a.s.o.), it can be shown that 

m a plunging breaker the wave energy is dissipated on a 

very short way (less than on wave length), for a spilling 

breaker however, this way is of the order of some wave 

lengths. 

After formation of the air-water-mixture, the energy of the 

air bubbles is transformed by the microturbulence of the 

eddies m the turbulent wakes behind the uprising bubbles. 

^Universitatsdozent Dr.-Ing., PRANZIUS-INSTITUT, Technical 

University of Hannover, Germany 
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So turbulence spectrum also xs connected with the axr 

content of the water, this shall be of importance for the 

sediment transport. 

For model investigations of breaking waves heavy scale 

effects are to be expected from the air entrainment. 

THEORETICAL CONSIDERATION 

Inside the surf zone, wave heigth and energy are reduced 

suddenly by strong interactions, it shall be demonstrated 

here that the maoor part of wave energy is spent by sur- 

face interaction = air entrainment. For this demonstration, 

only simple assumptions and linear wave theory are used, 

the results would be essentially the same for higher order 

theories. 

The total energy of a wave with the heigth H and the length 

L is on the width b 

E = i • y • *> • L • H2  (1) 

and a reduction of wave height dH gives the reduction of 

wave energy dE 

dE = ^ • Y • *> • L * H • dH  (2) 

The wave length L shall be stated to be constant during 

breaking. 

This loss of (static and dynamic) energy must be transformed 

into other sorts of energy, so xn turbulent motion and at 

last into heat by friction. But before the energy is going 

into turbulence, there is a transfer mechanism by air en- 

trainment and foam production. 

Fig. 1 shows a column of water with the heigbh y and a 

volume of air Ay, when mixed together m such a matter, 
that there is a nearly uniform distribution of air bubbles 

m the water, the air concentration c, related to the vo- 
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FIG. 1. - ENERGY CONSUM 

BY AERATION 

therefore xs (Fig- 1) 

lumen with the height y + Ay, 

is 

dE stat dx(c 

Ay 
v+Ay (3) 

Neglecting the density of air, 

the static energy to bring a 

volume ol air into the aepth 

d below water surface is the 

same like to oring an equal 

volume of water into the 

heignt d above surface, ior 

the length dx, the width b and 

an (uniform) air concentration c 

2 

2 (1 

air m 
water 

c)) 
_ J 

water with 
air above 
level y 

(4) 

and with Ay from Eq. 3 

dE stat b • dx 2   1-c (5) 

This is only the static energy which is necessary to transfer 

the water column y and the air column Ay into a foam column 

y + Ay (Fig. 1), additionally, energy losses by effects of 

(adiabatic) compression, surface tension and friction curing 

the movement of the bubbles occur, these effects, however, are 

of small order compared with the static energy from Eq. 5- 

FIG. 2. 

WML EEIGIK 

REDUCTION 
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Wow the reduction of wave height (Fig. 2) and the obligate 

loss of energy from Eq. 2 can he put together with Eq. 5 

for the energy from aeration effect, with the assumption, 

that the energy amount dE on the way dx is spent complete- 

ly for the aeration of a water column of the same length dx 

and the height y 

f --2- iVS;    (e) 

This is the differential equation for H = H(x), the wave 

height inside the surf zone, for an evaluation, data are 

necessary for c and y, if there is no uniform distribution 

of the air bubbles, integrals have to be formed which re- 

present the static energy of the air content. 

But for a study only on the order of magnitude of aera- 

tion effect, for two special cases of breakers some rough 

assumptions can be made, so for the spilling breaker, that 

the depth of aeration is m a linear relation to the re- 

duction of wave height H(x) 

y oc H(x) (spilling breaker) 

Then an integration of Eq. 6 gives with H(x) = H^ for x=0 

(point of breaking) 

H(x) = % • e"   1-c  E  (7) 

For a plunging breaker, m first approximation the depth 

of aeration y can be considered to be of same order of 

magnitude as the breaker height H^ and to be constant 

during the process of breaking. 

y oc H, = const (plunging breaker) 

Here integration of Eq. 6 gives with H(x) = H, for x = 0 

H(x) - 1^ )/l - 4 • ^ • £ '.  (8) 
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On Fig,. 3, the results of Eq. 7 and Eq, 6 are presented 

for air concentrations between 20 %  and 40 %  which may be 
probable for breaking waves. It is to be seen that for 

spilling breakers a way oi some vave lengths is necessary 

for the reduction of miual wave height E^, for the 

plunging breaker, however, a part of one wave length is 

enough for the total destruction of the wave, in agree- 

ment to observations m nature. 

H{x). 

From wave theory as well as from the mechanism of the for- 

mation and the entrainment of the air bubbles, very many 

questions are open for the problem. Here only should be 

pointed out that even a simple model demonstrates clear- 

ly the importance of the aeration effect for the energy 

dissipation m surf zones, Eq. 7 and Eq. 8 together with 

Fig. 3 show that the aeration effect for itself is able to 

explain the high energy loss m breaking waves. 

2 

EFFECT OF AERATION. 4? =-2^- r^ 
OX    1-C HL 

Spilling Breaker*      c  x 
y~H(x)— H(x) = Hbe-2£l 

f-0 

c-0/0,3  0,1 

Plu nging Breaker 
H(x) = Hb fUjL f 

1 2 3 

FIG. 3. - WAVE HEIGHT REDUCTION 

FOR SPILLING AND PLUNGING BREAKERS 
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DISCUSSION AND CONCLUSIONS 

The static energy stored m the air bubbles afterwards ie 

transformed m turbulent mixing and eddy production during 

the uprise of the bubbles to the surface. So the tuibulence 

spectrum m the surf zone also is connected with aeration. 

The amount of air entrainment, i.e. the concentration and 

distribution of air, is nearly anknorn, espeoiall;' for 

large breakers, but it seems to be sure that the en en- 

trainment is not only a function of I'ROUDE's and REYNOLDS' 

but strongly also from WEBER's numoer. Surface tension 

and capillary effects will have influence on the process 

of breaking more for small than for large waves, for wave 

heights less than about one inch no areation takes place. 

The interaction between a gas and a fluid is a well .-tnown 

but very complicated problem even for steaay conditiorsm 

Processing and Chemical Engineering, for breaking waves 

the msteady process makes the difficulties increase, this 

is valid also for measurement of an concentration and 

distribution. 

Indirectly, the investigations of ShLADNEV and iOPOV 

(ref. 4) give some ideas about the limits for scale models 

with breaking waves, they found for the special case of 

*rave forces on a concrete slope trat there are no scale 

effects for waves higher than 50 cm, waves from 'j  cm till 
120 cm were used for the test series, the wave neight o' 

120 cm beemg thought as the prototype. For wa^e heights 

less than 50 cm, the forces scalea up after liOUDL's law 

became higher than measured vith the prototype wave height 

of 120 cm, for waves ? cm high more than two times. Jhis 
effect is explained by the authorsext)licitely by the de- 

creasing air content. Similar considerations a1 out the in- 

fluence of the pir content on impact forces (thock forces) 

also are given m ref. 1 and ?. 

IVPI the beginning of oreakmg as "white c°ppirg" at the 
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wave crests is considered by HASSELMAKN (ref. 3) to be a 

"strong interaction" compared with the "weak interaction" 

by bottom friction. Inside the surf zone, the water-air- 

mteraction must be expected much stronger tnan the water- 

Do ttom-mteractions. 

Thinking the energy of an incoming wave at the point of 

breaking to be 100 %,   it would be of highest interest to 
know how much percent of this energy is spent by water- 

air-mteraction because only the difference can be effect- 

ive for water-bo ttom-mteractions, sediment transport, 

wave set-up and rip currents, wave run-up a.s.o. 

Also of high importance is the question how far scale 

models are able to reproduce these processes, when the 

aeration effect is reduced by surface tension, bhe energy 

for the other effects mentioned above becomes higher than 

m prototype. So all problems of litoral processes are in- 

fluenced by the aeration problem. 

The production of air-water-mixtures by the different 

sizes and sorts of breakers therefore seems to be a first 

order problem for the physical process m surf zones. 

Measurements of air concentrations and bubble distributions 

are necessary together with wave height measurements m 

order to get a knowledge how much of the energy dissipation 

of a breaker is represented by the aeration effect given 

by Eq. 6. 
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PROBABILITIES OF BREAKING WAVE CHARACTERISTICS 
J     Ian Collins 
Tetra Tech  Inc 

Pasadena    California 

ABSTRACT 

Utilizing the hydrodynamic relationships for shoaling and refraction of waves 
approaching a shoreline over parallel bottom contours    a procedure is de- 
veloped to transform an arbitrary probability density of wave characteristics 
in deep water into the corresponding breaking characteristics in shallow Water 
A number of probability distributions for breaking wave characteristics are 
derived m terms of assumed deep water probability densities of wave heights 
wave lengths and angles of approach      Some probability densities for wave 
heights at specific locations in the surf zone are computed for a Rayleigh 
distribution in deep water      The probability computations are used to derive 
the expectation of energy flux and its distribution 

INTRODUCTION 

Many experimental investigations of breaking waves    longshore currents 
and littoral drift have been made      Sometimes the results have been expressed 
in terms of deep water wave characteristics and sometimes in terms of break- 
ing wave characteristics making comparisons of various data a difficult task 
In some instances the wave characteristics at some intermediate water depth 
are given      The laws of hydrodynamics can be used to relate deep and shallow 
water characteristics if bottom friction effects are neglected 

Earlier theoretical work of LeMe"haute (1961)    LeMehaute and Webb (1964) 
and LeMehaute and Koh (1967) have proposed methods of computing shallow 
water wave characteristics in terms of deep water wave characteristics for 
periodic waves using first    third and fifth order Stokian wave theories 
It is well known that naturally occurring sea conditions  can be characterized 
only in statistical terms      Such terms include the spectrum    the average wave 
height    significant wave height    mean wave period    etc      The sea state m deep 
water can be characterized by a probability distribution of wave heights    wave 
lengths and angles of approach  to the shore 
The reason for the choice of characteristics m terms of probability distributions 
rather than the spectrum is purely for convenience in considering the behavior 
of waves in the surf zone as individual crests      Relationships between spectra 
and probability of wave height and wave period have been demonstrated by 
Longuet-Higgins (1952     1957)    Bretschneider (1959)    Collins (1967) and others 

The usual method of treating a wave traveling m gradually varying water depths 
has been to use the wave theories for a horizontal bed and to account for the 
effects of bottom variation by considering energy conservation      Biesel (1951) 
and many others    and more recently Mei    Tlapa and Eagleson (1968) have pro- 
posed theoretical approaches to wave propagation over variable depth      The 
traditional method of treating waves over gradually varying bottom topography 
will be adopted      It will also be assumed that the linear wave theory (first 
order) can be applied up to the point of breaking      Non-linear effects (peak-up 
effect) which are important near breaking are,   to some extent    empirically 
taken into account m the breaking criteria 

399 
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In this paper an attempt has been made to apply the hydrodynamic theorie& of 
shoaling,   refraction and wave breaking to statistical models of the sea     Ex- 
amples of computations are given for a plane beach      Generally    the wave 
characteristics in deep water are assumed and the corresponding character- 
istics m shallow water including the surf zone are computed 

One-dimensional (wave height    wave length or wave direction) and two-dim- 
ensional (wave height and wave length) probability distributions are given 
The general solution for a three-dimensional probability distribution is de- 
rived for two different wave breaking criteria 

The results of the computations of wave probabilities in shallow water are 
used to compute expected values of energy fluK in the surf zone as a function 
of depth of water      A similar approach to determine longshore current dis- 
tribution is proposed 

GENERAL DISCUSSION 

Governing Equations of Wave Transformation 

The dispersion relationship for waves is written 

VLo   =    tat*2"VLb (1) 
where    the subscript   b    refers to conditions at breaking    the subscript   o 
refers to conditions in deep water    (see figure 1)    L is the wave length   d is 
the water depth 
Snell's law can be used 

Lo/Lfa   =   sinao/ sm% (2) 

where d is the angle of the wave crest with the shoreline 

The choice of a suitable breaking criterion is required      Experimental in- 
vestigations on this phenomenon in two-dimensional wave tanks have been 
made    notably by Iversen (1952)    Hamada (1963) and Suquet (1950)      The 
following criterion fits the data very closely {after LeMehauteand Koh    1967) 

H./H      =    0  76S1/? (H   /L  )"* bo o      o 

where S is the bottom slope and H is the wave height      For waves breaking at 
an angle    the bottom slope is actually S cos a,   and H    should be replaced by 

H    cos2 a        The breaking criterion becomes 
00 1/7 1/7 J- ^/s 

H./H      =    0   76S1' ' cos     ' ' a.   (H   /L  f4 cos a (3) DO D O        O o 

where S is the slope at breaking     An alternate breaking criterion was also used 

Hb/db   =    °   7Z  + 5   6S (4) 

if bottom friction effects are neglected then the wave height change up to breaking 
can De computed from the conservation of energy as    H    = K   K  H    which over 
a beach with parallel bottom contours will be used m the form i 

H./H      =  i tanh k, d.      l+2k. d, /sinh 2k, d.      cos a. /cot. a /C\ b      o        ^ bb_ bb bb_ HD o (5) 

whe re k,     =   2rr/ L, b b 

Equations  1,2   5 and 3 or 4 provide a system of equations such that a given 
deep water wave characterized by H       L>      a    yields a unique breaking wave 



BREAKING WAVE 
401 

lUu.tratxon of Nomenclature Used Figure 1     Illustration ^i ..-.._ 
In. Wave Transformation 



402 COASTAL ENGINEERING 

characterized by H,      L,     cu      *n fact the solution of these equations for the 
breaking characteristics requires a step-by-step or iterative procedure since 
the dependent variables cannot be separated 

Breaking "Waves 
The methods of the preceding section yield the information H,      L      a,      d, 

for any specified deep water values H       L,      a        Another problem of interest 

can be stated     given H       La- what is H    L   & at a specified location d = d 

Three separate conditions must be recognized 
(a)   d   >d. (b)   d   <d. 

When d    is greater that d,   Eqs 

H <X„ The case d 

(O    dc    =    dfa 

2 and 5 can be applied directly to compute 

When d    is less than d. d,   can also be included b 
the wave has broken farther offshore and some of its energy has been dissipated 
The decay of wave height after breaking has been studied by Horikawa and Kuo 
(1966)    Street and Camfield (1966)    Nakamura    Shiraishi and Sasaki (1966) and 
Divoky    LeMehaute and Lin (1969)      The experimental results are summarized 
in Figure 2 (after Divoky    et al    1969) 

For purposes of the present study,   the wave height at d = d    after breaking 
was taken as 

H      =   H,d   /d, ,,, 
c b    c     b (6) 

I    e       a linear wave height decay from the breaking point to the shore 

The angle and wave length of the broken wave at d = d    were computed from the 
refraction laws for long waves 

L    = L,   (d   /d.) 2 

c b      c     b 

sin a   = sin a b'W* 
(7) 

(8) 

Probability Distributions 
Assuming that the statistical properties of the deep water wave characteristics 
are known    the system of equations 2 through 5 will enable the determination of 
the statistical properties of shallow water waves up to breaking      The problem 
can be stated     given p (H       L      a   )   determine   p (H       L,     a      d, ) subject to 
the relationships of equations  1 through 5      At breaking    only three conditions 
need to be specified    {The fourth can be found in terms of the other three  )   The 
general solution is, 

p(Hb.   Lb   %)   =   P(HQ    LQ   e^M"1 (9) 

where 

|J| 

3H. /SH b        o 
SV3Ho 

aHb/SLo, aHb/aa0 

aV3Lo   *V3ao 
/ aH    ac / a<x. 

(10) 

The partial derivities have to be determined from equations 2 through 5 
Generally it is seen that if equations 2 through 5 are differentiated by each vari- 
able H       L      a   one at a time    a system of 12 simultaneous equations are derived o        o      o ' ^ 
which have to be solved for the partial derivatives before substitution into 
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d/dh 

Figure 2        Summary of Experimental Data on Wave 
Height Decay After Breaking 

012 

008 

p(Hb),a0=o 
— X <H*>=90ft2 

S^~-p(Hb),a0=30'> 

Figure 3 Probability Densities of Breaking Waves 
Height for Two Angles of Approach in 
Deep Water 
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equation 10 The entire procedure is straightforward (but tedious) unless 
J contains zeros Special consideration must be given to regions where J 
changes sign 

SPECIFIC APPLICATIONS 

One-Dimensional Probability Distribution 

Assuming that the wave characteristics are specified in deep water such that 

L      -    constant a,     -    constant 
o o 

H    has the probability distribution 

p (H   )   =    2H   /<H2>   exp   ["- H2/ <H2>1 (11) 

then 

<> denotes mean value 

p (H. )   =    p (H   ) 5H   /3H, (12) 
boob 

p (Lfa)   =    p(Ho)«o/SLb (13) 

P(%) p(HQ) 3HQ/Sab (14) 

The values of the differentials can be determined analytically or they can be 
calculated numerically by finite difference approximations 

Examples of some sample cases computed for one-dimensional deep water 
probabilities are given as Figures 3  through 5      The probabilities shown are 
computed for breaking characteristics at whatever location they occur 
Figure 3 illustrates the effect on the probability of breaking wave heights for 
different angles of approach in deep water      This probability is not too sen- 
sitive to the angle of approach 

Figure 4  indicates the effect of various deep water wave lengths on the pro- 
bability distribution of breaking wave heights for a deep water angle of 
approach of 30        As expected    it is seen that increased deep water wave 
lengths lead to larger breaking wave heights      The probability distributions 
are shifted toward higher values of wave height      Figure t>   shows the effect 
of increased wave length in deep water on the angles of breaking waves for a 
Rayleigh-type deep water wave height distribution      Once more    as anticipated 
larger wave lengths tend to refract more and break more nearly parallel to 
the shore 

Examples of computations for the probability densities of wave characteristics 
at a specific location are given as Figures 6  and 7      These two figures differ 
from figures 3 through 5 m that they present wave height probabilities at a 
fixed location      Both broken and non-breaking waves are present     All of the 
figures show a sharp rise in the probability density of wave heights at the 
breaking limit 

Two-Dimensional Probability Distributions 

The two-dimensional probability of breaking characteristics indicate the joint 
probability of breaking wave height and wave length      Complete numerical 
computations have not been made since in this case the roots of the Jacobian 
must first be investigated      One simplification which permitted numerical re- 
sults to be obtained    follows from the assumption that wave breaking occurs 
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xii shallow water only,   1    e       d/L at breaking is small      Then    it follows 
that equation  5 becomes 

VHo *  j>osa0/cosab    <2kd<^)]2 
(15) 

equation 1  becomes 

L./L     ~   k,  d, (16) 
bo b    b 

A comparison between equation 15 and equation 5 when a =  0 is shown as 
Figure  8     It is seen that the differences are very small when d/L is less 
than 0   05 

Substitution of equations 16 and 2 into equation 15 yields the interesting re- 
sult 

Hu/H      =05 [sin 2a / sin 2a, ] (17) 
bo o b 

which has the limit H./H    =    L   / L,    ' 2    when a   = 0    as might be expected boi_obj o b r 

The corresponding Jacobian is 

T    _    d (H       L   )      _     f L, cos a,        sin 2a J    = o        o       -    i  b     - b o      • 
d (H,      L  ) L sin a cos 2a b        b o o TD 

3/8 

• rvc-^)1 }-^(^-r cos a* (18) 

6 A 

where    A = 0  76S1'7 

Figure 9   shows an assumed deep water probability distribution p (H     L   ) 

corresponding to a joint Rayleigh distribution with zero correlation between 
wave height and wave period (Bretschneider     1959)     The  corresponding break- 

ing wave characteristics     p (H,      L, ) = p (H       L,  ) | j| are shown for 

a    = 0 and a    =  30    as Figures  10 and 11 for the breaking condition of equation 3 

Figure 12 presents p (H       L   ) for the depth limited breaking criterion 

It is seen from Figures  10 and 11 that the effect of the deep water angle of 
approach on breaking wave heights and lengths is relatively minor      A com- 
parison of Figure 10  with 12 shows that the breaking wave steepness is very 
sensitive to the choice of breaking criteria 

Figure 13 compares the probability density of wave height determined from 
the one-dimensional computations and the marginal distribution for the two- 
dimensional distributions using two breaking criteria 
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LONGSHORE CURRENT AND ENERGY FLUX 
FOR RANDOM WAVES IN THE SURF ZONE 

The mean value of a function of H    L and a in a random sea can be de- 
rived from the equation for uniform periodic waves following a well known 
theorem of probability     given a function of f (x y) in which the probability 
distributions of x and y are known,   the mean value of the function f (x  y) 
is given by * * 

< f(x y)> = I  I   f (x  y)    p(x, y) dx dy 

where p (x  y) is the joint  probability density of x and y     Hence    a longshore 
current equation derived for uniform periodic waves l   e      V_   = V-   (H, L a) 
can be applied to random waves if the random values of H    L andCC are 
weighted correctly 
The mean value of V     m a random sea is given by 

<VL> "* IJ J   VL (H'   L    a) P (H     L   a) dH dL 6a 

which can be considered as the result of superimposing all of the wave heights 
wave lengths and angles which are present and weighting the effect of each one 
by its probability of occurrence 

A set of sample calculations for longshore and onshore energy flux has been 
worked out      The mean longshore energy flux is given by 

_L <F>r 
Pg L 

in- 2TT 

2 
H    L n      cos <xp(H    L<x)dHdL.da 

/^ 
non-breaking 

breaking 

-r 2 TT 

(19) 

3 i 
(H d)      1 2     cos a  p (H  L, a) dH dL da 

(20) 

Also    by definition    p(HLa)dHdLda = p(H,L      a ) d H d L    d a ' ooo oo 
and the integrals can be approximated by summation 

_1    <F> 
P 8 

= -|-  J^Z   y [ J|!L   cos a   p(Ho, Lo,ao) A HQ 4 LQ A aQ } 

non-breaking (21) 

+ _|_ fgZ  Y{[JHD)V   cosap(Ho    Lo, ao)iHoAL0Aao} 

breaking 
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The mean onshore energy flux is defined with sin a replacing cos a in 
equation 21      An example of the computations using equation 21 is given as 
Figure 14     Figure 14 illustrates the variation of onshore energy flux m 
the surf zone      The variation of longshore energy flux is similar but absolute 
values of flux are smaller    In this figure the deep water wave length and angle 
of approach were taken as constant and the deep water waves were charac- 
terized by a probability distribution of wave heights 
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CHAPTER 26 

CHARACTERISTICS OF WAVES BROKEN BY A LONGSHORE BAR 

By 
1 2 E    Clark McNair, Jr     and Robert M   Sorensen 

ABSTRACT 

A two-dimensional model submerged offshore bar was installed in a 
Texas A&M Hydrodynamics Laboratory wave tank     Monochromatic waves with a 
range   of  heights and periods were generated at this bar for three different 
depths of water over the bar     For each wave, water surface time-histories 
were measured at points before and after the bar and spectral  analyses of 
these measurements were performed 

The analysis of each wave record yielded an equivalent wave height 
which is proportional  to the square root of the wave energy per unit 
surface area     The ratio of the reformed to incident equivalent wave 
height is shown to relate to the ratio of incident wave height to water 
depth over the bar     The predominant periods of the reformed waves are 
found to be the same as for the incident waves but the presence of energy 
at higher frequencies is also observed     The cause of these higher frequency 
waves  is discussed 

INTRODUCTION 

During parts of the year, generally the winter months, intense storms 
at sea generate waves that are quite steep     These waves, upon reaching 
the shore, will erode material  from the beaches and deposit this material 
some distance from the shoreline     Continued deposition of material  results 
in the formation of a lonqshore bar     A typical bar formation will have 
a rather gently sloping face toward the sea, a rounded crest, and a steep 
slope downward into a trough in the lee of the crest     These bar formations 
are generally of transient nature in shape and location 

After a wave breaks over   the bar and reforms, questions arise concern- 
ing the characteristics and energy of the resulting wave form, particularly 
if expensive structures are to be placed where the wave can act on them 
or if the shore is composed of material which can be carried away by the 
waves     The object of the research described herein was to define some of 
the characteristics, particularly the heights and periods, of waves which 
have broken while passing a longshore bar and have reformed in the lee of 
the bar 

1 Research Hydraulic Engineer, USAE Waterways Experiment Station, 
Vicksburg, Mississippi 

2 Assoc    Prof   of Civil  Engineering, Texas A&M University, Colleqe 
Stati on, Texas 
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REVIEW OF THE LITERATURE 

Investigations concermnq breaking waves have been conducted by 
Iverson (7), Nakamura (9), and others  (4, 5)      However, the beach slopes 
used in those studies were such that the water depths never increased 
shoreward of the breaking point of the waves     The work of Iverson 
showed that if the beach slope and the deepwater wave steepness are known, 
several  characteristics of the breaking wave, including the heiqht of the 
wave and the water depth at the breaking point, can be predicted 

Investigations have also been performed with submerged rectangular 
breakwaters where waves approach the breakwater in fairly deep water, peak 
up and break over the relatively shallow structure, and then reform in 
the deeper water in the lee of the structure     Tests conducted by Dick (1) 
with such breakwaters indicated that as a wave passed over the structure 
and broke, it was  reduced to a fundamental wave whose period was the same 
as the incident wave but whose heiqht was lower than the incident wave     He 
also found lesser waves of higher frequency superimposed on the fundamental 
wave 

Nakamura, Shiraishi, and Sasaki   (10) also conducted experiments with 
submerged breakwaters     Their test results indicated alterations of wave 
length and period as the waves broke on the submerged dike      For instance, 
their data showed that for a depth in the lee of the breakwater equal to 
10 percent of the deepwater wave length, the wave length in the lee of the 
breakwater was reduced to approximately 30 percent of the deepwater length 
and the wave period was reduced to approximately 60 percent of the deepwater 
period 

Diephuis (2) has reported on a hydraulic model study conducted at the 
Hydraulics Laboratory, Delft, Netherlands, to study the transmission of 
wave energy past submerged bars      Although much of his data were taken in 
the range of wave lengths and heights where surface tension and viscous 
effects play a large role in wave attenuation, his tests indicate that the 
wave heights in the lee of the bar where water depths are constant are 
some function of the deepwater wave steepness and that the heights of the 
reformed waves are   more-or-less constant 

THE LABORATORY STUDY 

A laboratory experiment was devised to study the characteristics of 
gravity water waves  after the waves had encountered a two-dimensional long- 
shore bar and had broken while passing the bar     A model simulating a long- 
shore bar formation was designed and installed in a two-dimensional wave 
channel in the Hydromechanics Laboratory of Texas A&M University     Mono- 
chromatic, gravity water waves were generated toward this bar formation 
Most waves broke as they passed over the bar and then reformed as they enter- 
ed the deeper water in the lee of the bar     A limit on the waves studied 
was those waves that were on the verge of breaking but failed to do so 
These waves did however distort and develop shorter period components      Re- 
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cordmgs of the water-surface time-histories were obtained before and after 
the bar     From the insight into the wave characteristics qamed from these 
recordings, those characteristics which the wave possessed before reaching 
the bar were compared with the characteristics of the wave after it had 
reformed in the lee of the bar 

urn 
The laboratory model simulating the bar formation was fabricated by 

fashioning wood ribs to a predetermined shape and affix1 ng a stiff alumin. 
covering to the ribs to form the bar surface     The shape of the model, as 
shown in Fig    1, was chosen arbitrarily, but is believed to have a counter- 
part in nature     The height of the model  crest above the channel floor was 
0 75 ft and the total  length of the model was 10 ft 

The model was attached to the floor of the channel by drilling and tapp- 
ing threaded ways into the floor and passing bolts through the model into 
the ways     In this manner the model was securely fastened to the flume and 
showed little tendency to shift under the oscillating forces created by the 
passing waves 

The model was constructed with small  tolerances between the aluminum 
covering and the walls of the channel      A caulking clay was forced into 
the spaces which did exist, to inhibit any leakage around or under the model 

In nature, a longshore bar formation is a steeper discontinuity in an 
already sloping beach     However, the sloping beach was not reproduced in 
this study     The channel floor, at constant elevation, served as the ocean 
floor so that the effects of bottom slope were not studied 

The wave channel in which this study was conducted is 2-ft wide by 
3-ft deep by 120-ft long     The walls of the channel  are glass so that tests 
may be observed visually     A pendulum-type wave generator was used to 
generate the monochromatic incident waves      The displacement of the wave 
generator was determined by the eccentricity of the rod connecting the 
generator to a motor-driven flywheel      The period of the generator was con- 
trolled by regulating the angular speed of the flywheel with the electric 
motor whose speed could be adjusted by the setting of a potentiometer     A 
wire-mesh wave filter was installed near the generator to attenuate the 
higher frequency noise waves superimposed on the incident wave     At the end 
of the flume, a permeable wave absorber minimized reflection of the reformed 
waves back into the testing area 

Water-surface time-histories were measured by a pair of capacitance- 
type wave probes     The circuitry of this system includes a caoacitance 
bridge of which the probe forms one leg      Operation of the probe requires 
balancing the bridge by immersing the probe to its proper depth in the water 
and then balancing the bridge with an adjustable capacitor which forms 
another of the legs of the bridge     With the circuit so balanced, any 
displacement of the water surface from the mean water level will cause an 
imbalance of the circuit     The magnitude and sense of the imbalance is 
monitored and this signal is amplified     The amplified signal  is then 
recorded by a dual  channel strip-chart recorder to yield a record of water- 
surface position versus time at each probe location 
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EXPERIMENTAL PROCEDURE 

Several experimental  runs with a range of wave characteristics were 
conducted for each of three water depths over the bar     These depths over 
the bar crest, C, were 1 5 in  , 3 0 in  , and 5 0 in    giving total water 
depths, d, of 10 5 in  , 12 0 in  , and 14 0 in 

Two wave probes were installed in the channel  at the locations shown 
in Fig    1  and calibrated before each set of test runs      The calibration was 
checked quite often during the study 

After each test run the wave channel was allowed to sit for several 
minutes to allow any ripples on the water surface or any oscillation of the 
water in the channel  to dissipate 

With the water completely still, the wave probes and the recorder were 
switched on and the wave generator was started Records of approximately 
one minute in length of the water-surface time-histories at the two probe 
locations were taken The wave generator and recorder were then stopped, 
the water in the channel was allowed several minutes to still, and the test 
was repeated After this repeat test, the amplitude and/or period of the 
wave generated were changed and the entire procedure was repeated for the 
new wave train 

In addition, a wave probe was  attached to a movable carriage atop the 
wave channel and attempts were made to measure any reflected waves from 
the bar formation by the envelope method (3)      Although the procedure was 
repeated for waves of various steepnesses, in no instance were reflected 
waves detected 

EXPERIMENTAL RESULTS 

The laboratory data were obtained in the form of recorder traces of the 
water-surface time-hi stories  for the two wave probe locations shown in 
Fiq    1      Samples of the recorder trace from each probe are shown in Fig    2 

Wave heights were obtained from the wave records by measuring the 
vertical  distance between the peaks and trouqhs of several successive waves 
and averaging these values      This procedure was easily followed for the 
relatively uniform incident waves, but the irregular wave forms which 
developed in the lee of the bar presented some difficulty     For those waves, 
the position of the crest and trough could not always be determined exactly, 
thus, there was some question concerning the heights obtained     Therefore, 
to provide a basis for comparison of test results as free as possible 
from subjectivity, a procedure was used in which an "equivalent" wave height 
was determined 

In order to evaluate the equivalent wave height,  it was necessary to 
assume that the recorder trace of the water-surface time-history is periodic 
and may be expressed as a Fourier series 



420 COASTAL ENGINEERING 

A    Trace of the re-formed wave 

one 
second 

f- Crest 
. 7    \ 

/    \ 
Hm    t 

/ 
\ 
\ \ 

Trough - 

B    Trace of the incident wave 
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n(t) 

n=l 

/       (an cos not + bn sin not) (1) 

where n(t) is the displacement of the water surface from mean water level at 
time t, a0 is the mean displacement of the recorder trace from mean water 
level, an and bn are Fourier coefficients, n is an integer coefficient, and 
a is the angular frequency 
(6) gives 

The Parseval theorem for periodic functions 

PJL 
T n(t)2 dt = f     Yl    Hj 

J=l 

(2) 

where p is the fluid density,  a is the acceleration due to gravity, T is the 
time length of the wave record, j is an integer, and H1  is the height of 
each constituent wave comprising a complex wave form   "The right-hand side 
of Eq    2 may be recognized as the total energy per unit surface area in the 
wave form obtained by addinq the energy of each constituent of the wave 
The incident equivalent height, Heq, may now be introduced and defined by 

pg H eq 
££ nW dt 

or 

eq 2/2 

tf 
n(tr dt 

1/2 
(3) 

The values of n(t) were measured for all tests at time increments of 
0 05 sec for record lengths, T,  ranging from 20 to 25 sec These values 
were punched onto cards  and the equivalent wave heights, as defined by Eq    3, 
were evaluated numerically by a digital computer 

Although the equivalent wave heights need not have physical  counter- 
parts, they do provide an aporoximation of the measured wave heights     The 
plots in Fig    3 and 4 for C = 3 0 in    show this to be the case, particularly 
for the monochromatic incident waves     The measured heights, Hm and hm, 
were obtained by averaging    the heights of several  successive waves from 
the recorder traces      Hm is the measured height of the incident wave and hm 
is the measured height of the reformed wave     heq    is the equivalent height 
of the reformed wave, defined in the same manner as Heq     Table 1  lists 
pertinent data on the waves studied in these experiments 
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TABLE I  - WAVE DATA 

Run 
Number 

Depth Over Bar 
C (in ) 

Wave Period 
T (sec ) 

1  22 

Heq 
(in  ) 

1   75 

heq 
(in ) 

1 1 5 0 76 

2 1 5 1 00 1 90 0 64 

3 1 5 0 85 1 84 0 61 

4 1  5 0 73 1 62 0 51 

5 1  5 0 84 1 56 0 52 

6 1  5 1  22 1 54 0 53 

7 1 5 1  21 1 14 0 47 

8 1   5 0 92 1 33 0 52 

9 1   5 1   20 2 29 0 81 

10 1 5 1 69 2 04 0 63 

11 1  5 1  71 2 17 0 71 

12 1 5 1  21 2 52 0 78 

13 1  5 1 23 0 99 0 51 

14 3 0 2 24 3 04 1 93 

15 3 0 2 17 3 79 2 14 

16 3 0 2 19 2 03 1  49 

17 3 0 1  94 1 90 1   58 

18 3 0 1 93 2 68 1 90 

19 3 0 1  81 3 67 2 08 

20 3 0 1  57 2 36 1  40 

21 3 0 1  54 3 96 1 87 

22 3 0 1  58 3 14 1  57 

23 3 0 1  32 4 19 1 92 

24 3 0 1  33 3 38 1  76 

25 3 0 1  35 2 14 1 49 

26 3 0 1   10 2 02 1  40 

27 3 0 1  14 2 41 1  54 

28 3 0 1  10 3 20 1  67 

29 3 0 0 90 2 79 1 64 

30 5 0 1  26 3 45 2 65 

31 5 0 1  54 3 20 2 71 

32 5 0 1  98 5 21 2 78 

33 5 0 2 53 4 54 2 96 

34 5 0 1 92 4 34 2 42 

35 5 0 1  47 5 64 2 74 
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Visual  observations of the wave forms in the lee of the bar indicated 
that the water-surface history repeated itself in a time interval approxi- 
mately equal to the period of the incident waves      However, a more rigorous 
determination of the period of the waves in the lee of the bar may be made 
by conducting a spectral  analysis of the wave form     The assumption is made 
that the frequency at which the peak energy is located corresponds to the 
period of the wave     The spectral  analysis will  show the frequency band in 
which the peak energy is located in both the incident wave and the reformed 
wave      A comparison of the spectra of the incident wave and the spectra of 
the reformed wave will show if a shift in the location of the peak energy 
has occurred      If a shift has occurred, then the period of the wave will 
have changed during the breaking and reforming process 

The spectral  analysis may be carried out using the data which were 
gathered earlier for the determination of the equivalent wave heights     A 
method for determining the wave spectra is presented by Kinsman (8) and is 
outlined here with some slight changes in constants 

With N values of n(t-,) spaced at time intervals AT and with m as the 
lag, the sample autocorrelation function, r, may be computed 

r(vAx) 

N-v 

E 
1=1 

n(tn) n(t1  + VAT) (7) 

where v = 0, 1, 2, , m     The lag, m, is some fraction of the lenqth of 
the record, usually less than 0 IN 

The Fourier transform of the autocorrelation function is the energy 
spectrum, which is required     This transform may be effected by calculating 
the unsmootbed estimates of the spectrum as follows 

LT=0 

m-1 

g-[r(0) + r(mAx)] +     [_,     r(kAT 

k=l 

(8) 

m-1 —| 

J{r(0) + (-l)v r(mAx)] +   £]    r(kAx) cos ^| 

k=l -J 
(9) 

v = 1, 2, , m - 1, and 

m-1 -i 

jl-[r(0) + (-l)m r(mAx)] +   Jj   (-l)k r(kAx)   ] 

MH J 

(10) 
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where L is the unsmoothed spectral estimates at time t = T     The final 
smoothed estimates of the spectrum, J>, are formed by the moving, weighted 
average 

*(VAT) =     >       a     L 
/     I V,1    V 
i=0 

(11) 

where v = 1, 2, , m - 1, and 

„\ 

a       , = 0 25 

a       = 0 50 
V ,v 

a      ., = 0 25 v,v+ I 

> 

a   , = 0 
v,i y 

(12) 

for i^v-l,v, orv+1      For the end points, 

*(0) = (LQ + L^/2 t 
*« = <Lm-l+Lm>/2J 

(13) 

Typical  results of the spectral  analysis are presented in Figs    5 
through 10     These plots show that the peak energy of the incident wave and 
the peak energy of the reformed wave generally occur at the same frequency 
Thus, the indication is that the basic period of a wave does not change as 
the wave passes over the bar, breaks, and reforms in the lee of the bar 

In all  reformed wave records a second energy peak occurs at a higher 
frequency that is consistently twice the frequency of the incident wave 
In a few cases, the peak value of this higher frequency energy is equal to 
or slightly exceeds the reformed energy of the incident wave frequency (see 
Fig    8 for example)      In most cases, the peak energy at this higher frequency 
is only 20 to 40 percent of the mam peak of the reformed energy spectra 

Also, in most of the reformed wave records analyzed, a very low level 
of energy with a frequency of approximately triple the incident wave frequency 
can be detected 

The ratio of reformed to incident equivalent wave height, heq/Heq, has 
been plotted against the deep water wave steepness, Heq/T2, (Fig   11) and 
against the relative depth over the bar crest, C/T2, (Fig    12)      As can be 
seen, no correlation is apparent in either of these figures 
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Fig    13 shows heq/Heq plotted against the ratio of incident equivalent 
wave height to water depth over the bar crest, Heq/C     The data for the 
3 in    and 5 in   water depths plot together and produce a relatively well 
defined relationship between Heq/C and heq/Heq      Some of the scatter may be 
caused by the fact that some waves break over the bar crest while others 
break ahead of the crest 

The data for the 1  5 in    depth fall below the other data, particularly 
for the low incident waves      This is  possibly due to scale effects in the 
breaking of these low amplitude waves 

CONCLUSIONS 

The   objective of this investigation was to gain some understanding 
of the characteristics of monochromatic waves after they break over an 
offshore bar     Generally, most of the energy in the reformed waves is at 
the same period as in the incident wave but a large portion of the energy 
shifts to higher frequencies      The ratio of equivalent wave heights  (square 
root of wave energy per unit surface area)  before and after the bar depends 
primarily on the ratio of the incident wave height to water depth over the 
bar crest 

Further tests are planned for 5 in    and greater (eg    7 in    and 9 in ) 
depths over the bar with waves that break and waves that do not break but 
are disturbed enough by the bar to cause the development of higher frequency 
components in the lee of the bar     These tests should better define the 
relationship between heq/Heq and Heq/C     They should also lead to a greater 
understanding of the reformed wave enerqy spectrum     Also, a closer look 
at the nature of the waves as they break as well  as the point on the bar 
at which breaking occurs is needed 
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CHAPTER 27 

VELOCITY FIELDS IN THE WAVE BKsAKka ZONK 

M. I). ADEYEMO, Ph.D. (Lond). 
Faculty of Engineering, University of Lagos, Nigeria. 

SYNOPSIS 

The paper deals with the velocity fields in the neighbourhood of 
the breakers and the correlation between the wave asymmetry and the 
velocity asymmetry. 

The velocity measurements were made on two beach slopes 1 9 and 

1.18. Earlier work (3) showed that the two slopes produced different 

breaker types; the slope of 1:9 produced plunging breakers and the 
slope of 1 18 spilling breakers. 

The velocities (velocity - tune history) of the water particles 
were measured at a height of 5mm above the bed using the hydrogen bubble 
method combined with cine photography. 

Two types of horizontal velocity asymmetry were defined and investi- 
gated, namely 

(1) horizontal velocity (Magnitude) asymmetry 

and (2) horizontal velocity (time) asymmetry. 

It was found that there are both qualitative and quantitative 
correlation between the asymmetry of the wave, and the asymmetry of the 
resulting velocity field. As a result of the correlation two alternative 
expressions are given for the horizontal velocity (magnitude) asymmetry. 

INTRODUCTION 

In fairly deep water, the water particle horizontal velocities at 
the bottom are approximately equal for the shoreward and seaward motions, 
but as the waves moves into progressively shallow water of about £.£0.15, 

the asymmetry of the wave gives rise to the velocity differential  of the 
water particles in the beachward and seaward directions, the onshore 
velocity of the water particles being greater in magnitude and of shorter 
duration than the offshore velocity. This behaviour thus leads to a 
definition of two types of horizontal velocity asymmetry, one based on 
magnitude and the other on time. They are defined as follows. 

Horizontal velocity (magnitude) asymmetry = 

Maadmum horizontal shoreward velocity 
Maximum horizontal seaward velocity 

435 
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Horizontal velocity (time) asymmetry « 

Time for the shoreward motion 

Tiae for the seaward motion 

The study on wave asymmetry where the effect of beach slope and shoaling 
on the magnitude of the wave asymmetry was examined had been reported 
by the author\3). The present study is thus concentrated on the investi- 
gation of the velocity fields and the correlation of the velocity 
asymmetry and the wave asymmetry. The wave conditions used were the 
same as those used in the study on wave asymmetry(3). The correlation 
of the wave asymmetry and the asymmetry of the orbital velocity field 
will be discussed later in the paper. A review of previous work on 
velocity studies of water particles under the action of waves is given 
below. 

Review of Previous Work 

Iversen"/ examined the kinematics of the water movement in 
breakers. He used particles of a mixture of xylene, carbon tetra- 
ohloride and zinc oxide for flow visualization. The movement of the 
particles was recorded on cine film, from which each partiole velocity 
was obtained by noting the distanoe moved on the projected frames and 
the time interval of movement. The velocities obtained were plotted 
as vectors as shown in Tig. 1. Iversen, in addition, measured the 
backwash and crest velocities. Re obtained the backwash velocities by 
averaging all partiole velocities in the region of minimum depth in the 
backwash, and the crest velocities were obtained from the gradient of 
the crest position - time history. Iversen found that the backwash 
velocity was higher on a steep beach as compared to a flat beach. This 
was to be expected. 

Hamada"' studied the particle velocity in wave motion in the 
region of the breakers. The velocity of flow was measured by means of 
a current meter which had several propellers driven by the action of 
water flow. A direct electric current in the circuit connected the 
eurrent meter to an oscillograph, with one element of the oscillograph 
corresponding to one of the propellers. Hamada made orbital velocity 
measurements 3em. from the bed. He noted the differential velocity in 
•ttle shoreward and seaward directions. He found the ratio of backward 
velocity to forward velocity to vary between 1 : 1.16 to 1 : 1.29. 
However, his theoretical approach was to calculate the orbital velocity 
by the Airy theory and to add an estimated "residual" velocity (equiva- 
lent to the mass transport velocity). Since this was always positive, 
the resulting values gave a differential between the forward and backward 
velocities. His measurements are of interest, but his theoretical 
evaluation neglects the existence of orbital velocity asymmetry even in 
the absence of mass transport. 

Inman and Nasu^6' made a study of orbital velocity in shallow 
water at La Jolla California. The measurements were made near the 
bottom and just seaward of the breaker zone in water depths ranging from 
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about five to fifteen feet and wave heights of up to seven and a half 
feet.   The orbital current meter consisted xn the main of a cylindrical 
rod fixed rigidly at one end like a cantilever, and the system was 
arranged such that the orbital velocity could be interpreted from the 
bending of the rod caused by the force exerted by the moving water.   A 
pressure type wave meter was used with the ourrent meter, and both the 
wave meter and the current meter were mounted on a tripod.   The ourrent 
meter was mounted 0.82 ft. above the bottom.   The bed had an average 
slope of about X i» the region where the orbital velocities were 
measured. 35 

Inman and Nasu commented that the graph of the horizontal component 
of orbital velocity as a funotion of time resembled that of the wave 
pressure and they noted that the horizontal velocity seemed to be more 
dependent on the rate of ohange in level of the water surface during 
the passage of the wave than on the actual height of the wave.   With 
referenoe to Tig. 2 after Inman and Nasu(°) they noted that in the 
figure, the fourth wave was almost as high as those preoeding it, but 
showed a more gradual rise in level from the preceding trough to the 
crest.   The result was a very low crest velocity.    In terms of the work 
reported in this paper, and in earlier papers by the author(3,4) the 
statement of Inman and Nasu could be condensed into the statement that 
for waves of the same height, greater velocities are associated with 
greater wave slope asymmetry. 

Inman and Nasu remarked that the maximum velocity under the wave 
crest was always onshore and that for almost all the waves analysed 
the mean onshore maximum velocity exceeded the offshore velocity.   They 
compared the maximum orbital velocities with Solitary and Airy-Stokes 
waves.   They gave the sum of the crest and trough velocities along the 
bottom air for both Airy and Stokes waves as: 

aU   m     tforest   +   \V trough     *   27fM    __1               ^ 

For the Solitary wave, they gave the maximum orbital velooity at the 
bottom   stT   as: 

stJ   =   £NC  , (2) 

where is the velocity of propagation of the wave 
C =• s[8W» • d) 

crest.   H is wave height and d water depth. 

N is defined by the equations: 

H - $ sin2  [" M(1 • 2H)"|   

and 

.  (3) 

i - jwfMO*!)]      .  <*•> 
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Inaan and N&suCw remarked that the measured velocities were on the 
average in better agreement nith the Solitary wave than with the Airy - 
Stokes relations. 

Ippen and Kulia^ studied the internal velocities of the Solitary 
wave at the break-point. They used droplets of a solution of xylene 
and n-butyl phthalate. The notion picture camera they employed was 
operated at 20 frames per second and they placed an auxiliary grid in 
the plane of the particles so that on the photographs the grid lines 
could be projected down into the wave itself. They conducted their 
studies on two types of breakers; the plunging breaker on a slope of 
0.065 and the spilling breaker on a slope of 0.023. They consented that 
on the slope of 0.023 with a spilling breaker the maximum velocity was 
nearly equal to the crest celerity at the wave break point, and they 
noted that the maxima particle velocity seemed to occur just slightly 
shoreward of the highest point of the orest. 

Some velocity studies were also oarried out by Morison and Crooked 1) 
in a study of deep water, shallow water and breaking waves. They used 
a mixture of carbon tetrachloride, xylene and zinc oxide having approxi- 
mately the same specific gravity as water. They found that the greatest 
horizontal particle velocity occurred when the wave was breaking, and 
they noted a velocity differential between the shoreward and seaward 
horizontal velocities. They concluded that the maximum horizontal 
particle velocity at the orest of the wave might attain the wave celerity 
as the wave broke, but that the phenomenon was confined to a very narrow 
region of water at the crest of the wave. This was not borne out by 
Miller and Zeigler's (8) observations. 

APPARATUS AND MEASURING- TECHNIQUES 

The technique used for the velocity measurements in the studies 
presented in this paper is a method usually called the "Hydrogen bubble 
method." Essentially it consists of a fine wire which forms the 
negative electrode of a D.G. circuit, while two metal plates, positioned 
at eaoh side of the tank with a reasonable depth of the metal inside 
the water, serve as the second electrode. Hydrogen bubbles are formed 
on the negative electrode. The arrangement was such that the support 
for the wire and metal plates serving as the positive electrode were 
integral, (see plate 1). Two advantages of suoh an arrangement were 
that, as measurements were made at different positions along the beach, 
the apparatus oould be moved intact. Secondly it was found that the 
quality of the bubbles was affected when the positive electrode was 
not close enough to the wire, as the circuit then became weak. The 
wire used in this work was 0.05am diameter platinum wire, with brass 
plates as the positive electrodes. 

Cine photography was employed and a suitable lighting arrange- 
ment was therefore devised. The oamera used was a l6mm Reflex Bolex 
at 6k frames per second. With a wave period of 0.8 seconds, this 
gave approximately 50 pictures per wave cyole. 
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For the lifting arrangement, an Aldis Tutor 1000 Watt slide 
projector was used.   The light source was located on the opposite 
side of the channel to the camera, and orientated at an oblique 
angle to the channel.   Slits were used to prevent stray lights from 
scattering in the water. 

In operation, one end of the wire was fixed to the beach with 
a tape, while the other end was passed over a support and was tensioned 
by a suitable weight.   The velocities close to the wire at the different 
positions were evaluated frost the displacement of the bubbles generated 
at different but known tines.   The orbital velocity measurements were 
made at a height of 5mm above the bed, which was outside the wave 
induced boundary later.   These velocity measurements were made at several 
positions along the beach on two beach slopes 1:9 and 1:18 in the region 
tyli>0.15 including the breakers.   The two slopes were chosen on the 
basis of previous experiaents(3> W which indicated that they are 
respectively representative   of characteristically steep beaches with 
plunging breakers and flat beaches with spilling breakers. 

The wave profiles and hence the different wave asymmetries for the 
different positions along the two beach slopes were also obtained using 
the capacitanoe-wire probe together with a visicorder. 

EXPSRIMBHTAL HESPLTS 

Iff ect of Shoaling on Orbital Velocity Field 

The velocity - time history for a full wave cycle at the different 
positions along the beach were obtained from the analysis of the cine 
films of hydrogen bubble blocks emitted from a wire positioned at these 
positions.   The resulting curves are shown superimposed in figures 
3 and 4.   The two types of horizontal velocity asymmetry, one based on 
the magnitude of the shoreward-seaward velocities and referred to as 
the horizontal velocity (magnitude) asymmetry and the other based on 
the duration of the shoreward-seaward motion and referred to as the 
horizontal velocity (time) asymmetry were computed from the separate 
curves of the velocity - time variation for a wave cycle. 

Figures 3 end 4 show how the orbital velocity-time curve changes 
in form as the wave progresses into shallower water.    It can also be 
seen from the figures that the horizontal velocities increased in 
magnitude as the wave advanced into shallower water, and the greatest 
horizontal velocities ooourred at the wave breaker position.    It is 
interesting to note that the curves are closer together on the flatter 
beach slope of 1:18 than on the slope of 1:9 but that on each beach 
slope, the velocity seems to have a constant value at all positions 
along the beach 0.4 sees   i.e. half the wave period after the passage 
of the wave crest, although the constant velocity varies in magnitude 
from one slope to another.   It is evident from figures 3 and 4 that 
for each position on the beach, the maximum horizontal shoreward 
velocity did not occur directly under the wave crest but at a time 
0.09T seconds after the passage of the crest (T is wave period). 
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The graphs of horizontal velocity (magnitude) asymmetry against 
£ are shorn in figure 5. It was found that for the two slopes of 1:9 
and 1:18 the horizontal velocity (magnitude) asymmetry increased as the 
wave advanoed into shoaling water and in each oase was highest at the 
ware breaker position. At the Rvalue of 0.10 on the beach slope of 

1:9 this asymmetry was found to*1>e 1:37 whxle on the beach slope of 
1:18 it was found to be 1.385* At the wave break-point on the beach 
slope of 1*9 the value of this asymmetry was found to be 1.63 while 
the corresponding value on the beaoh slope of 1:18 was 1.77. 

In terms of absolute values of the horizontal velocities, the 
values on the steeper slope of 1:9 were found to be higher than those 
of on the flatter slope of 1:18, especially in the neighbourhood of 
the breakers, but the graph of the horizontal velocity (magnitude) 
asymmetry against A (figure 5) indicated that the asymmetry values 
were higher on the^flatter slope. In other words larger beach 
material could be set in motion on the steep slope, but a greater 
shoreward - to - seaward differential would aot on material on the 
flatter slope. 

She graphs of horizontal velocity (tine) asymmetry against £ are 
shown in figure 6. These show increasing asymmetry as the wave 
advances into shallower water. As noted in the introduction above, 
the horizontal velocity (time) asymmetry was defined as the ratio of the 
time for the shoreward notion to the time for the seaward motion, thus 
a small numerical value compared with unity denotes increasing 
asymmetry. 

It was found that at the Rvalue of 0.10 the value of this 
asymmetry on the slope of 1*9 wtts 0.76 whilst on the beach slope of 
1:18 the value was found to be 0.78. At the wave breaker position 
on the beaoh slope of 1:9 the asymmetry became 0.37 whilst the corres- 
ponding value on the slope of 1:18 was 0.49. Thus the shoreward 
motion takes a longer time on the flatter slope. 

Tig. 7 illustrates the comparison between Stokes theoretioal wave 
profile based on his third approximation, and a typical profile obtained 
in the present study. It can be seen that the Stokes Wave is less peaked 
than the experimental wave, and also, by virtue of its mathematical 
description, does not possess asymmetry about the vertical axis. 

Figures 8 and 9 which compare the orbital velocities based on 
Stokes theory with those obtained experimentally, show that at a d 

value of 0.0633, which is very olose to the breakers, the theory 
clearly does not agree with the measurements (see figure 9). Farther 
seaward from the break-point, at a 4 v,^ 0f 0.1135 (figure 8), 
although the theoretioal values were still much higher than the 
experimental values, for instance, by as much as 73$ of the experi- 
mental value under the crest, and there was in addition a phase lag 
in the profile, nevertheless the camparison was better than in 
figure 9. 
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The horizontal component of water particle Telocity at a point 
(x, y) in water depth d is given to the second order of Stokes theory 
by the expression: 

V   »   JEI     cosh   Z-rr^i)     0Cl2f«.t) , 
*       sinh   2wa *   a ' 

0f> t-f* »**<Ht*> cos^cf-l) 
Sinh **• 2jra 

L 

or in siaplified fora 

U   =   A 008 2rrZ   +    B cos 4TTX (5) 

An inspection of equation (5) shows that the velocity ooaponents due 
to the first tera on the right hand side are positiye under the ware 
crest and negative under the trough, whilst the second tera is positive 
under both crest and trough, and gives maxiaun negative components at 

k   and 3L froa the crest. The net effeot is to increase the value of 

tine aagnitude under the crest, and decrease it under the trough, thus 
producing asyaaetry in the magnitudes of the orbital velocity. Fig. 
10 compares the values of the horizontal velooity (aagnitude) asymmetry 
given by the Stokes theory-equation(5)with the experimental results, 
and the theoretical values froa equation (10). It can be seen that 
the divergence between the Stokes prediction and the experimental 
results was about 32$ at a $ value of 0.11, with the divergence 
increasing shoreward but iaproving seaward. 

For these reasons, one can conclude that Stokes theory is not 
directly applicable to the study of velocities in the near breaker 
zone. 

Correlation Between Wave Asymmetry and Velocity Asymmetry 

An iaportant aspect of the work carried out by the author is 
the study of the correlation between the different types of wave 
asymmetry and the correlation between these and the resulting 
velocity asyaaetry as the wave.progressed into shallow water. The 
first aspect has been reported^'). 

Figure 11 shows the graphs of both the horizontal velocity 
(aagnitude) asyaaetry and the horizontal velooity (time) asyaaetry 
plotted against the wave horizontal asyaaetry H& and HA1 for the 
beach slope of 1:18. The graphs show that a correlation exists 
between the velocity asyaaetry and the wave asyaaetry. The graph of 
horizontal velocity (aagnitude) asyaaetry against wave horizontal 
asyaaetry HA indicated that as the wave progressed into shallower 
water and the value of H^ decreased, indicating increased asyaaetry, 
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the horizontal velocity (magnitude) asymmetry also increased. For 
instance, when the value of the ware horizontal asymmetry HA is 
0.80 the value of the horizontal velocity (magnitude) asymmetry is 
1.60, whereas when the value of HA becomes 0.70 the value of the 
horizontal velocity (magnitude) asymmetry increased to 1.685 very 
near the wave break-point, the value of % becomes 0.60 the value 
of the horizontal velocity (aagnitude) asymmetry is found to be 
1.77. The graph of the horizontal velocity (magnitude) asymmetry 
against H.1 followed a trend fairly similar to the graph of the 
horizontal velocity (magnitude) asymmetry against HA. The graph of 
the horizontal velocity (time) asymmetry against HA and HA1 also 
show good correlations. The remaining graphs of the velocity 
asymmetry against the different types of wave asymmetry all show 
reasonably good correlation between the velocity asymmetry and 
the wave asymmetry, (see figures 12 and 13). 

As a result of the studies the following relationships were 
obtained: 

Let Av • wave vertical asymmetry « Vertical distance from orest to S.W.L. 
Total wave height. 

S a wave slope asymmetry = £(?ront face slope at S.W.L. + Back Pace  ) radiant 
slope at S.W.L.) 

i 
S I * modulus of s 

beach slope. 

*HMA  * Horizontal velocity (magnitude) asymmetry 

H, A H.1 = wave horizontal asymmetry 

HJJ_ • Horizontal distance from crest to front face at S.W.L. 
Horizontal distance from orest to back faoe at S.W.L. 

HA1 • Horizontal distance from crest to preceding wave trourfi 
Horizontal distance from crest to following wave trough 

The empirical relationships between VJOJA., S, y, Av and % are: 

HA  • **¥   (1.18-Sinn Av)             (6) 

yHHA » 3A Av - 0.78      (7) 

AT  - 3*8 tanh ISI +0.5      (8) 

from the Cnoidal wave theory as developed by Korteweg and De Tries'"', 
the wav* vertioal asymmetry Av is given by 
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AT   -   yo " d 

H % U^-o,]]— (9) 

where y0 = distance froa the ocean bottoa to the wave crest 

d • still water depth 

H = wave height (trough to oxest) 

L * wave length 

K/k\ s complete elliptic integral of the first kind. 

B(k) B complete elliptic integral of the second kind. 

k « modulus of the elliptic integral 

Froa equations (9) and (7) we have 

18.1 *3 ¥HMa A W K(k) " =(k) -0.78 

substituting for Av froa eq. (8) into eq. (7) gives 

%MA 3.4 8^8 taah    IS   + 0.271 

(10) 

(11) 

I 
Also froa the work of Biesel'2', the wave slope asyaaetiy S is given by 

3 • ad .   .   „2   (gg)^j^^1ga-3»ataah,d 

D2 (smh md)2 tanh ad 

ad 

(12) 

where P   =   1   + 

and a   *   2TT 
L 

sinh ad cosh ad 

substituting s froa eq. (12) into eq. (11) gives 

%«A   -   3.4 M tanh a2 (So)2 r 

taah ad 
3 ad tanh ad 

D2 (ginh ad)2 tanh ad J 
+0.271 3) 
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Thus aquations (10) and (13) give expressions for Vjflj^.   However, of 
the two, equation (10) gives closer values to the experimental results 
in this work, and is the theoretical curve shown on figure 5.   Values 
of K(]c) andS(k) are tabulated in Mason andWiegelO) (1961). 

Comment 

figure 5 gives the impression that the theoretical predictions 
for horizontal velocity asymmetry are closer to the experimental 
values, for the steeper beach slope category. The correspondence is 
to within % in the region of &« 0.10 to 0.13, and shows a difference 
of about 8jS very olose to the Breakers where d/is approximately 0.08. 
In fast, similar percentages apply in the oast of the flatter beach 
slope, but the difference in the slope of the curves is more apparent 
and has the effect of offsetting the correlation. 

Conclusions 

The results show that the horizontal velocities increase in 
shoaling water, and for both slopes of 1:9 and 1:18 the greatest 
horizontal velocities occurred at the wave breaker position.   The 
curves of the velocity-time history figures 3 and k show that the 
curves were closer together on the slope of 1:18 than on the slope 
of 1:9.   It was however found that the velocity seems to have a 
constant value on each beach slope at all positions along the beach 
half the wave period after the passage of the wave crest; although 
the constant varies from slope to slope. 

It was found that the maximum horizontal shoreward velocity- 
did not occur directly under the wave crest but at a time 0.091 
seconds after the passage of the crest.    In terms of the values of 
the horizontal velocities, the values on the steeper slope of 1:9 
were higher than those on the flatter slope of 1:18 especially in 
the neighbourhood of the breakers, but it was found that the values 
of the horizontal velocity (magnitude) asymmetry were higher on the 
flatter slope.   Also the graph of the horizontal velocity (time) 
asymmetry against £ showed that the shoreward motion takes a longer 
time on the flatter slope. 

The author is of the view that there must be a correlation 
between the wave asymmetry and the asymmetry of the velocity field 
resulting from the wave.   The graphs of the different types of wave 
asymmetry defined by the author(3) against the velocity asymmetry 
confirm that there are both qualitative and quantitative correlation 
between the wave asymmetry and the velocity asymmetry.   As a result 
of the correlation two alternative expressions are given for the 
horizontal velocity (magnitude) asymmetry, one based on the Cnoidal 
wave theory and the other based on the work of Biesel'2). 

The paper also shows that Stokes theory is not directly applica- 
ble to the study of the velocity patterns in the near breaker zone. 
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In drawing conclusions from the study of the velocity field* 
associated with asymmetrical waves on varying beach slopes it is 
important to note that Miller and ZeiglerUOJ observed three broad 
classes of wave asymmetry on a beach of only one slope. It is clear, 
as they suggest, that in nature in addition to the importance of 
beach slope, breaker shapes are affected by the interaction of 
different wave trains, and by the timing and Magnitude of.the backwash. 
It seems probable that the observations of Inman and Nasu(o) that 
higher orbital velocities are associated with wave shape asymmetry oust 
be considered in relation to the fact that their measurements were also 
made in nature, and that more than one wave train is likely to be 
present. 

The author considers that investigations of the velocity fields 
very close to the bed should eventually provide a quantitative basis 
for evaluating the accretion and depletion of sediment under wave 
action. The magnitude and duration of the shoreward and seaward 
orbital velocities are important in sediment movement under wave 
actions. The magnitude of the maximum velocity is associated with 
initiating the motion and the asymmetry of the velocity fields 
determines the direction and extent of the net movement. The author 
thus considers that the quantitative correlation of the wave charac- 
teristics with the asymmetry of the orbital velooity fields would 
most probably lead to the correlation of wave characteristics with 
sediment movement. 
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CHAPTER 28 

THE DEVELOPMENT OF UNDULAR BORES WITH FRICTION 

by 

0 Hawaleshka* and S B Savage** 

ABSTRACT 

A theoretical and experimental study of the initial development of 
undular bores in two-dimensional, rectangular channels with and without 
boundary friction was performed  Equations similar to those of Boussmesq, 
but including higher order and wall friction terms are piesented and 
solved numerically by an implicit finite difference method  A Pohlhausen- 
type boundary layer momentum integral method is used to obtain the wall 
shear stress distribution under a developing long wave from the consi- 
deration of the boundary layer underneath it  The solution is performed 
in a quasi-iterative manner proceeding from the friction coefficient 
calculation for an initially assumed wave profile to the inclusion of 
this coefficient in the calculation of a new wave profile at an advanced 
time  Comparisons of theoretical and experimental results are given 
For the initial development of tne undular bore with which the present 
work is concerned, the measurements are found to be m reasonable agree- 
ment with the theoretical predictions  The effect of the wall shear stress 
manifests itself mainly in a slight reduction of the wave amplitudes 

LVTRODUCTIOW 

Bores are transitions between two essentially uniform liquid flows  A 
turbulent breaking zone is associated with "strong" bores, but if the 
depth change is relatively small, the bores are termed weak and may 
consist of a tram of undular waves following the head wave  These waves 
are found to be closely approximated by the elliptic or cnoidal wave 
form of Korteweg and DeVries (1)  This class of waves to which the 
solitary wave belongs as well is characterized by constancy of shape 
and a marked resistance to decay, in contrast to such waves as the non- 
linear shallow water waves of Airy that regardless of their initial 
smallness will eventually grow, steepen and break. Ursell (2) has 

* Assistant Professor, Mechanical Engineering Department, University 
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**Associate Professor, Department of Civil Engineering and Applied 
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distinguished various types of shallow water waves bv the parameter 
aA/h*where values of «^>?J ,<**/(»* ~°l,)anci *%»*< I correspond 
to the Airy theory, the nonlinear theory of cnoidal and solitary waves 
and the linearized theory respectively 

Such bores may be created m many ways  For example the opening of 
lock gates will form positive surges m the canal and negative ones 
within thelock  A sudden stoppage of a turbine m a power station 
creates a positive surge in the supply channel and a negative one m 
the tail race channel  Similar bores are formed in tidal estuaries 
at rising tide 

It is of interest to be able to predict the development of such bores 
and related waves, taking account of frictional effects  Up till now, 
most investigations of undular bores were performed for conditions 
where these effects were neglected or were treated in an approximate 
manner by the use of, for example, some average value of a Chezy 
coefficient (cf ex Benjamin § Lighthill (3), Sandover § Taylor (4), 
Sandover § Zienkiewicz (5), Sturtevant (7), Peregrine (6), Murota (8)) 

In this paper we treat the problem of an undular surge or an arbitrary 
long wave, considering the effect of boundary friction  This shear 
effect is obtained from the computation of the development of the 
boundary layer underneath the advancing wave 

EXPERIMENTAL SETUP AND PROCEDURb 

An aluminum channel with glass side walls was used during the tests, 
(fig 1)  Its dimensions are 30 feet length, 12 inches wide and 18 
inches deep, and was typically filled to a depth of four inches of 
water  A close-fitting piston with a maximum stroke of three feet and 
with a continuously variable velocity was installed at one end of the 
channel and was actuated hydraulically  It was found that with suitable 
combinations of piston stroke, speed and water depth a complete range of 
bores as well as a reasonable approximation to a solitary wave could be 
produced  Care was taken to provide seals around the wetted portion of 
the piston, effectively eliminating leaks 

The surface profiles resulting from the motion of this piston were 
measured at several stations along the channel by streamlined, immersed, 
variable-resistance probes and recorded together with the piston 
motion on a six channel recorder  Electronic filters were used to 
remove unwanted higher frequencies from the signals  The wave-measuring 
equipment was built by Kempf-Remmers  The accuracies obtained were 
essentially limited by the capillary effects of the water  The probes 
themselves were of fiberglass construction m the shape of a symmetrical 
streamlined profile with conducting strips on each side of the probe's 
leading edge  Production run calibrations were done statically before 
each run, since a test dynamic calibration showed no appreciable difference 

Some dye studies of the boundary layer under the advancing wave were 
performed to record visually the bottom boundary layer development 
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Photographic records of surface orofiles, in particular at the 
initial stages of the piston motion were taken by both still and 
cine cameras 

The test procedure involved the measurements of the wave profiles 
for various non-dimensional piston speeds Up from 0 1 to 0 5 and 
for still water depths ranging from two to five inches 

THEORETICAL APPROACH 

I  Equations of Motion 

Ue make use of the equations derived by Su and Gardner (9) for non- 
linear dispersive shallow water waves  These are in non-dimensional 
form 

^ + ^(^)=-0 (!) 

^kb^-fi^r «„- o;)j (2) 

h*h* where 

The starred variables are dimensional and h is the local water depth, 
t is time, x and y are the horizontal and vertical coordinates, u is 
the horizontal component of velocity, u is the depth averaged velocity, 
g is the gravitational acceleration and h0 is the undisturbed reference 
depth, see fig 2 

Equations (1) and (2) are similar to the Boussmesq equation but 
include the higher order terms   % r~, * ^ - —      - j 

in equation (2)  We can approximately account for the effects of wall 
friction by the addition of the term 

Friction term = — '/lu^lU.1 (3) 
R 

to the left hand side of equation (2), where R is the dimensionless 
hydraulic radius at any station, 

R=JXJ^_ 
zh + b 

and b is the dimensionless channel width b- /h( o 
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2 Calculation of the friction coefficient from a Momentum Integral 
consideration of the boundary layer developed by a long wave 

We now carry out an approximate momentum integral analysis in order 
to calculate the friction coefficient f, to be used for the friction 
term (3) which is added to equation (2) The notation in this section 
is somewhat different from the previous one and unless otherwise noted 
unstarred variables refer to physical quantities 

Consider the development of a laminar two-dimensional boundary layer 
under a long wave advancing with speed up into still water of depth 
h0 In the boundary layer analysis the mviscid fluid velocity Ui is 
approximated as equal to the depth-averaged value obtained from the 
integration of the long wave equations Fig 3 shows the situation 
when brought to a quasi-steady state with respect to the wave front, 
and also defines the notation to be used In this quasi-steady frame 
the boundary layer equations are 

where the symbols have the usual meanings Upon integration we 
obtain the common boundary layer momentum integral equation 

where &  and •$   are the momentum and displacement thicknesses res- 
pectively and the wall shear stress is defined by 

Equation (6) is solved by assuming a suitable form for the velocity 
profile in the boundary layer, a procedure first suggested by JO >  iirp. 
Pohlhausen We take the fourth degree polynomial 

(8) 

which satisfies the conditions of •J(j)a TjJ at ga 0 , and /  for 
» s(  From this we can obtain k-^ = KJ_(XJ and k2 = k,(x) as defined 
by 

&   m    k,   S (9) 
,T*»   ktS cio) 

We have as well 

"3**     ~ ,3*"     -1 C11) 
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^38,^.^1    .  - £ fttt.) (12) 

Hence (6) becomes 

2 d/x*  Ue «U* \  kj UeV 
After defining 

and the Reynolds Number 

1k » ^"»^y 
we obtain 

or, in non-dimensional form 

(15) 

(16) 

(17) 

where 

Experimental conditions define Re, and k-, and k? are known from the 
assumed form of the boundary layer profile , equation (8) Equation 
(17) may be solved for 2  an^ nence f°r © and £     If we define 
the wall shear stress 

T*a*a/,^tt* C18) 
we may now calculate the coefficient of friction f from the equation 

i    ?3 ~ d-tL (19) 

The local value of f is now used m the long wave equations (l)-(3) 
for the computation of the development of the wave profile 

3 Method of Solution 

Assuming a suitable initial profile for the long wave we may integrate 
equation (17) - using a fourth order Runge-Kutta numerical integration 
and thence determine all the parameters of the boundary layer develo- 
ping under this suige In particular from equation (19) we obtain the 
friction coefficient distribution with x, corresponding to this 
initial profile This friction coefficient is assumed to be constant 
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over the wetted perimeter across any cross-section of the flow It 
is then fed into an implicit, finite central difference method of 
solution for equations (l)-(3), allowing the computation of a new 
wave profile at an incrementally advanced time This new wave profile 
is then used in equation (17) to calculate a friction coefficient 
distribution corresponding to it The solution proceeds in such a 
quasi-iterative fashion until the entire flow region of interest is 
covered 

A square mesh spacing of ^x = A t = 0 2 was used in most computations 
The general finite differences solution followed the method outlined 
by Wachspress (10) The governing equations (1)-(3) are expressed 
as simultaneous, central (3-pomt) finite diffeience equations at 
each grid point at the desired time step and solved by a forward 
elimination, backward substitution technique (line inversion) 

Special procedures are required near the starting and ending boun- 
daries since full central differences cannot be evaluated there 
To reduce computation time, we specify initially a small portion 
of the x-axis (t = 0) and add new data points for the undisturbed 
liquid ahead of the advancing wave as it becomes necessary 

RESULTS 

Figure 4 shows the comparison of our theoretical results with and 
without the effect of friction We note that the mam effect of the 
wall shear stress manifests itself mainly in the reduction of the 
wave peaks The troughs seem relatively unaffected This is in 
contrast to some experimental results given by Sandover and Zmkiewicz 
(5) who note that the troughs become shallower as the friction increases 

The value of the friction coefficient calculated in this manner is 
typically of the order of 3 0 x 10"3 far from the head wave At the 
start of the wave the friction coefficient is very large but decreases 
rapidly with distance from the very beginning of the wave 

Figures 5 and 6 give comparisons of experiments with theory with 
the friction taken into account The agreement is generally good in 
particular at the lower non-dimensional piston speed u„ = 0 1 The 
first peak is well described but the theory indicates lower peaks 
for the trailing waves The troughs are well predicted The agreement 
becomes better with increasing time For Up - 0 2 the agreement 
is less good, the theory seeming to exaggerate the actual swings 
of the peaks and troughs The wavelength is well represented 

The above remarks are confirmed by figures 7 and 8, where we show 
the growth of the first peak and of the first wavelength from theory 
and experiment for cases with and without wall friction 
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CONCLUSIONS 

The method shown seems to reproduce the initial development of the 
undular bore reasonably well It indicates the trends of behaviour 
regarding the influence of wall friction For the experimental 
conditions described herein the effect is fairly small 

The analysis of the friction coefficient development is limited by 
the assumed form of the boundary layer velocity profile It is 
possible that velocity reversals may appear as the wave develops and 
undulations become larger These changes would invalidate the 
boundary layer approach described 

The above method (without friction) has been extended and applied 
successfully to various problems where the depth is variable, in 
particular to the development of a solitary wave crossing a bar or 
a trench, the solitary wave climbing a beach and to the development 
of an undular bore moving up a beach These results will be given 
in a forthcoming paper 
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FIG  I  EXPERIMENTAL SETUP 
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FIG 3  BOUNDARY LAYER  UNDER SITUATION IS QUASI-STEADY WITH 
A  LONG WAVE 
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CHAPTER 29 

COMPUTER MODELLING OF DIFFRACTION OF WIND WAVES 

by 

Shou-shan Fan-1 and L E Borgman2 

ABSTRACT 

A digital computer model for diffraction of wind waves behind a 
breakwater is developed  The model combines the hydrodynamic theories and 
the concept of directional spectra  It is designed so that it may be used 
not only for the study of the wind wave diffraction problem behind breakwaters 
but also for the investigation of experimental (or field) data analysis pro- 
cedures of other kinds  An extensive study of optimum data length, lag 
number and gage spacmgs m wave gage arrays is presented 

I  INTRODUCTION 

Unlike monochromatic waves, wind waves are quite complicated in nature 
Their heights and lengths are irregular  The crest length, along each wave 
crest is relatively short and their forms are not permanent  Each portion 
of the water surface has a different shape  The wave speed, frequency, and 
direction of advance vary from one wave to the next  Because of the diffi- 
culties of an analytical treatment of such a complicated situation, an 
approach through simulation techniques offers many advantages[4] 

The three types of simulation commonly used are laboratory (physical) 
electronic analog, and digital computer  In the following, only the digital 
simulation procedures will he outlined 

II  SIMULATION OF WIND WAVES 

rfmd waves can be simulated digitally m several ways, such as super- 
position and digital filter techniques [l] In the following development, 
only the filtering procedure will be employed 

Let y(t) be the wave surface elevations recorded by 4 gages in front of a 
breakwater  Each of the y(t) can be expressed by the summation of the pro- 
ducts of d and x (see eq (1))  Here, x is a sequence of normal random deviates 
For computational convenience the random numbers have been selected so that they 
nave a zero mean and variance of one 

1Former graduate student, University of California, Berkeley 
Oceanographer, Coastal Engineering Research Center, Washington, D 
Former Associate Professor, University of California, Berkeley 
Professor, University of Wyoming, Laramie, Wyoming 
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The "d" values are digital filter coefficients and can be represented 
m terms of the Fourier coefficients, A and B obtained from the Tourier 
approximation of the system functions K°f) as shown by eqs  (2)-(4) 

The values of K(f) are determined from the cross-spectral densities 
which are Fourier transform of the cross-covariance functions (eqs (5), (6)) 

If the probability distributions of the spectra are assumed to be cir- 
cular normal (eq (10)), then the normalized cross-spectral density functions 
can be expressed as the functions of Bessel functions (eqs (7}-(9)) 

In short, if the spectral forms of waves are assumed (such as that given 
by Bretschneider [5] and Pierson and Moskowitz £6] we can simulate the wind 
waves with digital computation 

As already mentioned previously these simulated random waves have very 
complicated natures and the conventional diffraction theories cannot be 
applied  To deal with this kind of problem, we introduce the concept of 
directional spectrum 

III  CONCEPT OF DIRECTIONAL SPECTRUM 

Random waves can be thought as composing of infinite number of mono- 
chromatic component waves, each of which has a different frequency and phase 
and propagate along a different direction  Since it is known that, to a 
linear approximation, the conventional diffraction theories are applicable 
to these monochromatic waves, our problem has then become the question of 
"how to determine the directional spectrum7" 

At the present time, there are several ways available for estimating 
the directional spectrum  But, only one of those methods, Jl,2] will be 
discussed  It considers the directional spectral density function as the 
product of PS(f) and D(8), where PS(f) is spectral density which varies solely 
with frequency and D(9) is a function of direction and possible frequency 
(see eq  (13)) 

There are several ways to estimate D(G)  One of them is based on the 
assumption that D(6) is circular normal  In that case, it can be approximated 
in terms of Bessel functions as shown in eq  (14) 

The spectral density function can be estimated by the conventional spec- 
tral analysis technique using either the covariance function approach or the 
techniques arising from the fast Fourier Transform algorithm 

IV  SIMULATION OF DIFFRACTION OF PLANE WAVES [3,1*] 

Mathematically, the propagation of a plane wave is  described by the 
boundary value problem with a second order partial differential equation of 
elliptic type (eq (15)) and three boundary conditions (eqs 16,17,18)  By 
applying the method of separation of variables, the boundary value can be 
solved 
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Due to the presence of a semi-infinite breakwater, located along the 
X-axis with one tip at the origin and the other at x = +«°, an additional 
boundary condition of 

8y 

should be introduced  For the reason of generality and convenience, a polar 
coordinate system is adopted here  Accordingly, the amplitude for incident 
wave and diffracted wave can be determined 

Since the diffraction coefficient, k' is defined as the ratio of in- 
cident wave height over the diffracted wave height, it can he estimated by 
the modulus of F(r,6) for the diffracted waves  Their mathematical equations 
and solutions are given in the Appendix III 

V  THE APPLICATIONS OF SIMULATION TECHNIQUE 

Simulation may be used to explain various features of data sampled from 
the field or to examine the consequences of selected theories In addition, 
it can be used to determine 

(a) optimal data length (Fig 1)  For this case, optional 
length = 2048 

(b) optimal maximum number of lags (Fig 2)   For this case, 
optional lag = 50 

(c) effects of smoothing on the spectral density estimates 
(Fig 3)  The results have indicated that 

(l)  for shorter data length, there is a great difference 
between the outputs of unsmoothed and smoothed cases 
but there seems to be no difference between hanning 
or Hamming smoothing 

and that 

(n) for very long record, there is no difference no matter 
whether they have been smoothed or not 
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APPENDIX I 

Simulation of Complseated Wind Wave Profiles 

Let y.(t),  y9(t),       ,y   (t)  be II -  time series 

N 
y(t)     =       I     d    x(t-nAt) CD 

n=N 

where n =  0     1,   2    

At = time nterval 

x = random deviates 

and the digital filter coefficients 

(2) d    = 
o A 

0 

d     = 
n 

A    + B 
n         n 

} 

d    = 
-n 

A    - B 
n         n 

where 
F 

A = JL  / R[K(f) ] Cos (211) df 
n   t     „ D 

1  r 

Bn = —    / ijK(f) ] sin(2|£) df (3) 

1 
F =  -   = Nyquist frequency 

and 

K(f)     -    AQ +    f {An cos  (if^-)   -  iBn sin (if^-)} (4) 
n=l 

f     =     frequency,   cps 

i   - ITi 
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The system function can be also written as 

Ku(fk)     -     [Su(fk)] 

K       (f  )   =     [S     Af.)]h (5) 

m, 1    K. 1,1    it 

Vn(fk>  "  {Sm,(m-l)<V  "    U\3   
(V"K

jn(VJ}/Knn(V 

m-1 2 i 
Km,m<fk>-     ^(V-     lx   lKm/

f
k>l    3" 

where 

S     (f)     =     CS     (f)     + i QS     (f) (6) 
mj nrj mj 

CS     (f)     =    cO-spectral density  for gages m and j 

QS     (f)     =    quad-spectral density for gage m and j 

Assuming  the circular normal  function   (eq 10 below)   for  the angular 
distribution of  energy  at  a given  frequency,   the normalized  density between 
gages m and j  can be expressed as 

Zl^ll    "    J(A    )  +    T  
Z. , I Ci)nIl   Ca)J   CA    )]  cos ny 

PS(f) ox mj ^w „Jn  i fi m; mJ 

and the normalized quad-(or quadrature-)  spectral density between gages 
m and j   is 

QS(f)   _       2 I (i)n   [I   (a)  J  (A    )]   cos(nY     ) (8) 

where 

PS(f)       IQ(a)       n=1 3 5 n n    nrj 'mj 

In(a)  = I_n(a)  =   (i)"11 Jn(ia) (9) 

= Modified Bessel Function of order n 

a = a circular normal parameter = measure of dispersion of the 
circular normal 

a = a circular normal parameter = modal direction of circular 
normal energy distribution 
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a cos(0-a) 

8 =  the angle between the positive x-axis and the direction of 
the wave propagation,  measured counterclockwise 

5 =  the wave angle departure from the mean =  8-a 

A       =  2TID     /L 
mj mj 

D  = distance between wave gages m and j 

L = wave length appropriate for the frequency, f 

Y  = the angle between direction of main energy and the line 
connected gage m and gage j 

= 3 -a 

B  = the angle between the x-axis and the line connected gage m mj    , ° ° 
and gage j 

/-l 
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APPENDIX II 

DIRECTIONAL SPECTRUM 

1 Directional spectral density function, p(f,6) 

(a) It has the property of 

p(f,0)   df  d9 = Z [Mean-Square Wave-Surface  fluctuations] (11) 
(df)(d0) 

In other words, 

p(f,Q)   dfdO = variance  of sea surface  fluctuations  obtained by 
adding together  only  the waves with frequency and 
direction  of  travel in  the   (df,d9)   rectangle   centered     (12) 
at   (f,6) 

(b) It  gives   the  allocation  of  the total variance  among the various 
frequencies  and directions 

(c) It  can also be considered as  an allocation  of wave energy 
(since  the wave energy per unit  sea surface is proportional 
to the variance) 

2 Estimation  of  directional spectral  density 

p(f,9) = PS(f) D(Q) (13) 

D (6) = eaC°S (e " a) f     -r—T—r-r     (Circular Normal Function) 
2n IQ   (a) 

JL  +     f    Tn   (a)       Cos   (n« - rnr  ) (14) 
2ir n=I    ir  IQ   (a) 2 

(  a and  a may be   functions   of  frequency  in  the  gaieral  case) 
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APPENDIX III 

Diffraction of Plane Wave 

(A)  BOUNDARY VALUE PROBLEM FOR PLANE WAVE PROPAGATION 

i   „  ,  i A   tt 320  .  320  . 320 = 0 (15) 1 Partial diff eg    —» + —J   + —o 
3x     3y    3z 

2 Boundary Conditions 

(l)  At an impervious and rigid bottom 

f       -o 
z=d 

whch d =  still-water depth 

(n)     At   the  free  surface 

(a) Kinetic  Surface  Boundary  Condition 

li -    IE  MX'W  =^T + ^ + iE = '3t"+U     3^atZ = 1 (non-linear)        (17) 

I4 = -j£ at  z = 0   (linear) 
dz dt 

(b) Dynamxc Surface  Boundary   Condition 

—30        12 2 2 
-rr + ^-(u    +v    +w)+gn     =  0,   at  z =  0   (non-linear) (18) at        z 

n=—   r- at   z =  0   (linear) 
8     It 

3 Solutions 

0 =  F(x,y)   Z   (z)   T(t) (19) 

0 = A e_1  e     cosh   [k   (z+a)]   F(x,y) 
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For a plane wave   travelling  in  the y-direction 

F(x,y)   =  e  ^ (20) 

Sommerfeld's radiation  condition       F =  0   (~) (21) 

/ 2 j.    2 r =/x    + y 

Wave  amplitude, A =      cosh   (kd) 
g 

(22) 

wave period, "£ (23) 

wave velocity c =   / •& tanh   (kd) (24) 

wave  length, -^ (25) 

wave number, ^ (26) 

Akr 
^^cosh   (kd)   sin   [k(ct-y) ] (27) 

B       THE PROBLEM WITH THE PRESENCE  OF A BREAKWATER 

(semi-infinite breakwater) 

1       an  additional boundary  condition 

|^ =  0  at  y  =  0,x  >. 0 (28) 

This  implies  that 

~ =  0  at  y =  0,x 10 (29) 
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2 for incident waves 

Fi(r,e) . e"
lkr COS (8 " 8o) (30) 

3 the free wave surface can be given as 

- ^^ [cosh (kd)] elkct F(r,8) (31) 

4 for diffracted waves 

F,(r,e) - f(o) e~lkr [c°s(e " V] + f(o) e"lkr  [C°S (9 " V]   (32) 
a 

a = 2(7^) sin j  (8 - 0Q) 

a' = -2(V^ )sm | (9 - 0Q) 

2 
f(o)  = i  e "/4   e ^/2^ dt 

/2~      J-°° 

F„<r,G) - p(r,G) e lC(r'9) (33) 

a 

a, = ^^ cosh (kd) (34) 
d   g 

5  Diffraction coefficient 

k' -7-i- p 
2a 

k' = |Fd(r,Q)| (35) 
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8x 10 

- initial Spectral   Density 
- Data   Length = 8192 
- Dato Length = 2048 

Dota Length = 1024 
Data   Length -    5 12 

2 3 

FREQUENCY     (cps) 

FIG      I     ESTIMATES OF SPECTRAL DENSITIES FOR VARIOUS LENGTH OF  DATA 



COMPUTER MODELLING 485 

— Initial   S 0 
— Simulated   S D with Max Log = 20 
— Simulated   S D with Max Lag = 50 
— Simulated   S 0 with Max Lag =100 

FIG 

3 
FREQUENCY       (cps) 

ESTIMATES OF  SPECTRAL   DENSITIES  (2048  DATA LENGTH) 

FOR VARIOUS MAXIMUM LAGS ON THE  COVARIANCE   FUNCTIONS 
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Gage   I 

o     Initial Spectral Density 
Unsmoothed 
Hamming  Smoothing 
Honning Smoothing 

2 3 
FREQUENCY     (cps) 

FIG      3      EFFECTS  OF   SMOOTHING   ON  THE   SPECTRAL   DENSITY   ESTI- 
MATES    FOR    DATA   LENGTH   8192    AND   MAXIMUM    LAG    50 
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9xiO   I— 

Gage   I 
——O      Initial Spectral Density 
 D      Unsmoothed 
 &      Homming   Smoothing 
 x      Honning  Smoothing 

FIG 

3 
FREQUENCY    Icps) 

EFFECTS  OF  SMOOTHING ON  THE  SPECTRAL  DENSITY ESTIMATES 
FOR   DATA   LENGTH   2048 AND MAXIMUM LAG 50 
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ABSTRACT 

This paper presents some theoretical results of a general study of 
the interaction between surface gravity waves and a steady current As- 
suming irrotational flow and a second order Stokes wave motion, the main 
objects of the paper have been 

a To present a simple graphical method for the computation of the wave 
length m a current field 

b To introduce the concept of the mean energy level for a periodic wave 
motion with a steady current superimposed 

c To utilize this for the calculation of the "current-wave set-down" for 
a two-dimensional motion with a constant discharge over a gently sloping 
bottom 

d To present a complete set of conservation equations for the case con- 
sidered under point c 

e To present graphs and tables for the variation in length and height of 
wave for the case considered under point c 

No experimental results are presented 

1  INTRODUCTION 

Aspects of non-linear interaction between gravity waves and a current 
motion have received increasing attention during the last 10 years The 
works by Longuet-Higgms and Stewart [5], L6J, and Whitham [8] are al- 
ready classics The mechanism is intimately connected with the so-called 
radiation stress 

However, there are still basic features related to this problem that 
are not widely known One of these is the important concept of the mean 
energy level for a periodic, irrotational flow (For a pure wave motion 
the mean energy level was introduced by Lundgren [7J) One of the objects 
of the present study is to show how this concept can yield the "current- 
wave set-down" in a simple way, and to demonstrate how it affects the 
conservation equations for a two-dimensional current-wave motion propa- 

^resent address Municipality of Roskilde, Denmark 

489 



490 COASTAL ENGINEERING 

gating over a gently sloping bed (see Fig 5-A) The conservation equa- 
tions for wave crests and energy are solved to yield graphs and tables for 
the variation in wave length and wave height for this situation The wave 
length graphs and tables can be used, though, for any angle between wave 
front and current direction provided the current velocity is replaced by 
its component m the direction of the wave orthogonal A graphical method 
for the determination of the wave length in a homogeneous current field 
will also be introduced This method permits a simple discussion of 
various domains where different solutions are applicable 

Energy losses are neglected in this paper The current velocity is 
assumed to be steady and constant over the water depth, and only surface 
waves are considered A second order Stokes expansion is used in the cal- 
culations 

2 NOTATION 

c  (m/s)       Wave celerity 

c   (m/s)       Wave group celerity 

D  (m) "Geometrical water depth" (= h + Ah, see Fig h-k) 

E  (Nm/m2)     Mean specific wave energy (= 1/8 y  H2) 

E  (Nm/m/s)    Mean energy flux per unit width 

F  (N/m)      Radiation stress 
w 

g  (m/s2) Acceleration due to gravity 

H  (m) Wave height 

h      (m) "Physical water depth"  (see Fig    U-A) 

Ah    (m) "Current-wave  set-down"  (see Fig    U-A) 

k       (m_1) Wave number  (= 2  ir/L) 

L       (m) Wave length 

MEL Mean energy level (see Fig U-A) 

MWL Mean water level  (see Fig U-A) 

n  (dim less)  c /c 
gr' r 

p  (N/m2)      Pressure 

<1 (m3/m/s)    Discharge per unit width (= h U) 

(dim less)  Dimensionless discharge per unit width (= q/(c  L )) 

s (dim less)  Slope of straight line in Fig 3~B 

T (s) Wave period 

t (s) Time 

U (m/s) Current velocity (positive in direction of c) 

u (m/s) Horizontal particle velocity 

w (m/s) Vertical particle velocity 

x (m) Horizontal co-ordinate 
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Vertical co-ordinate 

Angle "between wave front and current (interval 0 to ir/2) 

Specific weight of water 

Water surface elevation 

Density of water 

Velocity potential (u = -3(|>/3x, etc ) 

Angular frequency (= 2TT/T) 

Mean value sign 

Suffix a denotes "absolute" 

Suffix b denotes "bottom" 

Suffix o denotes "deep water with U equal to zero" 

Suffix r denotes "relative" (to the current) 

Suffix t denotes partial differentiation with respect to time t 

z (m) 

B (rad   ) 

Y (N/m3) 

n (m) 

P (kg/m3) 

<f> (m2/s) 

ID (s-1) 

3  WAVES IN A HOMOGENEOUS CURRENT FIELD 

Consider a region of constant water depth h, where the absolute wave 
period T and the current velocity U are given 

WAVE LENGTHS 

Fig 3-A Definition of the angle 8 

If 8 is the angle between wave front and direction of current (Fig 
3_A), the following four equations are available to determine the un- 
knowns the absolute and relative wave celerities c and c , the wave 
length L, and the relative period T 

L = c T 

c + U sin r 

(3 1) 

(3 3) 

T 

V 2lT 
tanh kh 

(3 2) 

(3 h) 
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where k is the wave number The current velocity U is considered positive 
to the same side of the normal N as is indicated "by the positive direction 
of the wave orthogonal  g lies, by definition, in the interval 
0 <_ g <_  TT/2  (3 1) to (3 h)  now yield for determination of L 

o L- 

U sin  g 

h 

T a h 1 
L J \j — tanh kh (3 5) 

(3 6) 

where L     is defined as o 

L    E f- T2 

o       2TT    a 

l e the deep water wave length with U equal to zero 

(3 5) determines implicitly h/L as a function of h/L0 and 
U sin B Ta/h> 

and tne equation can be solved by iteration (see chapter 6) 
It is not evident, however, whether a solution to (3 5) is unique - or 
whether it exists at all A graphical representation of (3 5) reveals 
this Writing (3 5) as 

F(h/L) = G(h/L) (3 7) 

it appears that graphically h/L can be found as the value of the abscissa 
for the intersection of the F- and G-curves, see Fig 3-B The F-curve is 
unique, and values can be extracted from a "conventional" wave table 

F G (3c) (3b) 

Fig 3-B Graphical determination of L (sehematical) 
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The G-curves  are  straight lines through the point   (0,   /h/L   ),  with a  slope 
of 1 horizontal to   s    vertical,  where v 

'ft 
U sin B T 

a    IT-  U sin 

Here c  is defined as 

- ^ ii-5iS_£ = _ H_BiS_£_      (3 8) 

f~ T (3 9) 
2 IT a 

l e the deep water wave celerity with U equal to zero 

Fig 3-B now enables us to discuss the &olution(s) to (3 5) in detail 
(h, T and 6 are assumed constant, so s becomes directly proportional to 
- U) For U positive we have case (l), and a unique solution exists for L 
This also applies to case (2), where U is zero For a negative current 
(case (3)), there are three possibilities  In case (3a) there are theo- 
retically two solutions for L If it is argued that the variation of L 
must, for physical reasons, be continuous for U ->• 0, only one solution is 
possible This means that the larger value for L should be chosen, as 
shown in the figure In case (3b) the G-curve is a tangent to the F-curve, 
and U has attained its minimum value (always negative), as has the wave 
length, L = L    This case of "maximum counter-current" corresponds to 

mm 

f tanh kh = ^ | £~ (3 10) 
o 

with 1 +  
2kh 

smh 2kh. (3 11) 

Cgr being the relative wave group celerity From (3 5) and (3 10) we then 
find that the absolute wave group celerity is zero for L = L       a      r J min 

c  = c  + U sin B = 0 (3 12) ga   gr 

(It will be shown in chapter 5 that in the case of a two-dimensional wave 
motion (sin g = 1) progressing against a current over a gently sloping 
bed, the wave height reaches infinity at the water depth at which (3 12) 
is fulfilled)  In case (3c) there is no solution for L It is readily seen 
from Fig 3-B that - other things being equal - a positive current 
"lengthens" the waves whereas a negative current "shortens" them 

A full account of the graphical method, including its practical ap- 
plication, is found m \_h\ Solutions to (3 5) (with sin B = 1) are pre- 
sented in chapter 6 

For deep-water waves (for instance h/L > 0 5) (35) can be solved 
explicitly 

L =f L 
h   o 

,2 
1+ Vl + uu_aia_E | (313) 

MOMENTUM AND PRESSURE FORCES ("STRESSES") 

In this paper wave heights will be calculated only for two-dimen- 
sional flow Stresses and energy fluxes will therefore be calculated only 
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for the special case 3 = TF/2 Taking mean values over period T , the fol- 
lowing total force (normal "stress") over depth h and per unit width is 
found in a section at right angles to the current vector (and so in this 
case also to the direction of wave propagation) 

o = | y h2 + p h U2 + F (3 lit) 
c. W 

In this expression, F is the radiation stress 

Y 
1_ 
16 41 + 2ilfkh]=(2cf -I)* (3 15 

where E is the mean specific wave energy The first two terms in (3 1^) 
are readily discernible 

ENERGY FLUX 

The mean energy flux over depth h and per unit width depends upon the 
zero level for potential energy, since a net current is present Taking 
the mean water level as level we find for B = T/Z  in a section at right 
angles to the current vector 

1f,MWL=2PhU3+(U+cgr)E+UPv (3l6) 

This expression has already been given by Longuet-Higgins and Stewart [5] 

The paradox arises that although (3 16) may be interpreted physical- 
ly, it is of no direct use for the calculation of the wave height varia- 
tion on a non-uniform current (because of the variation in the mean water 
level) This will be elucidated m chapters k  and 5 

In these and the subsequent calculations the following restriction on 
a Stokes wave must be borne in mind For long waves the "Ursell parameter" 
(HL2/h3) must not exceed a certain number 

k    THE MEAN ENERGY LEVEL 

As a computation of the wave height variation requires a knowledge of 
the mean energy flux at any station corresponding to the same horizontal 
datum, it is imperative to determine the variation in the MWL over an 
"arbitrary" (here gently sloping) bottom In other words, the "set-down" 
of the MWL is wanted The discussion is confined to periodic, irrotational 
flows These two conditions are written in the frames in Fig U-A (For 
simplicity we consider two-dimensional flow only) 

In the figure we have a sloping, known bottom and a sloping, but 
unknown, MWL And we have a horizontal datum, z = 0 The mean water level 
is given by 

n = zb + h (It 1) 

so the determination of the MWL calls in fact for a definition of the wa- 
ter depth h In the present case, which is a second order theory in wave 
height, but is also a "zero-order bottom-slope theory", it is natural to 
define the water depth from the mean bottom pressure 
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>////;> 

MEAN ENERGY   LEVEL= 

:w/7/r. y-r 

(u,w)t=0 = (u,w)t = T 

'•7. .rry-rr, ; ; ; ; < - <*•< 

•^-(u2
+^) 2g 

(z=0) 

Fig U—A Illustration of the "set-down" (schematical) 

Y *> 
(it 2) 

We still have not utilized the fact, that the flow is irrotational and 
periodic  The Bernoulli equation - presented with mean values over period 
T - is therefore introduced 
a 

z  + -^ + 
Y iht^7+ ^n g   t 

const (1+ 3) 

(<j>   is defined,   so  that  u    = -  3<|>/3x   )     The  fact  that the right  hand  side 
is  independent of x and  z  is  easily  seen from 

3x St 3x (h  h) 

since the flow is periodic 

This means that a constant horizontal level is now found which is 
inherently connected with the flow itself - and independent of the arbi- 
trary datum From the datum we can mark <(> /g vertically, and we will ar- 
rive at the same level for any x This level will he called the mean 
energy level (MEL), since it contains the three terms that are analogous 
to conventional steady hydraulics Combining (It l), (h  2) and (h  3) (at 
the bottom) we find the MWL 

" + 2i  K + ^ const (h  5) 

Since the constant   in  (h  5)   is the distance fiom the datum up to the MEL, 
the  set-down of the MWL - as  defined by  (h l)  and  (h  2)   -  is 
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(h 6) 

(D could be termed the "geometrical depth", in contrast to h, which is a 
"physical depth") Assuming the discharge q to he finite anywhere, it ap- 
pears from (k  6) that the set-down Ah is in fact the depression of the MWL 
at an arbitrary depth below the MWL at infinite depth And this depression 
equals the mean velocity head at the bottom) 

The actual analytical expression for the set-down in our two-dimen- 
sional combination of a steady current and a wave motion is found as fol- 
lows It is assumed that locally, we can use the velocity potential cor- 
responding to a horizontal bottom This is - correct to second order - 
with MWL as datum 

, ii       .   ?_      cosh k(z  + h) ,     ,       ,    . 
* = - U x + —       Slnh kh sin  (<oat  - kx) 

+ st  5T<kH>2 

+ 7jUI^x+(IU2+£7£ 

cosh 2k(z  + h) 
snih"1 kh 

2 2kh 

sin 2(d) t  - kx) a 

ft H2 

he    "   ' \2  "     '   16 h       sinh  2kh      8  h r 

(h 7)  assumes  n =  0,   so   {h  5)  -  (1*  7)  yield directly 

t (h  7) 

AV,  U2 ,. H2 Ah = 2g + 16 h 
2kh H2 U 

" 8 h c 
r 

sinh 2kh (h 

for two-dimensional flow It will be observed in (h  8) that, in addition 
to the "current set-down" (first term) and the "wave set-down" (second 
term, see [7 Jand [l]), an interaction term appears  (This last term was 
unfortunately missing from two previous publications from our laboratory 
Progress Report Wo 6 and a loose enclosure in Progress Report Ho 7 This 
error was corrected in [3] p 20, where some other Corrigenda were also 
presented)  Note that although {h  8) contains a negative term if U is po- 
sitive, Ah can never become negative, according to (h  6) 

It should be added that the set-down for a pure wave motion has been 
measured in a wave channel by Bowen et al [l] They found that the theory 
predicts the set-down outside the surf zone very well  (They also found 
the set-up inside the surf zone) 

5  TWO-DIMENSIONAL WAVE TRANSFORMATION 

The two-dimensional current-wave system, which now will be considered 
in some detail, is shown schematically in Fig 5-A The five main unknown 
quantities that we want to calculate are The wave length L, the current 
velocity U, the set-down Ah, the "physical water depth" h and the wave 
height H (ca, cr and T can hereafter be found from (3 l) - (3 It), with 
sin g = l) We assume that we know the absolute wave period Tn, the dis- 
charge q, the bottom topography D 
H  (where the current is zero) 

D(x), and the deep-water wave height 



INTERACTION 497 

Fig 5~A Definition sketch for wave transformation 

CONSERVATION EQUATIONS 

To solve the problem, we must set up all the relevant conservation 
equations Only the energy concept presents us with some difficulty m this 
connection As pointed out in chapter 3, the expression for the mean 
energy flux with MWL as zero level cannot "be used in a non-uniform flow 
since this level is constantly changing However, the existence of the 
MEL, which was found in the preceding chapter to be independent of the 
horizontal coordinate!s), overcomes this difficulty 

In accordance with Fig 5-A we find the following expression for the 
mean energy flux with MEL as reference 

E 
f,MEL Ef,MWL - ^  h Ah) U 

(1 + ^-)(u c  ) gr' 

(5 1) 

(5 2) 

using (3 16) and {k  8)  (An erroneous expression for E^ M-p.Ti was presented 
in some earlier publications from this laboratory, see the comments to 
(h  8)) As, according to our assumptions, (5 2) must be constant, we can 
now write down the complete set of conservation equations 

Wave crests    u a - JO    + k U r 

Mass    f- (h U) dx = 0 

dF 
w Momentum    -— + 

dx 
d_ 
dx (p  h U2) - Y h 

d(Ah) 
dx 

Energy    fj [(l 
r 

c       JE   1  = 0 
g*V     J 

Bottom topography h +  Ah = D 

(5 3) 

(5 U) 

(5 5) 

(5 6) 

(5 7) 
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(5 3) is the conventional way of expressing wave crest conservation 
In order to get to a practical formula, the expression for the relative 
wave celerity (3 h)  must be used The mass and momentum equations have a 
direct physical interpretation and require no further comment  (-d(Ah)/dx 
is the slope of the MWL) The energy equation is less obvious  It should 
be noted, though, that (5 6) is a special case of Garrett's adiabatic 
invariant expression,[2J  It is directly seen from (5 6), that H reaches 
infinity at the water depth at which the absolute wave group celerity is 
zero It is interesting to recognize this "dynamical" limit as the "kine- 
matical" limit (found in chaptei 3), yielding the minimum wave length The 
last conservation equation may seem a trifle sophisticated, if not super- 
fluous  This is in a way true for a pure wave motion Our degree of ap- 
proximation does not permit a discrimination between D and h for the de- 
termination of L, H and Ah for this case However, when a current is pre- 
sent, the first term in (h  8) is by definition a zero-order term, and 
adjustment should be made for this, as described later 
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PRACTICAL EQUATIONS 

The conclusion of the foregoing discussion is that although the con- 
servation equations arc fundamental, they are not applicable for direct 
calculations A new set of practical equations are therefore 

|j — tanh kh = 

h U = q 

U2 .  H2 

*  h/L 
/-i   (hTTP. 

Ah 
2kh _ H2 U 

2g T 16 h  <3inh 2kh  8 h c 

t-D 
h + Ah 

_g£ + 
(c /c )(h/L ) r o    o 

1 + 
(c /c )(h/L ) r o    o 

(5 8) 

(5 9) 

(5 10) 

1 
2 

(5 11) 

(5 12) 

with 

x _ 
q. = c L 

o o 
(5 13) and   — 

c 
0 

^2 
h/L tanh kh (5 Ht) 

(5 8) is simply a rewriting of (3 5) with sin 3=1  (Now assumed to be 
valid for a gradually varying water depth)  (5 9) and (5 11) are (5 h)  and 
(56) integrated The momentum equation is replaced by the Ah-expression 
(k  8) (which in fact can be deduced directly from the conservation equa- 
tions) 

The equations are solved as follows for given values of D, q, T and 
First h and U are found from 

L and 
HQ (not all combinations are admissable) 
(5 9) and (5 12), with Ah = U2/2g and subcritical flow assumed _ , ^ 
qK are calculated from (3 6), (3 9) and (5 13) Next, L is found from 
(5 8), either by iteration, or graphically, as explained in chapter 3 
(with sv = - q

x/(h/L0)
3/z ), or read from Fig 6-A, or interpolated in 

Table 6-a or 6-b H is calculated from (5 11), (3 11) and (5 lU), or read 
from Fig 6-B A new value of Ah is then calculated from (5 10), (5 9) and 
(5 12) hereafter yield the final value of U, which should be used to cor- 
rect the first term in (5 10), to give the final value of Ah (and h) In 
this way we should have taken account of all terms 0(H2)  (The calcula- 
tions can of course be repeated in an iterative manner to give "full nu- 
merical reciprocity" between D and h It should be borne in mind, though, 
that the increase in accuracy is formal)  If h were given (measured), in- 
stead of D, the calculations and considerations are straightforward 



500 COASTAL ENGINEERING 

6 TABLES AND GRAPHS FOR L AMD H 

WAVE LENGTHS 

(5 8) was solved numerically by a Newton-Raphson iteration method on 
a digital computer The results are plotted in Fig 6-A ("constant dis- 
charge curves") 

For q positive, the h/LQ - limits have been so chosen that the 
Froude number is smaller than one, and h/L goes up to about 0 5 Outside 
the latter limit, deep-water expressions will normally suffice Here 
(3 13) gives (with sin 6=1) 

L~ " i L1 + !1T' hTlT 
o    *- o • 

t+V1 + "s£ (6 1) 

(The former limit is of course unrealistic Near such a high Froude number 
the curvature of the mean water surface becomes so large that the assump- 
tions for our theory become invalid) The straight line corresponding to 
h/L equal to 0 05 indicate that shallow-water conditions are not "typical" 
for the higher qx-values The shallow-water wave length is found from 
(5 8) 

00     o 

Of particular interest is the existence of maxima and minima for a number 
of positive q*-values This is due to the fact that the steady increase in 
current velocity - as the depth decreases - tends to lengthen the waves, 
while the decrease in depth tends, in itself, to have the opposite effect 
The possibility of horizontal tangents can also be seen directly from 
(3 11) and the following expression, which is valid for constant values 
of T and q_ 

a JT   T    (2c  - c ) - 2 U dL=_i_  __E *1  (6 3) 
dh  2 h      c  + U v  ;w gr 

For q negative, the upper limit for h/LQ was chosen (arbitrarily) as 
0 6l The lower limit was chosen so that the wave length L comes as close 
to Lmin as the selected values of h/LQ allow (see Table 6-b)  In the 
limit L = Lm n (see (3 10) and the pertaining discussion) the numerical 
value of the Froude number will be smaller than one, see [k~\    It is im- 
mediately obvious that for q. smaller than - 0 05 (appr ) deep-water con- 
ditions prevail, and (6 l) can be used It will also be seen that in the 
case of a negative discharge we have the same trend as for no current L 
decreases monotonously with decreasing depth 

In Table 6-a, numeiical values of L/LQ are presented for |q_ | _< 0 02 
(It should finally be mentioned that Fig 6-A and Tables 6-a and 6-b can 
also be applied in the three-dimensional case, Fig 3-A Here we take as 
"current velocity" in (5 13) the component in the direction of the wave 
orthogonal) 
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INTERVALS  0 002 

FIGURES ON  CURVES 
INDICATE VALUES  OF q» 

06        07        08        09        10 

Fig 6-A "Constant discharge curves" for L/L^ 
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MOTE .    BELOW DOTTED  STEP- CURVE WE   HAVE   h/L>0 5 

Table 6-a Values of L/L  (positive discharge) 
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NOTE BELOW DOTTED   STEP-CURVE  WE HAVE h/L>05 

Table 6-"b Values of L/L (negative discharge) 
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WAVE HEIGHTS 

The wave heights - calculated from (5 8) and (5 ll) - are plotted in 
Fig 6-B Note how the "shape" of the curves corresponding to a constant 
positive discharge differs from that corresponding to q =0 The outmost 
left part of these curves correspond to Froude numbers close to one (see 
also Fig 6-A, with comments) For negative discharges we end with infi- 
nite wave heights in the limit L = L 

7 NUMERICAL EXAMPLES 

In the examples results are only given with normal slide-rule accu- 
racy 

EX  7-a  CALCULATION OF L, H, Ah, h AND U FROM T , q, D AND H 
a' o 

Two-dimensional flow is assumed, and the following quantities are 
given 

T=80s, q=10 1m2/s,D=95m,H =l6m (corresponding to a deep- 
water steepness S = 1 6 %) 

In the first approximation, H is put equal to zero m (5 10), so we 
find from (5 9) and (5 12), by iteration 

Ah! = 0 0583 m, hj = 9 Ml7 » 9 M* m, Uj = 1 07 m/s 

From (3 6), (3 9) and (5 13)  LQ = 1 56 8 0
2 = 100 m, 

c0 = 1 56 8 0 = 12 5 m/s, h/LQ = 0 09
1*1*, q = 0 00808 

By interpolation in Table 6-a we then find L/L = 0 795 * L = 79 5 m 
(without the current, the wave length would be 69 5 m, for the same values 
of D and T ) a 
h/L = 9 hh/J9  5 = 0 119, so we find from (5 lU) and (3 ll) 
crlco ~  ° ^°9 "* cr = 8 86 m/s (without the current the wave celerity 

would be 8 69  m/s), and c  /c = 0 853 
gl*  T 

(5 11) then gives H/HQ = 0 80l+ •* H = 1 29 m (without the current the wave 
height would be 1 50 m, for the same value of HQ) 

The new value of Ah from (5 10)  Ah2 = 0 0583 m 
+ 0 0078 m - 0 0027 m *> 0 063h m  •* h2 » 9 it1* m = hx  So within slide-rule 
accuracy we find U = 1 07 m/s, Ah = 0 0631* m (without the current the 
set-down would be 0 009i*m),h = 9 1*366 m (°» 9 hh  m) 

Finally from (3 1) and (3 2) c = 79 5/8 0 = 9 93 m/s and T = 
79 5/8 86 = 8 98 s — — 

EX  7-b CALCULATION OF WAVE HEIGHT FROM BOTTOM PRESSURE CELL 

This example demonstrates how the wave height H can be determined for 
a two-dimensional flow, when the below mentioned parameters have been 
measured It also shows specifically the effect of a current 
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Fig 6-B "Constant discharge curves" for H/H 



The calculations proceed thus 

L = §-&  6 0^ = 
O    2 TT 

56 2 m 

h/LQ = 8 50/56 2 = 0 151 

c = |Ji  6 0 = 
0    2 TT 

9 36 m/s 
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Measured parameters 

h = 8 50 m 

U = -0 70 m/s  (1 e a counter-current) 

T = 6 0 s a 

and max Ap^ = 31*00 M/m2 (l N = 1 kg m/sz), where Ap^, is the difference 
between actual pressure and hydrostatic pressure corresponding to MWL 
(5 y h) at the bottom, (here considered measured with a pressure cell at 
the bottom) 

(3 6) 

(3 9) 

q* = 8 50 (-0 T0)/(9 36 56 2) = -0 0113 (5 13) 

Using linear interpolation in Table 6-b we obtain 

L/L = 0 712 

hence      h/L 5 (h/L )/(L/L ) = 0 151/0 712 = 0 212 

Using the first order expression only, we have for the wave amplitude 

H/2 = max Ap   cosh kh/y 

cosh kh = 2 03 

and so the wave height becomes 

H = 2 31*00 2 03/(1000 9 81) = 1 1*1 m 

If the current were not noticed, then L/LQ = 0 820 from Table 6-a or 
6-b and h/L = 0 151/0 820 = 0 181+ 

cosh kh = 1 75 

H = 2 31(00 1 75/(1000 9 81)  = 1  21 m 

AH      1  Ul  - 1  21 
H 1 1*1 100 % = Ik % 

1 e in this case, neglection of the current will give wave height Ik % 
too small (A positive current will have the opposite effect) 

It is not difficult to find realistic sets of values for h, U and Ta 
that lead to higher values of AH/H (as defined above) This aspect shows 
the importance of considering the effect of a possible current The phe- 
nomenon may be one of the factors which can obscure the direct comparison 
in a coastal zone between wave heights as measured at the water surface 
and as calculated from pressure cell recordings at the bottom 
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CHAPTER 31 

EXPERIMENTS   OF   WAVE   REFLEXION   ON   IMPERMEABLE   SLOPES 

by   Carlos   de   Campos   MORAES 

ABSTRACT 

Results from experiments on the reflective power of smooth and rough impermea 
ble slopes are presented The importance of relative depth to the regular scatter dia 
gram of the function R=R (5o) and the need for an adequate computational wave theo 
ry through which no significant alterations are introduced in the determination of re- 
flective power is pointed out Stokes 2nd order corrections are introduced These help 
find a superior value for the reflexion coefficient and destroy the mentioned regularity 
of the scatter diagram A regular scattering of experimental points, also of function 
R=R (5o) , where, however, for constant steepness, reflexion decreases when relative 
depth increases, is found in rough slope tests In this case, the more inclined is the 
slope,   the   greater   is   the   influence   of  roughness 

1    -  INTRODUCTION 

Some of the approaches used for determining the reflexion coefficient of a given 
parameter are based on direct recording of incident and reflected wave trains (these 
are the "wave tail" and "subtraction" methods described in [l] by Goda and Abe), o- 
thers on the recording of clapotis Calculation procedures using maxima and minima of 
these clapotis range from the simplest — immediate application of the small amplitude 
assumption through  the  well-known  formula 

(Max-min)/(Max+min) (1) 

to more elaborate cases in which approximations of different orders are used Stokes 
II (as developed by Carry [2], Stokes IK (as proposed by Goda and Abe [l]), cnoidal 
theory, etc More sophisticated methods exist as, for instance, Santon's and Marcou* s 
method developed in Grenoble, which applies harmonic analysis to the clapotis profile as 
recorded  at  three   points   [3], [4], [5] 

The present paper concerns results of tests where the reflective power of smo 
oth and  rough  impermeable  slopes was  studied 

Use was made of the method of recording maxima and minima of clapotis The aim 
was above all to study the validity range of the linear theory small amplitude assump- 
tion  and  acquire  an  idea  of errors  introduced  by   its  application 

2   -   RANGES  OF   PARAMETER   VARIATION   IN   TESTS 

Systematic tests were performed in a 20 m long and 0 80 m wide flume with a to 
tal depth of 0 55 m This flume is equipped with a monochromatic translation actuator 
Results  of the  tests are  studied   in the  following 

Absolute water depth (d) was kept constant and equal to 0 35 m since the slope con 
cerned a semi -indefinite plane Local or offshore relative depth, d/L or d/Lo, respect], 
vely varied then only owing to L0 variation, that is, owing to T, which took values be 
tween  0   8 and   2  2s 

In most cases concerning the presentation of results, periods 10,16 and 22s 
were  selected corresponding  the  following  relative depths 

T (s) d/l- d/Lo 

1   0 0   25 0   22 

1   6 0   13 0   09 

2   2 0   09 0   05 

Trainee   Research  Officer, 
bon,   Portugal 

Laborat&rto   Nacional   de  Engenhana  Civil   (LNEC),  Li; 
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Going along the decreasing order of relative depths, the first of those three ca 
ses presents waves satisfying Miche's condition for non-appearance of secondary crests 
(d/L>0 15) These waves are best suited for elementary computations, according to 
the linear theory smalt amplitude assumption The second case (which occupies an inter_ 
mediate position in the set of tests) includes waves corresponding to finite amplitude 
wave theories To them the different Stokes approximations may be applied, according 
to the rigour demanded The case of the least relative depth comprises waves calcula 
tlon  of  which enters the  domain  of cnoidal  wave theory 

As for steepness, its off-shore value (So) varies approximately between 0 3 and 
3% These are the most common limits for sea waves It was endeavoured to secure a 
great range of values corresponding to unbroken waves Also, tests were carried fur 
ther whenever breaking occured for increasing steepness However, beyond a certain 
point  it  was  Impossible  to get acceptable  clapotls  from  the  point  of view of regularity 

The plane slope Inclination varied, for the set of tests, from the minimum 10% 
value  to  vertical  Inclination 

Roughness, which was introduced In the second part of the tests made, consis- 
ted of sand glued to the slope Of course, the greater the intended roughness, the 
greater the used sand grain size The sift hole diameter _r was used to characterize 
absolute roughness This factor was made non-dimensional by means of the wave len- 
gth The resulting parameter r/t_0, a measure of relative roughness, took values be- 
tween   1   3x10~4 and 240 x 10~4 

3   -  TEST   RESULTS 

3   1   -  Smooth   slopes 

In Fig 1, a graphic diagram of R=R (8o), points corresponding to 10%, 15%, 20% 
and 30% slope  tests are  plotted 

Fig 2 comprises four R (So) plots corresponding to 40%, 50%, 100% and vertical 
slopes 

In the first set of tests (Fig 1) points corresponding each one of the four In 
clinations cluster around similar curves In each Inclination only an experimental scat- 
tering  of points  occurs,   with no period  separation 

On the other hand, in the second set of tests a regular scattering of periods 
occurs For constant 6o values a decrease of R_ is apparent when T increases The 
same  phenomenon  is  noted for  run-up experiments   (Fig     5) 

3 2   - Rough slopes 

In Fig 4 four diagrams relating to rough slope tests are selected, absolute rou 
ghness  being In  each case a constant 

It Is seen that In every case two type of point scattering are present, accor- 
ding to slope variation for 20% and 30% a regular scattering of periods is observed, 
now, however, in the opposite sense for constant 5Q values, R and T values increa 
se or decrease together For vertical Inclination (and also for IQO^Inchnations, though 
no diagrams are presented) again a regular scattering of periods is observed as in the 
case  of smooth  slopes 

4 -  INTERPRETATION   OF   RESULTS 
4   1   - Introduction 

With a view to  simplifying the  language  used,   the  following designations are  adop_ 

- However,   according  to  UrselPs parameter 

U--5-     <V (2) 

wTjfoftt^y^ht°=Ul?fi
b7,aPP''1

ed  !?V°r  U>'°°     Tak,ng  lnto   acc°unt the    h'9h*st 
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ted for characterization of the three mentioned scattering types 
- experimental scattering 
- smooth type regular scattering 
- rough type regular scattering 
An attempt shall be made to interpret occurrence of regular scattering in the high 

of an explanation relative to computations in a case and of physical order in another 
That is physical causes are perhaps related to energy dissipation phenomena which in 
turn are the reason for the decrease in the slope reflective power Changes undergo 
ne by the wave in its orbital velocity field, when it is propagating in decreasing relate 
ve depths, with an increasing turbulence and finally reaching breaking point or energy 
dissipation due to slope roughness are cases in which the physical factor is indisputa- 
ble The decrease in reflective power may however be fictitious, that is, It may me- 
rely  result  from  a   inefficient  computation  method 

4  2-  Smooth  slopes 

4  2   1   - Influence  of relative depth  on  reflexion  computations 

It is known that the best suited wave theory for computations of the relevant pa 
rameters is determined by relative depth It should be noted, however, that the para 
meter t/l— (where _t_ is the horizontal distance measured from still water level to the 
slope base projection on the surface and .L is the local wave length) may be of great 
importance 

d - 0 35 

SLOPE 

m 

10% | 15%| 20% | 30% | 40% | 50% | 100%| 200%| vert 

t (m) 

3 50 |2 33J 1 75|1 17 JO 68|o 70 |o 35|0 1ejo oo 
T(s) L-o(m) Mm) d/Uo d/L t/L- 

0 8 1 00 0 97 0 3506 0 3584 3 58 2 39 1 79 1 19 0 90 0 72 0 36 0 18 0 00 

1 0 1 56 1 42 0 2244 0 2458 2 46 1 64 1 23 0 82 0 61 0 49 0 25 0 12 0 00 

1 2 2 25 1 86 0 1558 0 1881 1 88 1 25 0 94 0 63 0 47 0 38 0 19 0 09 0 00 

1 4 3 06 2 28 0 1145 0 1535 1 54 1 02 0 77 0 51 0 38 0 31 0 15 0 08 0 00 

1 6 3 99 2 69 0 0876 0 1301 1 30 0 87 0 65 0 43 0 33 0 26 0 13 0 06 0 00 

1 8 5 05 3 09 0 0 692 0 1 132 1 13 0 75 0 57 0 38 0 28 0 23 0 1 1 0 06 0 00 

2 0 6 24 3 49 0 0561 0 1004 1 00 0 67 0 50 0 33 0 25 0 20 0 10 0 05 0 00 

2 2 7 55 3 88 0 0464 0 0903 0 90 0 60 0 45 0 30 0 23 0 18 0 09 0 04 0 00 

Schoemaker and Thijsse have pointed out [6] that that parameter is the main 
cause of energy dissipation and indicated that for an almost total reflexion we must 
have  t/l_50   25,   and  for  a very  small  reflexion then  t/l_50   5 

In  a   small   inclination   slope   (15%,   for  instance)   two  waves  of different     lengths, 
which  propagate,   before  reaching  it,   in  different relative  depths,   will in the  end  have 
traveled   over   zones   with   same   relative   depth   (of  course   one   lagging behind the other) 
Thus period  does not exert a  selective  action     This  is the type  of   tests   correspon- 
ding   to   "experimental   scattering"   which   was  found   for   10%,    15%,   20%  and   30%   slopes 

For strong inclinations (greater than 40%), the fact that t/L_ is small makes the 
two waves propagate in different relative depths when they bear on the slope Thus, 
a proper wave theory for computations is essential For the shorter wave a deep wa 
ter wave theory seems best suited while for the longer one a shallow water theory is 
indicated This seems to be the evident explanation for the occurence of the "smooth 
type   regular   scattering" 

In  fig     3  is  shown  the   influence  of  inclination  on  R  for  constant values of T   and 
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can be easily noted the different aspect of the phenomenon In inclinations up to 40% 
and from this value up to vertical in what concerns the shorter period (1 Os) and the 
longer  ones   (1   6s  and  2  2s) 

4   2   2   -   Miche's   theory 

The steepness maximum value, 8max, of a wave theoretically capable of total re 
flexion on a slope which is at an angle <X with the horizontal has been defined by Miche 
[7]  as ^ 

s                •>!   2 a         sin  a .„, 
5 ma* "   V  -TT-      ~  <2> 

the theoretical  reflexion coefficient being 

(3) 

The  actual  reflexion coefficient  is 

R   =   P  R" (4) 

where   p   is the  so-called  slope  intrinsic  reflexion coefficient 
The diagram  Rt=Rl(80),   Fig     6,   shows  that  up  to an  40%  inclination  and within 

the steepness  range  of the  tests,   R1   values  present a  first constant   100% "landing" 
The  smaller the  inclination,   the  smaller  is this  landing     For  slopes  of  inclination   grea 
ter than  40% and  about   (but not quite)   3% steepness,   theoretical  reflexion   Is   always 
total  for  steepness values  up  to  3% 

Greater 50 values are more and more unlikely in nature For instance, for a 100% 
slope  it  is 5max- H   26% 

This 40% inclination value (for results corresponding to the steepness range of 
the tests, as said before) separates in fact the two domains of experimental results: 
experimental  scattering  and  regular  scattering 

4   2   3   -   Stokes *   2nd   order  corrections 

According   to 
I/O- 

211 
(1   + _. 2itd  "   ' .2 2nd 

th —  2   sh     ~ 

Ct values were  computed as a function of d/L 

(5) 

T(s) d/L a T(s) d/L a 

0 8 0 3584 0 1458 1 6 0 1301 0 0382 

1 0 0 2458 0 1118 1 8 0 1132 0 0277 

1 2 0 1881 0 0782 2 0 0 1004 0 0206 

1 4 0 1535 0 0541 2 2 0 0903 0 0157 

following  Carry's procedure [2]     These Ct values were  used to compute 

r^ M m 

2CIL 20EL_ 

where  M and   m   are  maximum  and  minimum   of the recorded clapotis 

(6) 
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Rig 7 shows a diagram taken from [2] where the corrective value JA Is determi- 
ned which will allow the calculation of the new reflexion coefficient (3 (value corrected 
according  to Stokes1   2nd  order  theory) 

P=fR (7) 

where  R   is computed  from   (1 ) 
In Fig 2, the corrected experimental points (black simbols) and the uncorrecfced 

points (white simbols) are presented linked by line segments which provide a measure 
of the amplitude  of the  introduced correction o 

In Fig 8 , the percentage of introduced correction ( —~— ) is plotted as a func 
tion  of So ,   inclination and  T 

The following  points  are  noted 
- Using a higher order wave theory will decrease the regular scattering of pe- 

riods R_ being corrected for values close or equal to 100% Proximity to this value se 
ems to depend  on  the  approximation  order  of the  used  wave  theory 

- Correction  increases  with period,   i  e   ,   decreases with  relative depth (see Fig 
8),   which agrees  with  what was said above  about the wave characteristics  relating  to 
depth 

- Correction  increases  when either   inclination  or  steepness  increase 

A  3   -  Rough  slopes 

4   3   1-  Influence   of  relative   roughness 

In rough slopes, the regular scattering of periods is due, as said above, to two 
reasons 

- "rough type regular scattering" for low inclinations (20% and 30% in the case of 
the tests performed) in which the greater the relative roughness (i e the smaller Is 
U0 relative to r) the greater the energy dissipation This explains that, for the same 
slope,   longer  period  waves dissipate    less   energy 

- "Smooth  type  regular  scattering"   for  higher  inclinations,   in  which,   for  the  sa 
me  absolute roughness,   energy dissipation  is smaller  than  in  low  inclination slopes   The 
effect  of the  separation  of the  experimental  points  due  to   insufficient   approximation 
of the  used wave theory  overrules the physical  effect  of energy dissipation    through 
roughness 

Fig     9  shows experimental  results  obtained  for  equal  values  of relative roughness. 
They   confirm   the  given   explanation     for   small   inclinations,   the   "rough  type     regular 
scattering"   disappears     For vertical   inclination  the  smooth type regular  scattering  re 
mains 

2nd  order  corrections  for  rough  slopes are  not presented  in  this paper 

4  3  2   - Variation  of the  slope  intrinsic  reflexion coefficient 

According  to  formula   (4)   and to Fig     10  diagrams,   the  intrinsic  reflexion   coef- 
ficient decreases with steepness until  a  minimum value  is  reached     corresponding     to 

afterwards  it  increases to values greater  than 6 _ 
When a slope !s actual reflexion coefficient is estimated from the theoretical re- 

flexion coefficient R1 one should not take a constant P value, taking the steepness in 
to account 

4  3   3  -  Roughness Influence  on Inclination from the point of view of energy  dissipation 

It  is known  that  in  a  flume the  maximum  bottom  orbital  velocity  for  a  wave  whu 
ch  is  propagating  with  height H  and  length  L.  is given  by 

H   it       ,rT" v =      1/   -a- max        sin a      ¥    l_ 
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and that  this velocity  value  is concerned  with  energy dissipation  by  roughness 
This vmax value  increases very  rapidly  when  inclination  decreases,   energy  dissipa 

tion  also  increases as  a consequence  of roughness 
Fig     11   shows,   for  a  30% slope,   the  decrease  of reflectrve power  due to     the 

roughness  increase    The  same strong  effect  is not  present  for  the  case  in  which  the 
inclination   is  greater   than   100% 
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AESTRACT 

The purpose of this paper is to make clear the validity and limiting 
condition for the application of the finite amplitude standing wave theories 
by the perturbation method In a numerical example, the errors of each order 
solution of these theories for two non-linear free surface conditions are com- 
puted for various kinds of wave characteristics and compared with each other 

Some experiments on the wave pressure on a vertical wall by standing 
waves were carried out and a plot of the limiting condition for the application 
of these theories is proposed based on the comparison with theoretical curves 

In addition, as an example of the application of these theories, the 
change of characteristics of wave pressure of standing waves accompanying the 
overtopping wave on a vertical wall is discussed 

INTRODUCTION 

Up to the present, the finite amplitude standing wave theories have 
been studied by many researchers such as Penny and Price, Kishi and etc In 
1960, Tadjbaksh and Keller derived the third order solution of finite amplitude 
standing waves in shallow water by means of the perturbation method with two 
additional conditions Although the calculation for the higher approximation 
is very complicated, this method has often been used to solve such non-linear 
differential equations, because approximate solutions of arbitrary orders can 
be derived systematically Recently the fourth order solution of the finite 
amplitude standing wave theories in shallow water was obtained by Goda in 1966 

The perturbation method is a formal one and no mathematical proof for 
the convergence of the solutions by this method is given Solutions by this 
method are only approximate ones consequently, the validity and limiting 
condition for the application of these theories to physical phenomena are sub- 
ject to question To clarify these problems, we have carried out some investi- 

gations by the numerical consideration of the validity for two non-linear free 
surface boundary conditions using these theories and by the comparison between 
the theoretical curves based on these theories and experimental results for 
the wave pressure of standing waves 
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Moreover, as an example of the application of these theories, the change 
of the characteristics of the wave pressure of standing waves accompanying the 
overtopping wave is discussed in comparison with the results of standing waves 
described already 

NUMERICAL CONSIDERATION FOB THE BOUNDARY CONDITIONS AT FREE SURFACE 

(l) Two Non-Linear Boundary Conditions at Free Surface 

Since these solutions are only approximate ones as mentioned above, the 
two non-linear boundary conditions at the unknown free surface, namely the 
kimematic condition prescribing the particle motion at the free surface and 
the dynamic condition describing the pressure at the free surface to be constant 
on the basis of Bernoulli's theorem are not satisfied rigorously by these so- 
lutions and errors for these conditions always exist So, we investigate to 
what extent the perturbation solution of each order satisfies these conditions 
by computing numerically the errors of each order solution for these non-di- 
mensionalized conditions for various kinds of wave characteristics expressed 
by dimensionless parameters 

The kinematic and dynamic conditions are given respectively as 
v-dv/dt+u(.av/dx') at y=#, (l) 
d$/dt+a/2Xu>+v*)+gr,=0        at y=J£ (2) 

Let £< and £2 be the errors of kinematic and dynamic conditions for the 
solutions These errors can be written in dimensionless form respectively as 

""tyWUv-dv/dt-ug-q/dx))/-^^.,, (3) 
««=[(*?+(*/*X80/«) + (*/2*X««+»t))/M],., (4) 

m which x is the horizontal coordinate at the still water level, y the vertical 
coordinate, directed upward positive, t the time>^> "the velocity potential, u 
and v the horizontal and vertical particle velocities respectively, 72. the 
free surface elevation, h the depth of water, g the acceleration of gravity, 
k=2j/L and L the wave length 

If these conditions are rigorously satisfied by the solutions, £jand £.z 
would be identically zero However, as the solutions are approximate, the 
equality is not satisfied Accordingly, by substituting these solutions into 
Eqs (3) and (4) and comparing the magnitude of these errors with each of them, 
we can investigate which solution has the best fitness for these conditions 

We introduce the following criteria to evaluate the boundary condition 
errors 

GEi)»!-fa)»«-fe)>»« (5) 
CEOs=(«0»»»-(«0«Mn (6) 

and 

(ZOx-Vti—Jt "h    {C«i)'»-i+4(«0'.+ CO'»+i)V13CM-l)) (7) 
' n=13 5 

ceoK-vV-y'r 21 {fe)!»-i+4fe)sn+fe)!»+i)Vf3(2if-i)) (8) 

which are according to Dean's criteria, where (^,)max and (£$)mim show the 
largest and smallest values of £, and ^calculated at each point respectively, 
M is the number of calculation point and bar indicates the average, and the 
validity of the wave theories can be investigated with the aid of numerical 
calculations 
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(2) The Fitness for Boundary Conditions of the Theories 

Pig 1 shows one of the time variations of £i and £2. at a vertical wall 
calculated for given values of T/g/h and h/H where T is the wave period and 
H the amplitude of standing waves Notations 1, 2, 3 and 4 in Fig 1 indicate 
the first, the second, the third and the fourth order solutions respectively 
It is found from the figure that the fourth order solution has the best fitness 
for these conditions of the four theoretical curves 

The relation between (E|)j> and (E2 )Rof each order solution at the wall 
and T/g/h in the case where the value of h/H is constant, where black points 
in these figures designate the breaking point of standing waves of each order 
solution calculated according to the criterion derived by Penny and Price are 
shown in Fig 2 It is found from Fig 2 that the higher approximate solutions 
certainly have better fitness for these boundary conditions within a limited 
range of wave characteristics It is also found that the errors for these 
boundary conditions do not always decrease for the higher approximation, when 
the value of T/g/h becomes larger 

Graphs expressing the areas where the boundary condition errors decrease 
for the higher approximation are given m Fig 3 according to each criterion 
Fig 3 shows that the perturbation solution of each order has a limited area 
of wave characteristics where the errors for the boundary conditions do not 
decrease by higher approximation, but there is a small difference between the 
areas for kinematic and dynamic conditions 

Fig 4 is the same as Fig 3 but is evaluated according to Dean's cri- 
terion, Eqs (7) and (8) for all phases of wave motion 

EXPERIMENT ON THE WAVE PRESSURE OF STANDING WAVES 

(1) Experimental Equipment and Procedure 

The wave tank used m this experiment is 63 m long, 0 5m wide and 
0 65 m deep and belongs to the U]igawa Hydraulic Laboratory It has a piston 
type wave generator at the end and a caisson equipped with five pressure gages 
at about 39 5 m from the end In the experiment, the time variations in water 
level and wave pressure along the wall due to standing waves formed by wave 
reflection at the vertical wall were measured Since waves of sufficiently 
large height which the value of h/H is smaller than 2 8 could not be generated 
in the case of the experiment with uniform depth, a slope composed of l/60 
(3m long) and 1/400 (20 m long) was constructed on the rottom of wave tank 
as shown in Fig 5, so that the waves of very large height near wave breaking 
were generated Experiments were carried out by changing the wave height, 
while the wave period and the water depth were determined by keeping the value 
of T/g/h constant The wave characteristics used in the experiment are tabulated 
in Table 1 

(2) Experimental Results and Considerations 

Fig 6 shows the comparison between the theoretical curves already dis- 
cussed and the experimental results for the wave crest height above the still 
water level1°/ft The notaiions are the same as those in Fig 1 except for the 
notation SHUTO which indicates the second approximation to stationary long 
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waves of finite amplitude derived by Shuto as the interaction problem of cnoidal 
waves The theoretical curves agree comparatively well with the experimental 
results, but the theoretical curve of the second order approximate solution 
tends to deviate from the experimental results, as the value of h/H becomes 
smaller and the value of T/g/h larger 

Pig 7 is an example of the comparison between the theoretical curves 
and the experimental results for the wave pressure distubution along the wall 
at phase of wave crest, m which the theoretical wave pressure above the still 
water level is assumed to be triangular which connects the maximum point of 
elevation of water level with a point of wave pressure at the still water level, 
where pis the wave pressure and ?  the density of fluid The fourth order so- 
lution agrees well with the experimental values in the case of considerably 
large amplitude waves when the value of T/g/h is relatively small, but the other 
solutions give excessive values because of the insufficiency of approximation 
for calculation 

Fig 8 shows the comparisons between the theoretical curves and the 
experimental results for wave pressure at a point on the wall at phase of wave 
crest, where the notation KCSHI is the second order approximate solution derived 
by Kishi using the Penny and Price method TOien the value of T/g/h is relatively 
small as seen in Pig 8(a), the fourth order solution agrees well with the ex- 
perimental values, but the lower order solutions deviate from the experimental 
results as the value of h/H becomes small In the case where the value of T/g/h 
becomes larger as shown in Fig 8(e) and (h), the fourth order solution also 
tends to deviate from the experimental results m the case of small h/H The 
larger the value of T/g/h becomes, the larger the value of h/H, which the ex- 
perimental values deviate from the theoretical curves corresponding to each 
order approximate solution except for the stationary long wave theory becomes 
The theoretical curve for the stationary long wave theory agrees relatively well 
with the experimental results for large h/H as the value of T/g/h becomes larger, 
but in the case of small h/H, it deviates rapidly This may be due to insufficiency 
of approximation order for the calculation 

Fig 9 indicates the comparison between the theoretical curves and the 
experimental results for the time variations of water level and wave pressure 
on the wall It is found that the experimental results approach the theoretical 
curves of the higher order approximate solutions m Fig 9(a), that they do not 
agree with the experimental results in Fig 9(b) due to the distortion of theo- 
retical curves of the third and the fourth order solutions, and that the theo- 
retical curve of stationary long wave agrees well with the experimental results 
only for the wave form 

Using the results obtained from the detailed comparison for the wave 
pressure of standing waves, a plot of the limiting conditions for the appli- 
cation of the theories is proposed m Fig 10 This figure shows that the limit- 
ing condition of the second order solution is confined to the area in which the 
value of T/g/h is relatively small and the value of h/H large Also this shows 
that the area of poor correspondence between the theoretical results and the 
experimental ones exists, although the third and the fouith order solutions have 
relatively wide areas of applicability and that the area of correspondence for 
the stationary long wave theory is restricted to the area of relatively large 
value of T/g7h~ 
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EXPERIMENT ON THE WAVE PRESSURE WITH WATO OVERTOPPING 

(1) Experimental Equipment and Procedure 

The experimental equipment used is same as in th previous section Experi- 
ments were carried out alternatively for the case of the wave pressure accompanying 
the overtopping wave and standing waves The characteristics of waves and the 
crest height of wall are presented in Table 2 

(2) Experimental Results and Considerations 

The relation between the theoretical curves and the experimental results 
for wave crest height above the still water level is shown in Fig 11, where the 
white circles indicate the case of standing waves, the other circles indicate the 
case of the wave pressure accompanying the overtopping wave and He is the crest 
height of wall Experimental results for standing waves accompanying the overtopp- 
ing wave agree relatively well with theoretical curves on the basis of the theo- 
ries within a range of the experiment, although in the case of T,/g/h=10 they are 
a little less than the experimental values for the standing waves in spite of the 
scatter 

Pig 12 shows the comparison between the theoretical curves of the fourth 
order solution calculated by taking into account the reduction of wave height due 
to the wave overtopping and the experimental results for the wave pressure dis- 
tribution along the wall at phase of wave crest in the case of wave overtopping 
It is seen from Fig 12(a) that even if the wave height in comparison with the 
crest height of wall increases considerably, the change of the wave pressure due 
to the presence of wave overtopping may apparently disappear when the reduction of 
the wave height at the wall can be taken into account and that the theoretical 
curves agree well with the experimental results Fig 12(b) describes the effect of 
the crest height of the wall on the wave pressure distribution It is seen that the 
theoretical curve agrees well with the experimental results in spite of the differ- 
ence in the crest height of wall 

Fig 13 is the comparison between the theoretical curves of wave pressure at 
a point on the wall at phase of wave crest and the experimental results for the 
overtopping wave The theoretical curves agree fairly well with the experimental 
results in spite of the existence of wave overtopping within a range of the limit- 
ing area for the application of the theories corresponding to each order solution 
found out in the previous section if the reduction of wave height at the wall can 
be taken into account However, when the wave height increases considerably in 
comparison with the crest height of wall and becomes near the breaking wave height, 
the experimental results for the overtopping wave are a little less than those for 
standing waves This may be due to the change of the field of wave motion because 
of the increase of the rate of wave overtopping Accordingly, the value of H/Hc 
is an important parameter which dominates the change of wave pressure caused by 
wave overtopping as well as the phenomenon of wave overtopping itself 

Fig 14 shows the time variations of the water level and wave pressure, 
where the theoretical curve is based on the fourth order solution The absolute 
values of experimental results for the overtopping wave decrease in comparison with 
those of standing waves with the same wave characteristics, while the values agree 
fairly well with theoretical ones m both the case, if the reduction of wave height 
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is taken into account But the second peak of double humped wave pressure record 
disappears and then an unsymmetric wave pressure record appears 

The relation between the relative amplitude m the water level at the 
wall H/fac and the one for the overtopping wave H/Hc IS given in Fig 15 as evalu- 
ated by reducing of wave height due to the wave overtopping It is found that the 
rate of reduction of wave height is almost uniquely determined by the value of 
H^Ic, regardless of the wave period 

CONCLUSIONS 

The mam results of this investigation are summarized'as follows 

1 As a result of detailed numerical and experimental considerations for 
the finite amplitude standing wave theories, the limiting conditions for the 
application of these theories are presented and it is verified that the approxi- 
mate solutions for various orders of the theories are valid within a certain 
range of h/H and T/g/h corresponding to each order of approximation 

2 If the rate of reduction of wave height at the wall caused by wave 
overtopping can be taken into account, these theories are applicable for esti- 
mating the wave pressure of standing waves on a wall in the case where wave over- 
topping exists within a range of the limiting area of applicability of the theories 
except for relatively large values of H/]Hc 
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Pig 1 Time variations of £, and £x at vertical wall 
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Table 1    Wave characteristics used in the experiment on standing waves 

%/gfa h(cm) T(sec) 
  

H(cm) 

6 
25.0 
20 0 

0 958 
0 857 

10 70~2 05 
6 72~3 18 

8 
20 0 
25 0 
17 5 

1 143 
1 278 
1 069 

10 51~1 45 
7 11~2 97 
5 80~4 30 

10 
20 0 
25 0 
17 5 

1 427 
1 597 
1 336 

10 00~1 42 
8 36~3 05 
4 97~3 00 

12 
17 5 
20 0 
15 0 

1 603 
1 714 
1 485 

9 50~1 01 
5 93~2 98 
4 34 ~1 52 

14 
15 0 
20 0 

1 732 
2 000 

9 21~1 23 
6 08 ~1 84 

16 
15 0 
12 5 

1 979 
1 807 

9 20~1 01 
2 61 "-2 44 

18 12 5 
10 0 

2 033 
1 818 

6 78~1 03 
2 31—0 73 

20 10 0 2 020 5 04-1 15 

wave gage 
\ carson for measuring 
W       wave iw* 

•1 

Fig 5 Schematic sketch of wave tank used 
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Table 2 Wave characteristics used m the experiment 
on standing waves with wave overtopping. 

T/I7h T(sec) h(cm) He(cm) H(cm) 

8 1 143 20 0 5 0 10 50~4 91 

10 

1 429 
1 336 
1 336 
1 336 
1 237 

20 0 
17 5 
17 5 
17 5 
15 0 

5 0 
2 5 
5 0 
7 5 
5 0 

12 38~4 40 
9 87-~2 89 
9 70~4 60 
8 53~5  26 
8 58~4 50 

12 1 604 17.5 5 0 9 22~3 70 

14 1 732 15 0 5 0 9 58~4 01 

16 1 979 15 0 5 0 9.12~3.39 

18 2 033 12 5 5 0 8 28~3 04 



CONDITION FOR PERTURBATION 537 

(a) (b) 

(c) 

1IH 

16 

15 

14 

I 
13 

12 

11 

10 

—&x \ 

\ 

•   o<-P 
\ 
\ 

o ^^ 

po      o 
o 

T/97F. = 18 

—    •   Hc/h = 0 429 

T 
4 
h/H 

(d) 

Fig 11 Comparison between theoretical curves and experimental 
results for wave crest height above still water level 
m the case where wave overtopping exists 



538 COASTAL ENGINEERING 

05 

Y/h 

-05 

-10 

T/Wh=8 

•fffc 
V 

h/H 
e   34 

Hc/h 

»   3 57 0 25 
.o   2 47 
•   2 67 0 25 7h/H=3.5 

• atfa P h/H-25 

05 
P/?9H 

10 

(a) 

05 

Y/h 

05 

-10. 

T/97h-10 

h/H    Hc/h 
o 2 94 0429 
e 3 13  0333 
e 2 89 025 
 T28. 

143 215o82<* 

(b) 

Fig 12 Comparison between theoretical curves and experimental 
results f°r wave pressure distribution along wall at 
phase of wave crest in the case where wave overtopping 

exists 



CONDITION FOR PERTURBATION 539 

P/PSH 

If 
r  

._ 
i/str-8 
Y/h=0 — 

05 
' ' 

• HWh 0 25 

4        6 10 20 

(a) 

\ Tj97S=IO 

Y/h = 0 

  

~~ 
~~~~~72 

^ HJh 
• 0 286 
0 0 143 
a 0 333 
o 0 25 
o 0 429 

c m 
#*> 

4        6 10 20 
h/H 

(b) 

15 
T/97F10 
Y/h    0 286 

/j>9H 
\ a 0143 

• 0 286 

^ ̂  

05 <J ^ 
4        6 10 20 

h/H 

(c) 

s rras 
Y/h= 

=12 
-0286 

^ 
P/P9H 1 "• - 

Hi*;— 

• H/h«0286 

10 

T J^T i 

"1 
0 

• 

4 6 10 20 
h/H 

(a) 
v 
\ 1JV, 14 

P/P9H 
<s V/h=0 

• H./H-0333 

10 

07 

M 

* 
o° 

o 

i 

i 
Wt 

S          1 0 2 

\ 
r/gTS -16 

— 
P/P9H \ • H /feO 333 

•1 *PT4 
05 1 1 

A 
h/H 

t 1 0 20 

(e) (f) 

's 

^> XT— ^7*°- 
c 

* _ 
T/g7fi is — 

o • 
Y/h 

• H/h- 
05 

-0 333 

2 4        6 10 20 
h/H 

(g) 

1 'K 
1  * rt~~ ̂ ^ ?^S 

•f T/97h"=18 
— «'l Y/hs 

• Ht/h 
04 
04 

1 2 4       6 10 20 
h/H 

(h) 

Fig 13 Comparison between theoretical curves of wave pressure 
at a point on wall at phase of wave crest and experimental 
results m the ease where wave overtopping exists. 



540 COASTAL ENGINEERING 

(.torn 
1 

M 

/ 

/» 
4 
-4   * 

Tj9ifi-8 
Ho=50cm 

h/H 
B      O 2 88 /• 

-2 
S       • 3 34 

-op      - 0 V5         °,5   t-c 
• 

-2 

-^8 

88° ff  4- 

6      2- 

^s» 

1          0 h    Y=0fm 

n• \'5 

'•V 
-1<S 

-5    \ 

T/glh-8 
Hc=5 0cm 

h/H 
0 192 

0    • 203 

-CIS        -01 !5 3 °f5          °,5   t»c 

o0°8 r     4_ 

/69 

1    ^^s 
2- 

1        Y=-5cm 

0 

-2- 

*P -4- A^Oo 

(a) 

Fig 14 Comparison between theoretical curves and experimental 
results for time variations of water level and wave 
pressure on wall in the case where wave overtopping 

exists 



CONDITION FOR PERTURBATION 541 

(b) 

Pig 14 Comparison between theoretical curves and experi- 
mental results for time variations of water level 
and wave pressure on wall m the case where wave 
overtopping exists. 
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A HIGHER ORDER THEORY FOR SYMMETRICAL GRAVITY WAVES 

by Peter L  Monkmeyer 
Professor of Civil Engineering 

University of Wisconsin, Madison 

ABSTRACT 

A higher order theory is presented for symmetrical, non-linear 
gravity waves As a consequence of the generality employed, the 
theory includes the full range of possible wave lengths, water 
depths and wave heights that may be encountered, and brings them 
into one unified formulation Thus, the theory encompasses both 
linear and non-linear waves, including Airy waves, Stokes waves, 
cnoidal waves and the solitary wave 

Based on the work of Nekrasov, a complex potential in the form 
of an infinite series is developed to describe the flow field   The 
potential satisfies the bottom (horizontal) condition as well as 
the kinematic surface condition exactly   Furthermore, the dynamic 
surface condition is satisfied by numerical calculation of the 
series coefficients which appear in the complex potential   The 
calculation of these coefficients is accomplished by solving a set 
of non-linear algebraic equations, with the aid of a Newton-Raphson 
iteration procedure and matrix inversion 

Coefficients of the complex potential have been obtained for 
a fifth order analysis and preliminary results are presented in 
tabular form   A brief discussion of the characteristics of the 
waves, including wave speed, wave shape and the height of the highest 
possible wave follows 

INTRODUCTION 

Water waves and their characteristics have received a great 
deal of attention by mathematicians, geophysicists and engineers 
over the past century and a half   In particular, numerous theories 
have been developed to describe the characteristics of symmetrical, 
periodic, progressive waves   Among the more classical papers are 
those by Stokes (1847,1880), Rayleigh  (1876), Boussinesq (1872), 
Korteweg and DeVries (1895), Levi-Civita (1925), and Struik (1926) 
Reviews of some of these works, as well as many more recent publi- 
cations may be found in publications by Stoker (1957), Wiegel (1964) 
Kinsman (1965), Ippen (1966) and Neumann and Pierson (1966)   No 
attempt will be made here to review the many recent contributions 
However, of particular interest, especially for applications of the 
theory, are the works of Mash and Wiegel (1961), Sk^elbreia and 
Hendnckson (1962) , Laitone (1963) and Dean (1965) 

The wealth of literature on the subject of periodic water 
waves reflects to some extent the lack of a unified approach   An 
effort to resolve this problem was made by Nekrasov (1951), followed 
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by Milne-Thomson (1969) and Thomas (1968)   Nekrasov first formu- 
lated the wave problem in general terms, and concluded his analysis 
with a non-linear integral equation 

The present study reexammes the work of Nekrasov and his suc- 
cessors and presents it in a manner which should be more useful in 
practice   More specifically/ a method is developed to compute co- 
efficients which may be used to calculate the various character- 
istics of the waves 

Since the theory presented herein is general, it covers the 
entire range of possible wave lengths, water depths and wave heights 
that may be encountered   Thus it encompasses both linear and non- 
linear waves including Airy waves. Stokes waves, cnoidal waves and 
the solitary wave   As a consequence it gives promise of simplifying 
the choice of the appropriate theory - a problem which currently 
faces the practitioner 

SOLUTION OP THE WAVE PROBLEM 

DEVELOPMENT OF THE THEORY 

The wave theory which will be developed herein applies to 
progressive, symmetrical, gravity waves moving over the free sur- 
face of an inviscid, incompressible liquid, in an oscillatory man- 
ner   Furthermore the waves are two-dimensional and, except for the 
special case of infinite depth, they move over a horizontal bottom 
No restriction is placed on liquid depth, D, wave length, L, or 
wave height, H   Hence the theory is comprehensive and includes the 
full range of constant-profile waves, from Stokes waves to cnoidal 
waves and the solitary wave, as well as from small-amplitude waves 
to large-amplitude waves and the so-called "highest wave" 

A train of oscillatory waves is moving from right to left over 
the surface of the liquid in question with wave speed, c   By super- 
imposing a uniform flow from left to right of the same speed as 
that of the waves, the wave profiles are brought to rest   The net 
effect is to provide a steady flow from left to right, bounded by 
the fixed profile formed at the free surface and the impervious 
boundary at the bottom   The steady flow-field will be seen to be 
considerably more amenable to study than would be the unsteady, 
progressive-wave field 

In Fig  1 the steady wave is depicted and the more important 
constants are defined   For convenience in the development the 
coordinates are described in complex terms and the physical plane 
is the z-plane, where z is the complex variable and x and y are the 
real and imaginary axes respectively   The y-axis is chosen to pass 
through the crest of the wave, C, in order to assure symmetry   The 
free surface is defined by y  •> y (x ) and the still water level is 
located at y = y , a distance which remains to be determined   It 
should be noted that the depth, d, usually defined as the distance 
from the still water level to the bottom will equal the sum of y 
and D 
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Fig  1 - The z-Plane 

Fig  2 - The C-Plane 
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Since the flow is irrotational, an assumption which has been 
discussed by Stokes (1847), the complex potential is given by 

w = i>   + II/J (1) 

where <j>   is the potential function and <l>   is the stream function 
Furthermore, the complex potential is analytic and so the Cauchy- 
Riemann equations, which may be related to the velocity components, 
u and v, are given by 

34 3i|i 3 4> 3i|i 
u   =   5      =   a and v   =   a      =   "a (2) 3x        3y 3y 3x 

Substitution of these expressions into the continuity and irrota- 
tional conditions results in Laplace's equation for each function, 

2 2 
Vcj> = 0      V i|i = 0 (3) 

respectively 

At the free surface the kinematic boundary condition requires 
that the surface be a streamline   For convenience, this bounding 
streamline is defined as 

<|i = 0      at y = y (4) 

The dynamic boundary condition at the free surface is expressed by 
the Bernoulli equation with pressure equal to aero, 

qo  + 2gyo = KQ      at y = yo (5) 

where q  is the speed of a surface particle and K  is a constant 
o o (twice the so-called "Bernoulli constant") 

The lower boundary condition is kinematic and requires that 
the horizontal bottom be a streamline   In order to reflect the 
volume rate of flow between the two bounding streamlines, 

<|i = -cD       at y «• -D (6) 

where "cD ' equals the two-dimensional flow rate observed in the 
z-plane 

Up to this point the relevant differential equations, together 
with the appropriate boundary conditions which describe the flow, 
have been presented   The two fundamental problems which immediately 
present themselves are that the location of the free surface is 
unknown and the dynamic boundary condition is non-linear   In order 
to deal with the first problem a conformal transformation will be 
employed   The purpose of this transformation is to redefine the 
problem m an auxiliary plane, the C-plane, where the location of 
the free surface is known 

The particular conformal transformation to be used, is an out- 
growth of the work of Nekrasov (1951), as well as a subsequent 
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analysis by Milne-Thomson (1969) and Thomas (1968)   More specifi- 
cally, it is an extension and generalization of the special deep- 
water case considered by Monkmeyer and Kutzbach (1965)   The trans- 
formation is given as follows 

ln(C>    +   lk     £     fexpiiail-^lnOl (7) 

where K is the complete elliptic integral of the first kind and the 
a 's are a set of real coefficients which are as yet unknown   More- 
over, C, which is the complex variable describing the coordinates 
of the C-plane is given in polar form by 

C = r expdx) (8) 

where r is the radial coordinate and x the angular coordinate of 
the C-plane as shown m Fig  2   Finally, am(  ) is the amplitude 
of the elliptic integral of the first kind 

One may verify, by application of the mapping function, Eq  7, 
that the region bounded by ABCDE in the z-plane is a mapping of the 
equivalent region inside the unit circle in the C-plane, subject 
only to the proper evaluation of the constant coefficients, a    In 
fact it may be shown that the boundaries AB, DE and EA are mapped 
exactly from the z-plane to the C-plane, regardless of the values 
of the coefficients, a    The boundaries AB and DE transform exactly 
as a consequence of the periodicity of the transformation   The 
exact transformation of the lower boundary DE follows from the 
characteristics of the elliptic function, am(  )   The choice of 
this particular conformal transformation was essentially dictated 
by the exact transformation of the bottom boundary   As a by-product 
of the bottom transformation it is required that 

where K'(m) = K(l-m), and m is the parameter of the complete ellip- 
tic integral of the first kind   This is a convenient formula since 
it permits a consideration of the entire range of waves for all 
wave lengths and depths   In particular it facilitates inclusion of 
the two limiting cases, L*»and D •+«>, since K-*«in the first instance 
and K' +«in the second   Eq  9 may therefore be used to convert 
Eq  7 and many of the following equations, if the limiting case of 
the solitary wave is of interest or if cnoidal waves are to be 
expressed in terms of depth rather than wave length 

The transformation can also be applied to the boundary condi- 
tions, Eqs  4, 5 and 6, to generate the equivalent conditions in 
the C-plane, 

* = 0     at r = 1 (10) 
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and 

where 

2gy  = K 

exp <-—) 

at r 

(11) 

(12) 

(13) 

The validity of these representations of the boundary conditions 
is verified in Fig  2   Moreover it should be noted that Eqs  10 and 
12 are precisely the boundary conditions for a portion of a clockwise 
irrotational vortex in the £-plane, so that the complex potential 
for the flow m this plane may be written 

ICL 

2TT 
In? (14) 

By separating real and imaginary parts of this expression and 
rearranging terms, 

X = - 2l± (15) 
and 

exp (—) (16) 

It is therefore apparent that x is a normalized form of the potential 
function and r is the exponential of the normalized stream function 

To this point the physical pro 
transformed to one m the £-plane a 

Eqs 10 and 12, have been satisfied 
It therefore remains to satisfy the 
and this will be done by a proper c 
conformal transformation The rema 
devoted to a method for calculating 
dynamic condition will be satisfied 
approximation will depend on the tr 
which makes up the conformal transf 
of terms retained, the more nearly 
satisfied 

blem in the z-plane has been 
nd two of the boundary conditions, 
by the complex potential, Eq  14 
dynamic surface condition, Eq  11, 

hoice of the coefficients in the 
inuig portion of this analysis is 
these coefficients so that the 

, approximately   The degree of 
uncation of the infinite series 
ormation   The greater the number 
the dynamic condition will be 

Before proceeding to a calculation of the complex velocity, 
which will be needed m an examination of the Bernoulli condition on 
the free surface, it is necessary to substitute the complex potential 
in the C-plane, Eq  14, into the conformal transformation, Eq  7, 
in order to obtain the complex potential for the z-plane   The result 
may be regarded as the general wave equation, 

, 4-jK  , , exp[i am (—*—  w) ] (17) W , 1L  r 
Z = c + 4K  i, 3 = 1 

For the limiting case of infinite depth, K approaches ir/2 and am (  ) 
approaches its argument   Therefore Eq  17 reduces to the deep-water 
equation, 
  °°  a        T 1L  v    1     ,2] 1L  v    1     .  / 

-—  )  —**- exp [ -l- 
2* 3=1 ^ 

w] (18) 
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On the other hand for the limiting case of infinite wave length, it 
should be noted that, after Eq  9 is introduced, K' approaches TT/2 

and am{  ) approaches gd(  ), the gudermannian   Therefore, Eq  17 
reduces to the solitary wave equation, 

co  a 

Z = c + -T- I,    J      6XPU gd("2^ W)1 U9) 
3 = 1 

Now along the free surface, <|> = 0, where we wish to apply the 
dynamic boundary condition, Eq  17 becomes 

lL  v  ~1    r    , 4]K ,,, 
= •?• + T^r  / —^  expti am (—^r 9)1 

4K l     J1 exP[l am(" 

or in terms of the dimensionless potential function, ,i. 

4K ^ j 2ir 
—3- exp[i am(—3— x>) 

Taking real and imaginary parts of Eq  21 one obtains 

LX   L   r   n   , * 
x  = -—— - -.—  >  —•*- sn(- 
o    2i   4K  '  ] X) 

and 

Yo   4K  ', T* 
,2-jK 

X) 

(20) 

(21) 

(22) 

(23) 

where sn(  ) and en(  ) are Jacobian elliptic functions   These two 
equations are parametrically related through x to define the shape 
of the free surface   In order to make them somewhat more tractable, 
it is convenient to replace the elliptic functions by their expan- 
sions m sine and cosine series respectively (see Milne-Thomson 
(1950))   Eqs  22 and 23 therefore become 

,2KX 
4K +  I  r1 Sln DX) 

D = l 

(24) 

where 

and 

where 

y = — 1 yo   4K L 
_JL cos ]X 

3 = 1 

,D/2k 

l/2„ 

2TT 

-1  d-q3A) 

»1/2K k=l   (l+q^*) 

k = :, 1 2 
3' 5 

(25) 

(26) 

(27) 
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and only integer values of k are included m the summation, and 
where 

q = exp(-ir —) 

For the limiting case of deep water waves 

b  = c  = a 
D    D    3 

whereas for the limiting case of the solitary wave 

(28) 

(29) 

J 7T ,._T   k k=l 

3 
KC   - TT   I       i 

k=l 
^k 

(30) 

(31) 

with k defined as for Eqs  26 and 27 

In view of Eqs  24 and 25 it is now possible to reexpress the 
comples variable, z , that was given in Eq  21, as follows 

1L 
o ~ 2TT 

"»  re +D C -D       T 

o   2K  '..    2   lo      2    o 
T = 1 

L -1 
(32) 

where, on the free surface, Eq  8 reduces to 

SQ - expdx) 

By differentiating Eq  32, the complex operator 

dz       f(? ) 
O    iL     o 

d?    2ir  C 
o        c 

is obtained, where 

and where 

co c +b        c -b 

lV   2K  '. '  2   ^o      2   '"o  ' 
3 = 0 

= R  exp (16 ), say 

2K 
b   m     C   =   
O      O    7T 

(33) 

(34) 

(35) 

(36) 

(37) 

Moreover, the modulus, R , of the function f(? ) is given by 

Ro2 " \h     2  b  cos ax]  + [^  I  c  sm DXJ
2 

and the argument, 9 , of f(? ) is given by 

(38) 
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-l I*  £n 
b
3 

C°S DX 
(39) 

The above relations may now be employed, together with Eq  14, 
to derive an expression for the complex velocity, as follows 

u  - iv  = 
dw  dC 
TF2" T^ = 7rrr-T  " §~ exp(-i6 )     (40) d?  dz f(z   )   R o o   o      o     o 

and therefore 

u  = —- cos 6 OR       c (41) 

and furthermore 

(42) 

The dynamic free surface condition, Eq  11, may now be written 
2 

S-y + 2gy  = K (43) 
R 2      o    o 
o 

an expression which was apparently first derived by Nekrasov (1951) 
who proceeded to derive a non-linear integral equation   In addition, 
with the aid of the following dimensionless terms 

• '  = 15:      £2 
'o  ~ L   o   D 

4K 

(44) 

2i J3° 
4K  V K' 

O   gL      J_D 
4K      K' 

Eq  43 becomes 

2 2    «     2 
c'  +  2y' R   = K  R o  o     o  o 

where 
co   c 

y' = I   J- cos jx 

and, with the aid of trigonometric identities, 

[CO -i 

DQ   +   2      ^   DD    COS   3XJ 

where 

D     =  b   "   +     T 
k-1 

2 2 
»     b,    +o. 

k        k 

(45) 

(46) 

(47) 

(48) 
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D=A+B+C ]=   1,2,3,4 (49) 
3 D D 3 

n     bk-i   bk   +   Ck-T   Ck 
A     -      J     -£-3      , J        j   =   1,2,3,4 (50) 

3 k-j 

(3-D/2   b     b -co 
j        _£ 1Z* _5 1ZE     j   =   1,2,3,4 (51) 

and 

S   =   ?   (b3/2   "   CJ/2> f°r   3   "   2<4'6'8 

=   0 for   3   =   1,3,5,7 

(52) 

By substituting Eqs  46 and 47 into Eq  45, the problem of the 
general symmetrical wave of finite amplitude is reduced to one of 
finding the solution to the equation, 

°° c K °° 
c,2 + 2[(   I -J- cos JX)~1 t(^r)2(D„ + 2      J    (A   +B   +C   )oos   DX)]    =   ° 

n = l -1 1 = 1      J      3       D 3 J (53) 

It is of interest to note that to this point no approximations 
have been made   Therefore Eq  53 is an exact representation of 
the problem 

In order to solve Eq  53 for a finite number of coefficients, 
it will be necessary to truncate the infinite trigonometric series 
which appear in the equation   Therefore Eqs  46, 47, 48 and 50 
become 

n  c 
y'  ~ J cos ]x 
°    D=i 3 

(54) 

•> IT    7 n 

R~  " <7F> lD„ + 2 I     °  cos 3X1 (55) 
-it=l  ^ 

2   2 
Do " bo2 + X   JL^- <56) 

k=l 

n  bv   bv + ct   cv 
A  = I     -£3 ~ ^ S. 3   =   1,2,3,4   n  (57) 

3        k=3 
Furthermore, by combining and expanding these equations, one 

obtains 

y0
R

0
2 - 'fe>2iJ, C>r\ +  ?  j, !r <VD

+IWcos ^   <58> 
*"-i        ]=1 k=l 

where absolute value signs are omitted on the subscripts of DJ^^-J , and 
furthermore, D( = 0 If [ SL | > n   Since harmonics higher than the 
nth have been omitted, Eq  58 is not exact 
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2 2 
The expressions for R  , Bq  55, and  y' R  , Eq  58, may now 

be substituted into Eq  45   By equating the°coefflcients of the 
harmonics, one obtains 

o'2 + 2(-i-2  I  -£ D,= K (-M1 D  (Oth harmonic)      (59) 
2K  , *•,  k  k    o 2K 

k=l 
n 
J  -r- (D,   + D. , ) = K  D  (]th harmonic,3=1,2,3  n)    (60) 
j^  k   k-3    k+3     o  3 

where absolute value signs are omitted on the subscripts of D,   , 
and furthermore D. vanishes if |l| > n 

Since the unknown terms in Eqs  59 and 60 are all functions of 
the height of the wave, it is appropriate to add an equation for 
wave height   The wave height is seen to be equal to the sum of the 
displacements of the crest and trough from the x-axis   Therefore, 
using Eqs  23 and 9, 

« - (yj„„ • <-y„>    „ = h   I   ^ - §?•   I   ^ <«> '° x=o 
.        L   y   ] _ 2D   y   3 

"Yo'X=U    2K ;jf1  3    K1 ^  D 

and in dimensionless form, 
3 = 1,3,5,7 

H' = 2 I      -i 3 = 1,3,5,7 (62) 
3 = 1 D 

Eqs 59, 60 and 62 are therefore seen to constitute a set of (n+2) 
equations m (n+2) unknowns (c ' ,K ,a ,a ,a a ) for any desired 
value of the dimensionless wave height, H1 

COMPUTER SOLUTION 

In setting up the equations for computer solution, the co- 
efficient, K ,is eliminated between the first of Eqs  60 (3-1) and 
each succeeding equation (3=2,3    n), thereby reducing Eqs  60 to 
(n-1) equations in (n-1) unknowns (a ,a ,    a   ) for a fixed value 
of a    After the unknown coefficients are assumed, the simultaneous 
solution of these (n-1) non-linear equations is accomplished with 
the aid of a Newton-Raphson iteration   By this technique the prob- 
lem is reduced to one of obtaining the solution of a set of (n-1) 
linear equations at each iteration   The matrix is then inverted 
using triangular decomposition and a solution of the set of equations 
is obtained for corrections on the assumed values of a ,a , 
a    and a      The entire procedure is repeated until the correc- 
tions are small enough to be neglected   After the coefficients have 
been computed, Eqs  61, 60 (first harmonic) and 59 are solved to 
yield H', K  and c' respectively   The entire procedure is repeated 
iteratively until the coefficients K  and c' are evaluated for uni- 
form-interval values of H/L, which are appropriate for tabular 
presentation 
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Computatio 
1108 computer 
preliminary res 
the dimensionle 
± 000001, while 
puted correct t 
that this preci 
height where th 
order solution 
ever, the trunc 
elliptic functi 
the development 
of Eq  53   as 
is only satisfi 
tions, greater 
accuracy can be 

ns were made on the University of Wisconsin UNIVAC 
A fifth order solution was undertaken and some 

ults are shown m Tables 1 and 2   In these tables 
ss wave height, H/L, is calculated correct to 
all other terms appearing in the tables were com- 

o at least the last place shown   It should be noted 
ion is significant for the lower values of wave 

e convergence of the a  series is rapid and a fifth 
is sufficient   As the^wave height increases, how- 
ation of the trigonometric series which replace the 
ons as well as the omission of higher harmonics in 
of (y' R 2) , result in a less accurate satisfaction 

o  o 
a consequence the dynamic boundary condition, Eq  5, 
ed approximately   By developing higher order solu- 
than the fifth order solution considered here, the 
improved 

DISCUSSION 

No specific attempt will be made at this point to compare the 
new theory with those which exist   The primary objective at the 
present is to develop the method of solution and to prepare sample 
tables of the coefficients 

Nevertheless it is already possible to indie 
with the existing theories In an earlier paper 
Kutzbach (1965) compare the theory with that of S 
reveal that the basic equation for deep water, Eq 
both theories Stokes was, of course, limited in 
carry out computations to higher orders, and so r 
tion to the well-known fifth-order theory The s 
in deep water has been the prime stimulus for usi 
approach in the present work Following stokes 
veloped a twelfth order solution for deep water w 
and Kutzbach (1965) developed a fifteenth order s 
higher order computations resulted in little devi 
fifth and third order theories, especially m the 
speed Only in wave shape did the fifteenth orde 
from the lower order theories, as might be expect 

ate some agreement 
Monkmeyer and 
tokes (1880) to 

18, is common to 
his ability to 

estricted his atten- 
uccess of this theory 
ng a fifth order 
Wilton (1914) de- 
aves and Monkmeyer 
olution   These 
ation from the 
prediction of wave 

r theory diverge 
ed 

Wave speed may be computed with the aid of Eq  59   However, 
since this equation demands considerable computation, a more con- 
venient approach is to print out the wave speed together with the 
wave coefficients as shown in Tables 1 and 2   The wave speeds 
obtained in Table 1 show excellent agreement with those of Stokes1 

third and fifth order theories for deep water waves (see Monkmeyer 
and Kutzbach, 1965) 

In order to describe the wave shape or profile of a wave, one 
may choose to use the parametric set of equations, 

= -iX 
2ir 

L 
4K I 

3 = 1 

,2]K . 
(22) 
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Table 1 

FIFTH ORDER WAVE COEFFICIENTS 

L/0 =»   .00000 

H/L 

• 140 

H/D 

.000 

C< 

1.1063 

,130  .000 1.0900 

.120 .000 1.0736 

.110 .000 1.0628 

.100 .000 1.0513 

.090 .000 1.0412 

.080 .000 1.0323 

.070 

.060 

.050 

.040 

.030 

.020 

.010 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

1.0246 

1.0180 

1.0124 

1.0079 

1.0045 

1.0020 

1.0005 

K. 

1.3825 

1.3304 

1.2816 

1.2366 

1.1954 

1.1582 

1.1250 

1.0958 

1.0705 

1.0491 

1.0315 

1.0177 

1.0079 

1.0020 

All) 
BID 
C(l) 

.33811 
.33811 
.33811 

.32414 
.32414 
.32414 

.30833 
.30833 
.30833 

.29086 
.29086 
.29086 

.27177 
.27177 
.27177 

.25101 
.25101 
.25101 

.22855 
.22855 
.22855 

.20440 
.20440 
.20440 

.17861 
.17861 
.17861 

.15131 
.15131 
.15131 

.12270 
.12270 
.12270 

.09299 
.09299 
.09299 

.06246 
.062*6 
.06246 

.03137 
.03137 
.03137 

A(2> 
B(2) 
C(2) 

.25489 
.25489 
.25489 

.23004 
.23004 
.23004 

.20519 
.20519 
.20519 

.18038 
.18038 
.18038 

.15575 
.15575 
.15575 

.13154 
.13154 
.13154 

.10806 
.10806 
.10806 

.08573 
.08573 
.08573 

.06500 
.06500 
.06500 

.04638 
.04638 
.04638 

.03035 
.03035 
.03035 

.01737 
.01737 
.01737 

.00/82 
.00782 
.00782 

.00197 
.00197 
.00197 

A(3) 
B(3) 
C(3) 

.21308 
.21308 
.21308 

.18174 
.18174 
.18174 

.15253 
.15253 
.15253 

.12534 
.12534 
.12534 

.10026 
.10026 
.10026 

.07756 
.07756 
.07756 

.05755 
.05755 
.05755 

.04051 
.04051 
.04051 

.02665 
.02665 
.02665 

.01601 
.01601 
.01601 

.00846 
.00846 
.00846 

.00 365 
.00365 
.00365 

.00110 
.00110 
.00110 

»00014 
.00014 
.00014 

A(4) 
B(4) 
C(4) 

.18215 
.18215 
.18215 

.14753 
.14753 
.14753 

.11702 
.11702 
.11702 

.09024 
.09024 
.09024 

.06712 
.06712 
.06712 

.04772 
.04772 
.04772 

.03207 
.03207 
.03207 

.02009 
.02009 
.02009 

.01149 
.01149 
.01149 

.00582 
.00582 
.00582 

.00248 
.00248 
•00248 

.00081 
.00081 
.00081 

.00016 
.00016 
.00016 

.00001 
.00001 
.00001 

A(5) 
B15) 
C(5) 

.15343 
.15343 
.15343 

.11848 
.11848 
.11848 

.08910 
.08910 
.08910 

.06467 
.06467 
.06467 

.04487 
.04487 
.04487 

.02943 
.02943 
.02943 

.01799 
.01799 
.01799 

.01006 
.01006 
.01006 

.00502 
.00502 
.00502 

.00215 
.00215 
.00215 

.00074 
.00074 
.00074 

.00018 
.00018 
.00018 

.00002 
.00002 
.00002 

.00000 
.00000 
.00000 

VALUES OF THE COMPLETE ELLIPTIC INTEGRAL OF THE FIRST KINO 

""»  1.5707963  K> = INP. .0000000  K</K=INI". 
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Table 2 

FIFTH ORDER WAVE COEFFICIENTS 

L/D « 2.00000 

A All) A(2) A(3) A(4) A(5) 
H/L H/0 c» K„ B(l) B<2> 6(3) 8(4) 8(5) 

C<1) C<2) CO) C(4) C(5) 
140 .280 1.1090 1.3908 .34108 .25736 .21331 .18393 .15467 

.34172 .25784 .21562 .18427 .15496 
.34044 .25688 .21482 .18358 •15438 

130 .260 1.0926 1.3381 .32696 .23229 .18179 .14906 .11954 
.32757 .23273 .18396 .14934 .11977 
•32635 .23186 .18328 .14878 .11932 

120 .240 1.0781 1.2888 •31101 .20722 •15243 .11830 .08997 
.31159 .20761 .15445 .11852 .09014 
.31043 .20683 .15388 .11808 .08981 

110 .220 1.0652 1.2433 .29340 .18219 .12508 .09128 .06536 
.29394 .18253 .12696 .09145 .06549 
.29285 .18185 .12649 .09111 •06525 

100 .200 1.0537 1.2016 .27415 .15734 .09986 .06793 .04540 
.27466 .15763 .10159 .06806 .04548 
.27363 .15704 .10121 .06781 .04532 

,090 .180 1.0434 1.1639 .25322 .13290 .07705 .04833 .02979 
.25369 .13314 .07861 .04842 .02985 
.25275 .13265 .07832 .04824 .02974 

080 .160 1.0344 1.1304 .23058 .10919 .05695 .03250 .01823 
.23101 .10940 .05834 .03256 .01826 
.23015 .10899 .05813 .03244 .01820 

,070 .140 1.0266 1.1008 .20623 .08664 .03986 .02036 .01020 
.20662 .08680 .04109 .02040 .01023 
.20585 .08648 .04094 .02033 .01019 

060 • 120 1.0200 1.0752 .18023 .06570 .02598 .01165 .00510 
.18056 .06583 .02704 .01167 .00511 
.17989 .06558 .02694 .01163 .00509 

.050 .100 1.0144 1.0534 .15269 .04688 .01536 .00590 .00218 
.15298 .04697 .01625 .00591 .00219 
.15241 .04680 .01619 .00589 .00218 

.040 .080 1.0099 1.0356 •12383 .03069 .00787 .00252 .00075 
.12406 .03075 .00858 .00252 .00076 
.12360 .03063 .00855 .00251 .00075 

.030 .060 1.0064 1.0217 •09386 .01757 .00318 .00082 .00019 
.09403 .01760 .00371 .00082 .00019 
.09368 .01753 .00370 .00082 .00019 

.020 .040 1.0039 1.0117 .06304 .00791 .00076 .00017 .00002 
.06316 .00792 .00112 .00017 .00003 
.06292 .00789 .00112 .00017 .00003 

VALUES OF THE COMPLETE ELLIPTIC INTE6RAL OF THE FIRST KIND 

K=  1.5825517  <•»  3.1651034 M» .0294372 KWK"     2.0000000 
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4^ Jx "7 cn(-rx) (23) 

or to avoid the elliptic functions, but at the expense of some 
accuracy, 

(24) 
2ir 

L      n     b 

•«     If SXn   DX 
3 = 1 

L 
4K 

n     c 
1     -2- cos   3X 

3 = 1     3 
(25) 

Numerical values relating x  and y  may be obtained by substi- 
tuting arbitrary values of °;he normalized potential function, x 
This procedure is adequate for a graphical presentation of the wave 
shape   Stokes (1880) suggests that, with the aid of Lagrange's 
theorem (Whittaker and Watson, 1963), the two equations may be 
reduced to one 

It should be observed that the depth, D, differs from the depth 
to stillwater, d, by the elevation of the stillwater level, y  (see 
Fig  1)   The computation of y , and therefore, d, may be accom- 
plished by noting that the net area bounded by the free surface and 
the stillwater level vanishes   Therefore 

L/2 
y„>dx,. (63) 

By substituting the parametric profile expressions, Eqs  24 
and 25, the equation may be solved for the dimensionless stillwater 
elevation 

.   - ii  ?   bk ck 
Ys  - 4K kL_x        k (64) 

Sample profiles for deep water waves are presented by Monkmeyer 
and Kutzbach 

In order to study the characteristics of the highest possible 
wave it will be necessary to add one further restriction to those 
imposed by Eqs  59, 60 and 61   This restriction, which was first 
suggested by Stokes, affects the Bernoulli equation which describes 
the dynamic upper boundary condition   In effect Stokes suggests that 
for a fluid particle on the surface to reach the highest possible 
point above the surface, the wave crest, it must give up all of its 
kinetic energy   Hence at this point it has no velocity and the 
crest is a stagnation point   The dynamic boundary condition, Eq  45, 
therefore reduces to 

2y. = K at r = 1, X = 0 (65) 

or substituting for y ' with the aid of Eq  23 

n  a, 
2   I   -r- * 

k=i  k 
(66) 
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Since this equation adds no new unknowns to those already appear- 
ing in Eqs  59, 60 and 62 its inclusion results in a set of (n + 3) 
equations with (n + 3) unknowns, H' no longer being arbitrary but 
now considered as an unknown 

For the deep water case using the fifteenth order theory 
Monkmeyer and Kutzbach show that 

(H/L)    = 0 1442 
max 

This compares well with Michell's (1893) result of 

(H/L)    = 0 142 
max 

and Havelock's (1919) conclusion that 

(H/L)    = 0 1418 
max 

No precise computations of the highest wave have been made for 
the finite waves considered herein   However, Eq  57 has been used 
to determine whether or not the wave data obtained in the preliminary 
computations includes waves that exceed the highest   This check 
showed for example that for L/D =6 0, the maximum wave lies between 
H/L =  13 and  14, which is in good agreement with the breaking index 
curve of Reid and Bretschneider (1953) 

CONCLUSION 

A higher order wave theory has been developed for the full 
range of waves from Stokes waves to cnoidal waves to the solitary 
wave and from small amplitude waves to finite amplitude waves and the 
"highest wave'   By means of a conformal transformation the problem 
is reduced to obtaining a solution to a non-linear set of equations 
Solutions of these equations using a high speed digital machine have 
been obtained to fifth order for L/D values of 0 0, 2 0, 4 0 and 6 0, 
and samples of this data are presented in tabular form 

A consideration of some preliminary results as well as earlier 
results of the deep water case, suggest that the theory is in good 
agreement with existing theories   Furthermore, it appears that this 
theory may provide a comprehensive practical means for wave analysis 
of the full-range of symmetrical waves from deep-water to shallow-water 
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APPENDIX - NOTATION 

A       see Eq  50 
3 

a       coefficient of the -jth harmonic - see Eg  7 
3 

am(  )  amplitude of the elliptic integral of the first kind 
B       see Eq  51 
3 

b       coefficient - see Eq  26 
3 

C       see Eq  52 
3 

c       wave speed 
c1      the dimensionless wave speed - see Eq  44 
c coefficient - see Eq  27 
3 

en(  )  Jacobian elliptic function 
D depth measured from the origin 
D see Eqs  48 and 49 
3 

d depth measured from stillwater 
f(C) see Eq  35 
g acceleration due to gravity 
gd(  )  gudermannian 
H wave height 
H1 dimensionless wave height - see Eq  62 
i AT 
] integer which identifies the jth harmonic - see Eq  8 
K complete elliptic integral of the first kind (parameter - m) 
K' complete elliptic integral of the first kind (K'(m) = K(l-m)) 
K       Bernoulli constant for free surface streamline 
Ao 
K       see Eq  44 
^o 
k integer which identifies the kth harmonic 
L wave length 
I integer which identifies the £th harmonic 
m parameter of the complete elliptic integral of the first kind,K 
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n integer which identifies the highest harmonic and the order 
of the analysis 

q magnitude of the particle velocity at the free surface 

R modulus of f(c ) - see Eq  38, also = c/q 

r radial coordinate in the C-plane 
r radius of AE in the 5-plane 

sn(  )  Jacobian elliptic function 
u x-component of the particle velocity 
u x-component of the particle velocity at the free surface 

v y-component of the particle velocity 
v y-component of the particle velocity at the free surface 

w complex potential = $ + it|i 
x horizontal coordinate in the z-plane 
x' dimensionless horizontal coordinate 
x horizontal free surface coordinate in the z-plane 

x1 dimensionless horizontal free surface coordinate o 
y vertical coordinate in the z-plane 
y' dimensionless vertical coordinate 
y vertical free surface coordinate in the z-plane 

y' dimensionless vertical free surface coordinate 

y still water elevation in the z-plane 1 s " 
y' dimensionless still water elevation s 
z = x + ly and refers to the physical plane 
z complex variable at the free surface o 
5 5 r exp dx) and refers to the auxiliary plane 
C = exp dx), or C at the free surface 

6 argument of f(C ) - see Eq  39, also local slope angle of 
the free surface m the z-plane 

it = 3 1415927 
$ potential function 
X tangential coordinate in the £-plane, also a normalized form 

of the potential function 
i|) stream function 





CHAPTER 34 

ANAimCAL APPROACH ON WAVE OVERTOPPING ON LEVEES 

Hiroyoshi Shi-igai, Dr Eng ,M Eng ,M of JSCE.* 

Tsugio Kono, B Eng ,M of JSCE** 

1 Analytical Approach 

An analytical approach to evaluate the amount of overtopping for 

given conditions is studied in this paper  Here, the wave overtopping is 

considered as a similar phenomenon to the flow over a weir changing the 

depth with respect to time 

The theoretical approaches used by many scholars have been mostly based 

on the dimensional analysis  In this paper, however, another kind of 

approach is tried, which is rather deterministic, in order to get a general 

view of wave overtopping mechanism 

The well-known formula which expresses the discharge over a sharp- 

edged weir is as follows 

3 

q = jmv^gy (1) 

where q is the discharge per unit width, m is the discharge coefficient 

and y is the overflow depth  It is usually admitted that Eq (1) is valid 

only for steady flow  However, if we assume that y does not change very 

rapidly with respect to time, Eq (1) may be used for the analysis of 

wave overtopping  Writing that 

y = z(t) - ZQ (2) 

* Associate Professor, Asian Institute of Technology, Bangkok, Thailand 
** Research Associate, Department of Civil Engineering, Tokyo Institute 

of Technology, Tokyo, Japan 
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where z(t) is the surface elevation of waves over the levee measured 

from SWL, and z is the elevation of the top of the levee, we can obtain 

the quasi-steady equation for the overtopping discharge 

3. 

q(t) = jm^g (z(t) - ZQ)
2 (3) 

Further, we write z(t) as 

z(t) = z F(t) (4) 
m 

where F(t) is a non-dimensional function of time which expresses the 

wave profile at the levee   z is approximately equal to the wave run-up 

height but not the same one, because normally wave run-up height R is 

measured without any overtopping  If there is overtopping, the reflection 

rate must change and R and z cannot be of the same value 
" m 

Using Eq (2), Eq.(3) and Eq (4), we obtain- 

3 3 

q = } m JZi  (kHo)
2 {F(t) - ^-}2   for F(t) ^ f- (5) 

o ~ m 
z 

q = 0 for F(t) < — 
m 

where k is defined as: 

k = z /H (6) m o 

If m and k are constant for a wave period, we integrate q with respect 

to time 
C2 

Q  -  J    q* 

'l 
2-    c2 z   I 

=   | m fi£ (kH )2    I    £F(t) - rjf-}2 dt (7) 

'1 
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z 
where F(t) > —• for t.. < t < t. Q is the total discharge of overtopping 

o 
for a period per unit width of the weir  Eq (7) can be expressed as a 

non-dimensional form, which is 

2  t 3 
9 mt

2    2 Zo 1 

THV2gH    3 T Mo 
0    0 t. 

where T is the wave period  The left hand side is a kind of Froude Number 

Fig 1 and Fig 2 show the schematic diagrams for the definitions 

Eq (8) may be simplified if the wave profile can be approximated by 

triangular waves 

TH V2gH o o* e o 

For sinous waves we obtain Eq.(lO) 

3    — 3 

fmk7 \l    t.ln^t -j^dt (10) 
THoV2gHo ^ 

where    ^ - i sin"1 ^ 
o 

Though Eq (9) looks very simple, it gives us fairly good results as is shown 

Fig 3, if we choose the value of k carefully, while the value of k is 

affected by so many factors  Fig 4 shows the variation of k with respect 

to H /L and a,  the slope of levees  The value of k is much less than the 

value of R/H, which is for the case without overtopping, while both of 

them take the maximum value at tan a « 0 35 

Eq (9) may be arranged toAconventional form obtained through dimen- 

sional analysis as follows 
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Fig I   Definition sketch (I) 
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005 

THcV5gR:oo4<po 

0 03 

002 

001 

z 
sinous wave 
triangular wave 

A       K *    . 
t,       t2 

T/2 
X                 ' 

Fig 2  Definition sketch (2) 

0   02   04  06 08   10   12   Z, 
H. 

Eq (9) and experimental 

RUN dtS Note 
X 1 90* 
o 2 ^ • 3 3O',90" 
A 4 l/K>, 1/3 • .wind 
A 5 I/O. 1/6 • .wind 
• 6 1/6 * * 

data 

*   dan* by B E B 
**   done by WES 

Fig 4  Variation of 
k with respect to oi, 
the levee slope 
k  

JB. 
H0 

Note   Value of R/H0 

is after Iwagaki * 

tanc< 
0   01    02   03   04   05  06  07   08 
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5 

H L 15 VZg o        L    ^      kH ' *•    •* o o o o 

Normally, Eq (10) gives us the better results but Eq (9) also gives us a 

satisfactory result  The effect of wind can also be expressed by the 

change of k, while the breakers' effect may not 

2 Computer Experiment 

For engineering purposes, what we need is the "prediction"  Wave- 

overtopping phenomenon is a combination of statistical and deterministic 

factors, since wave period and wave height, for example, are statistical 

variables, while over-topping caused by a given wave can be a deterministic 

phenomenon  In this section the authors treat each over-topping as 

a completely deterministic process for the given wave conditions, which 

may include some statistical characteristics  The frequency response 

function being known, we can estimate the total amount of wave overtopping 

if all the informations of wave characteristics are available  However, 

we f^cfi the following problem* Can we estimate the total amount of wave 

over-topping by the statistical parameters only ? Already this attempt 

has been done by Tsuruta and Goda by using authors' formula, Eq (9) 

They estimated the expected amount of overtopping for irregular waves by 

using KL /,  However, the authors would like to point out that the amount 

of over-topping depends upon the wave period as well as the wave height, 

and also that though Eq (9) is dimensionless, it is not very convenient 

to use it directly as the response function, since it includes H in 

both sides 

Another important point which is related with the prediction problem 

is that the response function is highly non-linear  Therefore the 

usual statistical values, H^ for example, may not be a suitable 
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parameter at all In order to study this point, some numerical experiments 

were carried out at AIT in Bangkok 

The following assumptions are made 

1 For simplicity Equation (9) is used instead of sinuous wave 

formula in the modified form 

2 Wave height H<,and Wave period T follow Rayleigh distribution 

3 Cross correlation of H„and T is very small 

The modification of Eq (9) is as follows- 

2   c  :— T (£ > 1) 
z„       C 

) (12) 

= o (C < o) 

where    C' = j? J2 m (13) 

•fit T = T Vf^ (14) 

and 

r = v 
Z 

C = k^°- (15) 
o 

Eq (12) is convenient for prediction, since normally Z is given 

and the variable of left hand side is only Q  H /fi and T/T may follow 
^oo 

the following Rayleigh distributions 

PA - ?5»e*p[- E(V] (16) 
H      l  H     U  * H  J 

o      o o 

p£) = 2 7(V exp [-0.675&4 I (17) 
I        f     L     T J 

where    p( ) means the probability density functions, and 

T and 5 mean the ensemble averages 
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Eq (16) and Eq (17) are only examples, since in fully developed 
H 

seas p(~) is Gaussian  Anyhow the numerical experiment is always possible 
H
0H0     T 

if p(—) and p(—) are given 
fi0       X 
The procedure of numerical experiment is as follows 

1 Prepare the necessary values for the numerical experiments  They 

are Z , T, H and k  If the levee slope is given, k may be estimated 

from Fig 4  m can be 0 6 

2 Compute T/Jz~7g    and kHQ/Zo 

3 Generate H /H and T/f which are statistically random but follow 

lie given probability density  Normally, if they are random, the cross 

correlation is rather small  However, we should compute the cross 

correlation always 

4 Compute the values of T and C> which are expressed by Eq (14) 

and Eq (15) 

5 Compute Q/Z by the use of Eq (12) 

6 Repeat the above procedure for a certain number of times, say 

one hundred 

7 Compute the summation of Q/Z   Also compute H. /, and T-,/3 

statistically 

The above procedure is enough for design purposes, since we can 

estimate the total amount of overtopping  Through this information, we 

can determine, for instance, the capacity of the pump to dram the water 
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exerted by overtopping 

The numerical experiments were carried out for the case that H , 

T, T/JZ  /g  and kH /Z  are all equal to unity  The computer used 

for the experiment is IBM 1130  The results are shown in Table 1 

Each run contains one hundred of waves and H i/~> ^I/Q> H an^ T are 

statistically obtained  For comparison, H. <_ and T1 #, are computed by 

Eq (18) and (19) 

•Computed1 HQ1/3 = 1 60 HQ (18) 

'Computed' T   ..      = T (19) 

2 
For each wave the value of Q/Z is computed and its mean value is 

obtained through Eq (20) 

1=1 z 1 

—155*- = \ «w 

Again for comparison, q      , is obtained, which is defined by 

5 
[CH/H ) ,    - i}2 

C.(S)  o_o_l/3J       = (21) 

T 5 <Wl/3 

From Table 1 the values of q are always greater than those of q_, 

which means q is m safety side for design purposes  Among seven runs 

of experiment, which contain 700 waves, there is a case that 5=0 945 q 

This fact shows us that for a quick estimation, the use of H . ,, and 

T, /, may be a good approximation  However, the numerical experiments 

are more desirable for the actual design purposes 
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3 Conclusions 

As conclusions we may say the followings 

1 Eq (9) gives us a fairly good prediction for the discharge of wave 

overtopping, though it contains two empirical factors 

2 The above empirical factors, however, do not change vigorously 

at least for the existing experimental data 

3 Theoretically speaking, the use of H ,/, and T .. for the 

estimation of overtopping are doubtful 

4 According to the limited number of computer experiments, the 

estimated values of over topping obtained by the use of H . /, and T, /, 

are always greater than the statistically obtained values 

5 However, this formula may be useful by the use of H , /, and T1 ,, 

in order to get the first approximation of wave overtopping caused by a 

set of irregular waves 

6 For the design purposes the computer experiment is highly 

recommended since already we obtained the response function which is 

expressed by Eq (9) or Eq (12) 
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Table 1 - Results of Numerical Experiment 

Run Hl/3 Tl/3 q (D/(2) 
factor 

Measured Computed Measured Computed (I) 
Measured 

(2) 
Computed 

1 1 35 1 45 1 10 1 12 3 83xl03 12 lxlO3 0 317 

2 1 44 1 35 1 10 1 05 4 43 6 36 0 695 

3 1 49 1 49 1 10 1 10 7 35 14.1 0 521 

4 1 43 1 39 1 05 1 00 6 85 7 20 0 945 

5 1 33 1 31 1 04 1 00 4 79 8 14 0 590 

6 1 39 1 39 1 04 1 00 5 46 7 13 0 765 

7 1 43 1.42 1 00 1.08 5 69 9 80 0 581 

Note:  All are non-dimensional variables 
"Measured" means statistically obtained values 
"Computed" means the values obtained by mean values 
(for example H, /- = 1 6 H) 

Each run includes 100 of waves 
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ABSTRACT 

A study programme has been initiated to investigate the 
impulse waves generated by landslides originating entirely above the 
water surface  It may be seen that the characteristics of this 
wave depend mainly on the slide volume and the Fronde number of the 
slide upon impact with the water  The resulting wave goes through 
a transition period  For the highest wave (usually the first), the 
wave height becomes stable relatively quickly and decays exponen- 
tially during the period of transition, the wave period continues 
to increase for a long time, the velocity of propagation may be 
approximated very closely by solitary wave theory 

IHTRODUCTION 

Impulse waves generated by landslides have long been a menace 
in certain localities and the study of this phenomenon has been 
carried out at an accelerated rate in the 1960's, perhaps as a result 
of disasters of major proportions such as at Vaiont (2)  In coastal 
areas, these slides are also not uncommon and Miller (k)  gives a number 
of examples 

An attempt is made in this paper to determine the relation 
between the generated impulse waves and the various parameters of the 
slide and the receiving body of water  Some studies of underwater slides 
and of slides under simplified conditions have been performed, Wiegel (9), 
Pnns (5,6) and Wiegel et al (10), but little is known about slides 
originating above the water surface, sliding into the body of water at 
various angles 

Theoretical work has also been done for simplified generating 
conditions e g Unoki and Nakano (7), Kranzer and Keller (3) and 
Ursell (8)  In this paper no attempt has been made to express the 
results on a theoretical basis 

The purpose of the present paper is to approach a highly complex, 
non-linear problem entirely experimentally, invoking as little simpli- 
fication as possible  The test series is yet incomplete and the analysis 
is part of a continuing program 

575 
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EXPERIMENTAL TECHNIQUE 

Experiments were carried out in a It-5 m long flume, 1 m wide, 
with water depths, d, ranging from 23 to 46 cm    The landslides were 
modelled using a tray (Fig l), loaded with a varying number of units 
of constant specific gravity and of zero porosity  The tray was 
placed at various distances above the water to roll down a roller 
ramp  In Fig 2 this ramp is shown with the tray in position at the 
top of the ramp  The angle of the ramp with the water surface, 6, was 
adjustable, as was the front slope of the tray, a   The tray was 
released using a quick release mechanism and the velocity of impact 
with the water, V, was measured using a combination of stroboscope 
illumination and prolonged photographic exposure of a series of lines 
on the top of the tray 

The resulting waves were measured continuously at three locations, 
3 35, 9 4-5 and 17 1 m from the point of impact  These locations are 
called a, b, and c respectively 

The record from the first wave probe (a) was also squared and 
integrated by analogue methods  The wave energy was calculated, using 
a digital computer programme, by a combination of 

E0 = PS  CaJV dt (i) 

and 

Es = J    H3'2   *V2 <*> 
where EQ is the energy contained in a deep water wave using oscillatory 
wave theory, Es the energy by solitary wave theory,p the water density, 
g the acceleration of gravity, Ca the phase speed of the wave at 
location a, n the wave record, t the time and H the maximum wave height 
The phase speed Ca, was measured using the elapsed travel time between 
probe a and an on-off probe, located at still water level, very close 
to probe a 

DIMENSIONAL ANALYSIS 

For the experimental study, any property, A, of the wave may 
be stated as a function of the following parameters 

A = f(l, w, h, V, 3, 9, p, pg, p , u, g, d, x, t) (3) 

where 1, w and h are the length, width and thickness of the slide, 3 
is the angle between the front face of the slide and the horizontal 
(3 = 9 + a), ps is the density of the slide, p is the dynamic viscosity 
of the water, x is the distance from the point of impact and t is the 
elapsed time 

1  A summary of the notation may be found at the end of the paper 
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Eg. 3 may be written in dimensionless form as 

P 

"A ~ "A vd' d' d' ,/ga lr*     A V d' d' ,/ga' P' H' p'p " u  ' d' tVd;        l4; 

Because the tests were performed in a two dimensional flume, the term 
w/d becomes irrelevant  Early in the tests it became evident that the 
slide volume and the related kinetic energy of the slide upon impact 
with the water are very important terms and therefore 1/d has been 
replaced by the two-dimensional slide volume per unit width expressed 
in dimensionless form as 

1 h 
dxd fXT (5) 

The kinetic energy upon impact can be obtained by the following 
combination 

P   .  .  „2 

* - * p * * h 
Because shear was negligible throughout, the Reynolds number 

can be neglected and Eq k  becomes 

\ = •A(*'!-&-B-g-*-p-'!»t/!) (6) 

where IT, represents the dimensionless form of any dependent quantity 
A     A 

Thus for maximum wave height at any probe 

a = *H <*• a« M> e' e' p' P-  a5 m 

and for the wave energy at the first probe 

E      ,  ,,  h  V P 
= K. <*• £• jk> P. e> P.„—) (8) pgd3    TB ^' d' /gcl> 

M> - *"p 

Here q has been replaced by k, a more relevant parameter 

For the speed of propagation of the waves 

(9) 
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and for the wave period 

m/K J.     i       h      V       „     „ Ps    x 
^a-   *r - d' M> 6' 6' P'o  ' d« Wd> (10) 

Throughout the tests, except for one isolated test series, 
p and p s/p were not varied (p = 0, ps/p =2 7)  Further work needs 
to tie done to test the effect of these parameters  The work also 
needs to he extended to higher values of slide volume, q or kinetic 
energy, k 

The test results therefore only apply to relatively small 
rock slides, originating above the vater level 

TEST RESULTS 

The wave records obtained were very much as expected  At 
probe a, the wave train consisted of one large wave followed by a 
short train of smaller, trailing, oscillatory waves  At probe b, 
the large leading wave had lengthened considerably and decreased in 
height  It had passed some of its energy to the following wave 
train  The train of oscillatory, following waves had also lengthened 
At probe c, the wave height appeared to have reached a stable or 
almost stable value  The wave train was now very long, the large 
wave itself having attained a wave length of the order of 20 to 30 
times the depth of water 

The first wave was always the highest in the train except for 
test series 52 where 8 is 90° 

Maximum Wave Height   The test results indicate the dimension- 
less parameters in Eg. 7 that exercise the greatest influence on the 
wave height are q, the volume per unit width of the slide and F" = V/v'glf 
the Froude number of the slide upon impact with the body of water  The 
other parameters only introduce variations to the basic relationship 
All test results have been plotted against q 

Typical test results are shown in Fig 3 and it may be seen that 
Hc/d varies directly with log q  This is not true for Ha/d, the wave 
height nearest the point of impact  From comparison of wave heights at 
a, b and c, it appears that H0/d is stable, I e the wave height does 
not decrease significantly beyond probe c  The subsequent figures focus 
on this stable wave height and the other two measured wave heights are 
related to it by a wave height attenuation function discussed later in 
this section 

The effect of the slide thickness on the stable wave height is 
indicated in Fig 1*  For thick slides, defined as h/d > %, the relation 
between Hc/d and q is relatively constant  For thin slides, defined as 
h/d < h,  a decrease in h/d results in smaller wave heights 
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For the range of Froude numbers tested (Fig 5) it may be seen 
that the stable wave height increases significantly with the Froude 
number of the slide upon impact 

An increase in the front slope of the slide, g, appears to 
increase the slope of the relation between H0/d and q.  For large slides 
the resulting wave height increases with &,  for small slides, it 
decreases with $      In addition, for 6 < 90° there is a general reduction 
in agitation  An example of the effect of 0 on H /d has been plotted in 
Fig 6 c 

As 0 increases, the generated wave is decreased slightly except 
for small slides - Fig 7  The results of test series 51 and 52 have 
also been plotted - not to indicate the effect of 6 but to represent a 
possible overlap with the results of Pnns (5,6) and Wiegel (9,10) 

In Fig 3 it may be seen that Ha > H^ > H0   This can be 
attributed mainly to dispersion, i e the passing of energy from the 
highest wave to the trailing tram and the lengthening of the whole 
wave train  Experimentally it was found that the decrease in wave 
height is exponential and that the wave height for most tests decreased 
little beyond probe c  An example is shown in Fig 8  The slope of 
the lines is almost constant for all tests and the intercept varies 
as a function of q 

Wave Energy   The test results involving wave energy may be 
plotted similar to Figs 3 to 7, but it is more convenient to plot them 
as a function of k, the dimensionless kinetic energy  As an example - 
Fig 9 - the effect of Froude number has been plotted and on the same 
graph the lines of constant %  energy conversion have been shown 

Velocity of Propagation   The velocity of propagation, between 
probes b and c, of the highest wave in the wave train was found to be 
within 1%  of the following theoretical approximation for a solitary 
wave 

C  = 1 + ^£2. (11) 
/gd        2d 

This corresponds to Eq 9 because T)rmx/2d    is simply another 
function of the right hand side of Eq 9 

Wave period   Ti/g/d, the dimensionless period of the first 
wave in the wave train has been plotted against distance along the 
flume in Fig 10  It may be seen that the wave period increases 
linearly with distance along the flume  It was found that all the 
other parameters of Eq 10 exercised a negligible influence on the 
relation between Ti/g/d and x/d 
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DISCUSSIOM 

The wave forms obtained from the tests varied from a pure 
oscillatory wave tram to a wave approaching solitary wave con- 
figuration, followed by an oscillatory wave train  Comparison with 
Pnns (5, Fig 10) would indicate his experience to he similar  At 
no time during the tests were bores generated and therefore the 
results presented here can only be viewed as partial, also in this 
respect 

Under these conditions the test results indicate that a stable 
wave height is generally obtained within 80 depths from the point of 
impact 

Maximum Stable Wave Height   A definite relation exists 
between the stable wave height and the volume of the slide  This 
relation can be expressed as 

H 
-f = Cz + C2 log q (12) 

where both C]_ and C2 are functions of the remaining dimensionless 
parameters of Eq 7 But Fig 5 indicates that the wave height is 
also highly dependent on Froude number  Taking this into account, 
the relationship which approximates the test results most closely is 

^•=F°7(0 3l + 0 20log q) (13) 

This can be used as a good estimate of the stable wave height for 
0 05 £ q £ 1 0, as long as the slide is thick, 1 e h/d £ \,  the 
front angle of the slide is 90° or greater and the angle of the 
slide plane is about 30°  Eq 13 can also be used as a conservative 
estimate for slides where g < 90°, or 0 > 30° and an estimate of the 
built in factor of safety may be obtained from the figures presented 
in this paper  For the case 6 < 30°, Eq 13 could be unsafe 

Eq 13 is purely empirical  Unoki and Makano (T) conclude that 
theoretically ri **J initial impulse  Since for each test series V was 
kept almost constant, this reasoning should lead to r| *v slide volume for 
each test series  However, this appears not to be the case, indicating 
that the system is highly non-linear and that the theoretical approach 
of (7) overestimates the generated wave height  The theoretical approach 
of Kranzer and Keller (3) could perhaps be applied as an approximation, 
if the "initial" water surface, immediately after impact of the slide, 
were known  This is virtually impossible because of splash and because 
the slide takes a finite time to enter and travel through the body of 
water 
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The changes in the relation of H/d on q for the parameters 
treated in Figs It to 7 can be explained from the physical phenomenon 
It must he remembered that in all cases with the exception of Fig 5, 
the Froude number is constant, therefore slide volume is synonymous 
with kinetic energy on impact 

Referring to Fig k, as the slide becomes thinner, it imparts 
less energy to the water, dissipating more of the remaining energy by 
bottom impact 

As the impact Froude number increases, Fig 5, the kinetic 
energy upon impact increases for the same slide volume  This results 
in greater wave heights as well as greater splash and bottom impact 

Fig 6 indicates that a decrease in 6 beyond 90 causes the 
front of the slide to become more streamlined  The slide then imparts 
less energy to the water 

As 0 decreases, the distance of travel of the slide through the 
water becomes greater and therefore it is expected that a greater amount 
of the energy of the slide goes into wave generation  Also, the 
generation mechanism changes to more of a pushing action 

Wave Height Attenuation   Fig 8 is an example of the pattern 
of wave height attenuation found generally  Because the attenuation is 
represented by straight lines of constant slope, the decrease in wave 
heights can be expressed as 

H   Hc + p    "^ m 
d = -d + C3e 

where C3 is a function of the other parameters in Eq 7, %  appears to 
be constant at 0 08  For values of 0 1 < q < 1 0, Eq ik  can be 
approximated by 

# = f (stable) + 0 35e       d (15) 
a  d 

Wave Energy   For the range of values tested the wave energy 
is generally from \ to \ the kinetic energy of the slide upon impact 
For test 52, the vertically falling slide only 10 to 20$ of the 
kinetic energy was converted into wave energy  Thus the slide at an 
angle appears to be considerably more efficient than the vertical one 
The kinetic energy of the slide at the time of impact is a rather 
difficult term to assess in the field  An easier estimate is the 
potential energy of a slide and this figure has been used by Johnson 
and Bermel (l) and Wiegel (9) for laboratory generation of impact waves 
and by Miller (h)  in assessing slides in the field  The conversion 
from potential energy to kinetic energy upon impact is entirely different 
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in all three cases, however, and the complex mechanism in the field 
slides cannot be adequately simulated by simplified laboratory models 
For that reason, kinetic energy upon impact was used which leaves the 
transfer function of field potential energy to kinetic energy only to 
be determined, circumventing an additional, similar function for 
each particular laboratory situation 

Velocity of Propagation   With wave lengths of the order of 
20 to 30 times the depth, the waves are by definition shallow water 
waves and their characteristics can be approximated by the solitary 
wave theory, once the waves become of constant form  Therefore the 
velocity of propagation should be approximated by the expression for 
the phase velocity of a solitary wave (Eq 11)  The close comparison 
between actual values and theoretical values was indeed surprising 

Wave Period   The various dimensionless parameters, other than 
the distance from the point of impact had very little influence on the 
wave period of the first wave and this wave period may be defined 
from plots similar to Fig 10 as 

TJ| =11 + 0 225(f) (16) 

This indicates that, although wave height and velocity of 
propagation of the first wave have reached a stable value at probe c, 
the wave period and wave length have not  Therefore the first wave 
continues to stretch out, tending to become a true, solitary wave, 
of infinitely long period, with no or only slight decrease in wave 
height  The periods of the trailing waves exhibit the same tendency 
although their increase in period is not linear with x/d through the 
range of x/d tested 

PRELIMINARY COMPARISON WITH FIELD RESULTS 

Properly monitored field data are difficult to obtain because 
of the unexpected and disastrous nature of the slides  In an attempt 
to see how relevant the model tests are and as an indication of the 
applicability of formulae such as Eq 13, the slides listed by Miller 
(k,  p 66)  were used as field examples 

The model tests are two-dimensional and therefore can be 
expected to give a conservative indication for the three-dimensional 
field results 

Most of the slides listed by Miller are rock slides and all 
originated above the water surface  The volume and width of the slide 
front are only mentioned simultaneously in three cases thus reducing 
the list to only three examples  For one of these, the Shimabara 
Peninsula slide, the slide volume was greater than the range of q 
tested  For the other two, the Loen Lake slide of 1936 and the 
Tafjord slide of 193k  Eq 13 gives a reasonably close estimate wave 
height 

A great deal more work needs to be done in this area 



586 COASTAL ENGINEERING 

CONCLUSIONS 

The impulsively generated waves resulting from the sliding of 
a rock mass into a body of water have been investigated 

A series of tests has "been performed to determine the effect 
of various parameters describing the slide and the receiving body of 
water on the generated impulse waves  In this test series all slides 
were impervious and of rock density  The volumes of the slides were 
kept relatively small and so the test results are only applicable 
to small and medium sized slides of rock which originate above the 
water surface and slide into relatively large bodies of water 

For these conditions it was found that the wave- height 
stabilized very quickly and can be described as a function of the 
slide volume and Froude number on impact (Eq 13)  All other 
parameters appear as relatively small modifications to this function 
The wave height attenuation between a location close to the site of 
impact and the point where the wave height has stabilized can be 
described by an exponential function (Eq 15) 

The wave energy varies for these tests from h  to \  of the 
input kinetic slide energy  The velocity of propagation of the highest 
wave can be described adequately by solitary wave theory  Its wave 
period increases linearly with distance for the distance range tested 
Some very preliminary work on field data indicates that Eq 13 can be 
used to predict or hmdcast field wave heights 
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NOTATION 

A = general dimensional expression for wave parameters, 
a = location of first wave measuring probe, 
b = location of second wave measuring probe, 
C = velocity of propagation of the wave, 
c = location of third wave measuring probe, 
d = depth of water, 
E = wave energy, 
EQ = wave energy in deep water from oscillatory wave theory, 
Es = wave energy by solitary wave theory, 
F" = Froude number, 
f = dimensional function, 
g = acceleration of gravity, 
H = maximum wave height, 
h = thickness of the slide, 
k = dimensionless kinetic energy of the slide, 
1 = length of the slide, 
p = porosity of the slide, 
q = volume per unit width of the slide, 
T = wave period, 
t - time, 
V = velocity of impact of the slide, 
w = width of the slide, 
x = distance from the point of impact of the slide, 

a = angle between the bottom and the front face of the slide, 
6 = angle between the front face of the slide and the hori- 

zontal,  ( = a + e) 
n = wave record, 
0 = angle between the slip plane (roller ramp) and the water 

surface, 
y = dynamic viscosity of the water, 
ir = general dimensionless expression for wave parameters, 
p = density of water, 
ps = density of the slide material, 
0 = dimensionless function, 
<(> = dimensionless function, 
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ABSTRACT 

When a wavemaker generates a finite number of waves, it has been 
found that one of the first and one of the last waves in such a burst is 
considerably larger than the average  A mathematical model, based on 
the linearized governing equations, is used for the particular problem 
of the waves generated by a sinusoidally moving piston-type wavemaker 
starting from rest  Theoretical results for the magnitude of the large 
wave relative to the average agree fairly well with experiments, however, 
the actual wave height is smaller in the experiments than predicted by 
theory  It is shown, by extending the classical wavemaker theory to 
second order, that finite amplitude effects do not offer an explanation 
However, pistons rarely fit the tank dimensions exactly, and an approxi- 
mate evaluation indicates that the discrepancy between predicted and 
observed wave heights can be attributed to the effects of leakage around 
the piston 

1   INTRODUCTION 

One of the major problems encountered, when performing tests in a 
wave tank, is to account for the influence of reflected waves  Within 
the framework of linear theory we can deal with this problem (see 
Ursell, et al , 1960), when the magnitude of the reflected wave is small 
compared with that of the incident wave  However, in cases where the 
reflection from the far end of the tank is large, this is no longer 
possible  To overcome this problem, some coastal engineering tests are 
performed using the "burst method", in which the wavemaker generates 
waves only so long as no significant reflection from the far end of the 
tank has yet reached the wavemaker  After the wavemaker is stopped, 
time is allowed for the reflections to die out, before a new burst is 
generated  This procedure essentially eliminates the influence of even 
large reflections, but as is often the case, eliminating one problem 
creates another 

Figure 1 shows the surface profile recorded by a fixed gage 45 feet 
from a wavemaker, which generates a burst of 15 waves  A prominent 
feature is evident  One of the first and one of the last waves arriving 
at a particular station is considerably larger than the average  The 
effects of these large waves on test results have been of concern to 
engineers at the Coastal Engineering Research Center (CERC) where e g , 
rip-rap stability is determined from tests employing the burst method 

589 
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t(sec) 

Figure 1  Surface profile recorded 45 feet from a sinusoidal piston- 
type wavemaker starting from rest and generating 15 waves 
(T = 1 16 sec , h = 1 5 ft , Stroke of wavemaker = 0 33 ft 

The study presented in the following was undertaken in an attempt to 
gam insight into the nature of these large waves and, if possible, to 
find a way to eliminate them 

The large waves are clearly associated with the transient, I e , 
the starting and stopping of the wavemaker, to which the classical wave- 
maker theory (Havelock, 1929, Biesel and Suquet, 1951, Ursell.et al , 
1960) does not apply  However, Kennard (1949) has solved the linear- 
ized governing equations based on the assumption of potential flow 
starting from rest, and we adopt his solution as the theoretical model 
for the particular problem of a smusoidally moving piston-type wave- 
maker starting from rest (Section 2 1) 

The question is  How accurately will the linear theory predict 
the development of laboratory waves, which more often than not are 
quite nonlinear7 From the theory of progressive waves we know that the 
second order nonlinear Stokes' wave sharpens the crest and flattens the 
trough when compared with the linear first order solution, but that the 
wave height remains unchanged  Thus focusing on wave height, rather 
than amplitude, the linear solution is likely to cover at least slightly 
nonlinear waves  This is supported by the experimental confirmation of 
the classical wavemaker theory by Ursell, et al (1960)  A much more 
serious limitation of the results from a linearized theory stems from 
the instability of sinusoidal waves, i e , for relatively short waves 
(depth/length = h/L > 0 216) the Benjamin-Feir side-band instability 
(Benjamin, 1967), and for moderately long waves (h/L <  0 09), the 
occurrence of secondary crests (Galvm, 1968 , Madsen et al , 1970) 
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With these limitations in mind, the theoretical results for wave 
heights are tested against experiments for three cases (h/L = 0 24 
0 197, 0 132) m Section 2 2, and it is found that the predicted and 
observed magnitudes of the large waves relative to the average agree 
reasonably well  However, the theory overestimates the actual wave 
height  This was also found by Ursell et al (1960) for waves of fairly 
large steepness and was attributed to possible nonlinear effects  In 
Section 3 the classical (linear) wavemaker theory is advanced to second 
order, and it is found that finite amplitude effects cannot be considered 
responsible for the difference between observed and predicted wave 
heights 

An approximate evaluation of the amount of leakage through the gaps 
between the piston and the tank walls and the influence of this leakage 
on the height of the generated wave is performed in Section 4  It is 
found that the discrepancy between observed and predicted wave heights 
may be attributed to leakage around the piston, which establishes con- 
fidence in the wave heights predicted by the linear theoretical model 
adopted 

Section 5 discusses the possibility of utilizing the large effect 
of leakage on the height of the generated waves to eliminate the large 
waves in a burst 

2  LINEAR SOLUTION FOR A WAVEMAKER STARTING FROM REST 

2 1 Theory 

Assuming irrotational motion the linearized equations governing the 
motion generated by a wavemaker (see Figure 2) are 

^•"•jcx + *yy    = ° "h"y"° (2 1} 

+y = 0 y = -h (2 2) 

-h^o 

y = -h 

y = 0 

y = 0 

nt - *y = 0 y = 0 (2 3) 

<t,t + gn = 0 y = 0 (2 4) 

and at the wavemaker, which is characterized by its position, £(y,t) 

*x = 5t (y,t) = u(y,t) x = 0 (2 5) 

where subscripts indicate partial differentiation and g is the accelera- 
tion of gravity 

Assuming the motion to start from rest, 
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|y    Position of Wovemaker 

H 
i?(x,t) 

SWL 

Figure 2  Definition of Symbols 

(2 6) *(x,y,0) - *t(x,y,0) = ?(y,0) = 5t(y,0) = 0 

ution for the surface profile has been obtaii 

n(x,t)=-f/Ik/dx/dy   cos o(t-T) cos kxu(y,T) cosh k(y+h)  (2 ?) 

the solution for the surface profile has been obtained by Kennard (1949) 
t   -h 

where 
2 

a   = gk tanh kh 

k being the wave number 

(2 8) 

For the particular case of a sinusoidal piston-type wavemaker, which 
runs for a length of time, t', we have 

u(y,t) 

0 

U sin (oat + 6) 

0 

t * 0 

0 < t * t' 

t > t' 

(2 9) 

and inserting this m (2 7), we can perform the integration with respect 
to y and T to obtain 

2 
2  U  /" 

n(x,t,«) =¥ - ^ 
.,      tanh kh      w      , 
dk   i    —~ =• cos kx 

k      a)2- a2 

[ (cosat-cosiot) cosS + (smut - — sinat) sin6] 

Realizing that 

(2.10) 

2- = 5 u    o 
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is the amplitude of the wavemaker motion and introducing the dimension- 
less variables (indicated by asterisks) 

(x*,y*) = h"1 (x,y) 

t*=1/| t (2 11) 

k* = kh 

the solution can be written 

| "(*.*.s)  = 1
1  cosS    +    l2 

Sin& (2 12) 

where 

a 
w*"-k*tanhk* 

and 

I = Ak* ta"hk* —5——  (cos /k*tanhk*t*-cosio*t*) cosk*x*   (2.13) 
JO K   w* -k*tanhk* 

and 
°° 2 

I = /dk* ta-"h-k* —^ (sma)*t*--*tanhk* sin/k*tanhk*t*) cosk*x* 

(2 14) 

This solution as it stands is valid only so long as t < t'  However, 
we may add the solution satisfying the boundary condition at x = 0 

(0 t s t' 

•i = u'^t)=|-UsinWt-tV8')   t>t- C2 15) 

and due to the linearity of the governing equations the sum of these 
solutions will satisfy the boundary condition given by (2 9) provided 

5<   = 6 + ut1 -  2 nm (2 16) 

where m is an integer 

Thus in short we may write the solution as 

(  n(x,t,6) 0 < t S t1 

n(x,t) = { (2 17) 
( n(x,t,6) - n(x,t-t\6')  t > t' 

where the right-hand sides are calculated from (2 12) 

The integrals I, and I, have removable singularities and are evalu- 

ated by numerical integration using the trapezoidal rule with a stepsize 
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equal to 0 OS the period of the integrand and the -upper limit of inte- 
gration equal to 16  The results were tested for accuracy by varying 
the stepsize and the upper limit of integration  As a further check the 
numerical solution was found to approach the classical solution to the 
wavemaker problem (Biesel and Suquet, 1951) as t became large 

Taking x  = constant m (2 12) we can compute the surface elevation 
at a particular station along the tank as a function of time, which cor- 
responds to the surface profile recorded by a fixed gage  If we define 
the wave height as the difference in surface elevation between a trough 
and the preceding crest, we may describe the development taking place 
some distance from the wavemaker in terms of the sequence of wave heights 
as the waves arrive at this station  For a station 30 times the depth 
from the wavemaker, the computed variation in wave heights relative to 
the wave height m the final periodic state, H/FL, is shown in Figure 3 
for three depth-to-length ratios 

Relative Wave Height 

" H/Hp 

+   h/L = 0 I 32 
x   h/L = o 197 

•   h/L = 0 24 
Wave Number 

—I 1_ 
10 

Figure 3  Computed variation m relative wave height of waves generated 
by a piston-type wavemaker starting from rest, as they reach 
a station 30 x depth from the generator 

It shows that after the disturbance arrives, the wave height in- 
creases, overshoots but finally attains the constant value corresponding 
to the final periodic state  This type of behavior, which predicts a 
large first wave, is analogous to the response of a slightly damped me- 
chanical system to an exciting force 
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2 2 Comparison with Experiments 

The large waves m a burst had previously been studied experimentally 
in CERC's 72-foot tank by John Ahrens, Hydraulic Engineer at CERC, and 
records of the surface profile obtained 16 and 45 feet from the wavemaker 
serve for a detailed comparison with the result computed from (2 12) 

The wavemaker, piston type, is electronically controlled and was set 
to start from its mean position going backwards, i e , corresponding to 
8  = - TT/2 in (2 9)  The wayemaker was stopped manually, and if it was 
stopped off its mean position it would abruptly take this position 
Since it is very difficult to avoid this final impulse, which will in- 
fluence the last part of the burst, the campaxison is only carried out 
for the first waves in a burst  The depth, h, was 1 5 feet and for each 
period the experiment was repeated three times, giving practically iden- 
tical results for the part of the burst used for the comparison 

The experiments show second order effects (wave steepness = H/L = 
0 03 - 0 06) m that crest amplitudes are larger than trough amplitudes, 
however, as was indicated previously and in view of the results obtained 
in Section 3, this effect is essentially eliminated by comparing wave 
heights rather than amplitudes  The comparison is presented in Table 1 
as the variation in wave heights as the waves arrive at the particular 
stations, and it is obvious from the results that the actual wave heights 
differ considerably  However, if we compare the variation in wave heights 
relative to the wave height m the final periodic state, which for the 
experiments is taken as the average wave height in a burst excluding the 
large waves, the agreement between computed and experimental wave heights 
in this sense seems good  The larger discrepancy for the shortest wave, 
h/L = 0 24, may be attributed to the Benjamin-Feir side-band instability 

3  APPROXIMATE SECOND ORDER WAVEMAKER THEORY 

The application of a linear theory as a predictor of the motion 
generated by a wavemaker starting from rest was found to be relatively 
successful  The large difference between the actual computed and experi- 
mental wave heights noted in Table 1 is naturally of minor importance 
once a particular wavemaker has been calibrated  However, if the ob- 
served discrepancy can be explained as other than the inadequacy of the 
linear solution, an understanding of the responsible mechanism will not 
only help us in designing more efficient wavemakers and maybe eliminate 
the need for calibrations, but it will give us confidence in the results 
obtained from the linearized governing equations, also for problems 
different from the one treated here  We therefore proceed to investigate 
if the large difference in wave heights can be attributed to finite am- 
plitude effects as Ursell et al  (1960) suggested 

Based on a Lagrangian formulation Fontanet (1961) derived the com- 
plete second order solution to the wavemaker problem  His solution, 
however, is extremely difficult to evaluate, and for this reason we out- 
line an approach using the more familiar Eulerian description  Due to 
the nonlinear instabilities mentioned previously (Benjamm-Feir in- 
stability for short waves, secondary waves for long waves), we need 
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16 feet from Wavemaker 45 feet from Wavemaker 
Wave 
No H feet H/H 

] P H feet H/H 
P 

Exp Comp Exp Comp Exp Comp Exp Comp 

1 0 305 0 370 0 85 0 9 0 155 0 183 0 43 0 44 

2 0 368 0 412 1 02 1 0 0 305 0 405 0 85 0 98 to 

3 0 387 0 424 1 08 1 03 0 387 0 456 1 08 1 11 O 

4 0 345 0 408 0 96 0 99 0 354 0 387 0 98 0 94 
II 

h-J 

5 0 357 0 418 0 99 1 02 0 360 0 424 1 00 1 03 X) 

6 0 362 0 396 1 01 0 96 0 361 0 404 1 00 0 98 

1 0 142 0 181 0 42 0 44 0 061 0 068 0 19 0 16 

2 0 331 0 393 0 99 0 95 0 112 0 138 0 34 0 34 

3 0 352 0 457 1 05 1 11 0 194 0 236 0 59 0 57 CT1 

4 0 341 0 384 1 02 0 93 0 296 0 363 0 91 0 88 O 

5 0 334 0 408 1 00 0 99 0 369 0 468 1 13 1 13 II 

6 0 343 0 412 1 02 1 00 0 315 0 442 0 96 1 07 \ 
A 

7 0 330 0 391 0 98 0 95 0 318 0 366 0 97 0 89 

8 0 333 0 419 0 99 1 02 0 337 0 444 1 03 1 08 

9 0 339 0 416 1 01 1 01 0 327 0 384 1 00 0 93 

1 0 110 0 130 0 30 0 28 0 045 0 049 0 15 0 11 

2 0 254 0 287 0 71 0 62 0 068 0 085 0 20 0 18 

3 0 420 0 479 1 17 1 03 0 117 0 136 0 35 0 29 

4 0 366 0 512 1 02 1 10 0 170 0 209 0 51 0 45 

5 0 369 0 437 1 02 0 94 0 275 0 318 0 82 0 68 -* 
6 0 368 0 459 1 02 0 99 0 403 0 441 1 21 0 95 o 

7 0 359 0 465 0 99 1 00 0 372 0 524 1 12 1 13 II 

8 0 364 0 472 1 01 1 02 0 300 0 519 0 90 1 12 JA 

9 0 359 0 466 0 99 1 00 0 363 0 427 1 09 0 92 

10 0 310 0 446 0 93 0 96 

11 0 347 0 474 1 04 1 02 

Table 1  Comparison Between Computed and Experimental Wave Heights 

(Depth =15 feet) 
(Underlined values correspond to the largest wave) 
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only consider intermediate waves, 1 e , 0 21 £ h/L £ 0 09  FOT large t 
the solution to the first order (linear) equations given in Section 2 is 
the classical wave-maker theory (see e g , BiSsel and Suquet, 1951) For 
a piston-type wavemaker, 

u(y,t) = Et = U sin»t, I  = -Socosut (3 1) 

and denoting the first order solution by a superscript, *• , the classical 
solution reads 

<j> '  = C cosh k (y+h) cosfk x-ut) - 
o      ow ' K o 

smut I    C cos k (y+h) e"knx (3 2) 
n=l n    n 

n1- '  = n sm(k x-cot) - coswt Y n e" nx (3 3) o   "• o   ' t-,    n v ' n-1 
and 

+ Pgy = pressure due to the wave » 

cosh kQ(y+h) k x cos kn(y+h) 
p8K cosh k h  sin(k0x-»t) + coscot I %e n cos k h ]   (3 4) 

o n=l n 

where 

2 U smh k h 
C ° 
o  k h + sinh k h cosh k h k o        o      o   o 

2 
gk tanh k h = to 6 o    o 

2 U sin k h . 

n ~ k h + sin k h cos k h k~  ^    ' n       n     n   n 

2 
gk tan k h = -co (n-V)ir<k h<nir 6 n    n v  •"  n 

2 sm2k„h 
in n 

(3 5) 

(3 6) 

tanh k h 2k h 
n =  — I n. = %[1 +  °. ,. , ] (3 7) o    n,    o 1   L   sinh 2k h J v ' 

n  k h + sin k h cos k h  o 

The first terms m (3 2), (3 3) and (3 4) represent a progressive 
wave, whereas the summations (inertia terms) express the correction 
necessary to account for the wavemaker motion not being exactly that 



598 COASTAL ENGINEERING 

of the particles in a progressive wave with the given period and depth 
For long progressive waves, we know that the horizontal particle velocity 
is practically independent of y, and this suggests that the necessary 
correction, 1 e , the sum of the inertia terms, is small when a piston- 
type wavemaker generates long waves  Similarly, large corrections are 
needed when short waves are generated by a piston-type wavemaker  This 
was clearly demonstrated in calculations by Biesel and Suquet (1951) 
We also note, (3 2) combined with (3 6), that the exponential behavior of 
the inertia terms means that their importance becomes negligible within 
a small distance, of the order 3h, from the wavemaker 

In advancing the theory to second order we proceed as outlined by 
Stoker (1957) by assuming a perturbation solution and expanding the 
boundary conditions at the free surface and at the wavemaker around 
y = 0 and x  = 0, respectively  Denoting the second order solution by 
superscript ") we have the governing equations, 

vV2) . *• Y            rxx 
+    At2)    „ o                 -h < y < 0 

yy 
(3 9) 

,<2>  = 0 
y 

y = -h (3 10) 

y       g    tt g  1 «ty            Jt      Yxt    Tx *sso,i 
-*W  „(1) • *(1) nC1)   y = 0 (3 11) Tyy       Tx   x 

where (3 11) is obtained by combining the dynamic and kinematic conditions 
to obtain a condition m j> (2) only  The second order profile, n *- -*, is 
given by 

(2) -ji*?U^W*Mlh2*i^h2l}ym0 (3 12) 

and the boundary condition at the wavemaker 

*(2) = . ,(1) ? x = 0 (3 13) 
TX XX 

where we have used that ? = 0(n) except for very long waves (see (3 7)) 

(2) 
The troublesome part of the determination of <bK      from (3 9), (3 10), 

(3 11) and (3 13) is the inhomogeneous equation (3 11)  However, under 

the assumption of t-*», ij> '  and n ' are as given by (3 2) and (3 3) and 

it can be shown that at y = 0 the maximum value of the inertia terms is 

of the order 1/4 of the term associated with the progressive wave so 
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long as h/L *> V4      It, therefore, seejns to he a reasonable approximation 

to neglect the inertia terras when substituting ^ J and n.   J into  G3 11) 
With this approximation the solution satisfying the equations  (3 9) 
through  03 11} is the well known Stokes'  second order solution for pro- 
gressive waves  (see e g ,  Ippen,  1966) 

m ,      ,      cosh 2k  (y+h) 
<t>^->  = - fior/             °     sin 2Ckx-0)t) (3  14) 
r CO j 4,    , O 

sinh k h o 

and 
,9. , ,    cosh k h  (cosh 2k h+2) 

*P   = - j kono  hrr — cos w0*-«v (3 15) 
sinh k h o 

However, we have not yet included the boundary condition x = 0, 
(3 13),  which reads 

[C k2 cosh k  (y+h)  costot + smut    Y    C k2 cos k  (y+h)]  5(y,t)   (3  16) 
L o o ow     ' L,    n n nw "' n=l 

We have previously justified the neglect of the inertia terms in the 
boundary condition at y = 0, however, this cannot be justified for all 
y's at x = 0 unless the wave length is restricted further (h/L < 0(0 1)) 
Introducing (3 1) in (3 16) and using the relationship among n0 and C0 
we obtain 

(2)      r    r g"°    v2    cosh kp(y+h) 2 *••'=:_£    r     k       ,   ,   ,  cos tot + smiot costot  >    C k    cosk  fy+h)J 

(3 17) 

x ooj        o    cosh k h '      n n n 
o n=l 

Clearly the solution (3 14) does not satisfy this boundary condition 
Using cos2oot = h (cos2wt + 1) and taking only the periodic part of (3 17) 
we see that we have a residual periodic boundary condition at x = 0 

r-51 ni        /-->-, g^ k   (n,  cosh k  (y+h) 
(*R    JJC ~ *x    "  C*P    Jx 3S—1   sinh k h  

( o 

,    cosh 2k  (y+h) ) 
2     5 r cos  2ut -  sin 2ut •=- 

sinh k h cosh k h ' 
o o 

I      C k2 cos k  (y+h) = UR
(2)(y)  cos 2iot + sin 2<ot I (VR

(2) (y)) (3 18) 
n-1      nn n R n=l   R 
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Introducing 

(2) in the governing equations, which are linear m <j> '  we see that 
the solution to (3 18) and the homogeneous equations 

V2 ^  =0 -h £ y -S 0 

(*i2))y =0 y = - h 

<**\ + I <\t = 0    7 = 0 (3 22) 

(3 19) 

f is 

(3 20) 

(3 21) 

and 

l e , the same governing equations as those for the first order solution, 
except for the more complicated boundary condition (3 18) at x = 0  The 
solution, however, can be found from the classical solution to the linear 
problem as a sum of ^n's, which we may combine and the progressive part 
can be written as 

•P"* = C(2:) cosh k(2:)(y+h) cos(k(2:)x-2wt + t|i)      (3 23) TR, Progressive   o       o w     ' v o J l   ' 

f2) where Cv •" and ifi  are found by combining the <|> ' s and 

4 „2 = g k^ tanh k<2>h (3 M) 

We can therefore express the velocity potential far from the wavemaker to 
the second order 

$ =^i:)        + ty^  + ^2\ (3 25) Progressive    P    R, Progressive 

or m physical terms the periodic waves generated by a wavemaker can be 
expressed as 

(1) A first harmonic linear wave of amplitude n 

(2) A second harmonic coupled with the first harmonic to give the 
second order Stokes' wave corresponding to the linear solution 

(3) A second harmonic free wave of small amplitude 

This description agrees with that of Fontanet (1961), and when combined, 
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we see that the surface elevation at a fixed value of x  can be expressed 
as 

n = n  (smut + e1 sin(2ut + ih)) (3 26) 

where e^ « 1  This type of surface elevation was shown by Ursell et al , 
"   "   H = 2n (l+0(e|))  Thus for small e1( the (1960) to give a wave height, 

wave height of nonlinear waves, as recorded by a fixed gage, is practic- 
ally the same as that predicted by a linear theory 

This analysis was carried out assuming the final periodic state to 
be reached, and suggests that when results for periodic waves obtained 
from a linear theory are compared with experiments, a comparison of wave 
heights should essentially eliminate the influence of finite amplitude 
From this we conclude that the large difference between computed and 
experimental wave heights noted in Table 1 can hardly be attributed to 
nonlinear effects 

4  THE INFLUENCE OF LEAKAGE ON THE 
HEIGHT OF THE GENERATED WAVES 

The results of Ursell et at  (1960) indicated that the discrepancy 
between measured and predicted wave heights increases from the order 
3% to 10% with an increase in wave steepness from 0 03 to 0 045  This 
does not agree with the experiments at CERC, which show a larger dis- 
crepancy (of the order 15%) between theory and observation as well as 
the opposite trend, 1 e , decreasing discrepancy with increasing wave 
steepness  In the experiments by Ursell et al the leakage around the 
wavemaker was reduced by a rubber foam lining between the piston and the 
walls and bottom of the tank, whereas no such provision was taken in the 
CERC experiments  This suggests that leakage around the piston may have 
a large influence upon the height of the generated wave  A series of 
experiments performed at CERC (Tenney, 1969) serve as further evidence 
of the influence of leakage on the height of the generated waves  Two 
holes were drilled through a piston, the area of the holes was approxi- 
mately 0 29% of the wetted area of the piston  It was found that the 
difference in wave height between the waves generated with these holes 
closed and open was of the order 2 8% - (1 6% - 4 0%) 

4 1 Waves Generated by an Oscillating Flow Through a Slot 

To evaluate the influence of leakage let us start by examining the 
waves generated by the oscillating flow through a slot which extends over 
the width of the generator 

For a slot of height A a distance Y below the free surface, we have 

0       y > - Y + A 

u(y,t) v smut  -Y s y s -Y +A (4 1) 

0       y < - Y 
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which, with the notation used in Section 3, gives the solution 

C    =      ~"l  -4 c-oT-r   TT-   v    tsinh k  C-Y+A+h)  -  sinh k  C-Y+h)]       (4  2) o 2k h + sinh 2k hk        o  l oK ' ov        >i       \      J 
o oo 

For small A we may write this as 

4 sinh kQh 

h+sinh 2   .. 
o        oo 

Co = 2k h+s 

h koh     i   I Ak0 cosh k0(-Y+h) * 
inh 2 k h k  \ vo  'smh k h       f (4 3) 

which written in this form by comparison with (3 5) clearly shows the 
generated progressive wave to be the same as that generated by a piston- 
type wave generator having a velocity given by 

k_A cosh kn(-Y+h) 
U = U1   = v        — ,   ,     °    -hsysO (4 4) o smh k h ' K      ' 

o 

In particular we see that for a gap between the wavemaker and the 
bottom of the tank, Y = h, 

k0 Ag      Ag  k0h 
UB = VB  smh k h = VB  F"  smh k h (4 ^ 

o o 

with indices introduced for clarity 

Clearly, the influence of leakage between the sidewalls and the 
piston is not as easy to handle rigorously  This leakage is probably 
one of the mechanisms responsible for the generation of transverse waves, 
however, if the width of the tank is small compared with the wave length 
of the generated waves, it seems physically reasonable that the waves 
generated by an oscillating flow, v (y) smut, through a vertical slot 
of width Ag may be approximated as the waves generated by a piston-type 
wavemaker, having the prescribed motion 

As U' = v  T^- (4 6) s   s b v ' 

where b is the width of the wave tank, and v is the average of v (y) 
over the depth 

Thus m principle, if vR and v are known, we can find, at least 
with some accuracy, the generated waves, as those generated by an ideal 
piston-type wavemaker having the prescribed motion 

u(y,t) = (U£ + up smut (4 7) 

However, is the potential theory really appropriate7 When the water is 
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forced through the small gaps into the ambient fluid one might expect a 
considerable energy loss due to turbulence  In a study of the forced 
heave motion of a rectangular cylinder of large draught, 1 e , small 
distance between bottom and cylinder (AB - 0 06 h), Svendsen (1968) found 
the radiated wave to be accurately predicted by potential theory  Thus, 
an mviscid theory seems indeed to give reliable results, however, con- 
trary to Svendsen1s study, the major problem in our case is determining 
the velocities 

4 2 Determination of the Leakage Velocity 

In order to attack this problem we must first specify the conditions 
on both sides of the generator blade  If we assume that the region be- 
hind the wavemaker is occupied by an absorber beach, which corresponds 
to the CERC 72-foot tank, a reasonable assumption is that waves are gene- 
rated in both directions and that these waves are the same, but 180° out 
of phase 

With this assumption the pressure due to the sinusoidal motion (3 1), 
of the piston on the front side is given by (3 4) and the pressure due 
to the wave on the back of the piston is of equal magnitude but opposite 
sign  If we restrict our analysis to moderately long wave (h/L < 1/4) 
the influence of the terms in (3 4) with exponential behavior in x, the 
inertia terms, is small compared with that of the term associated with 
the progressive wave  Thus, we may approximate the pressure difference 
between the two sides of the piston, Ap, by 

+      + cosh k0(y+h) 
AP - Pfront " Pback "~ 2>*\        cosh k h~   Slnut (4 8> 

o 

where n is given by (3 7) 

This pressure difference will produce a flow through the gaps be- 
tween the piston and the sides and the bottom of the tank  The velocity, 
v, of this flow may be estimated from Bernoulli's equation  Neglecting 
friction and the unsteadiness of the motion we have 

v2/2g = Ap/pg (4 9) 

In particular we get for the gap at the bottom, y = -h, by intro- 
ducing (4 8) and defining v to be positive when directed towards the 
front of the piston, that 

v(y= -h) 
/gri 

- Signj smiot}2ycos° k fa  /smut (4 10) 

To comply with the type of boundary condition assumed in (4 1), we 
can expand the time dependence of (4 10) in a Fourier Series This has 
been done by Keulegan (1967), and retaining only the term associated 
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with smut, we get 

v(y = -h)  - -2 22.V k h    sinwt (4  11) 
' o 

or with the notation used in Section 4 1 we have 

/ gnn 

" o 

To find the leakage velocity through the gaps along the sides of the 
piston, we proceed in a similar manner, and taking the average leakage 
velocity over the depth, h, as the mean of the velocity at y = 0 and 
y = h we get 

v » -1 11 VS%    (1 -    1    ) (4 13) 
s °     /cosh k h 

o 

4 3 Decrease in Wave Height Due to Leakage Around the Piston 

By substituting (4 12) and (4 13) into (4 5) and (4 6) respectively, 
we get from (4 7) that the leakage around the piston produces waves, 
whose characteristics are approximately those of the waves generated by 
an ideal piston-type wavemaker having the prescribed motion 

\ (2 22T/Qnnr ir iiHinnr+ l n % uyShnr"    <4 14> 
*     o        o '     o 

Comparing (4 14) with (3 1) we see that the leakage around the 
piston will decrease the amplitude of the generated waves by an amount 
An , which may be found from 

An /      "       "    A_ k h A /    ' /gn  V>         ..  _„    /      1               B               o             .         _s   n      /     1          -n  6 o 
= -U ^-y/ cosh k h    h        sinh khtU1b    U+Vcosh k hJJ    U 

o * o o " o 
(4 15) 

where n is found from (3 7) 

To test the validity of (4 15) some experiments were performed in 
the CERC 72-foot tank, which has a width, b = 1 5 feet  Measurements 
gave AB = 0 28 inches and As = 2x0 1=02 inches  With water depth 

h = 1 5 feet, the wave height, He, as recorded 16 feet from the gene- 

rator serve for the comparison presented in Table 2 
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-Difference Difference 
h/L                     F                 E                 2n               Observed from C4 15) 

(feet) (feet) (feet) 

0 132 

0 197 

0 240 

0 167 0 239 0 274 12 8 17 8 

0 251 0 367 0 411 10 7 14 6 

0 115 0 228 0 272 16 2 15 8 

0 173 0 356 0 410 13 2 12 9 

0 230 0 477 0 545 12 5 11 2 

0 125 0 300 0 352 14 8 12 7 

0 167 0 390 0 471 17 2 11 1 

0 196 0 466 0 553 15 3 10 2 

Table 2  Comparison of observed reduction in wave height with 
that predicted from (4 15) 

When considering the number of assumptions made in deriving (4 15), 
the agreement between predicted and observed reduction in wave height 
must be considered good  It is therefore concluded that the main part 
of the discrepancy between observed and predicted wave heights noted in 
Table 1 can be attributed to the influence of leakage around the piston 
As a further check on the reasoning leading to (4 15), the reduction in 
wave height due to two holes in the piston, corresponding to the experi- 
ments by Tenney (1969) mentioned earlier, gave a predicted reduction of 
2 1%, which compares favorably with Tenney's 16-40% 

The neglect of friction and unsteadiness made in order to arrive at 
(4 9) was tested by mounting a fitted 3/4 inch plywood board to the front 
of the piston blade  This increased the thickness of the blade from 1/4 
inch to 1 inch, and since this had no significant effect on the height of 
the generated wave, this assumption seems justified 

It is interesting to note that the area of the gaps around the piston 
is of the order 2 7% of the wetted area, and that leakage through these 
gaps reduces the wave height by about 15%  This large effect of leakage 
through a small area, which is even more pronounced in the experiments 
by Tenney, may explain the results of Ursell et al  (1960), whose "seal" 
around the piston might not have been 100% effective for the large pres- 
sure difference between the two sides of the piston associated with the 
steepest waves  When one considers the large gap, which may exist at the 
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bottom in the case of a flap-type generator hinged at the bottom, the 
large effect of leakage through this gap may also explain why a group of 
Neyrpic engineers (1952) observed a discrepancy of 30% between theoreti- 
cal and measured wave heights of waves generated by a flap-type wavemaker 

5  CONCLUSION 

In the preceding sections we have used a theoretical solution, based 
on the linearized governing equations, to predict the height of the waves 
generated by a piston-type wavemaker starting from rest  By comparison 
with experiments it was found that the theoretical model predicted the 
relative wave heights fairly accurately, and that the difference between 
predicted and observed wave heights could be attributed to the influence 
of leakage around the piston rather than to the inadequacy of the linear 
model  Thus the material presented essentially serves to establish 
confidence in the theoretical model adopted 

As stated in the Introduction, the problem initiating this study was 
the large first and last waves in a burst (Figure 1)  Since the large 
last wave can be eliminated by the use of a drop-gate or a similar struc- 
ture, the preceding sections have concentrated on the development taking 
place as the wavemaker is started  Computations show that the relative 
magnitude of the large first wave depends weakly on the position of the 
wavemaker, as it is started, and that this is smallest, when the wave- 
maker is started from its extreme positions  This dependence is, however, 
insignificant at stations far from the wavemaker, and consequently offers 
no solution to the problem of eliminating the large first wave 

From the analogy between Figure 3 and the response of a mechanical 
system to an exciting force, it is seen that the large first wave may be 
eliminated by starting the wavemaker slowly increasing the amplitude of 
its motion to the desired value  If this is possible and how it is most 
efficiently achieved can be determined by means of our theoretical model 
Most wavemakers being of the type, which does not permit a change in 
stroke during operation, seems to render this solution impractical 
However, this is where it might be possible to utilize the surprisingly 
large effect of leakage on the height of the generated waves  By con- 
trolling e g the area of the gap between the bottom and the piston, it 
would, in principle, be possible to change the height of the waves gene- 
rated by a wavemaker having a constant stroke  If this effect can be 
used to eliminate the large first wave remains to be seen  However, this 
effect does seem to offer the possibility of generating amplitude modu- 
lated waves with a conventional wavemaker 
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CHAPTER 37 

PREDICTION CURVES FOR WAVES NEAR THE SOURCE OF AN IMPULSE 

Robert L Ml Her 
Department of the Geophysical Sciences 

The University of Chicago 

The Problem 

The general problem of single-impulse induced waves has been under 
experimental investigation by the author for several years  The present 
paper is confined to a presentation of the wave modes which are to be 
expected for various permutations of displacement velocity and displacement 
length at the impulse source  Other portions of the study will be published 
elsewhere 

It is clear that a number of geometric arrangements in the laboratory 
may be made to generate impulse waves, for example, sudden upthrust or 
downdrop of a block on the tank bottom analagous to block faulting on 
the sea-floor in nature, or a hinged flap moving on the bottom analagous 
to the undulatory bottom motion which may occur during seismic disturbances 
on the sea floor  However, it is my opinion that the impulse generator 
which is most simple and most easily related to contemporary generalized 
theory, is a single piston thrust at one end of the wave tank which pushes 
the fluid down channel  (See Figure 1)  As an additional simplification, 
the investigation is carried out for the flat bottom, fixed depth case, 
relegating the effect of varying depth to a later study 

The parameters of the impulse may thus be adequately described by 
the dimensionless variables J/d (where &  is distance the pistion is 
displaced, and the constant, d, is_the undistured water depth)and a 
piston Froude number V//gd (where V is the piston speed and Vgd is the 
long wave velocity  The range of dimensionless piston displacements 
and piston velocities were chosen to cover reasonably well (where 
information is available), the movements of natural impulse generators 
This includes coastal landslides entering a body of water, iceberg 
calving, seismic movements of various kinds, and explosions  None of 
the types of natural impulse generators referred to above are clearly 
modeled by a horizontal piston motion, although in many cases, the 
resultant of the natural motion may fit rather well, thus indicating the 
generality of this simple model 

Permutations of Jt/ti  and VAfgd (or F^) through the selected range 
yields a series of points on the S/d,   Fr. plane  If a Jl/d,   F.-. plane is 
fixed at some arbitrary distance from tne end of the piston motion, each 
point on the plane may be further described in terms of wave mode, some 
sort of wave speed, wave amplitude, etc  If a single wave is tracked 
down channel, 11 wi 11 be indicated by a fixed point on the S/d,   F.-. plane 
representing initial generating conditions  However, the nature of the 
wave mode, and the magnitude of wave speed and amplitude will change 
during the transformations which occur as the impulse wave progresses 
down channel  Thus, although the position of the point on the S/d,   F.-. 
plane does not change for a series of distances from the piston, the 
value or nature of the parameters for that point, will change  This 
yields a series of graphs consisting of !/d, F.-. planes at various fixed 

609 
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distances from the piston, which indicate the changes in wave mode, Froude 
number and maximum amplitude  (Figures 5, 6 and 7) 

Since the impulse waves are undergoing transformations and decay 
as they progress down channel, the question of a meaningful velocity 
must be considered  In this study, two velocities are measured  The 
first is a "phase velocity " A fixed point on the wave profile is tracked 
on multichannel oscillograph records  It is assumed that the transforma- 
tions take place slowly relative to the short distance between two 
recording stations, and that the error in this approximation is not large 
This method which yields an average velocity between points approximately 
2 5 meters apart is in maximum error in the bore range near the piston 
where transformation is rapid and improves down channel  Thus, 2 5 
meters is regarded as a characteristic "transformation distance" for 
these wave channel experiments  The Froude number representing this 
measurement of velocity is referred to as Fs, and the results are shown 
in Figure 6 

The second velocity in this study is the Boussmesq (1872) velocity 
of propagation of a volume element of the impulse wave  We have succeeded 
in devising an electronic system which will measure this velocity but due 
to space limitations, the method and results must be published elsewhere 

Sensing and Recording System 

The surface time history of the impulse waves is obtained through 
capacitance probe sensors at a series of stations along the channel 
(Figure 2, D)  The wave sensor is basically an amplitude modulated 
square wave generator  As the probe is immersed in the fluid, the 
capacitance increases, resulting in a modulated envelope directly 
proportional to the instantaneous degree of immersion  For details see 
L F McGoldnck, 1969 

The probe is constructed of #17 gage hypodermic tubing with a 
polyethylene sleeve (0 D  1 19^ mm) forming the dialectric  (Figure 3a) 
Capacitive sensitivity is 20 pfd/cm giving a signal sensituity of 0 5 V/cm 

The probe unit is driven by a 20 V DC power supply  The wave 
information in D C volts from the probe activates an operational 
amplifier (Fig 2,C and Fig 3) programmed as a subtracting amplifier, 
deleting the signal due to static water level (Fig 2,A), and also 
serving as the resultant output sensitivity control (Fig 2,E)  This 
proved to be very useful when the experiments required an array of 
probes, and led to standardized calibration for all probes  The signal 
from the subtracting amplifier activates an oscillograph recorder for 
graphic analysis of wave properties   (Figure k) 
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The signal from the subtracting amplifier also goes to a second 
operational amplifier programmed to interact with a capacitor to perform 
a graphic integration of the wave amplitude  (Fig 2,B and Fig 3) 
The output from this unit activates an oscillograph recorder for graphic 
analysis of the wave volume  (Figure k)      A ramp control is used to 
offset potential that may have accumulated in the integrator unit before 
the arrival of the wave 

This brief summary given in this section will be considerably 
amplified in a forthcoming technical report, White and Miller, Tech 
Rept No 10, 1970 

Results 

Figure 5 shows the changes in wave mode as a function of distance 
from the impulse source  Four initial wave modes are recognized  These 
are, in order of increasing initial energy with the lowest first, "sinusoid", 
"solitary",  "undular bore" and fully developed bore  (See Figure 4) 

The following conclusions are drawn 

1 The fully developed bore decays rapidly to the unbroken undular 
bore form  (Figs 5, 6, 7) 

2 The lead wave of the undular form takes on the "solitary" mode 
leaving behind the rest of the "undular" wave  In several cases, 
the second and even the third undulations in turn take on the 
"solitary" mode  (Figs 5e,f) 

3 The "sinusoid" mode generated at short piston displacements 
transforms gradually as the trailing trough rises to the 
undisturbed water level, and finally enters the "solitary" mode 
(Figs 5a-f) 

The term "solitary" is applied to the stable, symmetrical form which 
satisfies the following conditions 

1) both leading and trailing portions asymptotically approach the 
static level 

2) phase velocity agreed well with Laitones 1961 wave speed equation 
2 

.-—      1 H    3   H 
taken to the first three terms  C =?gd (1 + T 7 _ on ( 7f ) + 

3) amplitude as a function of volume, agrees well with the relationship 

given by Kuelegan and Patterson, 1940  h, -  •". where h. is 
1  16H3      ' 

max amp , Q. is cross-sectional area, and H is static water depth 
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2 
h    The Froude number gradient indicates no striking irregularities, 

and indicates that all wave modes are in the breaking regime at 
approximately FT = 1 26  (Figure 6) 

5 The experimentally established line dividing the breaking region 
from the unbroken region seems to be independent of wave mode 
The breaking wave region occupies about half of the 1/d, F.-. plane 
very near the impulse source at D/d = 10 and decreases steadily 
toward the upper right corner at D/d = 188  (Figure 5) 

6 There appears to be no alternative to the conclusion that given 
a predictable distance down channel from the impulse source, all 
impulse waves will assume the "most stable" mode in agreement 
with the predicition of Boussinesq, 1&72, i e the "solitary" 
form has the minimum "moment of instability" and in agreement 
with the discussion in Keulegan and Patterson, 1940 p 87 

7 The decay sequence for a fully developed bore at the impulse 
source is  Bore—*•  undular bore *• lead undulation becomes 
solitary, + trailing undular bore consisting of remaining 
undulations  *- lead undulation solitary + second undulation 
becomes solitary  »• in several runs three successive solitary 
forms have emerged from the preceeding undular form 

Discussion 

The graphs given in Figures 5> 6 and 7 form a relatively complete 
set of prediction curves for waves created by a horizontal impulse, 
surface to bottom  From these graphs, it is possible to predict the 
wave type, maximum wave amplitude, and maximum "phase speed" for any 
impulse wave within the estimated natural impulse generating range 
These are open ended predictions, however  For example, the published 
Jt/d  for "Shot Baker" at Bikini in the late 1940's is approximately 5 5 
(Johnson and Bermel, 19^9)  The F.-. value is undoubtedly very high but 
not available  In the landslide case, 1 have estimated t/d  to be about 
8 0 based on examination of landslide scars on coastal charts, if one 
takes avalanche figures for displacement velocity, the Fjj values may 
easily exceed kO  0  Large scale seismic movements are particularly 
difficult to estimate, but for a submarine overthrust, 1/6   less than 
1 0 and F-   less than 0 3 may be reasonable  In general, natural impulses 
yielding |/d values in excess of 9 0 coupled with Fr. greater than 1 0 

_ 

Since this Froude number is based on an average phase velocity, it is 
insensitive to changes in velocity over the wave profile during 
transformations  I have found that the Boussinesq velocity on the other 
hand does bring out these changes quite clearly 
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should not change the pattern of the prediction graphs  The wave mode 
will be either an undular bore or fully developed bore, with the same 
transition and decay sequence found in this study, differing only in 
magnitude  I feel extrapolation in this sense is justified  The very 
low i/d  high f-  corner of the graphs is a different matter  My present 
generating system will not produce impulses in this region  It would 
appear that some other sort of impulse generating mechanism should be 
devised for this region of the Jt/d, Fr. plane 

Finally, it seems suggestive that the linear theoretical models for 
impulse waves of the type discussed in Lamb (1932, Art 238ff) are 
inadequate  For example, Cauchy-Poisson wave trains are not generated 
by this type of impulse mechanism in which the initial conditions include 
a velocity and surface elevation  This is in clear contrast to the 
experiments of Prins 1958 where the initial conditions include a surface 
elevation but no initial velocity  It is interesting to note that Prins 
found wave modes similar to those described in this paper but also for 
the low energy impulse, obtained an oscillatory wave region of the 
Cauchy-Poisson type  It is possible that a similar type of wave may 
exist in the low i/d very high Fr region (Figure 5) which in my study 
was not investigated  Further development of the more realistic non- 
linear models, Pengrine 1968,y 1 s required to fit the "real" case 

I9C9, 
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Figure Captions 

FIGURE 

1 Schematic of wave generating and wave sensing system  For details 
of the wave tank facility see Miller & White, 1966 

2 Flow sheet for wave recording and integrating systems 

3 Detailed schematic of operational amplifiers, wave recording and 
integrating 

3a Capacitance probe unit for sensing waves 

k      The four possible wave modes due to a single horizontal impulse 
The cross-sectional area of fluid displaced by the piston is matched 
against the cumulative curve (integration over wave height)  B in the 
figure  This produces a cut-off point (A) on the wave trace where 
the cross-sectional area under the wave trace is equivalent to the cross 
sectional area of the fluid volume at the impulse source due to the 
several damped back and forth oscillations which occur after the 
magnetic brake has been applied 

5 The wave mode field as a function of impulse displacement l/d  and 
i,b,c,d,e,f  speed of displacement in Froude number form F- or ( V/Vgd ) for 

fixed distances from the impulse source X.  is piston displacement 
d is undisturbed water depth D is distance from impulse source 
and V = i/t  where t is elapsed time during piston displacement 
Note that in 5a at D/d = 10 closest to the source, there is no 
"solitary" wave region, whereas the "solitary" region is significant 
D/d = 65, and dominant at D/d = 150 

6 Froude number gradient, Fj;, superimposed on the wave mode field 
a,b,c  at D/d - 10, 65, 150  Note that the breaking region retreats steadily 

toward the upper right corner with increase in distance from impulse 
source, and that the breaker line always lies between F.- «= 1 25 and 1 3C 

7 Maximum wave amplitude gradient superimposed on wave mode field for 
a,b,c  D/d = 10, 65, 150  Because of the relatively coarse contour interval, 

the abrupt drop in maximum amplitude from smooth to breaking appears 
only in Fig 7t>, at D/d = 65 
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CHAPTER 38 

DIMENSIONAL ANALYSIS - SPURIOUS CORRELATION 

by 

M S Yalm 
Professor, Department of Civil Engineering, 

and 

J W Kamphuis 
Associate Professor, Department of Civil Engineering, 

Queen's University at Kingston, Canada 

ABSTRACT 

Dimensional analysis and errors leading to spurious correlation 
are presented using a number of practical examples 

INTRODUCTION 

The theory of dimensions has been subject of considerable 
controversy and only in the last few decades has it been agreed that 
dimensional methods can serve as a powerful tool m experimental in- 
vestigations of physical phenomena  Its effectiveness becomes esp- 
ecially noticeable when the number of factors involved is large and 
the theoretical knowledge is insufficient 

However, like any other mathematical tool, the theory of 
dimensions can supply correct and useful results only if it is prop- 
erly applied  One example of improper application is the introduc- 
tion of an exaggerated and sometimes simply of a nonexistent cor- 
relation between the experimental results  The purpose of the pre- 
sent paper is to analyse these kinds of spurious correlation 

OUTLINE OF GENERAL PRINCIPLES 

For detailed information on the principles of the theory 
of dimensions the reader is referred to Refs (1), (2), (3), here 
only those points will be mentioned which have a direct bearing on 
the present analysis 

In general, a physical phenomenon corresponding to a 
specified geometry can be described by a number of independent quantities 
al> a2    an referred to as the characteristic parameters  Accord- 
ingly any quantitative property b of the phenomenon under consider- 
ation must be given by a functional relation such as 

b = f(a1( a2,     an) (1) 

where the quantities ax and b are usually dimensional  Since all 
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physical relations must be dimensionally homogeneous, using the II 
theorem of the theory of dimensions, one can express the above re- 
lation in a dimensionless form as 

Y - • (XL X2,    Xn.k) (2) 

Here, k is the number of fundamental units, while Y and X-j 
(j =1, 2,    n-k) are the following dimensionless power products 

k  6i 
Y = b in1 ai (3) 

X = a-, inl ax 
X (4) 

The dimensionless quantities Y and X, can be interpreted as the 
dimensionless versions of b and a respectively  The k parameters 
ax(i = 1    k) which are common^in the expressions of Xj and Y 
are often called the basic quantities or the "repeaters" 

Although either system may be used in experimental work, Eq 2 
has some definite advantages over Eq 1 and these are described in stand- 
ard works on the theory of dimensions, e g Refs (1, 2, 3) The most im- 
portant advantages are - 

a) Eq 2 is independent of the system of units used, 
b) the number of variables on the right hand side of the 

equation has been reduced by k, 
c) the dimensionless variables (X,) are criteria of similarity 

VARIATION OF THE DIMENSIONLESS CHARACTERISTICS, SPURIOUS CORRELATION 

In a correctly designed experimental investigation, the variation 
of Y is achieved by varying only one X at a time  In such cases, one deals 
with a set of functions of only one variable, as below 

Y, = $ (Const}, const2,    X,,    , constjj) - ^i(xj)  (5) 

Accordingly in the following, the consideration of Eq 2 will be 
replaced by its special case, Eq 5, while the subscript j will be omitted 

Differentiating Eqs 3 and 4, one arrives at the following re- 
lations which represent the most general versions of variation of Y and X-. 

dY = b   n, a,  3l     fdb +   Z,  g, dail 
1=1 \T     1=1    X-d (6) 

k 
dY = d(ln Y)  = d(ln b)  +,£,  6    d(ln a.) (7) 
T 1_1    i T 

k 

'^ h-k dX = a   II, a,    x    (da .  £ da 
1=1   X ~a \£l ai   _± (81 
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k 
2% = d(ln X) = d(ln a) + l   ax d(ln a^ (9) 

Three typical methods of variation of Y and X, are discussed below 

Case I  Variation of Y and X is achieved by varying b and a only 
and by keeping the basic quantities ax constant  Substituting dax = 0 
into Eqs 6 and 8, one arrives at 

fH = c — = C — 
dX   da    dX (10) 

where 

k 
n   a-L 

1 = 1 

Ji 

C = ±-__i   and C* =  II  ax 
PI (11) 

T 
a r = 1 

Hence, the variation of Y with X is proportional to the variation of 
b with a (and of b with X) and therefore the dimensionless relation- 
ship between Y and X is merely a scaled down version of the dimensional 
relationship between b and a (The scale of the ordmate is C times the 
scale of the abscissa ) 

For example, consider the decay of an impulsively generated 
wave with distance (4)  The wave height H (which should be identified 
with b) may be plotted against the distance, s (to be identified with 
a) as m Tig la  On the other hand, one can plot the dimensionless 
quantities Y = H ^ x = | against each other - Fig lb  Since the 
common parameter h,  the water depth (which is to be identified with 
one of ax) has not been varied, Figs la and lb are merely scaled 
down versions of each other  For the present example C = 1 and thus 
the curves m Figs la and lb are geometrically similar  From Eqs 
7 and 9 it follows that 

(12) d(ln Y) _ d(ln b) = d(ln b) 

d(ln X)  d(ln a)  d(ln X) 

is also valid, which implies that, in the case under consideration, 
the variation of Y and X in a logarithmic system is identical to that 
of b and a (or of b and X) 

Case II  Variation of Y and X is achieved by keeping the parameter 
a constant and by varying b and one or more of basic quantities ax 
Substituting da = 0 into Eas 7 and 9 one obtains 

d(ln Y) =  d(ln b) + (1S) 
d(ln X)    aXlnT)   m UiJ 
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where 

k 
E 
i=l 

E 
1=1 

da. 

da" 

E g d(ln a ) 
1=1     
T  
E a d(ln a ) 

1=1 x 

(14) 

I£ only one of the basic quantities, e 
expression for m reduces to 

m = — 
al 

The present case is very common in practice 

g a^ is varied, then the 

(15) 

Consider, for instance, the familiar plot of the drag force 
acting on a sphere m an infinite fluid flow (Fig 2)  The dimensional 
relationship - analogous to Eq 1 - is 

F = f(U, D, p, y) (16) 

where F is the drag force, U the velocity of the undisturbed flow, 
D, the sphere diameter, p the fluid density and y the dynamic viscosity 
The quantities F, y, U, D and p must be identified with b,a, ai, &2 
and a 3 of Eq 1 respectively 

The dimensionless form - analogous to Eq 2 - is 

Y = = * (X) (SSe.) (17) 

Note that Eq 16 contains four variables whereas Eq 17 
contains only one, l e the problem has been simplified considerably 
by introducing the dimensionless form1 Let us now assume that the 
variation in flow is achieved by varying only one basic quantity 
(common parameter) U  The variation of U alone will certainly in- 
duce the variation of the drag force r and the experimental proced- 
ure carried out in this manner will form an example for the present 
case  The experimental relation between Y and X shown in Fig 2 in- 
dicates that 

d(ln Y) . , 
d(lri X) " l 

is valid  On the other hand from the expression for Y and X (Eq 
it follows that m = -2  Accordingly, Eq 13 gives 

17) 

d(ln b) 
d(ln X) 

d(ln Y) 
d(ln X) 
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and m terms of finite differences 

A (In Y) = A (In b) + m A (In X) 

In Fig 2 the increment A(In X) along the abscissa is shown by the 
horizontal distance M,  the decrement A (In Y) along the ordmate 
being BE  In Fig 2 the decrement BE is shown as the algebraic sum of 
the increment A(In b) = CB and the decrement mA (In X)= BD = CE, l e 
as implied by the equation above  It follows, that the correlation 
between Y and X, achieved by varying a-^ (and consequently b) is as 
legitimate as that achieved by varying a(and b) as in the previous 
case  The difference is that m the case I the variation AE is 
achieved directly, whereas m the present case it yields itself as 
the "resultant" of the "component variations" AC and AD 

Note, however, that the variation of Y with X can 
characterise the variation of b with a only, as has been shown in the 
case I  It cannot characterise the variation of b with any of the 
common parameters an  Observe from Fig 2 that the value of Y 
decreases (along AE with X, whereas the value of b increases (along AC) 
with a^ = U 

Case III  Variation of Y is achieved without varying b Substituting 
d(ln b) = 0 into Eqs 7 and 9, one obtains 

d(ln Y) =  m  
d(ln X)  1 +   d(ln a) 

jjj % d(ln ax) 

and if a is kept constant, 

d(ln Y) 

(18) 

d(ln X) = m (19) 

Eq 19 is simply Eq 13 without the first term which reflects the 
influence of the variation of b, the dimensional term responsible 
for the existence of Y  Hence a correlation between Y and X, 
obtained as described above is completely spurious  Indeed the 
correlation implied by the present case can only be due to the 
variation of the common quantities ax  If the parameters ax vary 
only, then the quantities Y and X also vary, and Y can be plotted 
against X in the form of a curve, even if b m actual fact does not 
depend on a at all With reference to Fig 2, the curve of spurious 
correlation is the line AD which implies the following case of Eq 19 

d(ln Y) _ , 
d(ln X)  "z 

and which is due to the variation of the common quality 32 = 11 alone 
Hence, even if F had not been a function of y at all, by applying the 
procedure described m the present case, one could still obtain a 
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correlation between Y and X, m the form of the line M, which would, 
of course, be completely spurious 

Integrating Eq 19, one obtains 

Y = CXm (20) 

which is a straight line in the logarithmic system of co-ordinates 
and where C is given by 

c = ±  n a tt - •J W 
am 1=2 1 

It follows that   a 

a) any correlation between Y and X obtained without 
varying b is spurious (unless a special subset of 
Eq 16 is chosen, where U, D,o  and y are not 
independent, thus violating the basic assumptions), 

b) m a log-log system of co-ordinates, this spurious 
correlation forms a straight line, 

c) the position and slope of the straight line of 
spurious correlation is, a priori, predictable, it is 
determined by Eqs 19 and 20 

When analysing experimental plots, m case of doubt it is advisable to 
determine and plot the family of straight lines Sj of spurious correl- 
ation (Fig 3) and to check the trend of the experimental points ac- 
cordingly  If the dimensional analysis has been performed improperly 
and the original quantities are not truly independent, then the variation 
of ax brings about unexpected variation in a or b and spurious correlation 
will take place along a curve r (Fig 3)  This is also a point to be 
kept in mind 

A special case occurs when experimentally 

Y = <J> (X) = C X• (22) 

and the lines of spurious correlation and genuine correlation coincide 

Consider, for example, the lengthA =b of dunes forming on the 
bed of a two dimensional rough turbulent flow with a mobile bed  Ac- 
cording to (5), this length may be expressed by the following functional 
relation 

A = f (D, p, v*, h) (23) 

where D = a^ is the gram size, p = a2 is the fluid density, v* = a.^ 
is the shear velocity and h = a is the flow depth 

The relation above can be expressed in dimensionless form 
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InX 

Fig 3    Lines   of    Spurious   Correlation 
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as follows 

h 
D Y - £- +CX) (24) 

If the gram size D = a^ is varied only, then Eqs 20 and 21 give 

Y = CX (25) 

which implies that the lines of spurious correlation m a ]og-log 
system are straight lines with slope m = 1  On the other hand, 
the experimental results (obtained from experiments where A = b is 
varied over a large range) indicate that the genuine correlation 
between Y and X is given by the linear relation 

Y = 2TT  X (26) 

which also a straight line with the slope m = 1 

The lines of spurious correlation and the real relationship 
can coincide as m example above only if the parameter a^ is a 
"spurious parameter"  This can be deduced from Eqs 3, 4 and 20 and 
indeed, the relation above which can be expressed as 

A -  2irh (27) 

indicates (contrary to the theoretical expectation) that the dune 
length A actually does not depend on the grain size a^ = D 

EXAGGERATION OF THE ACTUAL CORRELATION 

In practical applications, an existing correlation is often 
exaggerated by plotting common quantities along both co-ordinate axes 
(6)  The explanation is given here in terms of a dimensionless system, 
however, the same argument is true for dimensional quantities 

Consider the functional relation 

Z = I|J(X) (28) 

where Z is the product 

Z = Y XN (29) 

and where Y implies 

Y = <|.(X) (30) 

From Eq 28 one obtains 

d(ln Z) = d (In Y) + N d(ln X) 
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and thus 

d (In Z) _ d(ln Y) (31) 
d (In X)      d(ln X)    + N W 

This equation indicates how m a log-log system of co- 
ordinates the rate of change with X can be increased by plotting the 
product Z = YXN rather than simply Y versus X 

For example if 

d(ln Y)_     = , 
anmo tan 9   l 

then the plot Y vs X is a 45° straight line, as shown in Fig 4 a 
It is assumed that the experimental points forming this straight line 
are scattered in a "ribbon" of the thickness wa 

If the product Z = Y xN is used as ordmate, and if for 
example the value of N is 2, then from Eq 30 

d(ln Z) _ , ?  = , 
d(ln X)  ! + 2 - 3 

is valid, which implies that the straight line becomes steeper by a 
factor 3, while the thickness of the scatter-ribbon decieases by a 
factor 

wa VI + 1^4=^ "a 

(Fig 4b)  Thus the relative thickness of the scatter ribbon, l e 

thickness of scatter-ribbon 
length of the line 

is reduced by factor 

1 + N2 tan2 0  5 = „ 
1 + tan-* 0    I  z b 

One can say that the correlation can be improved 2 5 times by 
plotting Z = YX2 rather than simply Y against X Such an "improvement" 
is nothing else but an optical illusion and is not legitimate, for the 
dimensionless version of the quantity b under investigation, as 
supplied by the H - theorem, is Y, not YXN  These kinds of illegitimate 
plots are recognisable by the presence of the parameter a (which should 
be present only in the expression of X) in the power product implying 
the ordmate 

SUMMARY 

The experimenter is free to choose between a dimensional 
representation, Eq 1, or a dimensionless representation, Eq 2 of the 
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phenomenon under investigation, The latter is found to have certain 
obvious advantages  Once a decision is made, all the subsequent 
analysis is expressed in terms of the system chosen  For instance if 
the drmensionless system is chosen, then the results should not be 
interpreted m terms of the individual dimensional parameters that 
form the dimensionless variables since the real variables of the 
experiment are the dimensionless variables 

The usual cause of spurious correlation is the appearance 
of common quantities along both co-ordinate axes  This is true for both 
a dimensional and a dimensionless system  This must not be confused 
with the appearance of common dimensional parameters along both 
co-ordinate axes when dimensionless variables are plotted against 
each other 

In addition, when considering dimensionless variables, care 
must be taken that the relationship between Y and X is not brought 
about only by variation of one or more of the repeating dimensional 
parameters common to both 
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APPENDIX II - NOTATION 

al 
= dimensional basic quantities (repeaters), 

aJ 
= non repeating dimensional independent quantities, 

b = dimensional dependent parameter, 

C = constant, 

D = diameter or gram size, 

F = force, 

f = dimensional function, 

H = wave height, 

h = depth of flow, 

K = constant, 

k = number of fundamental units, 

m = constant (usually slope), 

N = exponent, 

s = distance, 

U = approach velocity, 

v* = shear velocity, 

w = scatter band width, 

h = dimensionless independent variable, 

Y = dimensionless dependent variable, 

Z = dimensionless dependent variable, 

ai 
= exponent, 

Bi = exponent, 

A = dune length, 

V = dynamic viscosity, 

n = product, 

p = density, 

s = sum, 

dimensionless function, 

dimensionless function of a single dimensionless variable 
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CHAPTER 39 

COASTAL PROCESSES FROM SPACE PHOTOGRAPHY 

By Maynard M Nichols 
Virginia Institute of Marine Science 

Gloucester Point, Virginia 23062, U S,A 

ABSTRACT 

Photographs taken from space provide a new source of data concerning 
coastal processes  By utilizing the high vantage point and broad view 
orbiting space cameras can record little known large-scale processes at 
short time intervals  Major outflow plumes, fresh-salt water "fronts", 
turbidity maxima and massive effluents are among the wide range of features 
displayed  It is shown from selected examples how coastal processes can 
be evaluated from space photography and how the information may be of use 
for solving certain problems as a supplement to field and other remote 
sensing data  By 1972 satellite photography will be available on a routine 
basis for many coasts of the world  Engineers are urged to consider the 
potential for improving their information which space photography has to 
offer 

Introduction 

The "promise of space" has commanded a great deal of attention in 
recent years  In particular, considerable credit has been given to the 
potential usefulness of space photography  It has been asserted that 
space photography can record the location of fish-rich upwellmgs and 
mineral deposits, it can detect pollutants and diseased crops and Inventory 
various natural recources, all on a global basis  Though photography has 
contributed a great deal to our knowledge in many fields, study of coastal 
processes important to the coastal engineer, has been limited  In recog- 
nition of this gap, this paper directs attention to space photography as a 
new source of information on aspects of coastal processes  What coastal 
features can be recorded by space photography' How can processes be 
evaluated' And of what earthly good are space photographs to problems of 
coastal engineering' 

Already more than one thousand photographs of coasts have been obtained 
from Gemini and Apollo flights which point up the possibilities of studying 
certain processes from space  Recorded for the first time are major "fronts", 
massive effluents, and shelf-wide perturbations  Dramatic as they are, 
these are only a prelude to photographs anticipated on a routine basis from 
the up-coming ERTS (Earth Resources Technology Satellites) program in 1972 

641 
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But before we can utilize space photography we need to consider the nature 
of coastal features as photographic subjects and the character of space 
photography itself 

Coastal Subiects 

In contrast to terrain features, coastal features vary widely from 
land to water, and with depth, from surface to subsurface  Beaches, 
tidal flats, marshes, submerged bars, grass beds, bottom sediments, slicks, 
and plankton blooms are among the range of subjects  Varying in geometric 
size from a few meters to tens of kilometers and with time, hourly, daily 
and monthly, they present a full spectrum of rapidly changing contrasts 
Best understood are those features of small geometric size and relative 
long time scale, least known are those of large-scale which occur at short 
time scales  Because of the very wide range and transient nature of 
different coastal subjects, practical problems of recording photographic 
information are great  Not only are reflecting qualities of the subject 
frequently masked by atmospheric phenomena but image contrast is often 
lost and illumination changed within the water  Our understanding of these 
recording vagaries is limited, and ground truth at the time of photography 
is seldom available  It is small wonder why photography has not been 
extensively utilized for study of coastal processes as it has in other 
fields. Despite the fickleness of coastal subjects and their illumination, 
the orbital space camera has certain characteristics of advantage for 
study of coastal processes 

Character of Photography. 

From an altitude of over 200 km , the sp 
than 40,000 sq km of coast, e g Figure 1   Its broad view and synoptic 
record make it possible to examine jjj toto large scale features of the 
water, wave patterns, and shoals, as well as marshland, coastal terrain 
and cultural features, all in a single photograph  Even when only central 
parts of the photograph are examined, geometric fidelity is good and light- 
ing uniform over a relatively large area, greater than 8,100 sqjkm. Such a 
quality is difficult to obtain from conventional low altitude aerial 
photography  Because of the great distance above the optically turbulent 
atmosphere photographic "clarity" is good (Harvey and Myskowski, 1965), 
and color distortion small  Whereas image scale is reduced to about 
1-1,000,000 and effective resolution limited to 40-100 meters, detail 
"lost" by low resolution is more-or-less "integrated" into color or tone 
anomalies depicting major features  Once in orbit the great strength of 
the satellite-borne camera is its ability to look at coastal phenomena 
at frequent intervals, once every 90 minutes to 17 days for a year or more 

Reproductions in color are available from the Technology Application Center, 
University of New Mexico, Albuquerque, New Mexico, 87106, USA  The 
illustrations used here do not fully portray the content of the original 
color photography 
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Waves 

Because low resolution of the space camera "fxlters out" dimensional 
and directional detail, only long-period waves are recorded by photography 
They are observed mainly in glitter patterns around oceanic islands and 
continental headlands  When traced to storm-generating sources with the 
aid of meteorological satellite photography, long period wave data is 
of value for forecasting waves propagated into coastal areas  Amenable 
to analysis are refraction patterns and landward changing wave dimensions 
that relate to decreasing water depth and the location of shoals, and in 
turn to wave-stirred sources of suspended materials or turbidity  Pro- 
cedural details for photographic analyses of glitter patterns are given by 
Cox and Munk (1954) and for spectral distributions of long period waves, by 
Libby, et al  (1969) 

Coastal Morphology 

Space photography is of value for portraying morphological features 
especially in regions where base maps are not available  In remote areas 
like mangrove swamps and ice bound coasts they may be the chief source of 
information on coastal configuration  Where relief changes are small and 
difficult to observe on the ground, many coastal features often show up 
more clearly on photographs  For example, linear features like ancient 
shoreline scarps (Figure 1) can be traced for more than 150 km despite 
their discontinuous nature with gaps of 20 km , and subtle relief, less 
than 6 m  The photographs reveal coastwide trends more clearly than a 
good map  Other patterns often revealed clearly on photography include beach 
ridges and dunes, drainage systems, broad patterns of salt marsh, evaporite 
deposits, and limits of tidal flooding on flats  Spatial relations of these 
features can be further evaluated on a regional basis in a context of major 
sediment sources and dispersal routes 

Shoreline Changes 

In keeping with traditional use of aerial photography, space photo- 
graphs can be used to measure changes in shoreline configuration and thus 
identify major sites of erosion or accretion  With proper control, scaling 
and rectification (Colvocoresses, 1970) different positions of the shoreline 
can be established by comparing common image points taken from time to time 
according to practices for aerial photography (Moffitt, 1969, and Langfelder, 
1968)  Old charts may be used to identify positions of former snorelmes 
(Fig 2) which are comparable to those in space photographs if sufficient 
control is available  However, relatively low ground resolution of present 
space photography limits application to shorelines having large changes 
(greater than about 300 m) over extended periods such as deltaic coasts and 
storm-washed beaches  Frequent coverage of shorelines by future satellites 
could record the opening or closing of tidal inlets in the aftermath of storms 
so that changes can be quickly assessed and corrective measures planned 
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Figure 2A. Black and white reproduction of Apollo 9 color photograph 
(AS9-19-3019) over the Gulf of Fonseca, Pacific Coast of 
Honduras, March 9, 1969.  Shore consists of mangroves (dark 
tone, M) as part of a landward extending zone 8 km wide. 
Locally barrier beaches (b) and spits (s) are visible. Light 
grey tone of the Gulf indicates turbid water supplied either 
by entering rivers or from wave-stirred tidal flats. Arrows 
directed landward indicate sites of major shoreline erosion, 
arrows seaward, sites of accretion. 

Figure 2B. Corresponding hydrographic chart largely based on British 
Surveys of 1838.  Depths in fathoms. 

Coastal Drift: 

Color and tone anomalies that record the distribution of discolored 
water provide a visible tracer of drift along the coast.  By sensing light 
scattered by suspended materials in near surface water, these anomalies 
are fashioned into distinct patterns which reflect the direction of flow. 
Most obvious are seaward expanding plumes representing suspended sediment 
discharged off mouths of bays and rivers. Often they are prolonged down- 
stream as "streaks" from wave-stirred bank tops or shoals. Less obvious 
in relation to their source are great rip-like patterns extending seaward 
from shore in eddy configurations (Fig. 3A) or as narrow tongues (Fig. 3B). 
Where opposing flows occur, "fish-hook" patterns or asymetrical interfacial 
waves develop.  Such indicators may be used together with other data to 
compile a coast-wide chart of drift for an area of interest.  Similar indi- 
cators may be of use to evaluate the character and direction of flow ' -o-ind 
structures like an interference eddy seaward of the jetties -. f 
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Figure 3A. Space photograph (S66-63064) taken from Gemini XII over the 
Texas Coast, U.S. Nov. 14, 1966. Eddy-like perturbations, 
(light grey tones) in the water mark offshore drift (d). 
In Galveston Bay (g) light tone portrays sediment discharged 
from a dredging operation.  Debris laden outflow forms an 
interference eddy (e) in the coastal drift (arrow). 

Figure 3B. Space photograph (AS9-26A-3728A) of the same portion of the 
Texas Coast, near Houston (H) March 8, 1969. Narrow tongues 
extending seaward (t) are in contrast to perturbations of 
figure 3A. Inferred coastal drift, arrow. 

Galveston Bay (Fig. 3A) . Within the Bay a light-colored streak marks 
turbid water eminating from a dredging operation.  But, striking as the 
patterns are they are ephemeral and necessarily limited to suspended 
materials carried only in near surface water, often only a fraction of 
the total suspended load. Therefore, it seems essential to supplement 
the photographic record by extensive field measurements not only to gain 
a more complete "picture" of coast-wide drift but to "calibrate" the 
imagery as well. 

Offshore Drift: 

It was not until space photographs of the Gemini flights were 
available that the possibility of widespread dispersal of nearshore 
sediments was appreciated. First recognized by Stevenson (1967) in 
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coastal water off Texas, turbid perturbations were traced as far as ISO 
km from shore. Just as rip currents relieve rising water levels in the 
surf zone these large scale features are believed to carry water offshore 
in response to a coast-wide build-up of sea level  Later coverage of the 
same coast taken on Apollo 9 in 1969 portrays seaward extending tongues 22 
km offshore  A day later along the same coast (AS9-22-3464 and AS9-22-3465 
not printed) after the wxnd had shifted from onshore to offshore with 
passage of a front, the tongues were largely replaced by dark masses of 
relatively "clear" water common to offshore areas  Although the available 
examples are but a few snapshots of a whole "movie film" of rapidly changing 
drift patterns they do give an indication of widespread sediment dispersal 
to be expected 

In another example, figure 4, a large plume leads seaward from Cape 
Lookout, North Carolina  Seaward from the point,shoals are recorded as a 
light-toned shredded pattern representing large sand waves and these are 
interfingered with dark tongues representing tidal channels in deeper water 
Beyond the charted limit of the shoals, an indistinct plume extends 60 km 
offshore  Its seaward edge is truncated by the Gulf Stream and trails 
northward as a narrow tongue  Concentrations of suspended material sampled 
in near-surface water close to the time of photography were relatively low, 
less than 2 mg/L and materials consisted of quartz sand (60%) mixed with 
plankton and detritus  Although the rate of drift is not recorded, the 
photograph shows where suspended sediment is going in relation to potential 
sources on the shoals or along the shore  If this drift persists over the 
long-term, perhaos it could be utilized as an avenue of transport to dis- 
charge polluLants across the shelf and into the ocean 

Utilization of photography for measurement of current speed has been 
successfully accomplished using stero parallox techniques with aerial 
photography, Cameron (1952) and Waugh (1964)  It seems feasible to use a 
similar approach with space photography if an economical means of "seeding" 
currents on a large scale can be developed 

Problems' 

In practice the user of space photography Is faced with a number of 
problems which must be recognized  The dynamic character of the subject 
creates a special problem for collecting ground truth  In some areas it 
would seem that sampling of selected sites at the moment of photography 
would suffice for large areas but the wide range of environments, each 
with characteristics of its own, and the variety of unpredictable local 
conditions make ground truth data collection an enormous task 

In addition to understanding the subject, use of the photography 
depends on an understanding of various colors, tones and density anomalies 
in the photograph  Excellent progress has been made (Ross, 1969) in 
developing techniques which enhance images and extract spectral data to 
determine water depth and turbid patterns  Yet, the three dimensional 
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character of hydrographic imagery is incompletely understood; often 
turbid features cannot be differentiated from bottom features. It 
seems sensitometric techniques have exceeded our ability to reduce 
imagery data to meaningful and quantitative information. 

At the present stage of progress space photography is no alter- 
native for field sampling. Instead it can assist in planning field work, 
extend coverage and direct it to profitable sites. The need for rapid, 
synoptic and timely data on a regional basis demands that new dimensions 
in data collection and processing be added to improve our knowledge of 
coastal processes. 

Figure 4.  Black and white reproduction of color Apollo 9 photograph 
(AS9-20-3127) over Cape Lookout (CL), N.C. March 12, 1969. 
Seaward expanding plume (broken arrow) leads from shoals 
(s) dissected by tidal channels (c) Gulf Stream "front" (f), 
inferred coastal drift (arrow) nearshore. 
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ABSTRACT 

The physiography of Continental Shelves and their major composition 
of sediment indicate strongly their terrigenous origin and their smooth- 
ing by wave action  This premise is supported by the geologic time over 
which waves have existed and the mass-transport velocity in these relat- 
ively shallow depths, particularly the net movement within the wave 
boundary layer at the bed  A given wave tram arriving obliquely to 
the shore can transport material along the coast, both beyond the breaker 
line and within the surf zone  It is shown that for equal over-all 
discharge in the two zones, the average sediment concentration offshore 
close to the bed need be reasonably small, indicating that transport 
near the beach could be a fraction of that from the breakers to the 
reach of the waves  This latter limit is shown to extend at least half 
way across the Shelf, with possibilities of greater reach when more 
realistic prototype conditions are introduced into experiments 

INTRODUCTION 

The margins of landmasses are made up mainly of mildly sloped 
under-water zones which are termed Continental Shelves  The legally 
accepted limit for these, where the slope increases substantially, has 
been taken as 100 fathoms (183 metres), although the accumulation of 
data over decades has shown(l) that the edge of this feature is closer 
to 65 fathoms (120 metres) 

Of the various classifications of Shelves the most important to the 
coastal engineer is the sediment accreted variety, which provides the 
widest marine margins available and also make up the largest percentage 
area of all Shelves  Hayes'2) reports that 80% of the inner Shelf is 
covered by gravel, coral, shell, sand or mud, the last two constituting 
around 70%  Another important fact is that material is still being 
furnished to these zones by the rivers of the world'^' 

651 
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Whilst the sediment is supplied at specific locations along the 
coastlines, it is spread relatively evenly along them by wave action and 
possibly currents  Whilst geographers and geologists have stressed the 
role of tidal and other oceanic streams in this distribution process, 
it would seem that wave action could well be the predominant agent in 
this massive task  The following observations would appear to support 
this thesis 

(a) Where waves (particularly swell) arrive obliquely to a reason- 
ably long length of coastline there is evidence of accretion at the down- 
coast area and a dearth of movable material in the upcoast region  The 
former occurs as an enlarged width of Continental Shelf and/or wide 
expanses of sedimentary plain  Such physiographic units^/ are displayed 
on margins of enclosed seas as much as on boundaries of oceans where tidal 
currents are more pronounced 

(b) There are indications that the net littoral drift in places is 
in the opposite direction to the strongest tidal streams  For example 
on the Mozambique coast the predominant drift is northward whilst the 
strongest tides run southwards  This is understandable when it is 
realised that lengthy orbital water particle motions of tidal period 
will be circular and will suffer shearing stresses near the bed, and thus 
contain  large scale vortices in both horizontal and vertical planes 
The net transverse movement over a tidal cycle, particularly near the bed 
may thus be negligible or random in any direction 

(c) When a Continental Shelf consists of sediment over its com- 
plete width it has a mean slope of 0 002^', being steeper near shore and 
milder at the edge  The uniformity of this profile over long lengths of 
coastline, and from one landmass to another, does not seem to correlate 
with the vast differences in tidal range or tidal currents associated 
therewith  As noted previously, totally enclosed seas, such as the 
Mediterranean, Baltic etc , should have Shelves only at river outlets 
if tidal action were the sole or major source of energy distribution 

(d) The edge of the Shelf, demarcating the limit of sweeping 
action by waves, has already been noted as around 65 fathoms (= 390 ft 
= 119 metres)  This is around the reach or limit of influence of 13 
second waves  It has been shown elsewhere^) that waves of this period 
are predominant in the ocean wave spectra generated in the storm zones 
of the oceans  Such waves traverse the oceans with very little loss of 
energy  Hence most oceanic margins of the world receive swell waves with 
periods from 11 to 15 seconds  The western margins of Continents'^) 
in particular have swell incidence from the strong westerly gales in 
the 40° to 60° latitudes in both hemispheres  In enclosed seas where 
the spectra of waves are limited to the local storm centres, swell from 
major generating areas of the oceans being excluded, the Shelf edge is not 
so deep  In the Mediterranean it approximates 50 fathoms and in the 
Red Sea it is nearer to 30 fathoms, where sediment has accumulated 

(e) A ubiquitous feature of coastlines is the crenulate shaped 
bays formed by sedimentary sections between rocky headlands  The sculp- 
turing of this shape has been shown to be the work of waves arriving 
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obliquely to the coast     These bays are of vastly differing size, some 
encompassing many miles length of coast and some miles width of Shelf 
Xhey indicate that waves can modify the sea bed to substantial depths 
and finally bring the bed and shoreline profiles into a compatible 
equilibrium with the direction of the most persistent swell waves in 
the adjacent ocean area  The orientation of such bays has been used to 
determine the net sediment movement around the coastlines of the world(^) 

(f) Finally, the oscillatory motion of the water particles at the 
bed produced by wave propagation involves a net advance each wave period 
which has a maximum value at the sea bed  This is particularly so for 
small ratios of depth to wave length, and so is relevant to this discus- 
sion of predominant swell waves with periods from 11 to 15 seconds  This 
net motion is termed mass transport and results from the viscous forces 
creating a boundary layer in the oscillatory motion of the water particles 
near the bed  This boundary layer is in the order of 1 to 2 centimeters 
thick and yet the mass transport velocity is maximum within it  Thus, if 
bed particles can be lifted temporarily from the floor during part of 
the wave cycle they can readily be carried forward in the net advance of 
the water itself  As soon as the bed is so affected small ripples and 
then dunes form^', so creating a rough bed which changes the boundary 
conditions  The ability of the waves to disturb bed particles is thus 
increased, so that sediment transport due to mass transport is enhanced 
The point of concern here is the comparison of this force with that of a 
tidal stream  Whilst this latter may be strong at the surface, where 
it is most noticeable, it will be greatly reduced as the bed is approached, 
and be practically zero near the boundary layer previously mentioned 
Its transporting efficiency is further decreased by the vortices accom- 
panying it,as noted earlier 

From the above discussion it is seen that waves appear to have 
exerted a great influence on the sediment existing on Continental Shelves 
The motions of particles are slow and are in fact zero for large periods 
of a year, when wave heights or periods are too small for adequate reach 
to the bed  However, when it is realised that waves, both storm type and 
swell, have been available on the oceans since their inception, there has 
been a surfeit of time for Shelves to be accumulated and even for vast 
expanses of landmasses to have been accreted 

LONGSHORE COMPONENT OF MASS TRANSPORT 

The mass transport velocity at the seabed has been derived theo- 
retically for the case of waves of very small height, a smooth bed and 
laminar boundary layer'')  An empirical relationship has also been 
found for the case of a rough bed and laminar or turbulent boundary 
layer(lO)  It is thus possible to compute this net advance in the 
direction of wave propagation at any point across the Continental Shelf 
when the wave characteristics are known 

Assuming a wave arrives at the edge of a uniformly sloped Shelf at 
some given deepwater angle, it is possible to compute the shoaling and 
refraction coefficients for it and find its angle to the shoreline during 
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propagation towards the shore  The variable wave height can be sub- 
stituted into the bed mass-transport equation, assuming a roughness for 
the floor and the status of the boundary layer  This latter is determined 
from a knowledge of the limiting wave height for a given wave train when 
the transition from laminar to turbulent boundary layer occurs  The 
longshore component of the mass transport can be determined at each 
location to give its distribution across the Shelf 

For smooth or rough bed and laminar boundary layer, we have 

. k 0T gT
3 

H2 sin a A 

o     o 

-(1) 

where    IL = longshore component of mass-transport velocity at bed 
g = acceleration due to gravity 
T = wave period in seconds 
H = deep-water wave height 
a = deep-water angle of crest to bed contour 
k = dimensionless factor dependent on 

D/6 = D(TT)^/4 6(VT)^ 

where D = dimension of bed roughness (gram diameter 
or ripple height) 

6 = boundary layer thickness 
v = kinematic viscosity of seawater 

Experimental values of k derived by Brebner et al    give values as 
in Figure 1 

A = (l-sm2a tanh22nd/L)^[tanh 2-nd/L(l+  ^ft.;T )]smh
22TTd/L/cos a 

o smh 4nd/L o 

where    d = water depth 
L = wave length 

(The expression for A is graphed in Figure 2 ) 

For the smooth and rough bed turbulent boundary layer condition, 
Brebner et al^10^ found 

U. g T2 6 9 

-j-jj    =  -Q-jr for fps units    (2) 
H   sin a A 
o      o 

(Unlike Eq (1) this relationship is not dimensionally homogeneous, 
indicating the need for further experimental confirmation ) 

The transition from laminar to turbulent boundary layer as found 
by the same workers^-"-"' can be expressed as 

H2 

_£ = 8150 A  (3) 

It will be seen in the subsequent calculations that turbulent 
boundary layer conditions exist for nearly all the waves and depths 
chosen 
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O* D/6 

Fig 1 Values of k in equation (1) from roughness height in proportion 
to boundary layer thickness or D/T* 

AVERAGE WAVE SPECTRA 

In order to determine some reasonable values of wave height and 
wave period to substitute in the above equations, the optimum storm 
conditions of the oceans must be assessed  As noted elsewhere^5), the 
35 knot wind is the strongest that can normally generate a fully arisen 
sea  Winds of higher velocity either have limited duration or fetch 
(or both), so restricting the waves to H1/3 = 33 ft and Tmax to 12 
seconds  The energy distribution curveCiU for this condition is 
depicted in Figure 3 where it is seen that the equivalent triangular 
distribution indicates upper and lower engineering limits of 19 4 and 4 2 
seconds respectively  Proportional energy values for wave bands centered 
on 8, 10, 12, 14 and 16 seconds result in wave train heights (H1/3) of 
3 2, 4 9, 5 3, 4 2 and 2 0 feet respectively, based upon proportional 
areas under the curve 

If these wave trains emerged from a fetch a long distance away they 
would arrive at the Continental Shelf separately  The total energy 
available at any one time would depend upon the angular and radial 
dispersion from the fetch, but the resultant wave heights would be in 
proportion to those computed above for the discrete wave bands  For 
the purpose of this comparison it will be assumed that waves of all 
periods are arriving from the one direction, with the crests angled at 
50° to the uniform and straight underwater contours 

In Figure 4 is depicted the Continental Shelf with uniform slope of 
0 002 1  Conditions at each d/L0 value represent the mean for a certain 
width of Shelf, from which it can be seen that (Ad/LQ)(b/L ) = 0 002 

so that (Ad/L ) 5 
o 12 T /0 002 
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At intermediate depths the differential Ad/L0 is the difference of values 
midway between adjacent points, whilst at the extremeties of d/L0 = 0 01 
or 0 5 the outside half width is assumed the same as the inner half 
(e g Ad/L0 = 0 015-0 005 = 0 01)  The b values are listed in Table I 
The product b Uj^ represents a mass transport discharge across the Shelf 
width b per unit depth of liquid at the bed  When multiplied by a thick- 
ness to which Uj, IS considered to apply (%" has been assumed), the dis- 
charge of water in this layer of liquid is obtained  The summation 2bU /24 
gives the said discharge across the active width of the Shelf (£b) for 
the wave tram under consideration  Although calculations have been carried 
out to d/L0 =0 5, the limit of disturbance of the respective components 
(derived later) is indicated by the double lines in Table I 

EQUAL SEDIMENT TRANSPORT IN SURF ZONE AND OFFSHORE 

For the wave conditions specified in Table I it is possible to 
compute the littoral drift in the surf zone by one of the many relation- 
ships available  The one employed here is that presented by Castanhod^) 
which has been discussed elsewhere(13)  ihe volume of sediment passing 
a plane normal to the beach per unit of time (e g ft /sec) can be 
expressed as 

Q - a, AEr sin aQ/7 r Ys     W 

where   Q = volume of sediment of specific weight ys  passing a plane 
normal to the beach per second (ys = 110 lb/ft^) 

(D = specific weight of seawater (= 64 lb/ft-3) 
H = deep water wave height (ft) 
L0 = deep water wave length (ft) 
E = , energy dieeipated  (gee Ref u) 
r  longshore energy component 

a,   = angle of crest to beach at breaking (deg ) 
ao  = deep water approach angle (deg ) 
T = wave period (sees ) 

Values have been computed in Table I for a    = 50 and the respective 
wave heights and wave periods 

Let it be assumed that an equal volume of material is passing the 
plane beyond the breaker line, out to the reach of each wave train 
Also let it be assumed that sediment particles are moving at the same 
net speed as the water near the bed (I e in the h"  thick layer pre- 
viously employed)  Then the concentration of sediment by volume to 
accomplish this task can be calculated, as listed in Table I 

It is seen that for the wave characteristics chosen the concen- 
tration necessary for equal transport offshore and in the surf zone 
are feasible  Whilst the longshore velocity UL is substantially re- 
duced, the further from the beach and the longer the wave period, 
the widths of Shelf over which these operate are substantially enlarged 
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Fig  2    Factor A used in equations  (1)(2) & (3) 
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8      10      12 

T (seconds) 

Fig 3 Energy distribution curve for a fully arisen sea generated by a 
35 knot wind 

d/L0=   001     0015    002   0035     005   0075     01     015     0 2     0 35      05 

Fig 4 Assumed uniform Continental Shelf for purposes of calculations 
in Table I 
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Table I  Longshore mass transport in various wave trains across portion of the 
Continental Shelf (See Figure 2) 

8 10 12 14 16 T sees 

a   = 50° 
O 
sin a    =0 766 

3 2 

2 10 

4 9 

1 75 

5 3 

2 59 

4 2 

6 56 

2 0 

43 0 

H feet 

gI3/H2 sin a 103 

m2 6/„1 2     n ~3 gT  /H   sin a 10 2 3 2 49 3 63 7 13 24 4 

14 35 26 9 26 3 14 1 2 78 H TT/TV 1602 > A 
o        — 

d/L 0 01 _ _ _ _ _ ULxl0
3(laminar)(1) 

ULxl0
3(turbulent)('1) 

0 
Ad/L 0 01 78 1 72 1 49 5 25 2 7 4 

A 0 048 1 64 2 56 3 69 5 02 6 55 b x 10"3 (feet) 

A06 0 161 128 0 183 0 183 0 127 0 48 5 b x U 

0 02 - - - - - 
0 02 41 2 38 0 26 1 13 3 3 9 

0 138 3 28 5 12 7 40 10 04 13 10 

0 305 135 0 195 0 193 5 133 8 51 0 

0 05 - - - - - 
0 04 18 3 16 9 11 6 5 9 1 7 

0 530 6 56 10 24 14 80 20 08 26 20 

0 685 120 0 173 0 171 7 123 0 44 5 

0 10 - - - - - 
0 075 9 8 9 1 6 2 3 2 0 9 

1 52 12 30 19 20 27 70 37 70 49 10 

1 28 120 5 174 8 172 0 121 0 44 2 

0 2 - - - - 1 4 Note For laminar con- 

0 2 4 8 3 8 3 0 1 5 - ditions it is assumed 

5 10 32 9 51 2 73 8 100 5 131 0 that D/T = 0 007 

2 64 158 0 195 0 221 5 150 5 183 2 equivalent to ripples 

0 5 i  1 1 1 3 0 9 0 3 0 05 
bed 

0 3 ! - - - - 
140 49 2 76 8 110 5 150 5 196 0 

19 4 i 54 2 

L 
99 9 99 5 45 0 9 8 

(1) U (feet/sec) !  0 075 0 20 0 3 0 325 0 31 limiting d/L 

(2) MT = EML/24 ! i oo 0 50 0 75 0 87 0 80 prop of last b 

(ft /sec) j 120 97 5 166 0 131 0 146 8 final b x U 

(3) G littoral 383 823 886 636 335 2bUL 
ME in 1/2" layer1-2-* 

drift 
i.ft3sand/sec) 

16 34 37 27 14 

(1 ft3 = 110 lbs) 0 37 1 08 1 26 0 £1 0 76 G<3> 

(4) Concentration 
by volume 

2 3 3 2 3 4 2 3 5 4 c/(4) 
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INCIPIENT MOTION OF BED PARTICLES 

Before sediment particles can be carried forward and backward by the 
oscillatory motion of the water particles near the bed, they must be 
removed from the bed  This topic needs much more active research, but 
results are available from a number of workers on the incipient motion of 
sand particles under wave action  The differences and similarities 
ot their results have been discussed elsewhere'^)}  but it can be concluded 
that, as the replication of bed conditions has tended towards the 
prototype scale of action, the greater has been found the reach of the 
waves  The types of equipment employed m generating the necessary 
oscillatory water motion have been described elsewhere^^'  A more recent 
rig, used at the University of Western Australia^5), essentially oscil- 
lates a block of water with amplitudes and periods applicable at the sea 
bed  Results from these tests are presented in Figures 5A & B 

The empirical formulae derived for incipient motion of sand 
particles on a flat bed can be put into similar dunensionless form as 
in equations (5) to (17) 

(29) 
The relationship by Abou Seida    cannot be written in such a form 

but a modification and iterative process carried out by Mogridge(25) 
permits it to be plotted as m Figure 5  The graph of Bonnefille and 
Pernecker^''  consisted of two curves which have been modified into one 
for the presentation in the figure  The condition of the boundary layer 
has been indicated in the equations or been presumed (?) 

Bagnold('lb;(laminar ')       Th  ,/?*?/, n •, •, /, = 3 18    (5) 
(s-ir g 'V' D  T1/J 

n    1/6 

Bonnefille and Pernecker^  ;  s)T^I(,  \]z  1/2 = ° °72    ^ 
(laminar)        (s-1)  g  D  T 

19/30 

Bonnefille and Pernecker        16/g i6/l5 6/5Tl/2 
= ° 01   (?) 

(turbulent 7)    (s-1)    g    D  T 
u    5/18 

Bonnefille and Pernecker(17)    "^,/y/; " 0 069   (8) 
(modified)       (s-1)  g  D  T 

„  _    „  ,(18X19X20)       \ax    . - - -. ,QN Carstens et al ,/2 x/ lh -  3 5   (9) 
(turbulent)      (s-1)  g  D 

U   v1/2 
Eagleson and Dean(21)      —^£    = 0 m   (10) 

(laminar)        (s-1) g D T 

Goddet<
22>(turbulent) ..2/3 2^/2^/8 = 3 °  (U) 

(s-1)  g  V   D  T 
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/ />' 

t /m r# /# ,9\^ 

..VESTEP 
MOGRIDJE 

•,0     )0OI?8   (feel) 

v       087«IO'(ft2A!ei.i 

//   #/#///// 

(inches) 

S1LVESTFR 
MOGRI03E 

v,     0 0019 f feeti 

l« 20 
f (seconds) 

Fig 5 Wave periods (T) and amplitudes (x) at the sea floor to produce 
incipient motion on a flat bed with sand particles of mean dia 
A = 0 00138 ft (0 42 mm)  and B = 0 0019 ft (0 58 mm) 
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Ishihara Sawaragi^ ' -JJ^ °^y4 ^ = 0 093      (12) 
(turbulent)     g  (s-1)  D 

n    1/3 

Manohar u^( laminar)       m**3     ,  i = 0 159      (13) 
(s-1)  g  D 

Manohar(24)(turbulent)        ,,040^02 02 = 7 45   (14> 
(s-1)       g      D      v 

U        v1/18 

Silvester and Mogndge(25)     7?9*7/9 ^3 x/2 = ° °3*     (15) 
(flat bed)      (s-1)  g  D  T 

Ranee and Warren   (sand)  ,;. ?y^ ,/,- * l~  = 0 69   (16) 

(s-1)  g  D  T 

Vincent(27)(turbulent)    -£77 = 19 1    (17) 
D 

The Hnax can also be expressed in terms of amplitude of motion when 
the wave period is known or assumed, in which form these equations have 
been graphed in Figures 5A & B, for Di 
lvely 
and g 

'50 
Also assumed in the figures is 

0 00138 and 0 0019 ft respect- 
1 087 x 10-5 (ft2/SeC), s-1 

32 2 ft/sec2. It is seen immediately that these relationships 
1 6 

are not compatible, probably through being extrapolated beyond the zones 
of verification 

Also included in the figures are the results of the authors' tests, 
the black dots representing flat bed conditions and the open circles the 
rippled surface produced from prior oscillatory motion  For the flat 
bed two relationships were found, one in which x varied approximately 
as I"' for smaller x and T values, and the second in which x varied as 
j3/2  jne transition from the one to the other occurred at x = 20 5" 
and T = 17 seconds in Figure 5A, and x = 19" and T = 15 seconds in 
Figure 5B  Sleatht2^), in his velocity measurements in the boundary 
layer at the bed of a wave tank, found a parameter XI—^ DCQ/V which 
displayed the transition in the velocity profile from laminar to one 
still laminar but influenced by vortex formation around the grams of 
sand  Appropriate substitutions from the above tests give values for 
incipient particle motion of 82 5 and 116 for the 0 00138 and 0 0019 ft 
diameter sands respectively 

Sleath observed his critical condition to occur at a value approx- 
imating 50  He states  "This may be compared with the value of 
Umax D'v " 200 obtained from the formula proposed by Manohar (1955)(2*) 
for the transition from laminar to turbulent conditions with sand of 
median diameter = 0 0445 in  It is probable that the phenomenon 
observer by Manohar and his colleagues was vortex formation rather than 
turbulence " 
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Carstens et al from their tests with oscillating water 
in a conduit obtained Umax values when certain changes in the bed were 
observed  For the sand size D = 0 00097 ft and v = 11 0 x 10~6 ft2/sec 
the following values of Umax D50/V were obtained 

boundary layer transition commences (sand bed) 56 3 
boundary layer transition commences (smooth bed) 74 8 
incipient bed motion, bed undisturbed 71 3 
spontaneous appearance of ripples 94 0 
fully turbulent boundary layer (smooth bed) 119 

From these values it seems quite probable that Manohar's 
observations were commencement of turbulence  A significant observation 
of the above results is that incipient bed motion and even ripple form- 
ation occurred before full turbulence was experienced in the boundary 
layer  It is at such a stage that mass transport will exert its influence 
on the bed particles  As seen in Figures 5A & B the presence of ripples 
on the ocean floor will produce incipient motion at smaller amplitudes of 
the water particles for a given wave period, or at longer periods for a 
given amplitude  However, the curves for this more realistic condition 
do not match the one equation, so the conservative flat bed relation of 
equation (15) has been put in terms which are graphed in Figure 6 

With this diagram a wave of any specific period in a certain depth 
of water will have to have a minimum height in order to initiate particle 
movement on a flat bed  The respective heights and periods for a fully 
arisen sea of a 35 knot wind previously derived are indicated in Figure 
6  It is seen that the 12 and 14 second waves can disturb sediment 
at over 200 feet depths  This is half way across the Continental Shelf 

It is believed that for similar wave conditions the ability of waves 
is greater than that indicated in Figure 6 due to the following prototype 
phenomena 

1 Velocities of water particles near the ocean bed may be higher 
than those derived by first order theory 

2 The interaction of wave trains of slightly differing period can 
generate greater instantaneous velocities than implied in the present 
analysis 

3 Wave trains angled to each other produce vortices of large 
dimensions with associated turbulence which may disturb the bed more 
readily 

4 In storms at sea, where fetches are changing location and orient- 
ation continually, waves may move in opposite directions so creating 
clapoti or partial clapoti  These create high water particle velocities 
near the bed  They will also temporally build up furrows of material 
which will be readily swept away when the standing wave has dispersed 

5 Currents and internal waves associated with tidal action at the 
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Fig 6 Wave conditions for incipient motion on a flat bed for sand 
(D 50 0 00065 ft = 0 2 mm) 

edge of the Shelf could assist the waves in disturbing the bed at these 
larger depths 

6 Shell debris on the sea floor can initiate movement of sand 
particles sooner than for rippled or smooth beds  Carsten's tests(19) 
showed that,with small protruberances on the bed, motion is initiated 
at about half the water particle velocity of that for a smooth sand bed 
This implies in Figure 6 that the same reach can be effected with half 
the wave heights previously considered  It can be shown by drawing 
curves in the left hand side of the figure with half the wave height for 
each period band, that for the original wave heights the reach is increased 
about 30%  For example, the 5 5 ft high 12 second wave which had a 
reach of 230 ft for rippled bed conditions can influence a bed at 300 ft 
depth which contains shell-like debris on it 

7 It is possible that fish life is concentrated heavily at the 
floor of the ocean  Any motions by them on or near the bed will disturb 
sediment which the mass transport of the waves will carry into and along 
the shore 

These prototype conditions could increase the concentration of sus- 
pended sediment above those recorded in model studies  They could also 
effect movement well above the boundary layer, on which the previous 
comparison was based 
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CONCLUSIONS 

1 Since the major proportions of Continental Shelves consist of 
sediment which has accreted to around the 400 feet depth, it would 
appear that wave action is the predominant spreading agent 

2 The mass-transport due to wave action is at a maximum within 
the boundary layer at the bed where initial suspension of material occurs 

3 Roughness of the sea floor due to the sediment particles or 
undulations formed thereon would appear to increase the mass-transport 
velocity and assist m the initial disturbance of the bed 

4 For an oblique wave train, the mass-transport velocity at the 
bed, and its longshore component, can be computed at all depths across 
the Continental Shelf, to the limit where shoaling invalidates the 
theory employed 

5 With certain simplifying assumptions, it can be shown that for 
equal sediment transport within the surf zone and beyond the breaker line 
for a given wave tram, the volumetric concentration of sediment within 
the 1/2" bottom layer of water does not nave to exceed 5% 

6 Empirical relationships of wave and sediment characteristics for 
incipient motion on a flat bed vary considerably, with those utilising 
prototype velocities and amplitudes in their experimental rigs showing 
a greater reach of wave action 

7 Further tests are required to verify beyond all doubt that the 
average wave spectra to be expected over the Continental Shelves can 
sweep sediment on them to their recognised outer limit  These test 
should include normal marine debris on the bed, so that initiation of 
sediment motion and the frictional effects on the boundary layer can be 
studied 

8 More analytical and experimental work needs to be carried out on 
mass-transport, both for simple wave trains and the more complex water and 
sediment systems 
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CHAPTER 41 

ISOPACHOUS MAPPING OF THE LOWER PATUXENT ESTUARY SEDIMENTS 
BY CONTINUOUS SEISMIC PROFILING TECHNIQUES 

Newell T Stiles and Donald R Wiesnet 
U S Naval Oceanographic Office 

Washington, D C  20390 

ABSTRACT 

The thickness and extent of the sediment cover in the Patuxent 
Estuary has been determined using a high-frequency, high-spatial 
resolution, shallow penetration, continuous seismic profiling system. 
From these data, an isopachous map was prepared  The isopachous map 
provides the subbottom information required to determine optimum 
locations for placing test equipment on the river bottom 

Mud filled depressions, acoustically transparent to 12-kHz sound 
pulses, occur mainly to the north of Half Pone Point, and east of the 
present channel  Based on the identification of first subbottom reflectors, 
these depressions are as much as 16 feet thick  The dominance of the 
thicker deposits east of the channel and evidence of a submerged terrace 
indicates that either the channel has migrated to the west, or that the 
channel of the Patuxent River at this location was larger in the past 
and has subsequently filled in much of the material in the eastern 
edge  Maximum penetration at the scarp of the submerged terrace was 
36 feet beneath the water-sediment interface  This study demonstrates 
the use of seismic profiling techniques for collecting and presenting 
data required for coastal engineering applications 

INTRODUCTION 

The Maryland State Road Commission is considering plans to build a 
bridge across the Patuxent River near Solomons Island, Maryland 
(Figure 1)  The proximity of the bridge to the existing naval test range 
located between Point Patience and Hooper Neck may require relocation of 
the test range  A knowledge of the strength characteristics of the river 
bottom are critical for effective use of the test range  Instrument 
packages may sink into soft muddy sediments and become impossible to 
locate or retrieve, other instruments could be damaged because of impact 
with hard sandy materials  In order to delineate these two sediment 
materials, a seismic investigation was conducted from Town Point 
northward to Broomes Island (Figure 2) 

This paper deals with the use of the isopachous map to present 
continuous seismic reflection data of the sediment cover in the Lower 
Patuxent Estuary  An isopachous map shows the varying thickness of a 
designated stratigraphic unit by lines of equal thickness (isopachous 
lines)  The stratigraphic unit used in this study is the acoustically 
transparent sediment cover, which is composed of fine-grained silt- and 
clay-size sediments 

669 
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The Patuxent River drainage basin lies entirely within the state 
of Maryland and occupies 930 square miles (Crooks, 0'Bryan and others, 
1967)  The mouth of the Patuxent Estuary is located where the river 
enters Chesapeake Bay  The upper limit of the sea salt water ranges 
from 27 miles (Chalk Point) to 56 miles (Hardesty) above the mouth 
The portion of the waterway between the upper limit of tidal influence 
and the limit of sea salt intrusion is designated the tidal river 
(Pritchard, 1967, and Owen, 1969)  Between the upper limit of the sea 
salt intrusion and the mouth of the river is the estuary  The Patuxent 
has been termed moderately stratified by Pritchard (1967), and Owen 
states "The Patuxent Estuary has a normal two-layered flow associated 
with an intermittent three-layered flow  " Chesapeake Bay itself is 
a moderately mixed estuary 

Owing to the abundance of readily accessible erodible material in 
the Coastal Plain the sediment yield of the drainage basin is fairly 
high, 235 tons per square mile at Hardesty near the estuary head 
(Johns Hopkins University, 1966)  Figure 3 shows the change in the 
lower estuary channel from 1859 to 1944  Although the location of this 
cross section is not shown, depth and width values correspond with the 
segment of the estuary between Helen Creek and Broomes Island (Figure 2) 

PROCEDURE 

Continuous seismic profiles of the Patuxent River between Town Point 
and Broomes Island were recorded during the period 7 to 10 May 1968 
Work was performed on a 45-foot utility boat provided by the U S Naval 
Ordnance Laboratory Test Facility  The transducer was rigidly mounted on 
the side of the boat three feet beneath the water surface  A total of 
19 tracks were run over a distance of 30 nautical miles (Figure 4) 
Boat speeds of about three to four knots were maintained for all traverses 
Positioning was determined from the two triangulation towers located at 
Point Patience 

The seismic profiler, nicknamed a "Mud Penetrator" (Yules and 
Edgerton, 1964), consists of three mam components  (1) an acoustic 
transceiver and recorder (EG§G, Model 254 Seismic Recorder), (2) a 
transmitter/receiver transducer (EGSG, Model 228A Pmger Probe), and (3) a 
gasoline powered electric generator  The system operates at an acoustic 
frequency of 12-kHz which is sufficiently high so that only fine-grained 
sediments can be effectively penetrated 

The technique for continuous seismic profiling of subsurface acoustic 
horizons uses a repetitive sound source which propagates acoustic wave 
fronts through the water and subsurface materials  As these wave fronts 
encounter materials of contrasting acoustic impedance—normally mani- 
festations of geologic stratification or boundaries—echoes are returned 
to the surface, sensed by the transducer, and then synthesized by the 
recorder to produce a real-time, continuous profile of the water column, 
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bottom, and subbottom  The vertical scale is in time (milliseconds) 
and the horizontal scale is a function of recorder-paper speed and 
ship speed  The time values shown on the seismic records are total 
travel times (two-way times) and must be halved for computing thickness 
Conversion of the time scale to thickness is accomplished by multiplying 
one-half the total travel time by a sound speed factor  All depths in this 
report are based on a sound speed of 1500 meters per second in both the 
water and sediment. This value corresponds closely with measured values 
on two core samples obtained near the mouth of the Patuxent Estuary 
(Stiles and Wiesnet, 1970). 

Analysis of the seismic profiles m this investigation is based on 
the following premise. Observed subsurface geologic features on the 
seismic record are acceptable as proof of existence of subbottom structure 
However, the converse of this statement is not necessarily true  The 
absence of subbottom structure on the seismic record does not always 
mean that a subbottom reflector does not exist  The absence may indicate 
masking by a cover of sand, gravel, or other coarse-grained material  For 
a given frequency, mud is normally much less attenuating than sand or 
coarser gram sediments  In most cases where a mud cover overlies a coarser 
gram sediment mass, the impedance contrast will be sufficient to record 
the thickness of the mud  Exceptions may exist where the thickness of 
the surface cover is too great for the acoustic energy of the particular 
seismic system to penetrate and return to the sensor 

Development of an isopachous map from seismic profile records 
requires identification of a particular reflecting horizon which corresponds 
to a designated stratigraphic unit, transferring the thickness values 
(e g , in this paper, the distance between the first subbottom layer and 
the water-sediment interface) on to a track chart, and contouring these 
values 

DISCUSSION OF RESULTS 

Results of this investigation are presented in the form of annotated 
seismic profiles and an isopachous map  Interpretation of the seismic 
records was based in part on previous work with this system  'Earlier 
studies by Breslau and Edgerton (1968) in the Gulf of La Spezia, and by 
Stiles and others (1969) in four Vietnamese rivers have shown that the 
acoustic energy of this system is not capable of penetrating coarse-grained 
sediments, such as sands or gravels, whereas, fine-grained materials, 
such as silts and clays, are transparent to the 12-kHz sounds of the 
system  After completion of the isopachous map, 20 sediment samples were 
collected  Comparison between the sediment properties from these bottom 
samples which were collected simultaneously with seismic profiles corroborates 
the interpretation of seismic profiles in this investigation (Figure 5 
and Table I) 

The stratigraphic unit used in this study is the acoustically transparent 
sediment cover. This sediment cover is composed mainly of fine-grained 
silt- and clay-size sediments, 
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collectively referred to as mud  The reflecting horizon used in all 
cases is the first subbottom layer  Where penetration does not occur, 
the surface materials consist of coarse-gram sediments  Both the opaque 
surface and subsurface reflectors are assumed to consist of similar 
sediments  Selected longitudinal and transverse profiles are shown m 
Figures 6 through 9  Location of these seismic profiles are shown in 
Figure 4  The isopachous map is shown in Figure 10 

Analysis of the seismic records shows numerous objects partially 
submerged on the river bottom  The largest object is shown protruding 
from the bottom near the southern end of Profile L - L' (Figure 6), 
which is believed to be either a part of the mooring buoy plotted on 
U S Coast and Geodetic Survey Chart No 553 or a sunken barge 
(James Green, Naval Ordnance Laboratory Test Facility, Solomons, Maryland, 
oral communication)  Green indicated that in addition to the barge there 
are many metallic objects scattered on the river bottom  Some of these 
artifacts are probably the same objects observed on the seismic records 
(Figures 7 and 9)  In addition to the objects lying on the river bottom, 
many reflections presumably caused by fish were recorded in the water 
column (Figure 9) 

Subbottom layers are present in a majority of the seismic profiles 
north of Half Pone Point (Figure 10)  Depressions filled with mud are 
as much as 16 feet thick  One of the clearest records of subbottom 
structure is shown on Profile K - K' northwest of the "Black Hill" 
structure (Figure 7)  We assume that the subbottom reflecting layer is 
mainly composed of quartz sands or oyster shells (Table I)  The same 
reflecting horizon forms a terrace further northwest along Profile 
K - K' (Figure 7)  Similar terrace-shaped structures are present on the 
northeastern margin of Profiles Q - Q' and S - S1 (Figure 8)  A terrace 
consists of two parts, the inclined portion is called the scarp and the 
flat lying part is called the tread  In this paper, the term terrace is 
used even if only the scarp portion of the terrace is observed on the 
seismic record  Indications of terraces are seen on these bottom 
profiles and clearly show that they are composed of highly reflecting 
materials (1 e , sands or shells) with enough coherency to maintain 
slightly inclined slopes  The vertical exaggeration between the profile 
record and the true slope angle should be realized  The angle of the 
scarp shown in Profile Q - Q' is approximately 10 to 12 degrees  A 
submerged terrace is visible on the northeastern edge of Profile T - T' 
(Figure 9)  The stairlike terrace is traced on the record as a second 
subbottom layer, and is clearly an abandoned feature not related to the 
present river channel  Maximum penetration at the deepest portion of the 
lower scarp is approximately 36 feet beneath the water-sediment interface 
It is assumed that the first subbottom layer has a higher concentration 
of fine-grained sediments than those reflecting horizons previously 
discussed, and thus is partially transparent to the acoustic energy 
o f the system 

The feature labeled on Profile K - K' as a "Black Hill" was viewed 
on several seismic records over this area  The areal extent and shape 
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of this structure is shown on the isopachous map (Figure 10)  The 
structure is almost circular and lies directly northwest of the 
crescent-shaped mud hole at the mouth of St Leonard Creek  The two 
almost circular 16-foot mud holes between Sotterly Point and Island 
Creek also closely resemble in profile and plan view this "Black 
Hill" structure  Although the cause or nature of these structures is 
not known, it is believed that they may be oyster beds that have been 
covered during a period of prolonged sedimentation 

CONCLUDING REMARKS 

The work performed for this investigation demonstrates „the stratigraphic 
variability of the surficial mud cover in the lower Patuxent River Estuary 
The thickness and extent of the mud cover is based on the occurrence 
of acoustic discontinuities seen on the seismic record  These discon- 
tinuities occur only in areas where fine-grained materials, which are 
transparent to the 12-kHz sound, overlie coarse-grained sediments 
Where penetration does not occur, the surface materials are coarse grained 
Both the opaque surface and subsurface reflectors are assumed to consist 
of similar materials 

Depressions filled with mud occur mainly to the north of Half Pone 
Point (Figure 10)  The thicTcest mud layers lie to the east of the present 
channel  These mud-filled depressions are as much as 16 feet thick 
The dominance of the deeper holes to the east plus the occurrence of a 
submerged terrace indicates that either the channel of the Patuxent 
River at this location was much larger in the past and has subsequently 
filled in much of the material on the eastern edge, or that the channel 
has migrated to the west 

The presence of terraces on the edges of the channel was used as 
evidence for plotting the areas of hard bottom on the peripheral edges of 
the river (Figure 10)  Although it was not possible to profile to the 
shoreline because the water was too shallow, it is safe to conclude that 
the materials which comprise the terraces extend <*lso to the shoreline 

The majority of the sediments below Half Pone Point allowed little 
acoustic penetration (Figure 10)  The presence of coarse-grained 
sediments is supported in part by divers from the Naval Ordnance Laboratory 
Test Facility  These divers have indicated that the eliptical mud hole 
north of Point Patience, as shown in Figure 10, extends northward and is 
a part of the large deposit of mud shown in the center of the river 
channel  These divers also have indicated that small mud holes lie 
slightly north of Town Point 

Recommendations for future study regarding the stratigraphic variability 
of the surficial mud cover are directed toward two potential problem areas 
More work is needed in defining the sediment properties responsible for 
acoustic reflections in the study area  Secondly, little is known of 
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the riverine and estuarine dynamics causing the distribution of 
sediments  Owen (1969) states that "a distinguishing feature of the 
Patuxent Estuary is its intermittent transition from a two-layer flow 
system to a three-layer flow system, a transition which occurs most 
often in the month of April " On the basis of this concept of a two- 
layer flow system, 1 e , a net bayward (or seaward) flow of less saline 
(lighter) water at the surface and a net landward flow of more saline 
(heavier) water near the bottom, Meade (1969) has presented evidence 
that bottom sediments in Atlantic Coastal Plain estuaries are transported 
landward  Some questions that remain to be answered are  In the various 
flow layers is there some process going on differentiating sediment 
types' Of the materials brought down by the river, how much and what 
type of material is trapped in the estuary? What is the spatial distribution 
and temporal variation of this flow system which may control the distribution 
of sediments' 

This study demonstrates the use of seismic profiling techniques for 
collecting and presenting data required for coastal engineering 
applications  Other possible coastal engineering applications for this 
type of work are  (1) determining the thickness of a particular stratum 
for estimating dredging or excavation costs as well as for obtaining 
construction materials, (2) foundation studies, (3) harbor mapping, 
(4) slope stability studies, (S) spoil location, and (6) location of 
tunnels and pipelines 
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CHAPTER 42 

OBSERVATION OF SEDIMENTMOTION BY UNDERWATER-TELEVISION 

Dipl     Ing.   Go liter Luck 

Researchstation for Island- and 

Coastprotection, Norderney, Germany 

ABSTRACT 

For observation and interpretation of sedimentological 

movements an Underwater Television set-up is employed, 

which is discribed in the following paper The so long 

achieved results and experiences are exemplified 

THE TV SET-UP 

Since springtime 1968 an Underwater-Television set-up is 

employed for special sedimentological researches m the 

Juist-Norderney oceanic region (East Frisian Islands), 

which is bestowed by the German Research Association (Pig 1). 

The TV set-up - in transportable execution - is constructed 

for use in free waters to a depth of 100 m. The main equip- 

ments are as follows (Pig 2a/b). 

1 TV camera m a cylindrical case of stainless steel, 

resistant to pressure, with outfit for necessary correct 

contact when fixing the at times used sight- and lighting- 

687 
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supplements  The TV camera is fitted out with a multi- 

pole contact-plug for connection with the camera-cable 

and the wireless control-transmission for focus. 

Diameter 76 mm; length 447,5 mm; test pressure 48 atu, 

weight 6,7 kg m the air and 4,5 kg in the water 

1 Supplementary lens for free sight for general free water 

observations (opening angle 103° m the air and 72° m 

the water). 

2 Underwater widespread lights 

1 Underwater photo camera with an underwater flashlight 

1 Camera cable, length 100m, diameter 25 mm 

1 Control unit with electronic regulator 

1 Distribution unit 

1 Reproduction unit (screen diagonal. 36 cm) 

1 Video tape recorder 

Further there are providently kept ready accessories and spare 

pieces such as tubes, incandescent-lamps, packings, service- 

box and so on In anticipation it was to be expected, that 

due to the small range of sight the set-up only can be used 

from an anchoring ship Therefore the TV camera and the photo 

camera were mounted m a fourlegged frame (Pig 3), which can 

be placed on the sea floor by aid of a crane  The reproduction- 

unit, control-mechanisms, video tape recorder and so on were 

firmly installed on a ship (Fig 4) 

PRIMARY INVESTIGATIONS AND EXPERIENCES 

In the first half-year of researches (summer 1968) above all 

the apparativ feasibilities of the TV set-up were tested, 
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specially taking into consideration the particular conditions 

in the extreme turbid waters of the tidal flat  In detail 

there was to find out 

1 The most effectiveuse of the set-up (observations from 

anchoring or sailing ship)  Further the best distances 

from objectiv to sea bottom had to be found, simultaneous- 

ly using the most favourable focal depth 

2 Ascertainment of the most effectiv search light arrangement 

to receive the most contrasting pictures as well as the 

best efficiency of light evolution. 

3. Dependency of the TV work on meteorological conditions 

4. Dependency of the observations on the different turbidness 

of the water 

These investigations had the following results 

1 In the turbid waters of the tidal flat the use of the 

TV set-up is only reasonable at continuous fine weather 

and during slack water (Fig.5). As soon as the current 

exceeds the critical velocity of erosion or sedimentation, 

the rate of suspension increases so quickly, that it is 

no longer possible to gain an mterpretable picture (Fig.6). 

2 After atmospheric disturbances and great water motion 

also during slack water the rate of turbidity in the tidal 

flat is for a longer time so intense (up to three and four 

days), that observations of the sea bottom are not possible 
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Whereas after continuous fine weather it might be possible 

to observe the sea bottom during the first and perhaps 

even the second turbulent tide. At wind forces of more 

than 6 Bft and at high current velocity connected with 

high waves an observation of sedimentary movements is 

absolutely impossible. 

3. Even on the most favourable conditions the distance between 

the objective and the sea bottom must not exceed 35 cm 

(TV picture 40 x 40 cm). 

4. The conditions improve obviously, when the set-up is employed 

in deeper waters abroad the tidal flats  The visibility is 

much better and the times of observation can be extended 

(Fig.7). Nevertheless the range of turbidity is so extensive, 

that the distance objective - sea bottom only may amount to 

55 cm (TV picture 60 x 60 cm). 

5- These only small distances between objective and sea bottom, 

available due to the local boundary conditions, don't 

allow observations from the sailing or drifting ship. 

As for each observation the anchor has to be set, it is 

only possible to work stationary and the researches take 

much time For this reason the TV method in the sediment 

research is severely limited. 

SOME OBSERVATION RESULTS 

In the research years 1969 and 1970 it was possible to perform 

aimed sedimentological observations. Besides general observations 

of regional movements m the research area it was tried to gain 
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knowledge of the sedimental process on the tidal flats and 

specially to find an optical definition of the  critical 

velocity of erosion and sedimentation. Without entering into 

the details of the researches the mam results can be resumed 

as follows 

1 Only m exeptional cases the suspended matters and the 

sediments, transported on the bottom, are separated more 

or less exactly Considering the hitherto existing obser- 

vations a thus strict separation actually can ensue only 

within the compass of high current velocity and therefore 

strong sediment motion on the bottom (Pig 8a/b)  In regions 

with lower velocities, which nevertheless still are capable 

of transporting, a differentiation of the motion on the 

bottom and the transport of suspended matter is not possible 

Therefore the moved materials have to be consideres as one 

unity 

2. As already mentioned the range of visibility very much 

depends on the meteorological conditions of the foretides. 

When the foretides were influenced by storm, the rate of 

turbidity is intensified still for a longer time  Whereas 

as undisturbed progress of the foretides the rate of suspen- 

ded matter for the present is still normal, even after 

commencing atmospheric disturbance and higher current 

velocity. Therefore at the same current velocity and other- 

wise similar conditions the concentration of the suspended 

matter differs very much 

3 Of still more importance to the suspended matter are the 
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seasonable varung biological conditions  Thus the rate 

of suspended matter is much higher on midsummer after full 

development of vegetation, than for example in winter or 

springtime  After the long lasting quiet and warm summer 

1969 m the whole oceanic region of Norderney the rate of 

suspended matter was much higher than in springtime 1970, 

which was preceded by an extreme long winter. 

4  The physical process of suspension is essentially determined 

by the suspended matter's appearing not in equal dispersion 

but in flakes (Fig 9). These flakes are in nearly permanent 

hovering motion and only settle occasionally for short times 

during slack water At insignificant turbulence, when the 

preceding tides had been quiet and the current velocity is 

lower than some 15 cm/s, the flakes fall to the bottom in a 

sudden process As soon as the current velocity has risen 

to some 20 cm/s, the flakes are absorbed by the current. 

At the microscopical and chemical analysis of these flakes 

one could discern particles of different sizes and origin, 

which adhere to a scarcely visible organic slime, showing 

a strong positive albumen- and occasionally a cellulose- 

reaction (Fig 10 a/b). Here it is probably the question of 

reduction products of marine organisms This supposition is 

confirmed by the rich bacterial trimming. These slimes, 

being scarcely perceptible m the microscope, become well 

visible in the flash light beam and can be observed clearly 

m the television picture as flakes  In volume the slimes 

preponderate, whereas the quartz crystals and other mineral 

particles as well as diatom shells, chitm scraps, filaments 
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etc prevail m weight. 

Measuring and ascertaining the rates of suspended matters 

there was not paid enough attention to these flake structures 

untill now In the floating water these flakes and pure 

mineral particles are to "be found close together During the 

sedimentation- and erosion-process this different physical 

deportment of flaky and pure mineral sediments causes different 

sedimentation- and erosion-phenomena, which however are 

temporary without transition 

5  Seldom the transportation process near the "bottom has a 

continuous run, but the sediment moves in intermittent veils 

This discontinuity also was to be observed at the progress 

of small ribs The motion of the sediment increases, when 

also shells are transported or animals move on the ground 

(Pig 11 a/b)  Thus a small rib disappeared (length some 20 cm, 

height some 5 cm), which first seamed to be rather stabel, 

while a crayfish was crossing it  The whole sand supply at 

once turned to suspension 

The discontinuity of the transport near the bottom is still 

additionally intensified, when the sediments come into the 

waves' sphere of action In this case the sediments move on 

paths, which relate to the direction of the current and waves 

When the waves work in the same direction as the current, 

the motion is rolling Do the directions mould an angle, 

this rolling progress passes over to a more saw-tooth- 

shaped path 
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6. A series of researches was performed, especially tended 

to the optical ascertainment of the critical velocity of 

erosion and sedimentation In spite of a great expenditure 

however, so long it was not possible to undertake a single- 

valued fixing of these critical velocities The process of 

sediment reception by the current proceeds most floating, 

locally however very much differing, without a possibility 

of observing the beginning of this phenomenon The process 

of sedimentation is still more opaque, because only very 

seldom the whole sediment is deposited during slack water 

With diminishing velocity the process of erosion also 

does'nt turn slidmgly to the process of sedimentation, as 

before the beginning of sedimentation there exists a higher 

range of velocity, which does'nt erose the material near the 

bottom any longer, but still transports more or less 

suspended matters. 

CONCLUSION 

The observations of sedimentological processes of motion with 

the underwater television set-up showed the limits of it's 

efficiency The extraordinary value of the so long achieved 

investigations is to be found especially m the fact, that the 

processes of motion were made visible and partly mterpretable. 

The sediment transport's predominant dependency on the 

meteorological conditions of the foretides and specially the 

development of the suspended matter as consequence to the 

biological phenomena was unobjectionably discerned and proved 
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It was not possible to ascertain a connexion between the at 

times locally measured current-velocity, rate of suspended 

matters, gram distribution of the sediment near the bottom 

and so on. A separate treatment of the bottom-near transport 

of sediments and the suspended matters is only possible m 

those exceptional cases, in which high velocities put the 

whole bottom material m rolling, jumbing and at last pushing 

motion As a rule - m the tidal flats and oceanic regions 

with low current velocity - the water contents flaky and pure 

sediments m proportionate distribution, whereat however at 

low turbulence the density of the suspended matter can increase 

with depth. 

The m past times theoretical formed conceptions to ascertain 

sedimentological processes of motion, which predominantly 

depended on the current velocity and the critical velocity 

of erosion, are - appreciating the observation results, gained 

with the under water television - only little satisfimg. 
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Pig.3 Pour-legged support frame on deck 
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Pig.5 Bottom in a narrow channel of the tidal 
flat during slack water. The ground is 
covered with flaky sediments. A small area 
of sand in the left-hand section of the 
photograph is still uncovered. 
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Pig.6 At great water motion in the  tidal  flat 
it is  impossible  to  gain an interpretable 
picture. 
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:>< 

Fig.7 Sea 'bottom in the north of Nordemey 
island (water depth some 26 m). The 
visibility is much better than in the 
tidai flat. 
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Pig.9 Flaky material covers the bottom for a 
short time during slack water. 
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Fig.11a Ripplemark abroad the tidal flat 
in 18 m water depth, current velocity 
some 20 cm/a. 
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^ 

Pig.lib The same ripplemark one minute 
later. 



CHAPTER 43 

THE HISTORY OF THE DUTCH COAST IN THE LAST CENTURY 

1) 2.) 
by W.T. Bakker  and  D.Sj. Joustra 

ABSTRACT 

The purpose of this paper is 

1. Publishing some available coastal measurements and computations 
of more than local importance 

2 Investigation on the influence of groynes in practice. 
3. Investigation on the motion of the gullies in the outer deltas. 

The following conclusions are drawn 

1. The gross littoral drift along the dutch coast is in the order 
of 1.5 to 2 mln m^/year, (computed with the CERC-formula) the 
resulting net drift is mostly within the order of accuracy of 
the computation. 

2. The erosion of the areas with groynes was much less than the 
erosion of the adjacent areas, partially this effect is due to 
lee-side scour but mainly to decreased erosion in the protected 
area. 

3. The gullies in the outer deltas of the Wadden mainly turned 
clockwise, which is probably the direction of the resultant 
transport there. 

INTRODUCTION 

The dutch coast consists of three parts (fig. 1) 

1. The Rhine-Schelde Delta 
2. The uninterrupted coast of Holland 
3. The Wadden area 

It is a sandy coast (Dm « 200yO, the tidal difference varies 
between k  m near the Belgium border, down to 1.5 m near Hook of 
Holland, to 1.3 m near den Helder and then up again to 1.8 m near 
the German Island Borkum. The gully systems in the Rhine-Schelde 
delta and that of the inlets between the Wadden Islands in the 
North have quite a different shape, since the tidal basins are 
quite different. In the South the basins are rectangular with an 
open short side towards the sea and in the North they are rectan- 
gular with the long side parallel with the coast-line, this side 
is bordered by the Wadden Islands with narrow inlets in between. 
Therefore the Wadden coast can be compared with lagoon coasts, as 
they occur in many parts of the world. The Wadden Sea is a tidal 
flat, which is submerged during every high tide. Most information 
will be given about the Holland coast and the Wadden area, as 
DRONKERS [l] stresses the research in the Delta-area. 

1) Senior Engineer Coastal Eng. Res. Dept., Directorate for Hydr. 
Res., Rijkswaterstaat 

2' Lieutenant of Spec. Services 3rd Class Royal Dutch Navy Reserve 
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The mam purpose of this paper is to supply data, which enables 
international comparison. This paper gives largely a summary of 
many reports of regional study-branches of Rijkswaterstaat, made 
over a period of about 50 years. From the former papers, covering 
the same subject, special attention is asked for WENTHOLT (1912)[2] 
who investigated especially the effect of groynes, van VEEN (1936) 
[3], who treated the origin of the Dutch coast and the shape of 
the gullies, van BENDEGOM [12], [22],   [k], who investigated the 
hydraulic laws for the motion of the gullies, van STRAATEN [5], 
who considered the directional effects of winds, waves and currents 
and concluded that the sand drift must be strong (west to east) 
along the northern barrier islands and small between Katwijk and 
Texel, EDELMAN and E6GINK [6] who drew morphological conclusions 
from the curvature of the coast. PEE BRUUN and GEERITSEN [7] 
treated the cross section of gullies and the stability of coastal 
inlets. B1JKER and SVASEK [8] give a treatise about IJmuiden har- 
bour. The following paper gives more recent data than WENTHOLT, 
the conclusions of van VEEN, van STRAATEN, EDELMAN and EGGINK are 
reviewed in the light of modern theories about sand transport of 
CERC, BIJKER and SVAiSEK, making use of tidal computations. 

BEACH MEASUREMENTS 

Figure 2 and 3 show the erosion and accretion of the low-tide 
line, the high-tide line and the dune foot in periods of 10 year. 
First the 10-year average of each of these lines was determined, 
for instance 1856 - 1865, the distance between two successive 
10-year averages is plotted in fig. 2 and 3« It is indicated where 
groynes, seawalls or harbour moles are present and when they are 
constructed. 

The area of the Holland coast (fig. 2) is highly influenced 
very much by the building of the harbour moles of Hook of Holland 
and IJmuiden in 1870. The low-tide line shows the influence of 
climatologic changes [5], overall much erosion between i860 and 
1880 and accretion between 1880 to 1900. These periodical changes 
are attenuated very much in the line of the dune foot and here one 
finds the general trend as indicated by EDELMAN and EGGINK [6] 
a general accretion of f m/year, with erosion near Hook of Holland 
and den Helder (fig. h).  The Hondsbossche Seawall lies at the 
moment much further seaward than the adjacent dunes because of the 
erosion of the dunes. 

The influence of the harbour moles (length 1*+00 m) of IJmuiden 
built m 1870 is shown in detail in fig. 5. Fig. 2 shows, that the 
low-tide line and high-tide line obtain stability about 1900, but 
that the dune foot changes up to 1930. Fig. 5 gives an upper view 
on the 5-years average of the low-tide and high-tide line (seaward 
scale exagerated with respect to the longshore scale). The total 
gain was 9.10& m' in the North and 6.1o3 m3 in the South [8]. 

In 1965 the harbour moles were enlarged to 3000 m. Fig. 5 
shows on the right hand side the change of the mean of the low-tide 
and high-tide line since 1965. Now the accretion on the South side 
is more than on the North side. Although a changing of the wave 
climate may have been of influence [5]« [8], also the fact must be 
important, that at the moment an extensive area with only small 
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currents prevents the entramment of material from the surf zone 
around the head of the mole. 

The changes of the Wadden Islands are shown in fig. 3. The 
changes at the ends are large compared to the changes in the middle 
of the islands, partly due to the changes in the gully-systems in 
the inlets, the silting up of a gully causes that a shoal grows 
together with the end of the island. After that, a sandwave along 
the coast is generated [9]. Obvious is the relatively large erosion 
on both ends of Texel. We shall return to this subject. 

GROYNES 

The Dutch groynes have a length of about 200 m, the distances 
between the successive groynes can be found from fig. 6 to 8 
(about 200 m). In the considered area they are broad-crested stone 
structures, lying at about mean sea-level. In order to investigate 
the behaviour of groynes in practice three areas were considered, 
on which groynes were constructed during the period of the measure- 
ments South-Holland km 97 to 105 (fig. 6), North-Holland km 8 to 
20 (fig. 7, derived from [11] ) and Vlieland km M to 52 (fig. 8). 
Constructed is the 5-year average of the low-water line, (for 
instance 1858 to 1862 for i860), the scale perpendicular to the 
reference-line is 10 times exagerated in fig. 8 and 20 times in 
fig. 6 and 7 with respect to the longshore direction. In each 
figure two successive lines are plotted together, the black fields 
show the erosion in 10 years, the grey fields the accretion. 
The groynes built from 1853 - 1862 are plotted through the line of 
i860, and so on. The hatched area gives the protected coastal area. 
Fig. 8 seems a striking proof of the benefit of groynes. The ero- 
sion near km k7  to 51 m 1860/70 can hardly be ascribed to the 
groynes 5 km away. The reduction of the erosion after the building 
of the groynes is quite clear. Of course, this does not mean that 
groynes are the most economic way of coastal protection. 

The same kind of effect can be seen in fig. 6, 1860/70, 
although less convincingly. The influence of the lee-side scour 
plays here also a big role. A rough estimation of this lee-side 
scour (giving also a measure for the net littoral drift in this 
zone) about 100.000 m-yyear (erosion of about 2 m/year over 3 km). 
Less clear still is fig. 7. The Northern part of this area is 
subject to the movement of the Schulpengat, the Southern branch of 
the inlet of Texel. The lee-side scour on the Northern side can be 
observed clearly (km 20, 21, i860 to 1880 etc.), and also the 
inverse the accretion near km 13, I1* between 1900 and 1910 on the 
luff-side. 

Analysis of the effect of the groynes is very difficult. 
Comparison with unprotected parts of the beach has no sense, since 
groynes are constructed only on eroding beaches. A before- and 
after-comparison will be obscured by climatological changes 
(cf fig. 3, low-waterlme) 
We chose the areas of fig. 6, 7 and 8 for comparison (all eroding 
beaches, gradually more and more protected with groynes) and com- 
puted for each area for each 10-year period the mean erosion/year 
of the protected part and of the unprotected part (fig. 9a, b, c). 
Thus the erosion on the same area could be compared, when this 
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area was protected (later on) or not (in the beginning) 
In order to eliminate local influences all three areas were put 
together and again the mean erosion per year of the protected and 
of the unprotected area were computed (fig. 9d). An impression of 
the climatological changes gives fig. 9e, in which the mean regres- 
sion and progression per 10-year period of the low-tide line of the 
uninterrupted coast of Holland is shown. Only the relative changes 
are of importance. In fig. 9f finally the erosion of the protected 
part of fig. 9&  is plotted against the erosion of the unprotected 
part, from which a considerable reduction of the erosion can be 
concluded. Although nearly all the considered unprotected areas 
were subject to lee-side scour, fig. 8 shows that the reduction is 
not mainly caused by that, but that the building of groynes reduced 
the erosion. 

SAND TRANSPORT BY WAVES AND TIDES 

Van STRAATEN [5] and EDELMAN and EGGINK [6] both give quali- 
tative considerations about the sand transport by waves. Since 
their publications so many data have been collected, about the 
relation between the longshore component of the wave energy and the 
sand transport, that it is worthwhile to apply such formulae to the 
dutch coast, in order to obtain more quantitative conclusions. 
However, these conclusions can be not better than the available 
data the visual wave observations on the dutch light-vessels. 
These measurements from 19^9 to 1957 have been statistically 
treated by DORRESTEIN [10] , giving for each wave condition, (cha- 
racterized by height, period and direction of the waves) the pro- 
bability of occurrence. 
Prom [10], the longshore component of the wave energy flux P. has 
been computed, defined by 

Pl =F<°SHbr2 Cbr 8ln*br C0Stfbr 

in which og = specific weight water, H = wave height, C = wave 
celerity, <t -  angle of wave incidence and the index br refers to 
the breaker zone. 
The exact way of computation is treated in [lV]. 
The accuracy is very low, because it is impossible to get an 
accurate significant H, C and <t  in the breaker zone from visual 
wave data from a distance of 10 km. It was necessary to make a lot 
of assumptions [14]. The results are given in the table above 
fig. 12, and fig. 10 shows a probability distribution. 

It is easy to compute from this the mean energy flux and the 
mean littoral drift Q using the CERC-formula, which can be trans- 
ferred [l<t] in 

Q* = 2300 P1 (Q*  in m5/year, P^^ in W/m') 

However, the used data and formulae are not accurate enough to 
justify this computation, also because the probability distribut- 
ions are about symmetrical. Only along the Vlieland coast the 
resultant drift is significant (about •£ mln m3/year). 
The gross littoral drift (sum of transport in both directions) is 
found to be of the order of 1.5 to 2 mln m-Vyear (thus about 1 mln 
w?  in each direction). 
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Assuming for instance no influence of tides, the distribution 
of the littoral drift over the surf zone has been computed by an 
adapted method proposed by SVASEK [8], the way of computation is 
pointed out in another paper of this conference [13]• The result 
for Schevemngen is shown in fig. 11. 

Considering which one is most important, the influence of 
waves or tides, in [15] and [16] the driving forces of waves and 
currents are investigated. 

In order to get an impression of the influence of the tide, a 
tidal computation has been carried out with the numerical tidal 
model of which fig. 12 gives the scheme [19]. We assumed a gully 
system parallel and perpendicular to the coast  On the ends the 
vertical tide was given, m the knots the vertical tide was compu- 
ted and in the gullies the horizontal tide. The computerprogram 
was developed by BOOY according to the explicite leap-frog method, 
non-linear terms were considered, but Coriolis was neglected. 
In each gully at every time was computed Z Bvh. At, in which B is 
the width of the gully, v the current velocity, h the water depth 
at that moment and At the time step. From this, the resultant 
currents, indicated in the upper figure of fig. 12 were found, 
about 3 cm/sec in the shallow regions and 6 cm/sec in the deeper 
regions. A computation, taking the tidal currents into account, 
based on a simplified BIJKER-method (cf [8]) is in preparation. 

THE OUTER DELTAS 

The boundary conditions for the motion of the coast are given 
by the inlets. Therefore it is important to consider the motion of 
the gullies. Fig. 13 and Ik  give the motion of the gullies in the 
inlets of Texel and Vlie respectively. The arrows give the motion 
of the gullies since the last recording. What is known about these 
deltas' 
The cross-section of the gullies reasonably fit in with the theory 
PER BRUUN and GERRITSEN [?]. As a variation HARING[20] found, that 
the quotient of the tidal volume (ebb + flood) and the total pro- 
file area of the gully was about 55 cm/sec, except for the inlet of 
Texel and the inlet of the Vlie, where it was 75 cm/sec (cf DRON- 
KERS [1]). This higher velocity might be some influence of littoral 
drift. Van VEEN [21] states, that the largest gullies are mainly 
orientated in the direction of the greatest water gradient, avera- 
ged per tide. If the tidal amplitude is everywhere the same (which 
is often not the case), this direction is perpendicular to the co- 
tidal lines (fig. 17)  the gradient between A and B is much larger 
than between A and C. 

Two reasons can be given for erosion of the coast near these 
inlets As has been pointed out by van BENDEGOM [22] , the submer- 
ging of the Wadden during flood tide takes place with larger velo- 
cities than the retreating of the water over the shoals during 
ebb-tide. Thus, the water looses here a part of its sediment, which 
makes, that the Wadden shoals reach an equilibrium at about the 
mean water level. Now the relative sea-level rising in the Nether- 
lands during the last 20 centuries was about 6 cm/century, which 
would result in a "sand hunger" of the Wadden shoals of about 
1 mln m3/year (distributed over all inlets). 
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However, this will mostly be confined to finer sediments (D about 
100-150^*). 

The second reason is that the water during the flood tide gets 
an acceleration, entering the inlet, but that during the ebb-tide 
it gets a retardation and this will give a jet-stream with vortexes 
on its side. Therefore in the gullies near the beaches, there is 
surplus of flood discharge and in the center gully a surplus of ebb 
discharge. The flood erodes the beaches and the ebb gives an outer 
delta, which can reach up to mean sealevel (Noorderhaaks in inlet 
of Texel. This delta gives a shelter against these waves, which 
would transport material away from the delta. As the waves come 
alternately from both directions, this process reinforces the ero- 
sion of the beaches near the inlets. Thus the erosion of Texel 
could be rather well explained [23]. After some time an equilibrium 
should be reached. 

Two reasons can be given too for the motion of the gullies 
a meandering effect and a longshore sand drift. It will be clear, 
that the resulting sand drift perpendicular to the gully can not 
be derived from the velocity of the gully because of the meandering 
effect. The big sand transport m the gullies can be attributed to 
the high current velocities and this meandering. 

The motion of the gullies and the effects of their orientation 
has been investigated (fig. 16). The line in the middle of each of 
the bars gives the orientation of the gully in course of time. 
The width of the bar gives the development of representative cross 
section. As far as they were known, the time-integrated slope of 
the water-surface as a function of the orientation have been men- 
tioned (fig. 161)). It gives no evidence about the van Veen-theory. 

In fig. 18, derived from fig. 16, the turning of the gullies 
in the dutch Wadden delta is shown. Mainly they turn clockwise, 
although very slowly and there is a slight indication (correlation 
coeff..24), that the large gullies turn slower than the small ones. 
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Fig 4   MEAN DUNE-FOOT MOVEMENTS  FROM   1860  TILL 1960 
BETWEEN   NIEUWE  WATERWEG AND MARSDIEP 
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Fig 7 EROSION   AND   ACCRETION 
|        |     LOW   WATER   LINE 

NORTH-HOLLAND 
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Fig 8  EROSION   AND   ACCRETION 
LOW   WATER  LINE 

OF VLIELAND 



DUTCH COAST 723 

1850/60 
2.0 

Fig 9a  SOUTH-HOLLAND Fig 9 d  AVERAGE OVER THREE COASTAL 
Km 97 to 105 AREAS 

1900/10 1950/60      1850/60 1900/10 1950/60 
20 r / \ 

/ v 
/ k A- s. —- 

^ / / 
/ 

1850/60 
20 

Fig 9b   NORTH.HOLLAND 
Km8to20 
1900/10 

/ s 

\ s 

Fig 9< AVERAGE OVER ALL UNINTERRUPTED 
COAST OF   HOLLAND 

1950/60     1850/60 1900/10 1950/60 
20r 

1850/60 
20 

Fig 9c VLIELAND 
Km 46 to 52 
1900/10 

/ 

4 

\ / 
r / 

* 

\ 

Fig9f    EROSION  PROTECTED  COAST   VERSUS 
EROSION UNPROTECTED   COAST 

o    VLIELAND 
+    N-HOLLAND 

D    S- HOLLAND 

UNPROTECTED 

-10 0 

O 

PROTECTED COAST 
UNPROTECTED COAST 
ONLY ONE RANGE 

ACCRETION, (m/YEAR) 

40 

Fig 9  COMPARISON OF  EROSION  IN   m/YEAR   OF 
PROTECTED AND UNPROTECTED   AREAS 

200000 
0 s 

' 
5 S 5        *        (5  5 5 A 

200000 

160000 1    1    . 
i    ! / 

1 
t !     — ,„«,. 

120000 -        , 1 120000 

60000 - i f\ 
! 

\i -' — 60 000 

40000 _i J r 
I 

X.  TOTAL NOR H WAR D TRANSPORT 
10000 

R G  TRA NSPOR ^ 
/ R1 

H WAR 

Li 6Q000 jc 

Is 
120000 1   1 

60000 

120000 -- vi / 
r 

160000 1— 160000 1    i    i 
0 <• 0.5 15         2          2£ 3          3,5         *         4^ £        6       6 

Fig ^1   Littoral   drift    near   The    Hague    in    m/year    between     two 
successive    depth    contours     with  1/2 m   diffe ence     In   depth 



724 COASTAL ENGINEERING 

Orifentation of the 
Site coast with respect 

to the North 
a 

Sch     nngn 

J L Vlieland 060°  - 240° 
Texel 030°  - 210° _M \-^_                               -mlm 
IJmuiden 
Scheve- 
ningen 

015    - 215 

045°  - 225° 
F19 10   THE  PROBABILITY  DISTRIBUTION  OF THE L0NGSH0RF  COMPONENT 

OF THE WAVE ENERGY FLUX  NEAR   SCHEVENINGEN 

Probability in °/oo of Pi  (from NorUr   to oouth) 

Mm.  J> 
Max.   1; 

-33 -31 -25 -23 -19 -17 -15 -13 -11 - 9 - 7 - 5 - 5 - 1 - 
-31 -29 -23 -21 -17 -15 -13 -11 - 9 - 7 - 5 - 3 - 1 0 0 

Vlieland - - - - - - •03 .27 .25 1.2 .82 8.9 32 166 210 
Texel - - - .13 - .13 •25 .50 .76 2.4 *U3 19 56 203 287 
Llmuiden - .52 .17 .24 .42 .70 " 1.1 3.1 8.7 3.4 26 120 159 323 
Scheve- 
ningen .13 - - - .27 - .92 1.6 • 35 5.6 2.0 26 119 200 355 

Probability in °/oo  of ?x  (from South to North) 

Mm.   1) 0 1 3 5 7 9 11 13 15 17 21 23 29 0 
Max.   1) 0 1 3 5 7 9 11 13 15 17 19 23 25 31 
Vlieland 529 155 53 29 11 5.4 1.4 1.0 1.1 .84 .81 .34 .42 .12 261 
Texel 401 196 70 31 6.1 4.2 2.1 .61 .84 .47 .24 .23 - - 312 
IJmuiden 299 272 86 15 4.0 .88 1.3 .15 379 
Scheve- 
ningen 316 188 92 28 10 6.0 .56 2.9 - .56 .22 .44 - - 329 

1)  Lower ] Iff It ( rain. )   ar id Up per 1 imi f   (rr ax.) of F •L  expressed in  KW/m' 

v     ,     V- 

Nfig12  TIDAL    MODEL 



DUTCH COAST 725 



726 COASTAL ENGINEERING 

Fig   H VLIE 

§ ! 
1958 n. ^ 

^ >" 
NX 

T~TJ 
f      V ^ 

^_ 
"5" t^i- 

j^* 
f&y" 

? r 

1965-68 

FROM      STUDYSERVICE        HOORN        RUKSWATERSTAAT 



DUTCH COAST 727 

3 N 

W 

£ S - 

~ 

1 I 

pT^^-r-^ n 

- r=sw in 

- 

-A, 

i           1 

EEMS 

Fig 16    THE   DIRECTION  AND  THE WET  SURFACE   OF THE  GULLIES 



728 COASTAL ENGINEERING 

+ 

,ui toi NI samno do aovjans ISM 

C   O 1 

II 
5 \. 

% z 
III 

Ol 

sa    Z 
oo — 
a iS       'S 

O   LJ               Dl 

s- o 
E 

& • 

CT XI 
c 

3D 0 

s-x    8 
d      r 

IE 

+ XOD >< 



CHAPTER 44 

STUDIES ON THE SHORE PROCESS AND WAVE FEATURES OF 
THE WESTERN COAST OF TAIWAN 

Kenneth S   T   Chang, Chief Engineer 
Taiwan Land Resources Development Commission, ROC 

Frederick L   W   Tang, Professor 
Hydraulic Engineering Department, Cheng Kung University, ROC 

SYNOPSIS 

The western coast of Taiwan has been accumulated to vast area of tidal 
flats by the sediment transported from numerous torential streams     Accord- 
ing to the aerial photographs, 53,800 hectares of tidal  land are worth 
being reclaimed     However, this coast suffers from waves generated by 
winter monsoons as well as waves and swells caused by typhoons in the 
summer     Studies on the historical processes and future development of 
the shoreline are of great significance 

The ancient topographical data in An-Ping and Tseng-Pa areas as well 
as recent coastal  line variations of Tseng-Pa and Yulm are reported in 
this paper, also the general features of waves along this coast are des- 
cribed     The future of the coast is predicted as a conclusion 

HISTORICAL DATA ON COASTAL CHANGE 

Taiwan is the eastern province of the Republic of China that is sur- 
rounded by the sea (Fig   1) and has a total  coastline of 1,566 kilometers 
The type of the west coast is one of deposition, and there is a large 
area of tidal  flats formed before long ago     At the present there are 
53,800 hectares tidal  land to be developed 

According to historical data and results analyzed, this coast extended 
offshore since 1624 until  1961  as shown in Fig    2 and Table 1      Here 
An-Ping coast means the coast area nearby the city An-Ping, and Tseng-Pa 
coast means the coast area between rivers Tseng-wen and Pa-Chang 

WAVE CHARACTERISTICS ON THE COAST 

From September to March of last year, anticyclones of large intensity 
(some 1040 millibars) occur continuously in the vicinity of Begal Lake and 
move due southeast  Finally, they weaken and vanish in the Pacific Ocean 
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While the anticyclone is moving, wind from NE or NNE direction blows over 
the East China Sea and Taiwan Strait with velocities of 10-20 m/sec  Due 
to the long duration of the wind, relatively large waves are generated 
According to measured data in the middle and south section of the coast, 
waves 2-3 meters high and 6-8 seconds in period exist on this coast most 
of the winter  The steepness of these waves are large and the bed materials 
of the coast are as fine as 0 2 mm  Apparently the sand of the coast is 
eroded by the waves and is moved in a southerly direction 

In the summer months, winds from SW-S blow in the afternoon and the 
velocity rarely exceeds 10 m/sec  Waves generated by such wind are small, 
however, during these months typhoons frequently occur and cause consid- 
erable damage  The waves caused by typhoons sometimes are 7 meters in 
height and 12 seconds in period  These waves and swells also cause shore- 
line changes on the coast  The coast is severely eroded and the sand drift 
moves offshore  The coast does recover the sand when the winter monsoons 
begin 

RECENT SHORELINE PROCESSES OF TSENG-PA AND YULIN 

There are a series of offshore dunes along the Tainan coast  After 
the Tseng-Wen polder was reclaimed, most of the dunes became more stable 
than before  Only near the inlets between the dunes were changed seriously 
during the winter monsoons, thereby causing damage to the north dike of 
the polder Tseng-Wen  Sometimes, owing to the fluctuation of climate and 
sea level during typhoons, the dunes are broken and new inlets are formed 
The tendency of shoreline processes in this area is one of erosion (Fig 3) 

By means of hydrographic surveys and aerial photographs, we also 
provided valuable evidence of coastal and offshore changes in the Yulin 
area (Fig 4)  Profiles in this area are shown in Fig 5  The shoreline 
process in this area is one of erosion 

CONCLUSIONS 

1 The western coast of Taiwan was the result of deposition by north to 
south drift during ancient times  The sources of supply of sand 
drift was from high mountains and torential streams 

2 According to the wave characteristics and bed material, this coast 
now suffers by erosion 

3 In ancient times the sand supply exceeded that which was eroded 
The rivers have been regulated since the beginning of this century 
and also soil conservation works have been constructed  Thus the 
coast has begun to erode because of the sand supply which has been 
considerably decreased 
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Although the erosion is not serious today, methods of shore protection 
must be undertaken  The reclamation of tidal land is of great signifi- 
cance from the economical point of view 

The shore process of this coast is very complicated and interesting, 
and detailed studies should be conducted 
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SHORELINE     PROCESSES     OF AN-PING  COAST 
TABLE I 

THE   PERIOD 
OF 

COASTAL 
ACCRETION 

PERIOD 
THE   MAIN   FORMATION   AND 

TYPES   OF   THE     COAST 

THE UTILLZ- 
TION  OF CO- 
AST AND 
TIDAL  LAND 

DATA 

RESOURCES 

CRUSTAL MOVEMENT UPUFTIN8 
MOTION 

6E0L06ICAL  CONDITION SANDY 
COAST 

FORMATION   DEPOSIT ALLUVIUM 
TYPE   BAY  SURROUNDED    BY 

TAIWAN 
HISTORY 

OFFSHORE    BARS 

uPLTfflirafrBffii %5sUWEMENT . ACCEREDON 

FIRST 
STAGE 

FROM    1624 
TO 

1662 
(38)YEAR 

MANY  OFFSHORE   BARS  FORMED 
NATURAL HARBOUR   BAY 
AGE IN EARLY YOUNG    STAGE 

VESSELS 
ANCHORAGED 
IN  THE BAY 
A SMALL 
AMOUNT OF 

V&£ R&IAIME& 

TAIWAN 
HSIN HISTORY 

MIDDLE 
STAGE 

FROM   1662 
TO 

1722 
(60 YEARS) 

SEDIMENTATION   IN THE BAY   BARS 
INCREASED 
AGE IN  EARLY   YOUNG     STAGE 

DITTO TAIWAN HSIN 
HISTORY 

LAST 
STAGE 

FROM   1722 
TO 

1822 
(100 YEARS) 

OFFSHORE   BARS ENLARGED     AND 
CONNECTED   WITH  LAND  FORMED 
LAGOONS   THE FORM  OF  BAY VANISHED 
AGE IN YOUNG    STAGE 

SALT PANS IN- 
CREASED AND 
RECLAIMED 
FISH   PONDS 

KAOHSIUNG 
HARBOUR 
HISTORY 

RECENT 
COASTAL 
PERIOD 

FROM 
1822 

TO 
1894 

( 72 YEARS) 

CRUSTAL MOVEMENT UPLIFTNG MOTION 
GEOLOGICAL CONDITION SANDY COAST 
FORMATION DEPOSIT ALLUVIUM 
TYPE LAGOONS  SILTED UP   LAND 

OFFSHORE   BARS BECAME NEW 
COAST, PRODUCTED NEW 
RIVERS  AND NEW  OFFSHORE 
BARS   FORMED    AGE IN YOUNG 
STAGE 

ACCRETION RATE 27 9 M/YEAR 

VESSELS 
ANCHORAGED 
IN THE BAY 
SALT  PANS 
AND FISH 
PONDS INCR- 
EASED AND 
ALSO   SETT- 
LERS   IN 
CREASED 

KAOHSIUNG 
HARBOUR 
HISTORY 

NOWADAYS 
PERIOD 

(EARLY STAGE) 

FROM 
1894 

TO 
1945 

(SI YEARS) 

1 AN-PING COAST      BECAME 
STABLE  LAND 

2 TSENG-PA COAST(OLD SHAW- 
LOONG COAST) NEW   OFF-SHORE 
BARS   AND   LAGOON FORMED 
AGAIN  AGE IN   YOUNG    STAGE 

OTHER  ITEMS  SAME   AS   BEFORE 

MODERN HAR 
BOUR WAS 
CONSTRUCTED 

MUCH  MORE 
SALT PANS 
AND FISH PO- 
NDS WERE 
RECLAIMED 

HISTORY OF 
TAIWAN ECO- 
NOMICS 
AND   OLD 
MAPS 

NOWADAYS 
PERIOD 

(NEW STAGE) 

FROM 
1945 

TO 
( 21 YEARS) 

TYPE    I AN-PING  COAST ALREADY 
FIXED     OFFSHORE BAR AND TIDAL   LAND 
TIDAL LAND NO     LONGER WAS     DE_ 

EXISTING    AGE M MATURE STAG! VELOPED 
2 TSENG-PA COAST-OFFSHORE WITH   MODERN 

BARS CONTINUOUSLY ACCRETED TECHNICS 
AND LAGOON WAS FORMED '«*""1'0 

HISTORY OF 
TAIWAN ECO- 
NOMICS AND 
OLD MAPS 

TOTAL     3 42 
YEARS 

ACCRETION  RATE 
LAN-PING28 2 M/YEAR 

2 TSENG-PA   16 3 M/YEAR 
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Fig 3  Map Showing the Variation of Shoreline on 
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CHAPTER 45 

STUDY OF MODBANKS ALONG THE SOUTHSEST COAST OP INDIA 

by N.S.KONI ** 

ABSTRACT 

The formation and behaviour of 'Hud Banks' is a phenomenon 
peculiar to the Southwest Coast of India. They are unique in their 
formation as veil as functions. The paper deals with the history 
of mudbanks, their locations, causes of their formation, the nature 
of material and their sources. The behaviour of the mudbaaks and 
their influence on the stability of the coast is also reported. The 
mudbanks act as storehouses of littoral material. Itis also the 
initiator of erosion on its downdrift areas. Itis noted that the 
material stored in the mudbanks must be advantageously utilised in 
stabilising the shores adjacent to it and for reclamation. Of 
extreme importance is the recognition that mudbanks are closely 
associated with the stability of the Southwest Coast of India and 
is a factor to be reckoned in any programme of coastal development 
or protection uthis area. 

INTRODUCTION 

In the Southwest Coast of India, certain inshore areas have 
a special property of dampening wave action and producing regions 
of calm water even during the rough monsoon season due to the 
dissipation of wave energy in the large quantity of colloidal 
suspension in the region. These regions are generally known as the 
"Mod Banks". They are unique in their formation as well as functions. 
The mudbanks form part of the sediment activity along the coast. 
They directly influence the equilibrium conditions of shore in its 
vicinity. The mudbank regions are considered to be a 'boon* by the 
local populace as these areas which are calm during the monsoons 
abound in Prawns, Sardines, Mackerels and Soles. 

LOCATION 

There are four well known mudbanks along the Southwest Coast of 
India- one near Cochin, one near Alleppey and two near Kozhikode. 

Deputy Director, Coastal Engineering Division, 
Kerala Engineering Research Institute, Peechi, Kerala, INDIA 
(now on deputation,'as) Colombo Plan Participant (O.T.C.A) 
Port and Harbour Research Institute, Nagase, Tokosuka, JAPAN 
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Historical records relating to the mudbanks at Cochin and at Alleppey 
are available from 1840. Of these four, three mudbanks are either 
at or near the outlets of rivers and lagoons while the fourth one 
at Alleppey is not any where near an outlet. There are other 
mudbanks which are known to have existed during the past twenty years. 
They are located at* 
Mahe $ South of Mahe river outlet) 
Beypore (South of Beypore river outlet ) 
Nattika (South of Chettua outlet ) 
Munambam (Soth of Penyar river outlet ) 
Soudhi (South of Cochin outlet ) 
Thumboli (North Of Alleppey ) 
Thrikkunnapuzha (South of Thottapalli Artificial Cut ) 

The study area of 560 km and the location of the mudbanks are 
given in Figure 1 

HISTOEI OP MUDBANKS 

The earliest known record of the existence of mudbanks dates 
as far back as 1678, in Pinkerton's 'Collections of voyages and 
travels' given m the Administration Eeport of 1860 of Travancore 
(India). Dr.King, of the Geological Survey Of India in his report 
'Considerations on the Smooth water anchorages or mudbanks of 
Narakkal(Cochin) and Alleppey'on th«t Travancore Coast* (1881) has 
given an account of the migration and formation of the two mudbanks. 
According to his report, the range of migration of the Alleppey 
mudbank is twentyfour km between Alleppey and Purakkad and that of 
the Cochin mudbank is twenty km between Harakkal and Cochin. An 
organised attempt to study the mudbanks was made by Sir K.C.Bristow, 
and these are detailed in his books 'History of Malabar Mudbanks',1938 
Vol.1 and Vol.11. This throws light on the origin, formation and 
other features of the mudbanka. The historical data of the Cochin 
and Alleppey mudbanks are given in Figures 2A and 2B. 

Cochin Mudbank 

The record of history of this mudbank is available from 1841* 
No perceptible change was reported between 1841 and 1861.From 1861 to 
1881 it has moved southwards fdr 15k». In 1890 the mudbank was 
located north.Till 1924 the movement was gradual towards south. 
Hi 1937, it crossed the Cochin approach channel and caused considera- 
ble silting. It moved further south. Between 1950 and 1968 the 
mudbank was located both in the north and south of the Cochin outlet. 

Alleppey Mudbank 

This mudbank was first reported in 1678. Again it was located in 
the same region in 1725* In 1827 it was reported 24km south. In 1860 
and in 1890 it was located near the Alleppey Pier (northern limit). 
In 1896 it was 10km south and in 1902, 25km south. In 1924 to 1928 
it was located at the Alleppey Pier.Then onwards it was moving to 
the south.In 1937 it was 8km to the south of the Pier. From 1950 to 
1968 it was located between 8 to 16 km south of the Alleppey Pier.( 
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PHTSICAl FACTOES AND LITTORAL MOVEMENTS 

The physical factors, shore effects and littoral drift have 
bearing on the mudbanks and and are detailed below. 

Winds, Waves and Tides 

The data was developed from the daily weather charts of the 
Indian Metereological Department. The predominant direction of the 
prevailing1 winds along the shore is from west and northwest during 
May to September(monsoon season). From the wave rose diagrams it is 
observed that during the monsoon season, the predominant direction 
of waves is from west and those from northwestwest are contributory 
factors during July, August and September. The largest computed 
waves were between 5m and 6m in height The mean wav#e height can 
be taken as 1.8m with a period of 8 to 10 seconds. The tides are 
semidiurnal and vary with a mean range of 0.8m at the south end 
to 1.8m at the northern limit. Storm tides occur all along the coast 
during the monsoon. 

Offshore and Foreshore Zones 

The continental shelf of this coast has a gradual slope upto 
10 fathoms after which there is a steep fall. The distance of the 
100 fathom line from the shore varies from 82km at the north to 45km 
at the south. In general the foreshore has a slope of 1 on 5 to 
1 on 10 above LW with flatter underwater slopes. The foreshore slope 
in the mudbahk regions are flatter compared to those on the adjacent 
sides. A typical example is given in Figure J. 

Field observations at selected reaches in the coast indicate 
that there are seasonal changes in the beaches. Erosion is experienced 
from April to September, after which the beach begins to accrete. 
The berm crest in certain cases fluctuates within wide limits - even 
upto 70m in a season. 

Littoral Drift 

Littoral drift varies with the seasons of the year but as 
predominantly from north to south. This predominance is evident £m 
from the analysis of wave data, evidence from headlands and bays, 
migration of spits and inlets and observations of groins and 
jetties. 

NATURE, FOEMATION AND ORIGIN OF MUDBANKS 

Geologically the Southwest Coast of India is of recent age, 
its formation dating back to the early Tertiary period. Borings at 
Cochin show that there are deposits of alluvial material for 100m 
to 125m overlying rock. It is noticeable that the portion of the 
coast from Kozhikode to Trivandrum where the mudbanks are confined 
is coincident with the presence of alluvial belt backed by laterite 
deposits at no long distance from the coast. The general distribution 
of sediments in the continental shelf of this coast indicate that 
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the inner shelf (upto 20 fathoms) consists of greenish black, poorly 
sorted clayeys and clayey silts and the outer shelf (20 fathoms;to 
100 fathoms) consists of well sorted fine and medium sand with 
abundant shell fragments. 

Analysis of samples from the seabed in the mudbank region 
reveal the following. They are greenish black and deep slaty in 
colour and cohesive aid plastic to touch. Granulometric analysis 
indicate that it consists predominantly of silt and clay fractions, 
with less than 5$ of fine sand. (Figure 4) The heavy mineral fraction 
average 2fi.  The samples taken at the top of the bed reveal that the 
top layer of the bottom mud is in a state of liquidity. 

Samples from the sea bottom upto 10m adjacent to the mudbanks 
and also from the inland backwaters were analysed and compared with 
the mudbank samples. The samples from the mudbanks and from the 
adjacent sea bed showed close resemblance and similar characterestics. 
The granulometric analysis of samples taken from inland backwaters 
and mudbanks also showed similar charecterestics. 

The mudbanks are situated near and not too distant from the 
river outlets except in the case of Alleppey mudbank which is 
separated from the Tembanad backwater by a narrow strip of alluvial 
belt. 

The analysis suggests that the origin of the material in the 
mudbanks is from the deposits of laterite and alluvial formation 
of the interior brought by the rivers. 

The mudbanks are formedlby a single or a combination of the 
undermentioned causest 
i)By the gradual deposition of clay and silt brought by the rivers 
during the monsoon season 
ii)By the throwing up of the already existing mud in the seabed 
by the waves d 
iii)Their exists a waterbearing strata along the coast.The appearance 
of the mudbanks is coincident when the waterlevel in the backwaters 
adjacent ta the coast is high. When the water level rises in the 
backwatwers during the monsoon, it is likely that silt and clay 
may be thrown up through the waterbearing strata connecting the 
backwater and sea. 

It is interesting to note that the effect of the mudbanks are 
felt about a week after the beginning of the monsoon.(tatta&ivers 
and backwater systems discharge large quantities flood discharge 
and sediments into the sea through the numerous perennial and 
seasonal outlets and by seepage through barrier beaches separating 
the backwaters from the sea. Further the sea bed is agitated by the 
action of the waves and the material is thrown in suspension. The 
monsoon swells provide a continuous source of energy to maintain 
the colloidal suspension which alternately dampen the waves 
progressively and finally the sea becomes completely calm within the 
area. 

BBHAVIOUB OF MODBAHKS 

Observation of the Cochin and Alleppey mudbanks indicate that 
they change in shape and size with the seasons. The length along the 
coast varies from 6km to 10km and the width upto 8km.By tracking the 
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mudbanks it is noted that they migrate with the seasons, but the 
predominant direction of movement is towards south (during June-July) 
These confirm the findings of the earlier observations taken in 
1937-1938- It is also noted that the migration of the mudbanks 
conform to a cyclic pattern similar to those of the uncontrolled 
inlets in this coast. 

MJDBAKKS AND SHOES STABILITY 

The effect of the mudbanks on the equilibrium conditions of 
the coast adjacent to it was studied with particular reference to 
the Cochin and Alleppey mudbanks. The shore sectors located south of 
the two mudbanks are subjected to progressive shore recession, in 
examination of historical evidence and field observations indicate 
that the mudbanks provide the key to the shore stability in these 
two sectors. 

Mudbanks affect the coastal processes in the following ways 
i)Traps the littoral material from the updrift side and thereby 

prevent its downcoast movement 
uJCauses refraction of waves on its sides 
iii)Causes accretion within the mudbank area 

Trapping of littoral material 

As the littoral material transported by the alongshore movement 
reaches the mudbank, its firther movement is arrested as a result 
of the dampening of,the waves. Hence the is the immediate 
downdnft is starved of littoral supply and the coast is eroded to 
make up for the deficiency. Comparison survejra prepared from 
authentic maps indicate that there is consistent retrogression of 
shoreline, especially in the zones south of the Alleppey and Cochin 
mudbanks. The shoreline had receded 360m during the past 120 years 
south of the Alleppey mudbank and 600m during the same period south 
of the Cochin mudbank (Refer Figure 5). 

Befraction of waves on the sides of the mudbank 

The mudbank act as a long, wade breakwater. As the waves 
approach the mudbank, they tend to refract. The refracted waves turn 
towards the mudbank on its leeside causing a reversal in the general 
direction of the drift from a nodal zone in the downcoast and 
causes movement of material towards the mudbank from its leeside. 
Observations confirm this phenomenon. This aggravates the eroding 
tendency on the downcoast side. 

Accretion within the mudbank 

Within the mudbank, littoral material accumulates, thereby 
accreting the shore within it. Absence of waves preclude littoral 
movement through the mudbank and hence materials once trapped 
within it is prevented from moving out. The mudbank acts as a 
storehouse of littoral material. Th*r« is progressive growth of head- 
land. The shoreline has advanced by 1250m during the past 50 years in 
the Cochin zone and by 500m during the past 15 years in the Alleppey 
zone. 
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EVALUATION 

Mudbanks have the special property of dampening wave action 
and producing areas of calm water even during the roughest monsoon 
season. They decisively influence the shore processes and are 
effectively disturbing the equilibrium conditions of the coast 
adjacent to them. They axe acting as storehouses of littoral material. 
The material stored in the mudbanks must be advantageously utilised 
in stabilising the eroding shores on its downdrift side and for 
reclamation by a coordinated programme. Of extreme importance is 
the recognition that mudbanks are closely associated with the 
stability of the southwest coast of India and is a factor to be x 
studied further and reckoned in any programme of coastal 
development or protection in this area. 
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ABSTRACT 

A new electrolytic turbulenoe transducer has been deve- 
loped in order to measure the turbulent velocity fluctuation 
superposed on the oscillatory flow velocity    The aim of the 
present paper is firstly to describe the outline of this trans- 
ducer and secondly to introduce some of the experimental re- 
sults   The main items of the results are, l) the vertical 
distribution of turbulence intensity averaged over one wave 
cycle, where the turbulence is induced by ripples which appear 
on the movable bed of wave flume, and 2) the correlation be- 
tween the turbulence intensity and the characteristics of sed- 
iment particles at the same level such as their fall velocity 
and sediment concentration 

INTRODUCTION 

The authors have had a strong interest in the fundamental 
mechanism of suspended sediment due to wave action    In the 
previous papers the authors have described their results related 
to the following subjects 
1) The vertical distribution of suspended sediment concentra- 

tion due to waves (Hom-ma and Horikawa, 1962, Horn-ma, Hori- 
kawa and Kajima, 1965), 

2) The general relationships to determine the size of sand 
ripples which appear on the movable bed owing to progressive 
waves (Hom-ma and Horikawa, 1962), 

3) The critical water depth for the onset of bed material 
movement due to waves (Horikawa and Watanabe, I967), and 

I*)     The measurement of velocity distribution in the vicinity 
of bottom boundary in the oscillatory flow field, from 
which the characteristics of shear stress and of eddy 
viscosity been evaluated (Horikawa and Watanabe, 1968) 

751 



752 COASTAL ENGINEERING 

All of these studies are successive approaches to clarify 
the basic mechanism of suspension phenomena in a wave field 

The following equation is commonly used as the fundamen- 
tal equation for determining the vertical distribution of 
suspended sediment concentration averaged over one wave cycle 

d / „  dm > .    dm   _ ,, v 
1— (Kz -z—) + w„ —5— =0 (1) dz   z dz     '   dz 

Where w„ is the fall velocity of suspended sediment particle, 
Kz is the vertical eddy diffusivity, and z is the vertical 
axis taken upward from the bottom    In order to solve the 
above equation the value of Kz should be evaluated beforehand, 
hence in the previous papers the authors treated the above 
problem based on the assumption that Kz could be replaced by 
the eddy viscosity gm    This kind of treatment should be 
valuable from the engineering point of view, but may not be 
powerful to clarify the basic questionaries on the suspension 
phenomena, such as how to determine the concentration at a 
certain elevation near bottom which is used as a measure to 
define the vertical distribution of suspended sediment concen- 
tration 

In the region where the sediment movement is active, the 
flow in the vicinity of sea bottom is, generally speaking, in 
the turbulent flow condition, and the vortices are generated 
behind sand ripples which are formed along the sea bottom 
These vortices induce the turbulence with higher frequencies 
in the oscillatory flow field   These processes stated above 
must keep the motivative activities on suspension phenomena, 
hence it seems to be of essential importance to clarify the 
turbulence characteristics in an oscillatory flow field in 
order to understand the real state of questioned phenomena 

ELECTROLYTIC TURBULENCE TRANSDUCER (ELETT) 

In order to measure the mean velocity in an oscillatory 
flow field, Jonsson(1963) applied a miniature current meter, 
while Iwagaki(1969) applied a hot-film anemometer    On the 
other hand the authors(1968) used the hydrogen bubble tech- 
nique to measure the velocity in a thin boundary layer 

With regard to the turbulence in an oscillatory flow no 
data is available to be used   The main reasons why the meas- 
urement of turbulent velocity fluctuation in the vicinity of 
bottom boundary under the oscillatory flow is difficult are 
as follows 
1) The direction and magnitude of the main flow in the oscil- 

latory flow field vary in time differing from the states 
of steady flow field 

2) The time variation of flow circumstance has been occurred 
in a rather short period such as one to several sec 
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3)  In the case of rippled rough bottom, a vortex with rela- 
tively big size(the diameter of vortex being one to several 
cm in laboratory) has been formed behind each ripple 

Under these complicated situations it is awfully difficult to 
apply such a standardized measuring technique for obtaining 
each component of turbulent velocity fluctuation as a measure- 
ment of hot-film anemometer, the reliability of which has 
been verified in steady water flow   Bmder(1967) reported 
the applicability of the electrokmetic turbulence meter, the 
principle of which is to measure the electric potential fluc- 
tuations induced by the translation of electric double layers 
The disadvantage of this transducer is represented by the fact 
that the output is zero under the laminar flow condition 
That is to say, the output is affected by the flow character- 
istics even though the current velocity is the same 

From these points of view the authors have been devoting 
their efforts to develop a new electrolytic turbulence trans- 
ducer, herein after the authors will call it shortly as ELETT, 
and have a confidence in getting reliable data by using ELETT 

Figure 1 shows the schematic diagram of the instrumenta- 
tion system    When the D  C  voltage is charged between a 
cathode of platinum wire and an anode of carbon rod, both of 
which are immersed in water, some part of water neighbouring 
those is electrolyzed to ions or gases    The flow produces 
a variation in electric resistance between the electrodes 
Therefore the out-of-balance electric current in tlie Wheat- 
stone's bridge is affected by the flow velocity at the cathode 
The actual length of sensing element is about 1 mm 

In Figure 2 is shown the calibration curve between the 
velocity V and the output of sensor I    Figure 3 shows the 
direction-sensitivity M(<p) of the ELETT sensor, where f   is 
the angle between the flow and a certain direction normal to 
the sensor 

When a probe which consists of a pair of sensors as shown 
in Figure 1 is used, the ratio between the output from one 
sensor and that from the other depends on the flow direction 

Table 1 is to summarize the processes how to determine 
the velocity component in a certain direction   The output 
1 is a function of the velocity V and the direction angle f , 
and is likely to be separated into two independent functions 
S(V) and M(y) as shown in Equation(i)    The calibration curves 
for S(V) and M(?>) are given as shown in the previous Figures 
2 and 3    By using Figure b in Table 1, a newly defined func- 
tion of K(f)   can be calculated as shown in Figure c    The 
absolute value of V, the velocity component U, the direction 
angle f , and the outputs I, and I2 are defined as given in 
the stated diagram   Hence the outputs I| and Iz are written 
as Equations (n) and (m) respectively, and the output ratio 
II/I2 is expressed by the stated relation in Table 1    From 
Figure c the absolute value of direction angle \<f\    is deter- 
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Fig. 1   Instrumentation system for 
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Fig 2.  Calibration curve for ELETT 
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Fig  3   Direction-sensitivity of ELETT 
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rained    By using Figure b we can get M(5°),from which the 
value of S(V) can be read by the help of Equation(n) 
Next the absolute value of V can be obtained by using Figure 
a, and hence the value of U is also calculated 

TURBULENCE CHARACTERISTICS MEASURED BY ELETT 

The laboratory measurements by ELETT was conducted in 
a wave flume under the following conditions  the water depth 
was 30 cm, the wave height and period of fundamental mode 
were 7-93 cm and 1 35 sec respectively, and the water temper- 
ature was 8 0° C    The medium diameter and the sorting co- 
efficient of standard sand placed on the flume bed with the 
thickness of 15 cm were 0 20 mm, and 1 15 respectively 
The rise and pitch of ripples which appeared on the flume 
bottom were 0 95 cm and 5 7 cm respectively 

Figure k  indicates one example of the time history of 
the horizontal velocity component which was measured by ELETT 
The thick line in this figure is for the measured horizontal 
velocity component U.   Here it is necessary to separate the 
turbulence fluctuation from the combined original record 
In the present case of laboratory experiment, it was found 
that the amplitude of the second harmonic of surface wave 
profile was as small as 3 %  of the fundamental mode, through 
the harmonic analysis of the wave record    Hence the authors 
defined temporarily the turbulence velocity fluctuations u 
as the remainder after substracting the fundamental mode of 
the velocity Ut from the corresponding original data of hori- 
zontal velocity U   In Figure k  the fundamental mode veloci- 
ty was expressed by a thin line, while the turbulence veloci- 
ty fluctuation defined above was expressed by a broken line 
The same procedure was applied to the vertical velocity compo- 
nent. 

Figure 5 shows the amplitude ratio between the calculated 
value of the vertical velocity component on the basis of Airy's 
theory Wcai and the fundamental mode value of the measured ver- 
tical velocity component Wmeas.   This diagram indicates that 
there exists a vertical motion in a considerably large scale 
even within a region near the bottom boundary    For example 
Wmeas a  2 cm/sec at z ^ 0 5 cm    According to the oscillatory 
turbulent boundary layer theory presented by Kajiura(1964, 1968), 
where the vertical component of velocity was neglected, the 
thickness of the turbulent boundary layer in the present case 
was estimated as about 3 5 cm   Even if the above thickness 
is larger than the rise of ripple, the vertical velocity compo- 
nent seems not to be neglected owing to the fact that the stated 
value is comparable to the horizontal one in the vicinity of 
ripples    The authors believe that the Kajiura's theory on 
the oscillatory boundary layer flow should be modified with 
the consideration of the above stated fact 

Here the turbulence intensity is defined as the root 
mean square of the turbulence fluctuation    In Figure 6 
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are shown the vertical distributions of horizontal and verti- 
cal components of turbulence intensity,  This diagram in- 
dicates that the vertical intensity w'=/w* is nearly constant 
independently of the measuring position, while that the hori- 
zontal intensity u'=/u* is very high near the bottom boundary. 
The value of (u'z+w'2 ), which is related to the total energy 
of turbulence, is decreasing monotonously with the height above 
the bottom   These are quite interesting and Important facts 
to Investigate the source mechanism of suspended materials from 
bottom 

Figure 7 is for the normalized spectral energy density 
F(n) of the horizontal component of turbulence fluctuation 
u given in Figure k,   where n is a frequency.   The range of 
the major energy content is situated at low frequencies less 
than k  cps, and the so-called -7 power law seems to be appli- 
cable at higher frequencies larger than about 10 cps    From 
the latter fact the micro scale of turbulence in time is said 
to be 0.1 sec   This value seems to be pretty large compared 
with the result in an air flow, but is in fair agreement with 
the value obtained by Raichlen(1967), who measured the turbu- 
lence intensity of steady flow m an open channel by using a hot- 
film anemometer.   The spectrum computation was made under the 
condition of 1) the degrees of freedom being about 30 and 2) 
the lag window being the Hanning procedure. 

The different expression of turbulence energy spectrum 
n2F(n), which is related to the rate of turbulence energy 
dissipation, is shown in Figure 8, from which two peaks are 
observed at 2~3 cps and 7 cps   Taking consideration of 
the oscillatory flow pattern in the vicinity of sand ripple 
and of the wave period of 1 35 sec, the authors believe that 
the former peak corresponds to the vortex or circulation 
formed behind a ripple, while that the latter peak corresponds 
to the turbulence itself induced by the vortex stated above 
This kind of approach must be quite valuable to find out 1) 
the essential reason why such a typical distribution curve as 
an L shape is appeared in the vertical distribution of suspended 
sediment concentration, and 2) the critical elevation beyond 
which a certain sand particle can not exist as a suspended 
sediment. 

RELATIONSHIP BETWEEN SUSPENDED SEDIMENT CONCENTRATION 
AND TURBULENCE CHARACTERISTICS 

The photo-transistor type concentration meter was deve- 
loped at the Coastal Engineering Laboratory, University of 
Tokyo(Hom-ma and Horikawa(1963)) and has been improved step 
by step during the last several years    The circuit diagram 
of the present instrumentation system is shown in Figure 9 
By using this instrument the time history of suspended sedi- 
ment concentration was recorded under the same condition as 
the velocity measurement     The above measurements were con- 
ducted along the vertical lines above both a crest and a trough 
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of a certain sand ripple 

From the recorded data were determined the time mean 
concentration in and the root mean sqare value of the fluc- 
tuation in sediment concentration Jm'i   ,   where m' is its fluc- 
tuation determined as the difference between the instantane- 
ous value of sediment concentration m and the time mean con- 
centration m  .  In Figure 10 are shown the vertical distri- 
butions of m", Vm'  and Vm'z/nT   The last is the value of root 
mean square of m' normalized by the local mean concentration 
From this diagram the following tendencies are observed 
1) The vertical distribution of mean sediment concentration 

m  has an L shape which has commonly been observed in 
field and in the previous experiments. 

2) The vertical distribution of these values above the 
ripple crest are slightly different from, but are basical- 
ly the same as those above the ripple trough. 

3) The root mean square ./m'* has its greatest value near the 
bed and decreases as the elevation increases 

k)     The distribution of the normalized value /m^/HT is rough- 
ly similar to that of the intensity of vertical turbulence 
component which is shown in Figure 6. 

Figure 11 is to show the comparison between the intensity 
of vertical turbulence component W and the fall velocity w„ 
of sediment particles sampled at corresponding elevations by 
using a syphon tube    It should be mentioned that the magni- 
tudes of w' and w0 are comparable 

As stated in INTRODUCTION of this paper Equation(l) is 
used as the fundamental equation to determine the vertical 
distribution of mean sediment concentration m By using 
the analized data of sediment concentration and of sediment 
fall velocity, the value of diffusion coefficient K2 at each 
elevation can be evaluated on the basis of Equation(l) 

On the other hand the following relationship can be 
taken as an analogue of the eddy viscosity e„ 

where u and w are the turbulence fluctuation in horizontal 
and vertical directions respectively, U is the mean value 
of horizontal velocity component, z is taken positive up- 
ward, w' is the intensity of vertical turbulence fluctuation, 
Jl is the mixing length, and J^  is the Eulerian integral 
time scale related to w   The value of jr   is calculated by 
the following equations 

JB  = [ RE(r)dr 

R <T\ W(t)w(t+-C) 
(3) 
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where RE    is a coefficient of Eulerian time correlation 

In order to compare the vertical distribution pattern 
of Kz with that of J^ w'* , the values of both factors calcu- 
lated through the stated methods were plotted in Figure 12 
It is quite interesting that the distribution pattern of Kz 
is rather similar to that of Jt w'

z    There are still numer- 
ous uncertainties remained unsolved, hence it is certainly- 
needed to accomplish further studies related to the follow- 
ing subjects, such as l) to reevaluate the order of the term 
d(m'w)/dz which was neglected in Equation (l), and 2) to 
find out the precise expression fore.    The authors have 
the strong intention to improve the newly developed instru- 
mentation system of ELETT in order to get more accurate data, 
and also to accumulate much more data with the aim of find- 
ing the generalized relationship between the diffusion co- 
efficient Kz and the eddy viscositye„ 

CONCLUSIONS 

In order to clarify the mechanism of suspension phenome- 
na due to progressive waves, it is of essentially importance 
to observe and to understand the turbulence fluctuation cha- 
racteristics under the oscillatory flow condition    On the 
basis of the above concept the authors developed a new anemo- 
meter named as ELETT(electrolytic turbulence transducer) 
and obtained a certain amount of measuring data.   This is 
at any rate the preliminary approach to attack the turbulence 
characteristics induced by oscillatory flows, hence there are 
many problems to be solved in future    For example to es- 
tablish the linearization of instrument output, to make clear 
the frequency characteristics of this instrument, and to find 
out more rational way of separating the turbulence fluctua- 
tion from the actual velocity record are the problems with 
which the authors have confronted at present. 

The authors believe that the relationship among the tur- 
bulence intensity, the bottom roughness and the wave charac- 
teristics might be clarified in future owing to the further 
accumulation of laboratory data    The vertical distribution 
of turbulence intensity may be attacked theoretically on the 
basis of the turbulence energy equation    The authors have 
an intention to proceed the present treatment to the follow- 
ing directions in order to understand more clearly the rela- 
tionship between the suspended sediment concentration and 
the turbulence characteristics    These are 
1) to reevaluate the effect of convective term on a suspend- 

ed sediment concentration, and to reconsider the expres- 
sion of eddy viscosity; these are to find out the ration- 
al expression for the diffusion coefficient and for the 
vertical distribution of suspended sediment concentration 

2) to make clear the characteristic concentration at a cer- 
tain elevation, which is used as a measure to determine 
the vertical distribution of suspended sediment concentra- 
tion, the characteristic concentration stated above is 
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00 0 2 04 0 6 08 Jz w'2 

00 2 0 4 0 60 80 „     (cm^s 

Fig  12   Comparison between analogue of eddy viscosity JE w'
: 

and eddy diffusivity K2 
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expected to have a close relationship with the Reynolds 
stress in the vicinity of bottom   The transducer reported 
here seems to be applicable to measure the Reynolds stress, 
therefore the pick-up and data processing system which are 
suitable for the present purpose should be developed in 
future. 
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CHAPTER 47 

EFFECTS OF NONUNIFORM WAVE ENERGY IN THE LITTORAL ZONE 

Victor Goldsmith 
and    « 

Joseph M Colonell 

Abstract 

Bi-weekly monitoring of four closely-spaced permanent beach profile 
stations located on the northeast end of Monomoy Island (Cape Cod) has 
revealed major variations in the amount of erosion and accretion occurring 
along this portion of the Massachusetts shoreline  During the 27-month 
monitoring period a close relationship was observed between changes in 
the beach and offshore portions of the profiles  Three distinct types 
of bars were noted 

(1) Subtidal bars which are parallel to the shoreline and located 
one to two thousand feet off those portions of the shoreline 
undergoing relatively small amounts of beach erosion, 

(2) Subtidal bars which are perpendicular to the shoreline and 
attached to areas of the shore undergoing large amounts of 
erosion, and 

(3) Large intertidal bars which are oriented obliquely to the shore- 
line and associated with the formation of the ebb-tidal delta 
and the resulting wave refraction patterns 

The large variations in erosion and accretion occurring along the 
beach at any one time are related to the nonumform distribution of 
energy within the waves arriving at this section of the coastline 
This nonunifortuity of wave energy is attributed to refraction of the waves 
around the irregular bathymetry offshore from Monomoy, and it appears to 
produce shoreline protuberances of sand which are flanked updrift and 
downdrift by erosional zones 

Wave refraction calculations indicate zones of alternately 
converging and diverging orthogonals in the wave fronts impinging upon 
Monomoy Island, with a correlation observed between the zones of con- 
verging orthogonals, i e wave energy concentrations, and the areas 
of the beach presently undergoing the greatest amounts of erosion 
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INTRODUCTION 

Rythmic beach topography and its relationship to adjacent mtertidal 

and subtidal bathymetry has been discussed by several authors (Bruun, 1954, 

Robinson, 1960, Hom-ma and Sonu, 1963, Sonu et al, 1966, Bakker, 1968, 

Sonu, 1968, Dolan and Ferm, 1968, Van Beek, 1969, Niederoda and Tanner, 

1970)  Attempts to relate nonumform shoreline changes to wave refraction 

over irregular offshore bathymetry has been limited to large-scale effects 

(Munk and Taylor, 1947, Shepard and Inman, 1950, Jordaan,1964, Roberts, 

1964}  In this study the nonumform wave energy distribution produced 

by wave refraction over uneven offshore bathymetry is related to the 

large variations in erosion and accretion occurring at closely-spaced 

intervals on Monomoy Island 

Monomoy Island is located on the "elbow" of Cape Cod, Massachusetts 

Monomoy was formed in Holocene time as a sand spit in response to the 

longshore currents resulting from the dominant northeast and eastnorth- 

east waves impinging upon the outer beach of Cape Cod 

Since June 1968, twelve beach profiles on Monomoy Island and four 

profiles on Nauset Beach to the north have been monitored at bi-weekly 

intervals throughout the year  Approximately twice per year, fathometer 

profiles have been run to extend these profiles seaward from the high tide 

line to a distance of one and one-half miles from shore  Fathometer 

profiles parallel to the shore were also obtained  The variations in 

erosion and accretion occurring at these closely-spaced profiles are 

quite significant  This discussion is limited to the four northernmost 

profiles on Monomoy so that variations between these profiles, and their 

relationship to changes in the offshore region, may be examined in 

detail (Fig 1) 

BEACH PROFILES 

The northernmost profile, M-l, underwent 35 feet of erosion on the 

terrestrial portion of the profile in the first year of observations 

(June 1968 to June 1969) but was accretional during the second year 

(Fig 2)  In the offshore area of the M-l profile a series of mtertidal 

swash bars had migrated to the northwest (i e , onshore and into the page) 

during the period of these observations (Fig 2)  This movement is a 
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result of the refraction of northeast waves around the large ebb-tidal 

delta so that these waves actually approach from the southeast at the 

M-l profile location  One of the swash bars has become attached to the 

beach 300 feet north of the M-l profile, causing a large accumulation 

of sand south of the bar at the M-l profile (Fig 3) 

The changes observed at the other three profiles suggest a slightly 

different interpretation but, nevertheless, illustrate the close relation- 

ship between changes in the terrestrial and offshore portions of the 

profiles  The second profile, M-6, underwent 30 feet of erosion the 

first year (Fig 4)  However, the rate of erosion increased substantially 

during the second year such that by March 1970 the beach had retreated 

135 feet at the M-6 location  Since March 1970 this profile has undergone 

E  LOCUTIONS 

TEfi PROFILES 

Fig 1  Locations are shown for the four 
northernmost profiles and the 
fathometer profiles discussed 
in this study  The location 
of the study area, on the elbow 
of Cape Cod, Massachusetts, is 
shown in the insert 
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approximately 50 feet of accretion.  In June 1968 a large bar with an 

elevation of twelve feet above the adjacent sea bed, was located 

approximately 2000 feet from shore and oriented parallel to the shore. 

By November 1968 this bar had disappeared from the profile and the 

terrestrial portion of the profile had become highly erosional. With 

the development of a new bar on the profile, as seen in the July 1970 

fathometer profile, the rate of erosion decreased sharply and the profile 

became accretional. Associated with the severe erosion was the develop- 

ment of a shoreline protuberance of sand downdrift from the M-6 profile 

(Fig. 5). 

'  B 

Fig. 5. Two views of the M-6 beach protuberance on December 19, 1969. 
The updrift erosional zone is shown on the left (looking south), 
and the accretional zone, downdrift from the view on the left, is 
shown on the right (looking north). Point P is the same in each 
photograph. 

The offshore extension of the protuberance, in the form of an attached 

subtidal bar oriented approximately perpendicular to the shoreline, is 

recorded in the July 1969 fathometer profile (Fig. 4). 

The M-4 profile is located at the narrowest part of the island 

(600 feet wide at high tide), yet it underwent the least amount of change 

in both the terrestrial and offshore portions of the profile (Fig. 6). 

The M-5 profile is located adjacent to a beach protuberance much like 

the one near the M-6 profile. Therefore, the M-5 profile is similar in 

behavior to the M-6 profile in that an offshore bar parallel to the shore, 

is present when the terrestrial portion is accretional and absent when 

the terrestrial portion is most erosional (Fig. 7). During the erosional 
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periods the second type of subtidal bar, which is perpendicular to the 

shoreline, began to form and is recorded on the July 25, 1969, fathometer 

profile  The close relationship between erosional zones and the 

presence of subtidal bars perpendicular to the shoreline and attached 

to the shore is illustrated in Figure 8 

NORTH 

JULY 1969 

OFFSHORE PROFILES 
PARALLEL WITH SHORE 
E   EROSIONAL ZONE 

BARS ATTACHED TO SHORE   "} 
Ml      M  2 M-6 o   500 1000 FT 

SOUTH 

Fig 8  Fathometer profiles run parallel with, and 100, 300, and 500 feet 
from shore  The areas of the Monomoy shoreline undergoing the 
severest amounts of erosion are indicated with the letter E 
Note the correlation between the maximum erosion and the presence 
of nearshore subtidal bars which are perpendicular to the 
shoreline 

A summary of the erosion or accretion occurring at these four closely- 

spaced profiles during the 27 months of observations is given in Figure 9 

and Table 1  It is readily apparent that there is a large variation 

in the rate of beach retreat along this shoreline  This suggests the 

hypothesis that there is a considerable spatial variation in the wave 

energy arriving at Monomoy Island and that the formation of the beach 

protuberances can be associated with this nonumformity of wave energy 

in the littoral zone 
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MONOMOY ISLAND 
STRAND LINE MIGRATION 

1968-1970 
MONTHS  21 

Fig 9  Rates of erosion and accretion at four permanent beach profiling 
stations located approximately one mile apart on Monomoy Island 
Leftward movement of the line under the profile number indicates 
erosion, while movement to the right indicates accretion 

June 1968 - June 1969 

June 1969 - March 1970 

March 1970 - August 1970 

TOTALS 

M-l M-6 M-4 M-5 

35 30 35 0 Feet 

-10 105 40 75 

-_] -50 -48 __6 
18 85 27 81 

Table 1  Summary of beach retreat at four profiles on Monomoy Island 
Negative amounts signify beach advance (accretion) 
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WAVE REFRACTION 

A mechanism by which zones of wave energy concentration can be 

produced is illustrated schematically in Figure 10. Waves passing 

SHOAL 

EROSION 

ACCRETION 

Fig. 10. A schematic diagram (left) illustrates the effects of wave 
refraction over irregular offshore bathymetry. This process 
results in differential erosion of the shoreline and causes 
segments of the shoreline to orient themselves perpendicularly 
to the dominant wave approach direction. Three beach protuberances 
are shown in the northward view of Monomoy Island (right). 

over the highly irregular bathymetry offshore of Monomoy are refracted 

such that alternate zones of converging and diverging orthogonals are pro- 

duced, indicating portions of the wavefront with increased or decreased 

wave energy concentration. When that portion of the wave front which 

contains the higher wave energy concentration impinges upon the shoreline, 

an increased rate of erosion can be expected to occur along that portion 

of the shoreline. 

To test this hypothesis, a series of wave refraction computations 

were made with the aid of a digital computer (CDC 3600), using the Stanford 

University Wave Refraction Program originally developed by Dobson (1967) 

and adapted by the authors for use at the University of Massachusetts 

Research Computing Center. The computational techniques employed by 

this program have been summarized by Mogel et al (1970). 
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The bathymetric grid used in these computations is shown in Figure 11 

The wave periods and approach directions chosen for the computations 

were based on the authors' personal observations of the dominant waves 

approaching Monomoy, and on deep water observations of the waves in 

the Marsden Square adjacent to Monomoy as compiled by the National 

Oceanographic Data Center  The wave refraction diagrams resulting from 

the computations are illustrated in Figures 12 through 15 on the 

following pages 



780 COASTAL ENGINEERING 

<a-a 
E   E 
o o en o 
O   CD v) 

-C   00 
4->    1 
S- 1~^ t/> 
O >> 

*•—-E as 
+•> s- 

W   r~ 
>, 3 *- 
ItJ o 
S- 4J 

CO E 
cn ra o 
E a) 
r- -E •)-> 
3 4J rt3 
o s. s- 
.E o ro 
i/> E Q- 

OJ 
E <u t/1 
itj j= ai 
i- 4-> 
cn fO   i- 
<a E •-  E 
i-  o 4-> 

T3   S- 
<4- E   fC 

C t-i   U 
O   (/l 
p- <u +•> 

4->   > 3 
U   IOTI   (13 
<0  3 O   E 
t- 
4-   S- £   CD 
ai o 0)   E 
a. t- a. o 

Q   

—' £ t— ° ,n 

>- ^ 2 « * 
o > >- © < 
2 g I « "• 
o ** b ° - 
o m £ £ 
5 < Q 

tO  <D CE3   r- I 
i—       JC <u 

<C r- oS   5 c 
E o 

•a 3 s i- fo       (O 

t/l   E -C  3   r- i— 
ZJ   o   t/1 to   CHLO "O - 

a      c r-   i   aj 
as       (a      s- s: to 
•P   E   (UCMOCO   (C 
(0   O  i- 0£l 

-O   r-   (OO   (UN 
-M _c o  I/J 

u u a ion       «- - 
r- (O _cr 
S-   S- 4-> JZ OT3 

+-> 4- -P ~ZL   v~ 
0   (UTD   r   OT>— S- 
E s- <u 3 c       O); 
>>      s_       r- +-> 
jz<ua>-oos-to- 
+J    >    >    r-   (O   fO    r-  - 
rej to o s- a~£z JZ 

CQ 3 u cn to o +-> <• 



NONUNIFORM WAVE ENERGY 781 

CO < 
LU 
X 
I- 

o 
z 

CO 
Q 
z 

LU o 
X o 
H UJ 

CO 

2   
O — 
£E H 

U. a 
o 

CO 
LU cr 
> LU < a. 
5 

CO 
< 
LU 
X 
H 
Lt 
o CO 
z a 

2 
LU O 
X o 
h- LU 

2 CO 

O 
Lt 01 
LL. II 

CO 
LU 

a o 
£ 

E 4-> 
O <0 
S- i- 

M- (O 

to aj 
(U to > 
(0 s fd 

1-"0 

££   A3 



782 COASTAL ENGINEERING 

CO < CO 
UJ Q 

z 
UJ o 
X o t- UJ 

s CO 

o 
01 O) 

li- tl 

en 
UJ o 
> or < UJ 

Q. 

CO < CO 
UJ Q 

z 
UJ o 
X o 
1— UJ 

s CO 

o 
a: N 

u. II 

CO 
UJ 

Q 
O 

> a: < 
5 UJ 

0. 

C i— 
O   rtJ o u 
</) -P 

>> 

CO •)-> 
<u nj > s- 
<0 03 
3 Q- 

<D 
S- (/> 
o 

M- 
(O 

l/l 
>>+-> 
ro r- 

10 
S-   CO 

o 
r- -O 

•4->  C o o 



NONUNIFORM WAVE ENERGY 783 

WAVES FROM THE EAST 

PERIOD =11 SECONDS 

Fig 15  Refraction diagram showing rays for waves from 
the east with 11-second period  Initial 
separation of rays is one nautical mile 

CONCLUSIONS 

Wave refraction computations indicate that wave energy is distributed 

rather unevenly along closely-spaced intervals of the Monomoy Island 

shoreline  Field data suggest a strong correlation between concentrations 

of wave energy and those portions of the shoreline which are undergoing 

increased rates of erosion producing shoreline protuberances of sand 

which are flanked updrift and downdrift by erosional zones  This implies 

that areas of increased erosion can be predicted by wave refraction 

computations and that coastline changes resulting from variations in the 

offshore bathymetry may be similarly predicted 
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CHAPTER 48 

LITTORAL TRANSPORT AND ENERGY RELATIONSHIPS 

L Bajorunas 
National Oceanic and Atmospheric Administration 

Detroit, Michigan 48226 

The littoral transport rates in the Great Lakes were obtained two 
distinctly different ways,  long-term averages from drvft accumu- 
lations and hourly averages were measured vn the St   Clair River 
which reaevoes sand from Lake Huron beaches     Statistical analysis of 
both the recorded energy elements and measured sediment transport rates 
indicates that a combination of energy elements and environmental fac- 
tors consisting of wave power and duration, current speed, and length 
of shoreline produces the best correlation with the transport rate 
Dimensional analysis expands the process-response model by including 
sediment-size and specific-weight parameters 

INTRODUCTION 

The St Clair River, which emerges from Lake Huron, carries little 
sediment during calm lake conditions, however, during storms, it trans- 
ports significant amounts of sediment from Lake Huron beaches adjoining 
the river  Extensive measurements were made during the spring and fall 
of 1965 to determine the amount and characteristics of the sediment 
transported both m suspension and as bedload by the St Clair River 
Simultaneous recordings were made of the energy elements in Lake Huron 
that could contribute to the pickup of sediment from the beaches and 
transportation downdrift into the St Clair River 

SEDIMENT TRANSPORT 

Measurement methods 

The St Clair River heads at the southern end of Lake Huron (Fig 1) 
where it passes through a restricted and narrow reach, "The St Clair 
Rapids", with water velocities up to 2 m/s and associated extreme 
turbulence  Exposure to lake waves and very heavy vessel traffic pro- 
hibited the use of this reach and, therefore, a river cross-section 
further downstream was selected for measurement of sediment transport 
Insignificant deposition has been observed in the reach of the river 
between the lake and the metering section, which is at the shoal just 
downstream of the first river bend and some boat slips 

787 
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WATER LEVEL GAGE 
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S    SANO 
Cl    CLAY 
Gr   GRAVEL 

F%g    1      Southern Lake Huron 

The river cross-section was divided into eight panels for the pur- 
pose of sediment measurement  Water samples were taken and current 
velocities recorded at 0 1 depth intervals at the mid-vertical of each 
panel  A second water sampler, simultaneously took samples at a con- 
stant 0 4 depth  Each vertical was sampled twenty times, and the com- 
plete river crossing produced at least 160 samples  U S P-61 suspen- 
ded sediment samplers and Price current meters were used in the data 
collection program  The sand moving within five centimeters of the 
river bottom was trapped in an Arnhem bedload sampler  The time required 
for sampling one panel, including the time for positioning of the survey 
boat, was about one hour  It would have been possible to complete a 
river crossing in a day but weather and heavy vessel traffic caused 
unexpected delays and on only one occasion was a river crossing com- 
pleted in a single day 

Transport rates 

The measured concentration of suspended sediment by weight ranged 
from 0 3 to 90 ppm, with an average of about 10 ppm  The sediment 
transport m suspension was determined using the standard method of the 
current velocity times the cross-sectional area times the suspended 
sediment concentration  An average density of 1700 kg/m3 was used to 
change the suspended sediment transport rate by weight into rate by 
volume  Repeated sampling at the 0 4 depth shows that the concentra- 
tion is subject to considerable variation with time  In addition to 
the seemingly random variation some regular pulsation in sediment con- 
centration was observed, which in no way can be related with the flow 
in the St Clair River 
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The bedload was determined by extrapolating the measured rate m 
the sampler to represent the transport over the panel width  Sediment 
movement along the river bed amounted to a fraction of one percent of 
the suspended sediment and was not considered further  The measured 
rates of suspended and bedload sediment are given in Table 1  Table 1 
also lists the sum of the measured values and the estimated total 
transport in the river  In two cases the measurements were insufficient 
for a reasonable estimate  Comparison of the measured portion of the 
transport with the estimated total gives some indication of the magni- 
tude of errors 

TABLE 1      SUSPENDED AND BEDLOAD SEDIMENT IN ST    CLAIR RIVER 

Date 

1965 

14 May 
17 " 
19 " 
20 " 
21 " 

3 Jun 
4 " 

14 " 
15 " 
16 " 

3 Nov 
4 " 
6 " 
9    " 

10    " 
18 " 
19 " 

Rvver panels 

2 3 4 5 6 

SUSPENDED SEDIMENT m '/hr 

Sim 
of 
meas 

9 2 18 5    14 6 6 2    10 8 
4 1 6 6      5 3 7 3 
6 6 12 5      9 2 15 2      9 3 
6 4 8 7    10 9 
2 7 7 5    13 3 12 9      — 
8 9 13 9    10 2 9 2 

6 8 
22 6 35 6      — 
15 4* 26 4* 24 2 11 0    12 1 
10 4 16 2    16 4 10 7 

3 2 — 
22 9 41  5     28 4 37  7 

—      10 9 

BEDLOAD SEDIMENT, 10~Zm /hr 

9 
14 

Estvn 
total 
trans 

8 5*    6 2*    3 0* 59 3 
23 3 

5 9       5 3      2 0    66 0 
26 0 

— 36 4 
42 2 

7 7      5 3      1 9    21 7 
 58 2 
9 9      7 7      3 3    68 2 

53 7 
3 2 

— 130  5 
4 1      6 6      3 4    25 0 

30 6    46 8    27 0    19 8    19 8    18 0    12 6* 5 4*162 0 
3 6 17      5 3 

40 5    64 0    46 4    48 6    37 5      —        — —    237 0 
95      89 44    22 8 

19 May       9       10         9 
8 Nov        2          5          7 

15 
16 

9 
5 

*estzmated 

Sediment Characteristics 

77 
34 
66 
48 
54 
62 
68 

160 
110 

79 

190 
78 

180 

300 
110 

76 
56 

A detailed description of the sediments in St Clair River was 
published by Duane (1967) and, therefore, only a summary is given here 
The suspended sediment is mostly of the fine sand size, ranging from 
0 11 mm to 0 17 mm, with a few particles reaching 1 0 mm size  Material 
is dommantly quartz although other minerals and organic matter are 
present  The bedload sediment size ranges from 0 25 mm to 2 6 mm 
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Samples from Lake Huron beaches show the same composition and 
gram-size characteristics as the suspended load and bedload of the St 
Clair River  Areal extent of sand along lower Lake Huron is depicted 
in Fig 1  Mandelbaum (1966) reported that sediment in the St Clair 
River delta at the entrance to Lake St Clair contains some finer gram 
sizes than those measured in the river 

ENERGY ELEMENTS 

Elements measured 

In addition to the primary variables, wind speed and direction, 
wave height and period, and current speed and direction, some elements 
probably only remotely related to the study were recorded, such as 
barometric pressure, and air and water temperature  Lake level and 
river discharge data were available from continuous data collection 
programs on the lakes  Instrumentation was placed at five locations (see 
Fig 1) on the Coast Guard Light Ship, on two specially erected towers, 
and on two submerged tripods  Towers, as described by Duane and 
Saylor (1966) were placed near the east and west shores in 5 7 m and 
6 6m depths, respectively  Submerged tripods were located between 
the shore and the towers in 1 5 m depth and supported current meters 
only  Data pertinent to the sediment sampling periods are listed in 
Table 2 

TABLE 2     MEASURED ENERGY ELEMENTS 

Date Lake Speed Persist 
1965 level Dtr 

m m/s hr 

14 May 175 68 3 3 m 4 
17    " 175 77 4 2 W 10 
19    " 175 76 4 0 N 8 
20    " 175 77 4 3 N 13 
21    " 175 71 4 2 SE 4 

3 Jun 175 80 5 5 N 9 
4    " 175 77 3 9 N 6 

14    " 175 84 7 6 N 34 
15    " 175 82 8 8 N 5 
16    " 175 83 7 5 N 3 

4 Nov 176 02 5 6 N 11 
6    " 175 86 3 8 S 25 
9    " 175 92 4 3 NW 22 

18    " 175 92 5 3 W 42 
19    " 175 89 1 8 W 15 

East Shove West Shore 
Wave    Wave Curr       Wave    Wave Curr 

Height   Per   Speed Height   Per   Speed 
am s      cm/s        am s      am/s 

6 3 0 16 
18 3 3 10* 11 3 4 17 
25 3 0 11 17 3 2 20 
— — 9 12 3 1 18 
— — 9 6 3 4 17 
40 3 1 9 36 3 2 12 
12 3 0 9 —   14 
61 4 2 15* 37 3 6 20* 
77 3 6 18 37 3 5 24 
60 3 2 15* 29 3 2 15 
64 7 5 27 53 4 1 15* 

8 3 7 3 — — 21 
41 5 2 40 46 4 5 10 
31 6 2 110 
29 5 4 10 

Recorded current direction on the listed days was towards the St 
Rvoer despite the variable winds 

Clair 

* estimated 
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Overwater wind was recorded at the two towers and at the Light 
Ship  The wind over this rather small area was quite uniform  The 
data listed were obtained from the tower near the west shore  Wind 
persistence was defined as the period of time prior to sediment sampl- 
ing having essentially the same wind speed and direction as that re- 
corded during the sediment sampling period  All higher wind speeds, 
lower speeds of less than one hour duration, and deviations of less 
than 45° in direction were included in the determination of persis- 
tence 

Waves were also recorded at the two towers and near the Light 
Ship  The wave gage near the Light Ship was difficult to maintain due 
mainly to excessive cable length   The data recorded at this location 
were insufficient for analysis  Wave recordings taken at the two 
tower locations were more successful, but even in these locations 
some records were missing, as was the case on 18 November when the 
highest sediment movement was measured  Heights listed in Table 2 are 
of significant waves, which are defined as four times the standard 
deviation of the wave gage record  The linear average values read 
from wave spectra curves produced by the Coastal Engineering Research 
Center were multiplied by a factor of 2 7 to obtain significant waves 
The 2 7 factor was derived from data by Cole (1967)  The wave periods 
are those at which maximum energy was produced  Analyses of several 
20 minute wave records taken at different times during the sediment 
sampling period were averaged to obtain the listed values  No attempt 
was made to estimate the missing waves from wind records  Cole con- 
cluded on the basis of carefully recorded wind and wave data that exist- 
ing wind and wave relationships were producing marginal results 

Currents were recorded at four locations  One current sensor was 
attached to each tower and the other two sensors were placed on the two 
tripods  The propeller type current sensors were placed in a tube about 
10 cm above the bottom  These so-called ducted current meters were res- 
ponsive to currents along the axis of the tube, which was oriented par- 
allel to the shoreline  The direction indicator was freely suspended and 
assumed the direction of dominant current  Current speed and direction 
were both recorded, however, Table 2 lists only current speeds recorded 
on the tripods  The currents at the times listed were always toward to 
the head of the river  The meters frequently jammed during operation 
due to sand particles or weeds lodging between tube and propeller  Some 
missing current data were estimated with reasonable accuracy either 
from the records immediately preceding or following the missing records 
or from the currents recorded on the towers  The estimated values are 
so indicated 

Lake Huron levels and outflows are recorded by the U S Lake Sur- 
vey  Levels are recorded by five water-level gages, with those recor- 
ded at the Lakeport gage listed  In addition to the long-term gradual 
change of lake levels caused by the changing water volume there are 
frequently quite large local water level changes caused by wind and 
barometric pressure  In contrast with the oceans, lunar tides in the 
Great Lakes are quite small, not exceeding 15 cm  During the sediment 
sampling periods, however, only insignificant short-term changes in lake 
level were recorded  The flow m the St Clair River has a small day-to- 
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day variation and was gradually increasing from 4700 m3/s in May, to 
4900 m3/s in June, and to 5200 nr/s in November 

ANALYSIS OF TRANSPORT FACTORS 

Littoral transport is affected by numerous factors basically re- 
lated to the sediment supply and characteristics, and energy in its 
various forms  A brief discussion of the more obvious factors and their 
numerical evaluation follows 

Sediment Characteristics 

Recent investigations utilizing both models and the natural envi- 
ronment point to the important effect the sediment size distribution has 
on the movement rate in littoral environments  However, no agreement 
exists on magnitude of that effect  A comprehensive study of sediment 
movement in the ocean environment was made by Ingle (1966)  He found 
that sediment transport doubles with the change in sediment size from 
0 14 mm to 0 20 mm, and increases by 20% for the change from 0 20 mm 
to 0 28 mm  Model studies by Larras (1966) indicate that the maximum 
transport takes place when the median diameter of the sediment is 0 9 
mm  Material finer or coarser than this moves at significantly lower 
rates  For example, fine sand of the size on Lake Huron beaches moves 
at one third the rate of the 0 9 mm size sediment  Contrary findings 
are reported by Iwagaki and Sawaragi [Homma, (1966)]  Their equation 
indicates that sediment movement decreases with increase of the square 
root of sediment diameter  In present study the dimensional analysis, 
discussed later, indicates that transport increases with the square 
root of sediment size  This is in general agreement with findings by 
others for the fine to medium sand 

Sediment must be freely available along the shoreline for equili- 
brium to exist between energy and the volume of sediment in movement 
In the study area, sand on the east shore extends northeastward for 
about 20 km and ends before Harris Point The areal extent of sand on 
the west shore cannot be clearly assessed, although it is estimated to 
be in the order of 20 km Sediment movement in this location is some- 
what retarded by scattered rocks of glacial origin 

Effective Shoreline and Wave Duration 

Two limiting factors in sediment transport must be considered 
the length of unobstructed shoreline and the duration of wave action 
The wave duration is the limiting factor for very long shorelines, how- 
ever, long shorelines without either natural or man-made barriers to 
sediment movement rarely exist  More frequently the length of unobstructed 
shorelines sets the limit to sediment transport  This phenomenon in 
nature, however, is rather complex due to the continuous variation 
of both the energy elements during a storm and the sediment character- 
istics along a shoreline  Statistical methods must therefore be applied 
when considering observations in nature  The effect of shoreline length 
was investigated by Bajorunas (1961) based on long-term drift accumu- 
lation on the updrift side of harbors or natural barriers  Present 
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investigations consider a variable duration of wave action over a given 
length of shoreline  Persistence of wind speed and direction is used 
here as an index of the duration of waves 

Effective Shoreline in the 1961 study varied from 2 to 67 km with 
the wave duration undetermined  Since sediment data was obtained from 
accumulations extending over long periods, sometimes exceeding 90 years, 
it seems that any reasonable wave duration could be applicable and that 
the transport is, therefore, limited by the effective shoreline rather 
than by wave duration  It is difficult to isolate the effect of the 
shoreline m the empirical littoral transport and energy equation de- 
rived in 1961  It was therefore necessary to replace that equation 

19 E sin a  (1 
o    o 

-0 023Scota 
o) 

by the theoretically less desirable 

Q = 4 5 E sit 2a (1 x      o     o 
-0 04S. 

e     ) 

(1) 

(2) 

where Q is the annual littoral transport, cubic yards in equation (1) 
and m3 in (2) 

E0 is the annual deepwater wave energy, millions of foot-pounds 
in equation (1) and 10** joules in (2) 

S is the effective length of shoreline, miles in (1) and km in (2) 
a is the angle between the shoreline and the wave crest 
o        6 

Fig 2 contains the 1961 data which depicts transport per energy 
unit versus the effective shoreline 

10 

00 t 
20     30     40     50     60 

Effective Shoreline, km 

Fvg    2     Effect of ahoretrne on Itttoral transport 
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Wave Duration in the present study was based on recorded wind per- 
sistence and varied from 3 to 34 hours while the effective shoreline 
was about 20 km  Data in Fig 3 indicate that the wave duration is a 
significant factor in sediment transport if less than about twelve hours 
The effective shoreline becomes the determining factor for longer 
periods and on these occasions the transport per energy unit remains 
more or less constant  The effect of wave duration was expressed math- 
ematically as (1 - e "0 07D) based on meager field data and on the 
assumption that it must have an exponential form similar to that de- 
rived for effective shoreline 

The dependence of drift rates upon both the wave duration and ef- 
fective shoreline requires selection and use of that factor which res- 
tricts the transport more 

l 0 

08 

06 

04 

02 

0 0 
40 

Wave Duration, hr 

Fvg    3     Effect of wave duration on littoral transport 

Energy Elements 

Wave power, as used here, was derived from wave energy and wave 
frequency  The wave energy per unit width of wave crest is expressed 
as o 

E = 0 125 yH L (4) 

where y  is specific weight of water 
H is wave height 
L is wave length 

Considering the rather small waves in this particular case, the correc- 
tion for wave shape was deleted and the wave length was expressed by 
gT2/2ir, where T indicates wave period  The energy transmitted to the 
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shore by wave tram in a time period t is equal to Et = nET^t, where 
n is the ratio of wave group velocity to the phase velocity and is, 
in this case, approximately 0 5  The wave energy exerted over a time 
period t is thus 

Et = (32ir)_1Y g H2 T t (5) 

The above equation is correct for any unit system  The equation can 
further be simplified to Et = 960 H2 Tt, if the international system (SI) 
is used where the wave energy is expressed in joules  To conform with 
the sediment transport, t = 3600 s was used here  Wave frequency, if 
considered as an independent factor, greatly improves the correlation 
between sediment transport and energy elements  The combination of 
wave energy and wave frequency results in wave power (P = Ef), where 
the wave height is the only significant element  This would indicate 
that the wave height and not the wave length or wave period has an 
effect on the transport rate 

Currents  It becomes obvious from the analysis of the data col- 
lected, that wave energy alone or in combination with the angle of 
wave approach is not sufficient to define the movement of material 
In this particular location, morever, with its prevailing winds from 
the west and currents from the east, the results would be erroneous 
When the waves and currents come from differing directions the sediment 
saltation is necessarily complex, however, net movement in the study area 
was always in the direction of the currents  One can speculate then 
that waves lift the material and the currents transport it in the direction 
of flow  Previous observations of shoaling in a harbor also indicate 
that sediment moves in the direction of currents [Bajorunas and Duane, 
(1967)] 

Investigations of lake currents by Saylor (1966) indicate that 
currents generated by winds reach equilibrium with the wind at about 
0 033 of the wind speed  This occurs in a rather short period of one 
to three hours  Currents persist for days after wind cessation, and 
therefore have quite stable patterns in geographic locations where 
certain winds prevail, such as the Great Lakes with their predominantly 
westerly winds  Currents in the open lake flow 10-15 degrees to the 
right of the wind direction with current speed and direction practical- 
ly independent of surface wave activity  Currents in nearshore loca- 
tions are modified by shoreline configuration and, depending on that 
configuration, might flow against the wind  Occurrences of this type 
were recorded frequently in the study area  The data establishes a 
strong relationship between the volume of sediment being transported 
and the current speed  There is no apparent upper limit for this re- 
lationship 

RELATIONSHIPS 

Logarithmic plotting (not shown) of the rate of sediment transport, 
adjusted for effective shoreline and wave duration, against a factor 
consisting of a combination of wave power and current speed indicates 
that transport is directly related to the square root of this factor 
and the relationship can be expressed as follows if f(S,D) denotes the 
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limiting effects  either of the shoreline or the wave duration 

Q = 0   39x(P v)   °5  f(S,D) (6) 

where x represents the unknown dimensions of the numerical factor  Anal- 
ysis indicates that sediment characteristics, expressed by sediment 
size d and by specific weight of sediment in water g(p-l), will satisfy 
the dimensional requirements  Average values of the sediment in the study 
area, d = 0 14 mm, and p = 2 4 g cm"^, allow us to determine the nume- 
rical value of x  Thus, the equation (6) becomes 

Q = 3 9 [P v d (p-1)"1 g"1]0 5f(S,D) (7) 

where Q is littoral transport, m3/hr 
-3.9 is constant, dimensionless factor 
P is wave power, J/s, computed as hourly wave energy times wave 

frequency 
v is nearshore current speed, m/s 
d is average sediment size, mm, fine to medium sand sizes only 
p is sediment density, g cm-3 

g is acceleration due to gravity, ms"2 

f (S,D) is the lower value of either U-e     ) or (1-e  u/ ) 
where S is effective shoreline, km, and D is duration of waves, hr 

Fig 4 provides a comparison of the measured transport with that 
computed by equations (2) and (7) 

SUMMARY 

The littoral transport rates in the Great Lakes were obtained two 
distinctly different ways  The long-term averages were derived from 
drift accumulations over periods sometimes exceeding 90 years on the 
updrift side of harbors or natural barriers  The hourly averages were 
directly measured in the St Clair River into which sediment moves from 
Lake Huron beaches  At the same time sediment characteristics were 
determined and recordings of the energy elements analyzed to relate 
them with the measured sediment transport rates 

Analysis of data indicates that 

1 Wave power and nearshore currents are the mam elements 
in sediment movement  On occasions when the current is flowing counter 
to the waves, sediment moves with the current  One can speculate that 
waves are lifting material and the current is transporting it in the 
direction of flow  Transport rate is directly related to the square 
root of wave power and current speed 

2 Length of sediment-contributing shoreline, exposed to 
waves and currents, is a significant factor in determining the trans- 
port rate  Analysis of data on shorelines varying from 2 to 67 km in 
length indicates that transport grows exponentially with the shoreline 
length towards a steady-state value 

3 History of acting elements, as expressed by wave duration, 
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Fig    4     Comparison of measured littoral transport with computed 

helps to explain the transport growth and is a limiting factor in cases 
of short wave duration on a long shoreline  Wave duration, which varied 
from 3 to 34 hours, has a similar effect to that of shoreline length, 
the effect increases exponentially with the increase in duration towards 
a steady-state value 

4 Transport increases with the square root of sediment size 
This conclusion was reached indirectly by dimensional analysis and gen- 
erally agrees with observations in oceans and models for the fine and 
medium sand size 

5 Equations utilizing wave energy, angle of wave approach, 
and shoreline length could provide reasonable estimate of sediment 
movement on an open shoreline along which the wind, waves, and current 
progress in the same direction  They would fail, however, in the complex 
wave and current environment, in such environment the nearshore current 
speed and direction is an essential factor 
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SYNOPTIC OBSERVATIONS OF SAND MOVEMENT 

David B Duane 
Chief, Geology Branch 

U S Army Corps of Engineers 
Coastal Engineering Research Center 

Washington,D C 

ABSTRACT 

The U S Army Corps of Engineers' Coastal Engineering Research Center, 
in cooperation with the Atomic Energy Commission, initiated a multi-agency 
program to create a viable radioisotopic sand tracing (RIST) program  Other 
agency participants in this program have been the Los Angeles District, Corps 
of Engineers, U S Air Force (First Strategic Aerospace Division), U S Navy 
(Pacific Missile Range), U S Army Mobility Equipment Command, National 
Aeronautics and Space Administration, and the State of California (Dept of 
Navigation and Ocean Development)  CERC, together with the AEC's Oak Ridge 
National Laboratory has developed tagging procedures, hardware development, 
field surveys and data handling techniques that permit collection and analysis 
of over 12,000 bits of information per hour over a survey track of approxi- 
mately 18,000 feet  Data obtained with the RIST system can be considered as 
nearly synoptic observations of sediment transport m a single environmental 
zone or in adjacent beach, surf and offshore zones 

Using sand tagged with isotopes of gold, experiments have been carried 
out at several sites on the California coast Surf, Point Conception area, 
Point Mugu, and Oceanside  Data from the studies carried out in beach areas 
unmodified by littoral barriers indicate that under a given set of wave condi- 
tions the alongshore velocity of sediment transport differs from zone to zone 
such that transport seaward of peakmg-breaking waves < transport on the 
beach face < transport in the plunge and surf zone  Because of these differ- 
ences, tracing surveys confined solely to the foreshore or offshore zones 
produce data only partially indicative of transport in the zone of immediate 
concern to coastal engineers 

INTRODUCTION 

Recognizing the engineering need  to better understand coastal processes, 
the U    S    Army Corps  of Engineers'   Coastal Engineering Research Center,   in 
cooperation with  the Atomic Energy Commission,   initiated a multi-agency pro- 
gram to create a viable radiosotopic sand  tracing  (RIST)  program    To date 
cooperating  agencies have included the Los Angeles  District,  Corps of Engineers, 
U    S    Mobility Equipment Command,   the U    S    Air Force  1st Strategic Aerospace 
Division and Western Test Range,  U    S    Navy Pacific Missile Range,  the National 
Aeronautics  and Space Administration,   and the State of  California Department 
of Navigation and Ocean Development      In addition to the development  of the 
techniques  and technology necessary to  trace nuclide  labelled particles  m 
the marine environment objectives  can be summarized as    understanding  the mechanics 

799 
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of sediment movement, both entraxnment and transport, patterns of movement, 
and the volume of sediment movement  Relative to the application of these goals 
to engineering needs field experiments have been carried on straight coastal 
segments unaltered by engineering works as well as coastal segments effected 
by engineering works such as groins and harbor jetties 

Tagging procedures, hardware development, field surveys and data handling 
techniques have been developed in cooperation with AEC's Oak Ridge National 
Laboratory that permit collection and analysis of over 12,000 bits of informa- 
tion per hour over survey track of approximately 18,000 feet  Details of model 
studies, tagging procedures, detection instrumentation, and data handling are 
discussed elsewhere in these proceedings (James, Acree et al, and Brasheer et 
al)  However for clarity and perspective some statements about these items 
are necessary to this discussion  Search for isotopes and tagging procedures 
suitable for sand tracing have emphasized two criteria, health physics and 
the engineering behavior of tagged sand (Duane and Judge, 1969, Acree et al 
1969)   To date, isotopes of gold (198/199) have been used most extensively 
The gamma energy (0 4 Mev) is suitable as is the three day half life 

Sand mdigenuous to a study area is collected approximately 4 weeks 
before the scheduled field experiment and shipped to Oak Ridge National Labora- 
tories where it is tagged and returned via common carrier to the field site 
Tagging is a surface tag but is done in such a manner as to simulate a mass tag 
(Stevens, et al 1969)  Tests were conducted at CERC to determine if the gold 
tagging process modified the characteristics of the untagged sand  No detectable 
differences in specific gravity occurred and there was no observable change 
in the shapes of grains  Overall hydraulic equivalence of the tagged sand to 
the naturally occurring sand was demonstrated by granulometric analyses conducted 
on the CERC Rapid Sediment Analyzer (a device used to determine the gram size 
distributional characteristics of sediment, especially grains in the size range 
from 62 to 2,000 microns, as they settle through a 1-meter column of water) 
Distance to be covered and areas involved in most field operations require a 
mobile detector system with continuous transmission of data to an on-board 
data recording system  The detector vehicle developed is a ball like device 
which is towed behind an amphibious vehicle  (Fig 1)  Signal from the 
detectors is transmitted by cable to the recording system on-board the amphibious 
vehicle  By means of a programmed interrogator other data pertinent to sur- 
veying is coordinated with the radiation data and read into the real time data 
display and on to punched paper tape 

Surveying is accomplished at a speed of approximately three knots (5 ft 
per second)  Data obtained with the RIST system can be considered as nearly 
synoptic observations of sediment transport in a single zone or on adjacent 
beach inshore and offshore zones 

FIELD EXPERIMENTS 

Field experiments involving tracing of sand simultaneously in one or 
more of the three environmental zones have been carried out at several California 
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sites  Surf, Pt Conception, Pt Mugu, and Oceanside  In each program at 
least one shore perpendicular line source was emplaced and followed for 
several days as the dispersal pattern continued to grow  In some programs a 
point source was also utilized to more specifically identify the movement 
of sand from a particular location  During most recent experiments conducted 
at Pt Mugu, as well as on the small beach in the harbor at Oceanside, patterns 
of sediment movement were observed that were similar to those observed during 
the initial experiments at Surf (Duane, 1970)   These indicate that the ob- 
served patterns are real and operative on any beach, and indicative of natural 
processes 

At Pt Mugu the first line source (comprised of 30 packets each containing 
approximately 15 cc of sand in water soluble material and placed 30 feet apart) 
was emplaced from approximately -3 ft MLLW to -30 ft MLLW  Two wave sets were 
active a shorter period higher wave from the west was dominant  The first 
RIST survey was made 5 hours after injection (Fig 2)   Evident is a rapid 
dispersion in the swash zone, movement upcoast is greater in the breaker and 
surf zone than on the beach face  At least one survey per day was made for 
the next 3 days as the dispersal pattern developed  Swell during the 3 days 
was from the southwest H = 3 to 5 ft , T = 12 seconds, superposed was a wind 
chop directed from the northwest with an 8 second period  Currents seaward 
of the breaker zone were north as were those measured in swash zone, although 
some reversals there were noted  Typical of currents measured offshore are 
depicted m Figure 3  Seventy-two hours after injection a zone apparently void 
of tagged material separated the offshore zone from the inshore zone and the 
beach face  This zone void of labelled sand coincides with the approximate 
seaward limit of the zone of peaking and breaking waves 

On 28 September oceanographic conditions changed and a second line injection 
was made, approximately 1,000 feet downcoast  This line extended from approxi- 
mately -1-foot MLLW to approximately -18 ft MLLW  Patterns of sediment 
movement observed from this injection are unidirectional  Swell during the 
next several days was from the northwest  H = 3 ft  T = 12 sec  Currents 
offshore and in the swash zone were downcoast (Fig 4)   Zonal differential 
transport rate exists but is not of the same relative magnitude as that 
observed previously, movement of sand towards the beach face is also evident 
(Fig 5)   The gap in radioactivity along the injection line and observed at 
tne first Pt Mugu drop coincident with the low tide breaker zone developed 
rapidly and seemed to grow in width  To gather additional data on the move- 
ment of sand in and from the breaker zone during oceanographic conditions then 
extant, a point source was emplaced there  The dispersal pattern of tagged 
sand was monitored three times in 27 hours  Obvious movement is alongshore 
and to the beach and alongshore (Fig 6)  Greatest alongshore rate is in the 
breaker zone and not the beach face  No tagged sand was observed to move 
seaward through the surf and breaker zone 

The oceanographic mileaux adjacent to an engineering structure such as a 
breakwater is somewhat different than the mileaux adjacent an unmodified coastal 
segment  This is amply demonstrated by the water depth in which sand was 
observed moving at Oceanside -28 ft MLLW (Fig 7)  This depth is nearly 
twice that observed offshore at Pt Mugu, and under closely similar wave 
conditions  At Oceanside during the time of observations, no sediment was noted 
moving through the structure  Clearly observed, however, was southward 
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jetty and shore-parallel movement of nuclide  labelled sand up  to and slightly 
into the harbor entrance under a southerly directed current and wave regime 
(Fig    8)       Several days  later under northerly directed wave and current  regime 
two point sources  of labelled sand,  were emplaced    one in the harbor entrance 
at -18 ft    MLLW and one offshore at -30 ft    MLLW      Evident  is  a bifurcating 
transport system      The sand placed in the harbor entrance moved into and 
down the dredged channels,   the seaward point source moved northward parallel 
to the bottom contour and did not enter the harbor  (Fig    9) 

SUMMARY 

During periods when only one wave tram impinges on the coastline uni- 
directional transport is evident  In these instances, marked truncation of label 
led sand occurs updrift (within 10 ft ) of the injection site  Further these 
data indicate that under given wave conditions the alongshore velocity of sedi- 
ment transport differs from the offshore zone through the inshore zone to the 
beach face such that transport seaward of peaking - breaking waves < transport 
on the beach face < transport in the inshore (plunge and surf) zone  A con- 
ceptual model for this process is illustrated in Figure 10  Dimensions of these 
zones would change with tide and wave regime 

Present technology and techniques make the RIST system a useful engineer- 
ing and research tool  However, while the identification of the zonal different- 
ial transport rate as well as the pattern of sediment movement is of some use 
to the practicing engineer, full practical value into design considerations 
will not be reached until the zonal volume rate of transport is obtained  Types 
and dimensions of sedimentary structures observed offshore, in the surf zone, 
and on the beach are indicative of differing depths of active sand transport 
Isotope data and plugs of fluorescent and radioactive sand also indicate differ- 
ing depths of sand movement in different environmental zones  These differences, 
coupled with the differing lateral transport rates introduce complexities to 
realistic determination of volume sediment movement in the nearshore zone 
Simple diffusion models are unsuited and any studies confined to one environmenta 
zone cannot relate the true picture of sediment transport m the nearshore zones 
important to the coastal engineer   Work within the RIST program is continuing 
toward a solution to the problem of volume rate of sand transport with indica- 
tions of some success although it is premature to report that progress herein 
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Amphibious  LARC XV towing  radiation detector vehicle entering surf.     The 
ball-like  device  is   connected  to  the  LARC  and  the  onboard  data  acquisition 
system by means   of  electromechanical  cable. 

FIGURE   1 
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Dispersal pattern  of  gold-tagged sand observed  approximately  5 hours   after 
injection.     Note   that  in  this   and all site  figures,   the  groin had no panels 
emplaced and structurally was  a pier. 
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Current drogue patterns, velocities, and tide curve representative of condi- 

tions during tests 4-8 February 1970 

FIGURE 8 
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OFFSHORE 

Conceptual model for sediment transport m the littoral zone, numbers refer 
to depth of bottom below mean lower low water (MLLW)   (A) Schematic map of 
sand dispersal system showing regions of high, medium, and low level radiation 
(B) Schematic isometric projection showing relative thickness of sand layer 
involved in transport, length of arrows proportional to rate of transport 

FIGURE 10 
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AN UNDERWATER SURVEY SYSTEM FOR RADIONUCLIDE-TAGGED 
SEDIMENT TRACING' 

E H Acree, H R Brashear, and F N Case 

Oak Ridge National Laboratory 
Oak Ridge, Tennessee 

ABSTRACT 

Survey equipment for use in tracing sediment tagged 
with radionuclides has been designed and field tested 
The system is unique in its ability to operate on the dry 
beach, m the surf, and in deep water, making it possible 
to synoptically examine the beach face, surf zone, and 
off-shore marine environment  The ball-shaped radiation 
detector vehicle is towed behind an amphibious vessel 
Data are collected on punched tape at a rate of one set of 
data (position, radiation counts, time) every two seconds 
Gold-198 and xenon-133 have been used for tagging sand 
indigenous to the survey area under study  Operational 
characteristics and detection sensitivity are discussed 

This underwater survey system was developed for use in the RIST 

program which is under the direction of the U S Army Corps of Engi- 

neers, Coastal Engineering Research Center  The survey system was de- 

signed and built at Oak Ridge National Laboratory and was sponsored by 

the U S Atomic Energy Commission, Division of Isotopes Development 

The design criteria for the instrument were 

1 It must be capable of operating as a gamma spectrometer 

2 It must automatically correlate radiation counts, position, and time 

3 It must be capable of operating on the beach face, m the surf zone, 

and off shore 

^Research sponsored by the Division of Isotopes Development, U S Atomic 
Energy Commission, under contract with the Union Carbide Corporation 
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The components of the basic detector unit are shown in Fig. 1.  The 

detectors are 2 in. by 2 in. sodium activated cesium iodide crystals 

enclosed in aluminum cans 

which have 0.0 30-in.- 

thick walls.  Since the 

detectors are exposed to 

water pressure, a 1/2-in.- 

thick Plexiglas light 

pipe is used as a pressure 

barrier between the crys- 

tals and the photomulti- 

plier tubes.  Four detec- 

tor assemblies and the 

preamplifier are mounted 

in a water-tight chamber 

suspended from the axle 

of an open mesh ball-like cylinder (Fig. 2).  As the "ball" rotates on the 

stationary axle, the detectors remain oriented toward the surface over 

which the ball rolls. 

rig. 1.  Underwater Detector Components 

Fig. 2.  Radiation - Detector Vehicle 
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When designing the underwater survey vehicle, we were concerned 

with its ability to travel over moderately rocky areas that are common to 

the West Coast  The ball design, chosen over a sled-type, functions well 

over rocks that are up to 1 to 2 ft in diameter and over rock outcrops 

It is fabricated from rectangular steel bars to form an open lattice with 

a minimum of shielding of the detectors  The entire device is covered 

with expanded metal to exclude stones and other debris  The detector 

chamber is weighted with lead to maintain the detectors in a vertical 

position 

The ball was tested for underwater tracking characteristics at the 

U S Naval Ship Research and Development Center in Washington to deter- 

mine hydrodynamic performance  The physical characteristics of the 

vehicle are listed in Table 1 

Table 1  Physical Characteristics of Detector Vehicle 

Overall width, m 50 

Overall diameter, m 30 

Housing width, in 42 

Height, in 30 

Distance from center shaft to tow point, in 32 

Weight m air, lb 505 

Weight in fresh water, lb                      410 

The minimum length of cable required to maintain the detector vehicle 

in a surveying position on the ocean bottom is shown m Fig 3 

We are using approximately 100 ft of cable and travel at a speed of 

approximately 3 knots  The vehicle is very stable under these conditions, 

and during an average survey the detector vehicle will cover approximately 

1% of the total survey area 

A schematic of the overall survey system is shown m Fig 4 
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Signals from the individual detectors are mixed in the preamplifier 

whose output is matched to a 50-ohm coaxial cable which carries both the 

positive 24 V dc power to the preamplifier and the output voltage pulses 

The coaxial cable is part of a wire bundle that has an additional eleven 

conductors which provide high voltage to the photomultiplier tubes  High 

voltage to each tube is supplied by individual power supplies which permit 

gain adjustment of the tubes so that the responses from all four detectors 

will be equal  The cable assembly also serves as the tow cable and has a 

tensile strength of 30,000 lb  The preamplifier output is amplified with 

a linear amplifier and feeds two differential discriminators for choosing 

which segment of the gamma spectrum is to be recorded  The output signals 

from the discriminators are used to drive two buffered sealers  The print- 

out control unit samples each sealer and records the data on an 8-level 

punched paper tape  The printout control unit also samples a sealer which 

generates a line number, a sealer which generates time, and the boat 

position data  The boat position is determined by use of a microwave 

system which provides two distances from two fixed positions on shore  A 

complete set of data can be collected once a second or in multiples there- 

of by switch selection on the console  The data readout presents a log of 

line number, time, radiation channel No 1, radiation channel No 2, dis- 

tance 1, distance 2, and water depth 

The punched tape is used to provide data input to a computer for 

interpretation and the preparation of contour maps  The detection sensi- 

tivity of the detector system submerged m water for gold-198-199 is 

2 3 x 103 counts/sec when the activity concentration is 1 yCi/ft2 

The tow vessel that is currently being used for surveying is an 

amphibious vessel (LARC-15) which is approximately 60 ft long This 

craft can easily operate m 6- to 8-ft breakers 

In our early field tests with this equipment, xenon-133 tagged into 

sand indigenous to the test area was used as the tracing material  While 

sand injection and health physics problems are greatly simplified with 

xenon-133, the quantity of activity that can be introduced into a survey 

area is limited to approximately 40 liters of sand tagged with approxi- 

mately 800 mCi of xenon-133  This small quantity of activity tends to 
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limit the scope of surveys  We are currently using a gold-198-199 

mixture  The amount of activity that we can use is only limited by the 

equipment used to transport and dispense it  Our recent experiments were 

conducted with 10 Ci of activity tagged onto approximately 1/2 liter of 

sand  The use of the survey equipment is not limited to xenon-133 and 

gold-198-199, because it functions as a gamma spectrometer and can be used 

to monitor any gamma radiation above 30 keV  Other possible applications 

for this equipment are conducting natural background surveys in inland 

lakes and streams and prospecting for heavy mineral deposits 
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PROCESSING AND ANALYSIS OF RADIOISOTOPIC SAND TRACER (RIST) STUDY DATA* 
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Instrumentation and Controls Division 
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E H Acree 
F N Case 

Isotopes Division 
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P A Turner 
D B Duane 

Coastal Engineering Research Center 
Washington, D C 

ABSTRACT 

Data collected during the Radioisotopic Sand Tracer 
(RIST) field tests are processed through digital computers 
Data treatment requires computing and plotting the detector 
position and correcting the corresponding radiation count 
rates for radioactive decay  The field data are recorded 
on punched paper tape which is then edited and transferred 
to magnetic tape for input to data reduction programs  The 
navigation data, which are m the form of distances to 
shore-based microwave responder beacons, are tested for 
spurious values by comparison with the theoretical maximum 
travel distances of the survey vehicle between successive 
fixes  The navigation ranges are then converted to rectan- 
gular geographical coordinates 

Present emphasis is in the development of computer 
programs to construct a count rate surface from data 
collected along track lines  This technique facilitates 
machine contouring and enables numerical integration of the 
count rate surface  The ultimate goal is to obtain an 
estimate of mean direction and volume of littoral transport 
and a radiation material balance to be used to check the 
results  Several programs required to accomplish these 
tasks are operating at the Coastal Engineering Research 
Center (CERC) and the Oak Ridge National Laboratory (ORNL) 

'Research sponsored by the Division of Isotopes Development, U S Atom] 
Energy Commission, under contract with the Union Carbide Corporation 
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Data processing for the Radioisotopic Sand Tracer (RIST) Study is com- 

puter oriented to handle the large volume of collected data which are digi- 

tal in form and represent parameters that must be correlated to obtain sand 

transport rates  Figure 1 enumerates the objectives of the computer 

programs 

Fig 1  Objectives of Computer Programs 

1 Assembling the data in graphical form 

2 Interpolation to establish the count rate 
surface within the survey area 

3 Computation of the surface rate and direction 
of the sand movement 

4 Correlation of other data with survey data to 
calculate volume rate of sand transport 

5 Correlation of the volume rate of sand trans- 
port with ocean conditions for fundamental 
studies in sand transport 

To accomplish the first objective of assembling the data m geo- 

graphical form, two programs are operational  one at the Coastal Engi- 

neering Research Center and the other at the Oak Ridge National Laboratory 

The data collection system1 shown m Fig 2 illustrates the automatic 

correlation of three parameters necessary in assembling the data m graph- 

ical form 
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Fig 2  Data Collection System 
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The data are collected on punched paper tape in a serial fashion to 

form a line of data  Each line of data consists of numbers which represent 

time, tow vehicle position, radiation count rate, and water depth  Time 

and radiation units have buffers so the data can be recorded while new data 

are being taken  These buffers permit data to be taken at 2-sec intervals 

with no instrument dead time due to readout  Tow vehicle position is re- 

presented by Dl and D2, the distances between the tow vehicle and two fixed 

shore stations  The distances are measured at the same time that the time 

and radiation values are transferred to the buffers for readout  Water 

depth measurements are near the first part of each data cycle, but are not 

as precisely timed 

One survey may have up to 2000 lines of data, which is approximately 

the capacity of one roll of paper tape  A normal survey consists of 1700 

lines of data  An average of four surveys are made each day, producing 

47,600 six-digit numbers, an average field test yields a total of 380,800 

six-digit numbers 

Data stored on punched paper tape are copied onto magnetic tape for 

computer input  The tow vehicle positions are calculated from Dl and D2, 

using either the law of cosines or the intersection of two circles, depend- 

ing upon which coordinate system is desired  The law of cosines is used to 

place the tow vehicle on a geographical grid, and the intersection of two 

circles is used for placement on an arbitrary x-y coordinate grid  The 

validity of each location is checked by comparison with the previous 

location  If the separation distance between the two locations is greater 

than the theoretical distance possible, the location is changed  This 

change is based on the average velocity and direction of the tow vehicle 

Figure 3 is a computer- 

directed machine plot of a 

tow vehicle path and detector 

vehicle path with no correc- 

tions for the tow vehicle 

locations  The irregulari- 

ties are due to errors from 

the range-finding equipment 

c   i    n-,  ^    £ T,     ,, ,. ,   ,r-^    „,in measuring the distances Fig 3 Plot of Tow Vehicle and Detector Path 

VEHICLE TRACK 
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from the tow vehicle to each shore station  The location of the detector 

vehicle, which is towed approximately 100 ft behind the tow vessel, must 

be calculated by performing a series of approximations  These approxi- 

mations are quite accurate due to the frequency of obtaining tow vehicle 

position  The initial detector vehicle position is determined on an 

arbitrary basis  The second position is determined by computing the 

equation of the line which connects the first detector vehicle position 

with the second tow vehicle position  The actual length of the tow cable, 

minus any correction due to water depth, is used as the distance from the 

tow vehicle (along the computed line) to the second detector vehicle 

position  Subsequent detector vehicle positions are determined in a 

similar manner  As each detector vehicle position is calculated, the 

corresponding time and radiation count rates are assigned to that position 

In Fig 3, the paths of both vehicles are drawn by straight lines connect- 

ing successive calculated positions 

Radiation data are scanned to obtain an average radiation background 

count rate Cdue to natural radioactive material)  All radiation count 

rates are adjusted by subtracting the average background, and the adjusted 

count rates which are equal to or greater than the background are corrected 

for radioactive decay by the following formula 

R,  - R 
CD  _.Xt 

E 

where R• = radiation counts corrected for decay (counts/sec) 

R  = radiation counts g 2x average background (counts/sec) 

E  = base of natural logarithm 

X  = decay constant of isotope used in test 

t  = time from tagged sand insertion (unit) 

Figure 4 is a machine plot of numbers which represent ranges of 

corrected count rates calculated from data obtained at Point Mugu, 

California, in September, 1969 
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Fig 4  Calculated Radiation Count Rate Ranges Over Detector Track 

Figure 5 is an enlargement of Fig 4 in the area of significant radi- 

ation count rates  All background count rates have been omitted to make 

the trend of sand movement more apparent  The computer programs allow 

more than one survey to be plotted on a single map to enhance the distri- 

bution pattern as it develops 
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fig    5 Section of Fig 4, Area of Significant Count Rates 
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The second objective, interpolation of data, is required because it 

is physically impossible to sample every square foot of the study area 

Several programs are either operational or near operational to complete 

the count rate surface and machine draw radiation intensity contours  One 

of the programs is a linear interpolation technique  This program divides 

the x-y coordinate system into a grid adjacent to the x and y axes having 

square areas of 25 ft on a side  In general the x-axis lies parallel with 

the beach  In the studies to date the predominate directions of sand 

movement have been parallel or perpendicular to the beach  The inter- 

polation is done in either or both directions depending on the preliminary 

indication of sand movement direction 

The second step in this program is to assign all square areas which 

have ladiation count rates within an area a single count rate, which is 

the average of all radiation count rates within that area  Figure 6 is 

the result of the second step of the program  The results here are much 

like the data display of radiation count rates along the detector vehicle 

track of the first program, but somewhat simpler due to a grouping of 

numbers 

The third step computes radiation count rates for those areas with no 

count rates assigned  Interpolation is made only between areas which have 

real data  The interpolation is linear, and the average radiation count 

rate of two areas is assigned to the area halfway between the two areas 

The formula used is 

Rx*K,3 " Ri,u - <Ri,j - Ri+L,3) <L " « 
L 

where R = radiation value of the area 

I = x location of area of larger R data 

] = y location of area 

K = x location of area for R interpolation 

L = x location of area of smaller R data 

If interpolation is desired in both the x and y direction, the interpolation 

is done independently in each direction and the average of the two is used 

as the final value 
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Figure 7 is the completed map using the linear interpolation method 

All background radiation count rates have been omitted for clarity 

Beyond the initial plotting of tracklme data, present emphasis at 

CERC is slightly different from that at ORNL  The procedure being tested 

at CERC for RIST survey data is to use a weighted least-squares fit of a 

plane through the centroid of each grid cell containing a data point  The 

area surrounding each grid mesh point is divided into octants, and each 

octant is searched for the nearest data point to the grid centroid  Once 

the search is completed, the nearest point in each octant is used to con- 

struct a weighted least-square" fit of a plane through the centroid  Each 

data point is assigned a weight which is an inverse function of the dis- 

tance from the data point to the grid centroid 

This procedure has been tested by generating a random surface with a 

double Fourier series and evaluating it at 100 randomly distributed points 

in a plane  When interpolated over a uniform grid, these points produced 

a surface that appeared similar to the original surface, but with reduced 

variance  The numerical approximation routine has not been tested yet 

with a hypothetical tracklme superimposed on the random surface  It 

has already been observed that, in certain instances with real data, the 

routine produces grid point values that are artifacts of the numerical 

approximation procedure  Although the result is not as aesthetically 

appealing as a handdrawn contour map of the data, it does provide a quick 

first approximation of the survey area  Testing and evaluation of the two 

approaches is being made at CFRC and ORNL, but at present is incomplete 

Correlation of data for fundamental studies and volume-rate of sand 

transport are in the early stages of development 
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A Class of Probability Models for Littoral Drift 

William R James 
Special Assistant 

Coastal Engineering Research Center 

Washington, D C 

Introduction 

The major goal in the development of sediment tracer technology is 
to produce an accurate method for the field measurement of short term 
volume littoral rate  Many of the technical difficulties involved in tagg- 
ing, injecting, and sensing the movement of radioisotope sand tracers in the 
littoral zone have been overcome by the RIST project  However, quantitative 
determination of volume drift rate requires more than knowledge of tracer 
position in time and space  A mathematical model is required to relate the 
flux of tracer material to the sediment flux 

A linear (or average) rate of tracer transport along the coastline can 
be measured to a fair degree of accuracy with tracers  These measurements, 
when determined from tracers injected along a line source which span the 
transport zone, can be used to provide an estimate of an areal transport 
rate  However, it is not obvious how to measure the third dimension, depth 
of transport  This, of course, is needed to provide the desired estimate 
of volume transport rate 

This problem arises, even if the relation of tracer concentration to 
burial depth is everywhere known without error  Sediment transport does 
not occur as a sheet of constant thickness moving at a constant rate  If 
this were so tracer concentration would rapidly attain a uniform concentra- 
tion over a fixed depth and no tracers would appear below that depth  In 
fact no observations of the relation between tracer concentration and burial 
depth support this model as even a first approximation 

Studies such as those of Courtois and Monaco (1969) and Hubble and 
Sayre (1964) suggest that the concentration of tracers is related to 
burial depth in a complex fashion  The concentration on the surface is 
finite, but not maximal  The concentration increases with depth to some 
point where a maximum is reached and diminishes in a "long tailed" fashion 

If sediment transport occurred as a sheet of uniform thickness, and 
tracers were thus uniformly distributed over the range of that thickness, 
one measure of depth of movement would be the mean of the maximum observed 
tracer depth  A more stable estimate, if this condition was assumed only 
to approximate reality, would be to double the observed mean depth of burial 

831 
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Yet the observed distribution curves so strongly deny the original hypo- 
thesis that neither of these methods can be relied upon  What is needed 
is a model for sediment particle burial which admits the observations 
as realizations and directs the form of estimation  This paper attempts 
to present a class of such models which lead to a particularly simple 
form for the calculation of littoral volume drift rate 

The Conceptual Model 

Assume a two dimensional sediment transport system which includes only 
depth of burial and transport direction  The motion of sand particles is 
initiated by the passing of a surge  As wave crests pass over a point 
particles are alternately lifted from the sea floor, transported, and re- 
deposited  Inasmuch as wave height and period are random variables, the 
depth to which material is eroded from the sea floor varies with each wave 

When the wave train impinges obliquely upon the shoreline a net long- 
shore current is superimposed upon the oscillatory motion so that particles 
suspended by the passing surge are subjected to a net motion along the shore- 
line  Contrary to the situation in uniform flow, it is the individual 
energy pulses which control the erosive mechanism and the wave climatology 
as a whole which controls the transporting mechanism  Short period high 
waves do not effect littoral drift if they are directed onshore  The long- 
shore current is the transporting mechanism, but is not the erosive mechanism 
except in extreme cases 

The Probability Model 

For the purposes of this development the elevation of a point on the 
sea floor can then be considered to change instantaneously through a series 
of erosional and depositional increments  Define the thickness of the 
erosional increment accompanying the passage of the ith surge as e   , and the 
thickness of the following depositional increment as S Both e  and 6 are 
assumed to be random variables with equal expectations (y)  Particles which 
are eroded are assumed to mix in transport so that the depth below the 
sediment-water interface at which tney are redeposited is independent of the 
depth from which they were eroded 

At time zero tracer particles are injected on the surface  Initially 
all tracer particles will be eroded, transported and redeposited  As success- 
ive erosional and depositional episodes occur, some of the tracer particles 
will become buried below normal erosional depths, thus occupying sites of 
relative stability  Ultimately an equilibrium state will be reached where 
the concentration of tracer particles with depth of burial will no longer 
change  This state will be that where the probability of erosion of parti- 
cles buried at a given depth times the proportion of tracer particles buried 
at that depth precisely equals the probability that a freshly eroded particle 
will be deposited at that depth times the total probability that a tracer 
particle is eroded, for all depths 
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Certain characteristics of the equilibrium distribution can be derived 
without knowledge of the specific probability density functions describing 
erosional and depositional increment thicknesses 

Define 

f  .j(z)dz = the probability that after the ith surge passes, a 
tracer particle is buried between depths z and z+dz 

f  (z)dz = the probability that a particle which is eroded by the ith 
surge, is redeposited between depths z and z+dz 

P   (z)  = the probability that a particle buried at depth z is eroded 
movev     ,      X       *u by the ith surge 

P   (z)  = the probability that a particle buried at depth z is not 
eroded by the ith surge 

f (£)d£  = the probability that the thickness of an erosional increment 
is between £ and e+de 

F (E) =/ f (x)dx = the probability that the thickness of an erosional 
increment does not exceed £ 

Then  P ^  (z) = F (z), and P   (z) = 1 - F (z) 
stay      e   '     move £ 

Define Pm = the total probability of a tracer particle being eroded 
by the ith surge, independent of burial depth 

Pn^ = /" [1 - Fe(z)]fi(z)dz 

Then 

fx+1(z) - FE(z)fx(z) + Pmifnew(z) 

An equilibrium probability distribution of tracer burial depth will 
be obtained when 

Wz) • fi<z> 

Define this distribution as f  (z) 
eq 

Then 

f»„(z)= F (z)f  (z) + Pm f  (z) eq     e   eq       eq new 
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Pm f  (z) 
f (Z) = ^3_new 
eqv '       [1 - F (2)] 

It now remains to relate the fresh deposition burial law (f  (z)) 
to the probability density for depositional increment thicknesses 

Define 

f,,(<$)dS = the probability that a random sample from the 
probability distribution of depositional increments 
has thickness between 6 and <S+d6 

g,,(6)dS = the probability that the depositional increment within 
which a freshly deposited particle falls has thickness 
between Sand 6+d6 

Then in order to maintain a volume balance 

g5(6)d« « «6(6)dfi 

As,   /og6(6)d6 - 1 

and,   / f AS)   d6 =y 
o o 

6f  (6)d6 
then,  g.(6)d« - 

From the mixing in transport assumption, a particle which falls within 
a depositional increment of size 8 is equally likely to fall at any depth be- 
tween the surface and the base of the increment 

Thus 

f  (z|«) - -7      0 < z < S 
new  '     6 

= 0       z > 6 

Then  the joint probability density  of depth of burial and size of 
depositional increment is  given by 

f       (z,6)  =  f       (z|(5)g.(<$) 
new    ' new     '     6S 

_   q/6)6fx(6) 
V 
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fnew(z'6) "—&-         0< z< 6 < 
V 

= 0 z > 6 

Then the probability distribution describing burial depths of freshly 
deposited particles is given by 

f  (z) -/ f  (z,S)d6 
new     z new 

=/  (l/u)f (6)d6 
Z 0 

1 - F.(z) 
f   (z) =  2— 
new u 

where  F  (z)  =  the probability  that  a  random sample  from the probability 
distribution  of  depositional increments has  thickness  less  than  z 

The resulting equilibrium distribution of burial depths is thus 

Pm   [1 - F (z)] 

W ;    V [1-F£(z)] 

A significant special case being 

feq(0) = (P%/,J) 

For this class of probability models, the total surface concentration 
of tracer material is independent of the specific probability laws governing 
erosional and depositional increment thicknesses 

Volume Littoral Drift Rate 

Even more important is the implied relation between the rate of tracer 
transport and the volume rate of littoral drift 
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At equilibrium 

1 The expected proportion of tracer particles moving with each 
passing surge is Pm 

2 The average distance of movement is defined as E(AX) 
Thus the average longshore tracer velocity is 

v = Pm E(AX)/At 
x    eq 

Q = uE(Ax)/At 

Thus 

Or 

VI » Pm It 
eq eq (0) 

E(Ax)/At = V. /Pm 
x  eq 

Q 
Pm eq \_ 
f (0) eq Pm eq 

Q «V /f  (0) x eq 

Volume drift rate is simply the tracer centroid velocity divided by the total 
surface concentration of tracer material, both of which are measurable 
quantities 

These results can be applied to the three dimensional case if one assumes 
that diffusion of material In the shore-normal direction is negligibly small 
In this case, for a line injection the littoral drift rate is given by 

•) 

vx <r> dy 
feq(0/^ 

where the integral is taken across the entire zone of transport 

Concluding Remarks 

Before the above equations can be relied upon, it is necessary to 
test some of the underlying assumptions both in the laboratory and in the 
field  Experiments are presently being designed at CERC and elsewhere for 
this purpose 
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CHAPTER 53 

PROPERTIES OF LONGSHORE BARS IN THE GREAT LAKES 

by 

James H Saylor 
Edward B Hands 

National Oceanic and Atmospheric Administration 
Detroit, Michigan 48226 

Longshore bars are permanent features of nearshore bathymetry 
along the windward    coasts of the Great Lakes      The stability and 
permanency of these features have been noted by numerous investigators, 
but movements of the bars and troughs vn relation to varying lake 
levels and incident wave energies are not fully understood     Studies 
of nearshore bathymetry and sediment properties were conducted during 
1967 and 1969 along a forty-five kilometer reach of the eastern coast 
of Lake Michigan 

Results show that the offshore bars migrate significantly due to 
changes in lake level,  a rise of one-half meter in the surface of Lake 
Michigan between 1967 and 1969 was accompanied by a shoreward movement 
of bar crests and troughs over a distance averaging SO meters     Eleva- 
tions of the crests and troughs are also built upward toward new equibli- 
brium levels during rising water levels, but elevating of the crests lags 
the increase in stage     Extensive shore erosion occurs because of the re- 
duced effectiveness of longshore bars in dissipating incident wave energy 
The average crest depth was found to increase linearly in the offshore 
direction     Average distances between crests increase exponentially 
These relationships are preserved during the bar growth and shifting 

that accompanies long term changes in lake level 

Bar troughs are characteristically crescent shaped, with no abrupt 
changes in slope      Fathograms from several ranges show atypical trough 
configurations consisting of flat bottoms with discontinuities in 
slope on ascent to adoacent crests     This unusual trough shape is in- 
dicative of an immobile stratum exposed along the bottom of the trough 

INTRODUCTION 

Longshore bars are permanent features of nearshore bathymetry 
along the windward coasts of the Great Lakes where an abundant supply 
of sand-size sediment is present  The bars and intervening troughs 
are oriented essentially parallel to the shoreline  Along the eastern 
coast of Lake Michigan the longshore bars are continuous in coastal 
reaches exceeding many tens of kilometers, and the structure of these 
remarkable features has been described by numerous investigators  The 
continuous bars are usually three or four in number in Lake Michigan, 
although as many as five or six have been observed  As a rule, the 

839 
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spacing between bars increases in the offshore direction, so that the 
distance between the first and second bars is less than the distance 
between the second and third bars as one proceeds toward deep water 
The trough associated with each bar occurs inshore of the crest, and 
the height of the crest above the trough also increases going offshore, 
with the exception that the bar farthest offshore is often of small 
height and configured as a long, gently-sloping swell of the lake 
bottom lying just lakeward of the more typical longshore bar structures 

The longshore bars of Lake Michigan were first described by Desor 
(1851), and more comprehensively investigated by Evans (1940, 1942) 
The observations of bar structure made by Evans have been widely 
reported (e g , Shepard (1950) and Zenkovitch (1967)), and constitute 
the framework of present knowledge  There have been relatively few 
studies concerning movements of the bar structures due to varying 
incident waves and currents, or due to long-duration variations in 
water surface elevation  Evans (1940) concluded that minor readjust- 
ments in the positions of bars and troughs may occur with changes in 
intensity or direction of incident waves, but that the bars do not 
migrate in response to significant increases in water surface eleva- 
tion  He believed that an increase in water level would strand the 
deeper bars as relicts, and that a new set of crests and troughs would 
be built inside them  The only shoreward migration of bars would be 
associated with a lowering of lake level, which would decrease the 
water depth over the innermost bar and cause currents or waves of 
translation across it  With these conditions, Evans felt that the 
innermost bar would move shoreward as a subaqueous dune  Davis and 
McGeary (1965) studied the stability of nearshore topography in south- 
eastern Lake Michigan during the summer months of 1963  Their results 
agreed with Evans' findings that the offshore bars do not move appre- 
ciably  Bajorunas and Duane (1967) studied nearshore topography in 
a similar environment in southeastern Lake Superior and contrary to 
previous findings, they showed that considerable movement of bars can 
occur during just a few months  In southeastern Lake Michigan, Hawley 
and Judge (1968) indicated that the bars and troughs do migrate from 
year to year, but they did not identify a regular and consistent 
pattern of movement 

This paper describes the results of an investigation of bar 
stability conducted during 1967 and 1969 on the eastern coast of Lake 
Michigan  The reach of coast studied extends about 45 km, centered 
about Little Sable Point (Figure 1)  Twenty-nine range lines were 
established perpendicular to the shoreline at nearly equally-spaced 
intervals throughout the study area  Topography was monitored along 
each range line from the back beach to an offshore water depth of about 
9 m, which is a depth in excess of that in which the bar structures 
occur  Sediment samples were collected along each range and gram-size 
distributions determined m the laboratory  Wave height and period 
and wind speed and direction were recorded continuously from an off- 
shore platform  The platform was erected at a site where the water 
depth was 6 m, and it was located about 500 m north of the Pentwater 
jetties, near the northerly end of the study area, and 400 m from the 
strandlme  Water surface elevation and current speed and direction 
were also monitored from the platform during the investigations 
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PENTWATER 

LITTLE SABLE POINT 

LAKE MICHIGAN 

Fig 1  Location of study area and selected ranges 

CHARACTERISTICS OF OFFSHORE BARS 

From casual observation of the eastern Lake Michigan coast by 
either personal visits or inspection of aerial photographs, the contin- 
uity and regular spacing of the offshore bars and troughs are striking 
features  However, if the nearshore topography is studied in more 
detail over a lengthy reach of the coast, the regularities of bar struc- 
ture become more obscure  The spacing and number of bars vary from 
range to range, as does the depth of water over the crests and the 
distance of the bars from shore  The most pronounced variations occur 
in shallow water near shore  The shallow-water bar, or bars, may not 
conform to the trend of the shore, as do deeper bars, but will some- 
times merge at an angle with the beach face  In other reaches, the 
coastal ridge may appear as an alignment of discontinuous shoals, a 
crescentric bar (horns and cusps directed toward shore), or simply a 
perturbance on the outer edge of a bench lying below the swash zone 
Such coastal bar forms are also more variable in time than the deeper 
longshore bars  They are continually subject to changes in size and 
position, and may disappear and reform in the course of a few days 
Just south of the Pentwater jetties the entire sequence of longshore 
bars is virtually absent  The jetties, which extend about 150 m into 
the lake, disrupt littoral drift and as a consequence the fully- 
developed sequence of bars is not observed again until one proceeds 
abouts 1 km south  From this location southward to the vicinity of 
Little Sable Point, a quartet of well-developed bars persists with 
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little variation in geometry  At Little Sable Point, the inflection 
point between a northeasterly and southwesterly trending coast, the 
regularity of bar-trough configuration is again broken  The smooth, 
regular bar pattern is replaced by an irregular profile which more 
closely resembles that found on ocean coasts exposed to a wide variety of 
wave trains  A regular sequence of bars is reestablished south of the 
point and persists throughout the southerly 20 km of the study area 
The crests are deeper and more widely spaced in this reach, however 

In spite of the variations in bar structure from range to range, 
the entire reach of Lake Michigan coast studied is typified by the 
presence of three, and in several subreaches four, essentially-contin- 
uous longshore bars  The spacing and depth of these bars, while not 
constant, do fit remarkably simple patterns  These bars conform with 
the classical descriptions, in that the elevation of crest above trough 
(height) increases going offshore, as does the spacing between crests 
The depth of water over successive crests increases linearly in the 
offshore direction, as illustrated in Figure 2, which shows the average 
values observed during 1969 for ranges 1 through 15, and ranges 18 
through 29  The continuous bar nearest shore is labeled in the figure 
as crest 2 because of the frequent presence of one or more low amplitude 
bar-like structures between it and the strandlme   In all reaches 
studied, the crest elevations of the three continuous bars exhibit 
a nearly linear distribution, although the slope of the line connecting 
crest elevations does vary along the coast as illustrated in the figure, 
and the bars are deeper south of Little Sable Point than they are to 
the north 

Between the continuous bar nearest shore and the strandlme, one 
or more bar-like structures are occasionally observed  If more than 
one are present, the depth of water over the crests is nearly the same 
and averages about 0 5m  These shallow-water features show much vari- 
ability from range to range and they are not continuous along the coast 
for lengthy distances  The 1967 investigations were conducted in the 
northern third of the coastal reach and during the summer months of 
June through August  During this period the shallow-water crests were 
always present, but they were not as prevalent on the same ranges during 
the 1969 studies made during the spring and fall months  The summer 
months on Lake Michigan are characterized by moderate winds and waves, 
with storms occurring infrequently, while during spring and fall the 
coast is subjected to frequent intervals of high wave stress  Thus, 
the shallow-water features are prominent in summer when the deeper and 
permanent bars are inactive and lie below the depth of the normal wave 
forces  They represent the reworking of the nearshore sediment due 
to moderate waves which pass unaltered across the deeper bars  Intense 
storm waves effect the entire bottom structure and disrupt the shallow- 
water structures built under moderate wave conditions 

Much variability in bar structure also occurs offshore from the 
three continuous crests  In the northern parts of the study area, a 
forth continuous bar is present and the depth of water over its crest 
is linearly related to the depth of water over the three shallower 
continuous crests  In this region, the fourth continuous bar conforms 
with the characteristics of the inner three, as the amplitude and bar 
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spacing increase in a regular fashion going offshore  Outside of the 
quartet of continuous crests, a long-crested, low-amplitude swell of 
the lake bottom is sporadically present on various ranges  The north- 
ern half of the reach south of Little Sable Point is also characterized 
by four continuous crests, while near the southerly end of the coastal 
reach only the three continuous crests are present  Again, the low- 
amplitude swell occurs lakeward of the continuous features on only 
several of the range lines 

The depth of water over the crests of shallow-water bars and of 
the deep lake bottom swells does not fit the linear distribution ob- 
served for the continuous crests  At both ends, the observed water 
depths are greater than those which would be obtained from interpola- 
tion of the linear trend for the persistent triplet  If the linear 
distribution of crest elevations is truely representative of an equili- 
brium longshore bar structure, as is certainly suggested by the consis- 
tent observations, the deep swells of the lake bottom must be represen- 
tative of bar formation at a depth where there is insufficient energy 
expended by breaking waves for full bar development  This is perhaps 
to be expected, since the deep crests would cause wave breaking only 
for the most intense and infrequent Lake Michigan storms The sporadic 
occurrence of the deep swells, and the development of four continuous 
bars in two subreaches, would be the result of the variations in wave 
intensity along the coast due to wave refraction and differences in 
exposure 

The spacing between crests in the offshore direction does not 
increase in a linear fashion, but rather increases exponentially  The 
spacing between bars shows more variability than the depth of water 
over the crests, although there are clearly defined distributions 
Figure 3 shows the bar spacmgs observed during the spring of 1969 in 
the entire coastal reach  The numbering scheme for the crests shown 
on the figure is the same as used previously, l e , crests 2-4 refer to 
the three bars continuous along the coast  The spacing between crests 
varies considerably as the offshore gradient varies from range to 
range  At Little Sable Point, for example, the slope is greater than 
it is at the northern end of the study area, so that the bars are com- 
pressed together even though an exponential increase in spacing is 
still observed in the offshore direction 

The ratio of water depth over the trough (Dt) to depth over the 
crest (Dc) falls between 1 1 and 2 1  Keulegan (1948) reported that 
this parameter remained fixed even as other measures of the bar changed 
due to varying wave conditions  The average value of 1 5 from our 
data agrees closely with value 1 5 (below llw) given by Shepard (1950) 
as most typical of Pacific beaches, and with the average of 1 69 deter- 
mined by Keulegan in wave tank experiments  It should be noted, how- 
ever, that choice of reference level (mlw, llw, etc ) and method of 
calculating the average can significantly alter the results  Further, 
no relationship between the type of bottom material and Dt/Dc could be 
found even through the bottom material was found to exert a major influ- 
ence on bar profile configuration, as will be discussed later 

In examining bar measurements made on the Pomeranian coast by Otto 
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and Hartnack (in Keulegan, 1948) and on Lake Michigan by Evans (1940), 
Keulegan felt that there was field evidence that Dt/Dc increases with 
increasing distance of the bar from shore  No significant difference 
was found in this ratio for the three persistant bars (2, 3, and 4) in 
this study  A lower value of 1 3 for the outer bar contributes to the 
evidence that the outer bar, which is out of the reach of frequent 
wave disturbance, has not yet been able to build to an equilibrium 
state 

The physical significance of the linear increase in depth of water 
over successive crests and of the exponential increase in bar spacing 
is not readily apparent  The water depth at which incident wind waves 
break is a constant fraction of the depth, I e , the waves break when 
the wave height is on the order of 0 8 of the water depth  Thus, a 
linear increase in water depth over the crests going offshore would 
imply a linear decrease in the height of waves breaking on successive 
crests in the onshore direction  Since wave energy is proportional 
to the square of the wave height, the energy dissipated on each bar 
would not decrease in a linear manner, and the energy dissipated on 
each crest may play an important role in determining bar spacing  How- 
ever, it is probable that the large wave heights are associated with 
the longer wave lengths incident on the coast so that the process of 
breaking across successive bars can filter out wave lengths as well as 
wave heights  The wave length may also be a factor in determining 
bar spacing 

BAR STABILITY 

After reaching record low levels in 1964, the water surface eleva- 
tion of Lake Michigan increased steadily through 1969 (Figure 4) 
According to Evans1 (1940) hypothesis, the rise in lake level should 
have stranded the deeper bars as relicts, with a new set of longshore 
bars built inside them  But the observations do not indicate that this 
has occurred  On the contrary, the bars have built upward toward the 
water surface and moved inshore  Figure 5 shows bottom elevations mea- 
sured along two ranges in the northern third of the study area which 
typify the observations in this coastal reach  The profiles were mea- 
sured during the summer of 1967 and the spring and fall of 1969 

An onshore movement of bars and troughs is unmistakable, and for the 
profiles shown in Figure 5 averages about 30 m  The direction of move- 
ment in relation to long-duration changes in lake level is exactly 
opposite to the movements hypothesized by Evans (1940), who indicated 
that onshore movement of the shallower continuous bars would be asso- 
ciated with falling lake levels  During the summer months the deeper 
bars exhibit much stability, in agreement with summer observations made 
by Davis and McGeary (1965)  Comparison of aerial photographs may 
also give a misleading interpretation of bar stability unless the 
cyclical changes with respect to water surface elevation are taken 
into account 

The average depths of water observed over successive crests during 
the summer of 1967 and spring of 1969 are compared in Figure 6 for 
those ranges studied both years  If the bars were static, fossil fea- 
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tures, they would simply have been drowned during the subsequent rise 
in lake level, 1 e , the 1969 depths would merely plot 0 31 m above 
the 1967 depths  But this is not what occurs  The bars have responded 
to the rising lake level by building upward in a manner to preserve 
fixed depths below the water surface  Discrepency between the 67 and 
69 depths increases toward deep water (where the response is slower), 
but even on the deeper bars the difference in depth is less than the 
change in lake level 

The most rapid movements of bottom material are associated with 
the spring and fall intervals of frequent high wave intensities  The 
fall season is most important because wind across the lakes is accel- 
erated due to unstable air stratification above the warm lake surface, 
whereas stable stratification occurs in spring and summer over the cold 
lake surface  Thus, lake elevation during the fall months is perhaps 
the determining factor in the establishment of equilibrium nearshore 
topography, and in this sense the profiles measured during the summer 
of 1967 and the spring of 1969 are probably representative, at least 
for the deep water ends of the profiles, of conditions established 
during fall of the previous year  For a considerable part of 
the ice-free season, an increase in water surface elevation allows 
higher amplitude waves to propagate to the shoreline than would be 
possible if the profiles were fully adjusted to an equilibrium state 
These non-equilibrium stages are associated with extensive beach erosion 
and structural damage  Conversely, during low lake levels the long- 
shore bars are more effective in dissipating the incident wave energy, 
and the shallow-water areas are unusually stable  Noting the annual 
cycle of water surface elevation in Lake Michigan as shown in Figure 4, 
it is to be expected that the beach is most vulnerable to erosion during 
the early summer months of peak water level 

TEXTURE OF BOTTOM SEDIMENTS 

A fine gram, very well sorted quartz sand is the typical bottom 
sediment from the water's edge out to a depth of 9 m and from range 1 
to range 29, 45 km south  While diving with the aid of SCUBA, a few 
pools of colloidal clay (about a meter in diameter and a few centimeters 
in thickness) were noted, resting gently over scattered depressions in 
the bottom  None of the more than 270 bottom samples had so much as 
1% by weight in the silt-clay size range, I e , <4# , where $ =  -log2 
diameter in mm   Toward the other end of the size range granules 
and pebbles, though uncommon, did occur at the strandlme along some 
reaches of the coast and they appeared in a few samples from specific 
troughs 

Sieving the sediment on 1/4(4 intervals disclosed a small but clear 
trend toward finer material on the crests away from shore  Superimposed 
on this classical pattern is a tendency for trough samples to be coarser, 
more poorly sorted, and more negatively skewed than samples from the 
adjacent bar (Figure 7) Changes in these three textural parameters can 
most simply be viewed as expressing the absence, on crests, of some 
material from the coarse end of the normal size distribution 
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These observations are in accord with the principal theories on 
bar genesis, in as much as the various theories all envision some 
winnowing action at trough sites with concomitant deposition on a 
bar site located immediately lakeward 

Figure 7, illustrating textural variations in an offshore direc- 
tion, is based on the average values from the various bars on ranges 
9-13 during 1969  In addition to the accumulation of slightly coarser 
sand at the troughs, which appears to be a general rule, we found a 
few troughs floored with a relict, immobile material  Therefore, to 
examine size variations of just the mobile fraction in the longshore 
direction, the crest samples were averaged for the three persistent 
bars which occur on each range, and the results are shown in figure 8 
A regional trend emerged,  the finest material in littoral transit 
and stable within the surf zone accumulates in the area just north of 
Little Sable Point (m the vicinity of range 10)  This reach of the 
coast occupies an intermediate position between shore bluffs that 
mark the intersection of the modern shoreline with glacial moraines 
A high bluff (>50m) to the north is subject to periodic slumping as 
indicated by the presence of recently uprooted trees in the shallow 
water at the toe of the bluff and by the testimony of residents  This 
source of new material to the littoral system lies about 5 km beyond 
the northern limit of the area sampled, but as shown by the pattern 
of accretion and recession around the Pentwater jetties the net long- 
shore drift is from the north in this region and the bluff appears 
to be a source of sediment to the nearshore zone as far south as Little 
Sable Point  Cobbles lie at the toe of the bluff and the finer consti- 
tuents eroded from the moramal debris are redistributed by littoral 
drift  Clays and silts in suspension evidently move considerable 
distances alongshore, but are ultimately diffused into deeper water 
prior to burial  The sand load becomes gradually finer in its direction 
of flow away from the bluff toward Little Sable Point, Figure 8  The 
transport of some of the coarse sand reaching Pentwater may be arrested 
by the jetties there  South of Little Sable Point the moraine again 
meets the shoreline, and in the past has contributed fresh material 
to the shore environment  However, because of the configuration of 
the coast (Figure 1) the northwesterly storms are less important here 
than southwesterlies which cause littoral drift m this region toward 
the north  The finer sediments in the vicinity of range 10 are protect- 
ed somewhat from northerly drift by the Point  Northwesterly storms 
likewise fail to induce strong littoral flow at this point since the 
waves approach normal to shore  Therefore, it is not unreasonable 
that moving away from glacial bluffs to the north and south toward this 
zone of converging littoral currents, increasingly finer and more 
mobile sediments are encountered  It should be pointed out that the 
spatial variations in texture, (alongshore, offshore, and bar verses 
trough) are small (^3/40) and would not have been disclosed by the 
still common practice of sieving at 1/20 intervals 

BAR GEOMETRY AND COMPOSITION 

A relationship between sand size and slope of the beach has been 
demonstrated by Bascom (1951) Moreover}wave tank experiments at the 
Coastal Engineering Research Center (Saville and Watts, 1969) have 
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shown a tendency for bars to build slightly farther offshore as the 
gram size of the sediment is decreased  The textural variations dis- 
cussed in the preceding section are, however, too small to relate to 
changes in bar morphology  The response of profile configuration to 
radical changes in bottom composition, several orders of magnitude 
greater than the variations revealed by sieve analysis, will be discuss- 
ed here 

Longshore bars occur on tidal as well as tideless bodies, inland 
lakes as well as open oceans  The resulting forms are quite variable, 
reflecting local sediment response to a particular energy environment 
In spite of this variability, longshore troughs in sandy material are 
characteristically U-shaped  It was therefore surprising to find on 
the fathograms several profiles exhibiting flat and even convex upward 
trough floors  In each instance investigation using SCUBA revealed 
the presence of a rock pavement at these sites of anomalously shaped 
troughs 

The rocks were from cobble to boulder size (0 1 to several meters 
m diameter) and ran the gamut of lithologies through sedimentary, 
igneous, and metamorphic types  This indicates the necessity of 
glacial transport to explain their occurrence on the shore of Lake 
Michigan  Three of the five ranges with flat bottom troughs are 
indeed directly offshore from truncated glacial moraines  The occur- 
rence of boulders on these three southern ranges is thus readily 
explainable as an effect of post glacial coastal erosion  Boulders also 
floor troughs on ranges 4 and 11, and these are separated by kilometers 
from the nearest boulder clay deposit  Evidently the glacial moraines 
formerly extended considerably farther westward (Figure 9) 

The correlation between atypically shaped troughs and the presence 
of boulder pavements seems well established by this study  The use of 
grab samplers (VanVeen, 1936, Shipek, 1965), so routinely employed in 
surveys of shallow-water sediments, fail to reveal the rock pavements 
due to the large size of individual rocks (0 l-2m) and the elongate, 
patchy distribution of the deposit  Likewise, Hough's method (1952) 
for identifying bottom composition by interpreting the density and 
thickness of fathogram traces also failed to reveal these substantial 
changes in bottom type  Rock pavements do however reveal their pre- 
sence by effecting profile configuration  They interrupt normal pro- 
file development, causing abrupt changes in slope and flat to convex 
upward troughs (Figure 10)  This previously unrecognized relationship 
permits the use of fathograms to infer the presence of clay, gravel, 
boulder, or bedrock substratum and the thickness of mobile sediment 
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CHAPTER 54 
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1. INTRODUCTION 

Longshore wave currents and their influence on the sand 
transport phenomena m the shore zone have attracted the 
attention of numerous researchers. Also the existence of 
transverse, secondary currents, superposing the longshore 
component, has been known for years, but less attention 
has been given to analysis of their effect on the sedi- 
ment movement. 

This paper presents some examples of the influence, 
these relatively weak transverse currents may have on the 
processes in the shore zone.  They have a parallel in the 
effect of secondary currents in alluvial streams, which, 
although weak, give use to such an impressive phenomenon 
as meandering. 

All conclusions below are based on simple, qualitative 
considerations of the physics of the system. A strict 
mathematical, quantitative approach to the problem does 
not seem possible with the present knowledge of the fluid 
dynamics in the shore zone, and much further research into 
these complex phenomena remains, of course, necessary. 

2. NET CURRENTS IN THE SHORE ZONE 

Longshore currents 

It is well known that the breaking of waves in shallow 
water exerts a force on the water body between the breaker 
zone and the shore.  This is due to the existence of the 
wave thrust [Lundgren 19631, found by integrating the flux 
of momentum and the wave pressure over the water depth m 
a wave period.  The wave thrust has the same direction as 
the wave orthogonals. 

855 
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It is also known that the longshore component of the 
wave thrust generates longshore currents in the trough be- 
tween breakers and shore.  An equation of equilibrium of 
the forces in the longshore direction may m principle be 
established to yield an expression for the longshore veloc- 
ity.  This approach is physically sound, but lack of suffi- 
cient knowledge of the bed shear stress generated m the 
complex movement m and behind the breaker zone renders 
this approach impracticable at this moment.  Furthermore 
the stochastic aspects of the problem are undoubtedly very 
important and cannot at present be grasped m mathemathi- 
cal form. 

Circulation currents 

The component of the wave thrust parallel to the shore 
generates the longshore currents. 

Similarly,  the component perpendicular to the shore 
generates circulating currents in the cross section. These 
currents weie first observed by Bagnold [Bagnold 1940] and 
have since been verified by many others. In the following 
a simple qualitative explanation of the generation of 
these currents is given, and their occurrence is related 
to specific properties of the wave motion. 

Bottom currents under shoaling, nearly-breaking waves 

The deformation of the waves approaching the breaker 
zone will increase the wave thrust I m the shoreward di- 
rection, so that the thrust Ig in section 2 is greater 
that 1-j in section 1, see Pig. 1.  Therefore the result- 
ing thrust IR on a control volume from section 1 to sec- 
tion 2 has an offshore direction.  This force is compen- 
sated by a decrease m mean water level in onshore direc- 
tion, creating a static water pressure reaction PJJ against 
I'D. 

The strong deformation of the orbital velocity profile 
of a wave immediately before breaking causes IJJ to act at 
a higher level over the bottom than PJJ. Hence an equilib- 
rium m the moments can only be obtained if there is a re- 
sulting force along the bottom, i.e. a resulting shear 
stress T. T must act on the water body in a seaward di- 
rection, and m a shoreward direction on the bottom. The 
waves will contribute to this, as the resulting shear 
stress due to wave motion will have an onshore component, 
but near the breaker zone this appears not to be suffi- 
cient, and a shoreward bottom current will superpose the 
wave motion. 

The existence of shoreward currents under nearly-break- 
ing waves can clearly be observed m a laboratory flume. 
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Bottom currents under surfing waves 

After breaking the wave proceeds for some wave lengths 
as a surfing wave.  The heavy energy losses will reduce 
the wave height, and the wave thrust will decrease m the 
onshore direction, see Pig. 2.  The resulting wave thrust 
Ip acting on the control volume will now have a shoreward 
direction.  A rise m mean water level will give a static 
pressure reaction P-g, but due to the high particle veloc- 
ities at the water surface, IJJ will attack at a higher 
level than Pg. 

Equilibrium m the moments again requires the existence 
of a resulting bottom shear stress T, but now acting shore- 
ward on the water volume and seaward on the bottom. Hence 
under surfing waves the wave movement must be superposed 
by a resulting bottom current in a seaward direction. 

This current can also be observed in a laboratory flume. 

Circulating currents 

Under the breaker line, the onshore and offshore bottom 
currents under the waves will meet. Observations m a 
flume have shown, that there is only a very small transport 
of water through the breaker zone near the bottom.  Circu- 
lating cells are formed as shown in Fig. 3 whereby the re- 
turn flows for the bottom currents are established. Pig. 3 
shows a two-breaker zone where the surfing waves are regen- 
erated and a secondary breaker zone is formed.  Two circu- 
lating cells are formed between the breaker lines, prevent- 
ing transport in the bottom zone from the inner to the 
outer cell. 

If the surfing waves reach the shore like m Pig. 4, 
only one cell is formed, and transport from the shore to 
the outer breaker line will occur.  This has a very impor- 
tant effect" on the coastal sediment transport as will be 
shown later. 

3. EPPECTS ON SEDIMENT TRANSPORT 

Formation of longshore bars 

It has been shown above that waves breaking on a slop- 
ing plane will generate secondary currents directed towards 
the breaker line. This will have an accumulating effect 
on the grains on the bottom, moving them towards the break- 
er line where they build up a bar. 

The shape will stabilize when the slope gets so steep 
that the bottom current cannot transport the sand up over 



858 COASTAL ENGINEERING 

it, or when there is equilibrium between the amount of 
sand carried up by the bottom current and the sand re- 
turned in suspension at higher levels. At present it is 
not possible to tell which of these two conditions is the 
governing factor. 

The position of the bar is closely connected to the po- 
sition of the breaker line. Therefore, on tidal shores 
where this position is changing rapidly with the tidal cy- 
cle, distinct bars can only be expected to occur under se- 
vere wave conditions. Hence the existence of bars is more 
likely to occur in the winter as a result of more frequent 
storms. 

The lower waves in the summer will not break over the 
bar, so the accumulating effect is replaced by an onshore 
bottom current that will erode the bar configuration and 
change the winter-profile to a summer-profile. 

Formation of transverse bars 

In certain cases the situation with a two-breaker zone 
may change to a one-breaker zone, where the surfing waves 
from the outer breaker line are not regenerated but ex- 
tends to the shore as shown in Pig. 4 and 5. It might for 
instance happen when the depth over the outer bar is in- 
creased by erosion or dredging. 

In this case a shoreward bottom current extends from 
the shore to the outer breaker line, see Pig. 4.  This cur- 
rent will carry at least a part of the material transported 
on the inner bar out to the outer bar.  Studies of bottom 
topographies in the nature have shown, that in connection 
with this a transverse bar is formed. 

The deficit in the near shore transport downstream of 
the transverse bar affects the stability of the beach pro- 
file. Erosion of the beach occurs m the downstream re- 
gion in order to reduce the deficit and satisfy the trans- 
port capacity of waves and currents downstream of the 
transverse bar. 

The stable beach 

It has been shown in laboratory tests that the wave 
steepness, defined as the ratio between wave height and 
wave length, has a high influence on the stability of a 
beach. Waves steeper than a certain value were shown to 
erode the beach profile while waves below this steepness 
would build up the beach. 

The existence of secondary currents seems to offer a 
simple explanation of this.  Consider a plane beach with 
slope 1sn, see Pig. 6. A wave of height H will break at 
a depth approximately equal to H. Hence the distance from 
the shore to the breaker line will be approximately n H. 
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It xs obvious that if this distance is large, surfing 
waves are formed and seaward bottom currents are generated. 
But if the breaker "Line is very close to the shore this is 
not the case and the breaker will instead form a swash wave 
on the beach. Surfing waves are able to remove sand from 
the shore, whereas swash can move sand up on the beach for 
the following reasons} Swash has the highest velocity and 
hence the highest transport capacity, when the water is 
moving shoreward, and seepage losses reduce the seaward 
transport capacity further when the water is running back. 

Assuming that the change between surf and swash happens 
when the breaker line is distance k L from the shore, 
where L is the wave length. Now a simple similarity con- 
sideration gives the limiting wave steepness H/L for the 
stable beach as H/L=k/n. 

It can be seen that the critical steepness depends on 
the slope of the beach.  This may have some implications 
for model tests with movable bed and a distorted scale. 
The effect of distortion on the slope of a beach might 
change an eroding wave in the nature to an accumulating 
wave m the model. 

Meandering in the shore zone 

An interesting observation of some shore line configu- 
rations may be mentioned m this connection. 

On a 10 km long reach south of Hvide Sande on the west 
coast of Denmark it is possible to detect a periodic fluc- 
tuation on the shore line and of the outer bar.  The wave 
length of this fluctuation is about 3000 m, and the ampli- 
tude of the order 100-200 m. Hence with 3000 m interval 
the width of the beach is relatively large, and in between 
it is relatively narrow.  This pattern has been remarkably 
stable m the 9 years for which this shore has been studied 
in detail, although it has been superposed by local ero- 
sions and accretions m connection with the formation and 
passage of transverse bars. 

If the area between the bar and the shore is considered 
as a "river" carrying the longshore current, the ratio 
between the width of this river (about 300 m) and the 
length of its "meander" (about 3000 m) is the same as 
found for meanders in. alluvial rivers.  From this it seems 
possible that the longshore current in certain aspects is 
similar to an alluvial river. The observations of forma- 
tion of dunes m the trough between bar and shore [Zenko- 
vich 19671 further support this assumption. 

A similar "meander" pattern in a smaller scale has been 
observed on other Danish coasts. 
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4. THE "HVIDE SANDE" STUDY 

Investigations m  the prototype 

Hvide Sande as a small harbour town on the west coast of 
Denmark.  It is located on a narrow sana spit in a tidal 
outlet which is now controlled "by sluices. The undisturbed 
coast profile at Hvide Sande has two parallel bart and the 
resulting sana transport along the shore has a southward 
direction. 

To stabilize the outlet two 100 m long groynes were con- 
structed in 1931, but these had no significant influence 
on the outer bar.  In the fifties the depth over the outer 
bar was considered too shallow for safe navigation and m 
order to improve the conditions a 400 m long groyne was 
constructed about 100 m north of the outlet, see Pig. 7. 

This groyne crossed the outer bar and forced it to move 
seaward.  Furthermore a strong erosion took place on the 
outer bar at least up to 3 km south of the new groyne m 
the following 3-4 years as the supply from north was tem- 
porarily cut. 

Hence in October 1966 the original bar was significantly 
reduced over long reaches south of the groyne.  In the 
same period a severe erosion of the beach occurred at a 
point aoout 3 km south of Hvide Sande.  (Similar attacks 
were reported 6 and 10 km to the south, m places where 
the "meandering" had narrowed the beach.)  In connection 
with thib soundings in April 1967 showed that transverse 
bars had been formed m the winter of 1967 connecting the 
near-shore bar with the remnants of the outer bar, see 
Eig. 8. Just south of these bars the severe erosion& 
were observed.  The transverse bars migrated towards south 
with a velocity of about 600 m/year, changing the points 
of attack on the beach so that the erosion m a point de- 
creased or was substituted by a temporary accretion after 
the passage of the bar. 

South of the transverse bars the outer bar was built up 
again, which indicates that the outer bar was supplied with 
sand from the shore zone as mentioned above.  The erosion 
of the outer bar in  connection with the groyne construc- 
tion changed the breaker regime from a two-breaker zone to 
a one-breaker zone causing the formation of the transverse 
bar. 

It should be mentioned that transverse bars have been 
observed at many other locations, for example at the up- 
stream side of a groyne where the beach transport has to 
leave the shore to get around the groyne. They are also 
found on coasts without manmade interference, but again m 
connection with local erosion of the beach. 
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Model  tests 

With the purpose of studying the effect of the groyne 
constructions on the wave cuirent patterns during storms 
three fixed bed models were "built.  The horizontal scale 
was 1:300, the vertical scale 1:100.  The models illus- 
trated the situation in 1927 before any groynes were "built, 
m 1961 with the t^o small groynes just before construc- 
tion of the big groyne, and in. 1967 3 years after the big 
groyne was completed. 

As the bottom currents were of major interest they were 
traced by plastic balls having a diameter of 1 cm and a 
settling velocity of 7 cm/sec.  These balls were shown to 
be light enough to follow the wave current but heavy enough 
to stay at the bottom. 

The movement of the balls showed clearly the existence 
of resulting tiansverse bottom currents as mentioned m 
section 2, as they always had a velocity component towards 
the breaker zone.  But an even more convincing demonstra- 
tion came from the injection of small (1 mm 0) polystyrot 
grains which were transported seaward under surfing waves 
and shoreward under nearly-breaking waves.  The accumulat- 
ing effect of the circulation currents concentrated the 
grams under the breaker lines where they were transported 
downstream m very narrow bands parallel to the shore. 

That something similar happens m the nature has been 
demonstrated by Ingle m his studies of the movement of 
dyed grams on beaches m California [Ingle 1966]. 

The only exception from the pattern above was found in 
the region where the beach erosion had been reported. 
Here the relatively low outer bar caused a change from a 
two-breaker zone to a one-breaker zone, and the grains 
were transported from the bar near the shore out to the 
outer bar.  In the two other models where the outer bar 
was undisturbed this did not occur. 

Hence it was concluded that the heavy beach erosions 
were a secondary effect of the groyne construction.  The 
erosion of the outer bar and the change m the breaker 
zone regime, caused by temporary cutting of the sand trans- 
port from north, gave rise to the formation of transverse 
bars, and these m turn were responsible for the erosion 
of the beach. 
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CHAPTER 55 

LABORATORY TESTS OF LONGSHORE TRANSPORT 

by 

John C Fairchild, M , ASCE 
Research Hydraulic Engineer 

U S Army Coastal Engineering Research Center 
Washington, D C 

ABSTRACT 

Tests were made in CERC's Shore Processes Test Basin witlt wayes ap- 
proaching the toe of a test beach at a 30-degree angle  Beach material 
was quartz sand with median diameter of 0 22 millimeter which, in most tests, 
was molded to a 1 on 10 slope before starting a test  Long crested waves 
generated in a constant depth of 2 33 feet traveled over the beach, shoaled 
and were refracted before breaking near the shoreline  The breaking action 
caused the sand to be transported along the shore in the direction of the 
longshore component of the wave energy flux  Transport rates of 2 to 170 
cubic yards per day were measured, with the lower rate within the range of 
laboratory rates reported by Savage^and the higher rate comparable to 
field rates reported by Watts^for South Lake Worth Inlet, Florida  A- 
nalysis includes correlation of the measured rates to the longshore wave 
energy flux, and in some tests, to the longshore current  Transport rates, 
defined by visual fit curve of the data, are about 3 times the rates in- 
dicated by the CERC TR-4 design curve for a longshore energy range of 0 016 
to 0 760 millions of foot pounds per foot of shore per day 

I   INTRODUCTION 

General 

Water waves impinging obliquely on a sandy shore scour and suspend shore 
materials causing them to move along the shore in the direction of the long- 
shore component of the wave energy flux  The amount of material moving depends 
primarily on the wave breaker angle and the energy of the waves impinging on 
the shore  However, the amount of material moving at a given energy flux is 
influenced by the wave steepness, breaker type, sand size, and the beach, slope, 
and experience indicates that these factors may act to increase or decrease the 
longshore transport, where there is little or no change in the wave energy flux 

The amount and direction of longshore transport is important in the planning 
and design of shore improvements  Reliable field data on longshore transport is 
required in the design and economic evaluation of jetties navigation inlets, beach 
erosion projects, and hurrican protection projects  Data, usually of questionable 
accuracy, is available for a few coastal areas, but present coverage is inadequate 
and field data is expensive and difficult to get  Therefore, CERC has for some 
time had underway a program to obtain laboratory data which would define basic 
relationships and which might be used with field data to more quickly and less 
expensively provide the relationship between longshore wave energy flux and 
longshore sand transport 

867 
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Laboratory Tests 

This report presents results from laboratory tests of longshore trans- 
port (3,4,5,6) )na(je in CERC's Shore Processes Test Basin CSPTB)  Tests 
were made with waves approaching the beach, at a 30 degree angle in a constant 
depth of 2 33 feet  Figure 1 Is a plan view typical of the test set-ups used, 
showing the wave generators and the test beach, with the sand trap at the 
downdrift end and the feeder beach at the updrift end 

Beach material was a uniformly sized sand with a median diameter of 0 22 
millimeter  In most tests the beach was molded to a 1 on 10 slope before 
starting wave action  Several tests, including some groin tests in 1957 (1) 
and 1958, were started on a "150 hour profile slope", which was an equilibrium 
slope determined from 150 hours of wave action  Other tests in 1959 and 
earlier were started on a 1 on 20 slope 

1- l^rS^Sss3*asSs_z ~ZfS 

c» 
St       A A 

"•"-1                            -              r'•.•»»• 

1 1 lOt r 
FIGURE I LONGSHORE TRANSPORT TEST LAYOUT IN THE NORTH SECTOR OF SPTB (1966) 

Tests were carried out by generating long crested waves which traveled 
from the wave generator to the toe of the beach slope in a constant water 
depth  As waves continued over the beach they shoaled and were refracted 
before breaking  When the waves broke, part of their energy was dissipated 
in turbulence, scouring and suspending sand, part was transformed into a 
longshore current and part was reflected from the beach  The wave action 
scoured the beach sand, forcing it into suspension, to be carried along the 
shore by the longshore current  Also, the swash and backwash of the waves 
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caused the sand to move onshore and offshore, with a resultant slantwise 
movement along the shore 

In summary, the wave action caused the sand to move along the shore in 
the breaker zone, in the swash zone and in the deeper offshore zone  The 
sand moved onshore and offshore, and with continued wave action, the bottom 
profile progressed toward an "equilibrium profile" characterized by a reduced 
transport rate and a reduced onshore-offshore exchange of material 

Purpose 

The purpose of the tests was to measure the longshore transport rate 
for a range of wave characteristics, and to establish- a correlation between 
the measured rates and the corresponding longshore components of wave energy 
flux  Longshore transport rates were measured in tests, wherein sand moving 
along the shore was deposited in a sand trap from which it was pumped and 
weighed under water  Longshore components of wave energy flux were computed 
from measured wave heights and calculated wave breaker directions 

From an engineering viewpoint, the purpose encompassed the obtention of 
laboratory data to define basic relationship for use with field data, to more 
quickly and economically improve and develop previous correlations between 
wave energy flux and longshore transport rate 

OBSERVATION AND MEASUREMENT 

General 

The sand (0 22mm quartz), water depth (2 33 ft at toe of beach), and 
angle of wave generator with initial shoreline (30°) were constant in the 
tests 

TABLE 1 

TEST VARIABLES 

Experimental Variables Range of Variables Tested 

1 Wave period 1 25 to 3 75 seconds 

2 Wave generator stroke 2 0 to 15 0 inches 

3 Depth at beach toe 2 30 to 2 33 feet (bottom uneven) 

4 Initial slope 1 on 10 to 1 on 20 

5 Beach material 0 22mm median diameter quartz sand 

6 Angle of waves to toe of slope 30 , constant for all tests 

7 Test time 25 to 100 hours 

8 Layout of basin training walls or flume to open basin 
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TABLE 2 

WAVE CONDITIONS AND TEST SET-UP CHANGES 
*(total hours in test) 

Wave Conditions 

Test   T,    Ecc,   H,  t* 
No   sec   inches  ft Set-up Changes 

1-58  1 50  1 00   176 60   Starting slope 1 on 20, T was sequenced in 
15 minute intervals at T=l 50, 1 30, 1 50, 
1 76, etc , no sand fed on feeder beach 
after 35 hours 

2-58  1 50  1 00   176 70   Starting slope 1 on 20, T was varied as in 
test 1-58, feeder beach maintained throughout 
entire test 

2a-59  3 00  2 35   192  80   Starting slope 1 on 10, T was sequenced in 15 
minute intervals at T=2 50, 3 00, 3 75, 3 00, 
etc, upbeach training wall curved for wave 
refraction, beach length 90 feet 

3a-59 3 00  2 35   192 50   Beach length reduced to 30 feet along SWL, 
other conditions same as Test 2a-59 

4a-59 2 18  1 75   210 50   Starting slope 1 on 10, updrift trng wall re- 
curved by wave refraction for new T, sequenced 
in 15 minute intervals at T=l 94, 2 18, 2 50, 
2 18, etc 

1-59  1 50  1 00   176 25   Starting slope based on a 150 hour "equilibrium 
profile", segment of downbeach training wall 
from carriage rail to toe of slope, removed, T 
was varied same as in test 1-58 

Same starting slope as 1-59, above, T was 
varied same as in test 1-59, downdrift train- 
ing wall completely removed 

Starting slope was the beacn slope at end of 
Phase I, T was sequenced as in test 2a-59 

Starting slope 1 on 20, updrift training wall 
curved along wave refraction orthogonal, T 
was sequenced as in test 2a-59 

Starting slope 1 on 20, wave period constant 

Starting slope 1 on 20, wave period constant 

Starting slope 1 on 20, wave period constant 

Starting slope m this and all subsequent tests, 
1 on 10, downdrift training wall reinstalled, 
and curved for wave refraction, T was sequenced 
as in test 4a-59 

2-60  2 18  3 50   420 26   Wave Height increased as shown, T was sequenced 
in test 4a-59 

Phase I1 
50 1 00 176 32 

2-59 3 00 2 35 192 80 
Phase II 

3-59 3 00 2 35 192 75 

4-59 3 00 2 35 192 50 

5-59 3 75 2 35 140 50 

6-59 2 50 2 35 246 50 

1-60 2 18 1 75 210 50 
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TABLE 2, cont'd 
*(total hours in test) 

Wave Conditions 

Test T Ecc, H, t* 
No sec inches ft 

3-60 3 00 2 35 192 28 

4-60 2 18 5 00 614 25 

5-60 3 00 4 70 422 26 

6-60 2 18 2 50 300 50 

7-60 1 36 1 50 320 50 

1-61 3 00 2 35 192 50 

2-61 3 00 2 35 192 50 

3-61 3 00 2 35 192 50 

5-61 3 00 2 35 192 50 

6-61 2 50 2 35 246 50 

7-61 3 75 2 35 140 50 

1-61 3 75 2 35 140 50 

2-62 3 75 2 35 140 25 

3-62 3 75 2 35 140 25 

4-62 3 75 2 35 140 25 

6-62 1 50 0 94 172 48 

8-62 1 50 0 94 172 30 

1-64 3 75 2 35 140 50 

1-65 3 75 2 35 140 40 

Set-up Changes 

A repeat of test 3a-59 conditions to check 
transport of suspended sand past the sand 
trap 

Test at maximum wave height for generators, 
T was sequenced as in test 4a-59 

Increased wave height as shown, T was se- 
quenced as in test 2a-59 

To test intermediate wave height value 

To test maximum height at minimum period, T 
was sequenced in 15 minute intervals at 
T=l 25, 1 36, 1 50, 1 36, etc 

Wave period changed every 5 instead of every 
15 minutes, T was sequenced as in test 2a-59 

Wave period changed at 1 minute intervals, T 
was sequenced as in test 2a-59 

To compare results with test 4-59 (started on 
a 1 on 20 slope)  Constant wave period 

Wave period varied continuously from T=3 75 to 
T=2 50 through the mean, 3 00 seconds and 
return 

Constant wave period, for comparison with re- 
sults of test 6-59 (1 on 20 slope) 

Constant wave period, for comparison with re- 
sults of test 5-59 (1 on 20 slope) 

Constant wave period, test of sand feeder, 
elevation 2 ft above SWL 

Same as 1-62, elevation 0 1 ft above SWL 

Same as 1-62, elevation at SWL 

Constant wave period, to investigate effect of 
extraneous wave 

Constant wave period, feasibility test of sand 
tracers 

Same as 6-62, longer half life tracer, T was 
constant up to t=8 hours and wave varied as 
in test 1-58 after 8 hours 

Constant wave period, offshore area divided 
into 8 flumes 

Special constant wave period test, open test 
basin, rubble around test area 
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TABLE 2, cont'd 
*(total hours in test) 

Wave Conditions 

Test 
No 

T 
sec 

Ecc, 
inches 

H, 
ft 

t* 

2-66 2 18 2 35 290 25 

3-66 1 25 2 00 480 50 

5-62 3 00 7 50 750 40 

Set-up Changes 

Same set-up as test 1-65, reduced wave 
period was constant 

Constant minimum period for a stable wave 
and 2 inch eccentric 

A special test attempting to measure the 
maximum transport rate possible in the SPTB 

Five other variables under the experimenter's control were wave period, wave 
height, initial beach slope, test duration and basin geometry  Although not 
as simple a variable as others noted above, basin geometry changes from test 
to test included, the general configuration of the test layout, test beach 
length, arrangement of training and splitter walls, and sand feeding techniques 
These changes were made after continuing observation and analysis, in the hope 
that they would improve the quality of the data in the tests 

Table 1 outlines the experimental variables and the range of these vari- 
ables tested  This table gives an overview of the test variables within the 
positive control of the project engineer  Table 2 is a more detailed listing 
of the wave conditions and test set-up changes by test number, with the last 
column giving a running commentary of test-to-test changes m set-up  The vari- 
ables listed m Table 2 include wave height, wave period and test duration, and 
each of these plus five other areas of observation and measurement are discussed 
separately m the following paragraphs 

Wave Height 

Wave recordings using strip chart recorders were made regularly in the 
tests using parallel wire wave sensors placed along the toe of the beach slope 
Spot recordings were also made at other locations in the test basin  Wave 
heights were determined from an analysis of the wave recordings, as the average 
height of ten successive waves 

As the tests continued, wave heights were found to vary significantly, 
from point to point, and with time as at a fixed point  Special wave measure- 
ments tests were made in 1963 and 1964 attempting to identify the cause or 
causes of the wave height variability  The measurement results were not con- 
clusive  Another series of tests in the SPTB are presently investigating wave 
reflection as a cause of wave height variability in inclosed basins such as the 
SPTB  With continued testing and consideration of wave energy analysis in the 
tests, the large wave height variability (up to and exceeding a factor of 2) 
made it difficult to confidently specify a causative wave height m relation to 
a measured transport rate  Specifying a causative height - say from reflection- 
free waves in the SPTB was difficult because of the short distance for wave 
travel and the long length of the waves  For the longer wave periods only two 
waves could be measured before wave reflection from the beach began to affect 
the measurements 
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Because of the length limitation m the SPTB, the measurements of wave 
height used in this report were made in CERC's 72-foot tank under experi- 
mental conditions equivalent to a 1/2 scale Froude model of the depth, 
eccentrics and periods tested in the SPTB  When the SPTB wave conditions 
were reduced to 1/2 scale, the 72-foot tank was long enough to generate 
sufficient reflection-free waves from which a sound evaluation of the wave 
heights was possible 

Considerable care was taken m measuring the wave heights m order to 
have heights as free from reflection effects as practicable  Only those 
waves which reached the wave gage before reflected waves returned from the 
absorber beach were used  For example, a wave period of 3 75 seconds and 
water depth of 2 33 feet m the SPTB reduces to a wave period of 2 65 
seconds and 1 17 feet, respectively, at 1/2 scale  At this period and depth 
the wave length in the 72-foot tank was 15 6 feet which would allow for 
measurement of 7 to 8 reflection-free waves in a 60-foot spacing between a 
wave sensor and an absorber beach  These measurements in the 72-foot tank 
provided wave heights for 8 wave generator eccentrics, over a range of wave 
periods  The range of wave periods was 1 25 to 3 75 seconds with minimum 
wave heights of the order of 0 1 foot and maximum wave heights up to 75 
feet  Figure 2 is a graph of the wave height measurements made m the 1/2 
scale Froude model, plotted as prototype SPTB values 

08 

07 

0 6 

= 05 

x 04 

I    ! ! 

\ 
distance between a crest and the preceding tro 

(2) Water depth in the SPTB was Z 33 feet 

13) SPTB distance from wave generator to 
point of ware measurement was 20 8 feet 

ugh 

honzonta displace nenl of t e wove rioter 

r-: ----. icJop__ 
c   tri, 
_3 50 

0 2 

0  1 

._Ecc 

&£._' oo 
—? .-Jffcc 

.£«    2 50 
-2^L  - 

Ecc    | 50 

16 20 22 24 26  28 30 32 34 36 38 
Wave Period m Seconds 

FIGURE 2   WAVE CHARACTERISTICS IN THE SPTB REDUCED FROM 1/2 SIZE 
FROUDE MODEL MEASUREMENTS IN THE 72-FOOT WAVE TANK 

Wave Period 

Wave period, T, could be arbitrarily selected within a range of 1 to 4 
seconds on the SPTB wave generators  Dial settings, corresponding to spe- 
cific wave periods in seconds, were made on a varidrive motor, which was 
electronically coupled by remote cable to a 7 1/2 horsepower A C drive 
motor for each wave generator  Since there was "drift or noise" in the 
electronic control system, dial settings of the wave periods were cali- 
brated at frequent intervals  Also, wave period, once selected, was closely 
monitored to keep it constant  Monitoring was done by visually timing ro- 
tations of the wave generator eccentric arm by stop watch  Monitored values 
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were checked against the vandrive dial settings and when needed, corrections 
were made promptly  Wave period checks were made generally at 15 minute in- 
tervals for both variable and constant period tests  The variable period 
tests were varied in sequence above and below the mean wave period and height 
at a fixed time interval  In most of the tests this time interval was 15 
minutes but in test 1-61 it was 5 minutes and in test 5-61, period and height 
variation was continuous  The last column in Table 2 gives some detail on 
wave period sequencing 

Longshore Transport 

Longshore transport is the movement of material along the shore in the 
littoral zone by waves and currents^''  In the laboratory tests under dis- 
cussion, longshore transport rate is defined operationally as the rate of 
accumulation of beach material in a sand trap on the downdrift end of the 
test beach  The material accumulatedyfroiSutSei sand trap, using eductors and 
hose line, into a weighing bin where it was weighed while submerged  Submerged 
weights were converted to their equivalent dry weights Cor weights in air) by 
multiplying them by the factor, Ps/Ps

-Pw)» where ps and p are the specific 
gravities of quartz and water, respectively  Using this factor to convert 
submerged weights to dry weights assumes that the sand is 1007 quartz  These 
dry weights of sand, along with the time between weighings, were used to 
compute the longshore transport rates  Generally, transport rates were com- 
puted for the first hour or a lesser time, and in 5-hour intervals to the end 
of the test  In a few cases, rates were computed for periods of 15 minutes 

Sand Feeding 

The feeder beach area was a small area at the updrift end of the test beach 
where sand was fed into the wave swash in order to maintain the test beach 
The sand feeder at the updrift end of the sand beach, shown In Figure 1, is in 
the feeder beach area  In earlier tests, a variety of methods were used to 
feed sand into the feeder beach, and to maintain a hydrography in the feeder 
beach area similar to that which develops downdrift of it  The initial method 
was to stockpile sand on the beach, and to shovel sand from the stockpile di- 
rectly into the wave swash  Later methods included dumping from an overhead 
boom-supported bin, wheelbarrow dumping and the discharge of a water-sand 
slurry into the wave swash  Also, wheelbarrow lots were dumped at the shore- 
line and then shoveled directly into the wave swash, similar to shoveling from 
a stockpile  Except for the discharge of sand slurry by hose line, which 
scoured the beach, sand feeding methods were adequate to keep the tests going 
What appeared to be needed was a method of continuous sand feeding, with a 
minimal influence on the natural action-reaction between wave and beach 

In 1962 a method for sand feeding    was introduced which enabled an 
automatic and continuous feeding of wet sand into the wave swash  The method 
made use of a vertical cylindrical sand feeder which deposited wet sand con- 
tinuously and automatically into the wave swash  The sand feeder, shown in 
Figure 3 with functional parts indicated, is basically a vertical cylinder 
filled with sand and water  It had been modified by welding a cone section 
at the bottom to retard the flow of wet sand through it  Another modification 
was a supply line at the top for keeping the sand feeder supplied with sand 

In the absence of waves, the sand in the sand feeder mouth rested directly 
on the sand beach tending to stabilize the column of sand in it but with some 
noticeable oozing of sand about the mouth  In the presence of wave action, 
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and so long £ 
was observed 

s the sand was maintained at a constant level, the sand feeder 
to feed at a fairly consistent rate.  The two main factors 

affecting the rate of sand fed 
through the feeder and onto the 
beach were the weight of sand and 
water in the feeder and the scour- 
ing action at the mouth of the 
feeder due to the wave swash and 
backwash.  The weight of the sand 
and water in the feeder acted to 
force sand out at the mouth and 
onto the beach, while the wave 
swash and backwash scoured the 
beach under the feeder mouth 
making it easier for sand to be 
forced out and onto the beach. 
The amounts of sand fed into the 
sand feeder or onto the feeder 
beach were obtained by weighing 
the sand while submerged- the 
same method used to obtain the 
weight of sand deposited in the 
sand trap. 

FIGURE 3 AUTOMATIC SAND FEEDER 

Beach Soundings 

Soundings of the test beach were made regularly.  The first sounding was 
made on a smooth molded beach before any waves acted on it.  This initial 
sounding was made after submerging the beach for one or two days, to allow 
time for settling of the material before the start of wave action.  Subse- 
quent soundings were made after one hour and five hours of wave action and 
thence at 5-hour intervals to the end of a test.  Soundings were made from a 
level railing using a telescoping sounding rod with a hinged aluminum foot. 
Readings were made with respect to a still water level datum to one thousandth 
of a foot; and recorded areally on a survey sheet, analogous to the method of 
recording elevations in plane table surveys.  Figure 4 is a contour chart of 
the beach obtained by contouring along points of equal depth as recorded in 
sounding surveys in test 4-60 after 25 hours or wave action. 

Test Duration 

In the earlier tests, there were no hard and fast rules for determining 
the length of a longshore transport test.  However, there were general prin- 
ciples, and the philosophy of these was, that during longshore transport 
measurement there be a meaningful similarity between the test beach profiles 
and typical profiles found on natural beaches.  Based on this philosophy, 
tests were run until the beach profiles had reached a condition defined as 
"equilibrium profile".  "Equilibrium profile" is defined as the near constant 
or minimum change stage of a beach profile under the sustained action of 
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constant condition wavesv"^  When tests neared an equilibrium profile stage, 
longshore transport rate decreased, becoming fairly constant In some tests 

FIGURE 4 BEACH CONTOURS AFTER 25 HOURS IN TEST 4-60 

Wave action time required for a test beach to reach an equilibrium profile 
stage generally ranged from 15 to 30 hours depending on the wave period, wave 
height and the starting beach slope  Tests started on a 1 on 10 slope gen- 
erally reached equilibrium in less time than tests started on a 1 on 20 slope 
While an equilibrium profile stage was observed to occur as early as 15 hours, 
and as late as 30 hours, typical tests were run for 50 hours and while a large 
number of the tests were run 50 hours, a few tests exceeded 100 hours and 
several repeat tests were run only 25 hours  Fifty hours was usually enough 
time for a smooth beach to reach an equilibrium profile stage, with 20 hours 
or more remaining for observation and measurement under a fairly "steady 
state" condition, of continuing but reduced, profile adjustment and longshore 
transport rate 

Longshore Current 

Estimates of the longshore current velocity were made from timings of 
fluorescein dye travel in the surf zone  Generally, two estimates were made, 
one for the updrift and one for the downdrift part of the test beach  The 
dye was squirted into the wave uprush by a plastic "squeeze" bottle  Actual 
clockings observed the travel time of the leading or downdrift edge of a dye 
trace, and not the travel time of the dye-patch center  Since the leading 
edge of the dye trace was timed, the rates estimated are probably maximum 

rates for the wave conditions tested 
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Water Temperature 

Water temperature was taken hourly and in some tests more frequently  Dial 
type thermometers were used, mounted on a rod, where the dial was visually ac- 
cessible and the sensing element remained submerged  Water temperature data, 
although taken regularly, did not seem to be of any direct usefulness in the 
analyses of the tests  However, considerable data on wave induced suspended 
sediment (10) and also on suspended sediment in rivers (11) have shown that 
water temperature does effect the quantity of sediment in suspension, and 
since these tests were made in an outdoor facility, subject to a significant 
range of water temperature change, it was felt that the temperature measure- 
ments, though not of immediate usefulness in the analysis, were justified in. 
terms of their anticipated value in some future analysis  The water temperature 
data observed ir the tests is available at CERC 

TABLE 3 

WAVE PARAMETERS 

Ref* 
No 

T, 
Sec 

H 
ft 

Hb 
ft 

°b 
ft 

v  ** db° KR 
„ *** 

a 

3-66 1 25 0 48 363 459 4 17 16 95 1 08 

7-60 1 36 0 32 310 399 3 17 14 94 0 66 

(6) 1 50 0 18 227 294 1 65 12 93 0 29 

(3) 2 18 0 21 325 410 5 86 10 94 0 86 

6-60 2 18 0 30 410 522 10 45 10 94 1 58 

2-60 2 18 0 42 507 660 17 94 12 94 3 22 

4-60 2 18 0 62 642 854 32 48 13 94 6 29 

(2) 2 50 0 25 386 495 10 46 9 94 1 43 

(ID 3 00 0 19 355 452 10 24 7 93 1 07 

5-60 3 00 0 42 596 760 37 00 9 94 5 05 

(8) 3 75 0 14 309 388 8 99 5 93 0 68 

Indicates a specific test, or the number of tests as (6) in row 3 

E. is in ft lbs/ft crest/wave 

Ea is in ft lbs/ft of shore/wave 

ANALYSIS OF TESTS 

A single longshore transport test included the specification of a wave 
and test set-up condition, test operation, measurements, observations and 
analysis  The first part of Table 2 lists the test number, eccentricity, 
height, period, and duration  The second part of Table 2 contains comments 
on special aspects of the test set-up 

Table 3 lists measured and computed parameters associated with the waves, 
and Table 4 lists the longshore wave energy flux and the measured transport 
rates  The wave height, H, as listed in both Tables 2 and 3, is the wave 
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height appropriate to the offshore part of the teat area, where the water depth 
was 2 33 feet  This height can be read from Figure 2 hy taking a Wdve period 
and a wave generator eccentric from those listed in Table 2 for a given test 
number 

Thus far this report has considered the tests in general  The following 
paragraphs present a test by test description of four representative tests 

Representative Tests 

Tests selected for discussion are representative of the entire series of 
36 tests  The representative tests are tests numbered 4-60, 4-62, 1-64, and 
3-66  The longshore transport in each representative test was measured over 
25 or more hours at a specified wave height and period in the general setup 
illustrated in Figure 1  Wave conditions span the full range of the wave con- 
ditions tested, test layouts are typical of the different setups tested, the 
range of transport rates approximate the total range of all rates tested, and, 
testing problems are felt to be typical  Tests selected for discussion are 
also special in that each test usually represents a specific type of set-up 
For example, some of the types of set-up in representative tests were a 
maximum wave height condition m test 4-60, dividing the offshore basin area 
into wave flumes m tests 4-62 and 1-64, and eliminating training and splitter 
walls entirely in test 3-66 

Test 4-60 

Test 4-60, made in the North Section of the SPTB, had the highest height 
and largest transport rate of the five tests run at a 2 18 second period 
The period, T, was changed at 15-mmute intervals through a sequence of wave 
periods as indicated in Table 2 for test 4a-59  Initial wave action began on 
a molded, 1 on 10 beach slope at a wave period of 1 94 seconds  See Tables 2 
and 3 and Figure 2 for details of wave conditions 

The emphasis m test 4-60 was m measuring the transport rate at a mean 
period of 2 18 seconds for the maximum wave height obtainable at this period 
This test resulted in an average longshore transport rate of 9,880 pounds of 
sand per hour, 457 higher than the immediately preceding test, and nearly 4 
times higher than the previous maximums  As a result of the higher rate, the 
test apparatus and personnel were hard-pressed just to keep the test going and 
to make the observations and measurements  One of these tasks was simply feed- 
ing enough sand, properly, to keep the test beach from eroding seriously 
Another task was keeping the wave generators operating as smoothly and as con- 
tinuously as possible, since at a higher rate, smoothness of operation was 
difficult to maintain and wave machine stops due to breakdown or run-away were 
frequent 

Longshore transport sand feeding and longshore current results for test 
4-60 are summarized in Figure 5  Note the correlations in Figure 5 between 
longshore transport and downdrift longshore current, and between sand feeding 
rate and updrift longshore current  Compilations of the data from all the 
tests, including that used to plot Figure 5, are available at CERC 

Test 4-62 and 1-64 

Changes in Tests 4-62 and 1-64 included the installation of splitter walls 
in the offshore portion of the test layout to study wave height variability 
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The splitter wall in Test 4-62 was installed parallel to, and 1Q feet updrift 
of the downdrift training wall  The splitter wasl was concetyed because re- 
peated visual observations of wave profiles and the results of wave height 

Tronsport Rote - 
Feeding Rote 

Wove Period      Vonoble 

Meon Height     61 ft from Froude Model 

Longshore CurrentT 2 18 sec       
Longshore CurrentT I 94 sec                -   - 
Longshore Current T 2 50 sec    —  

-30 
- 28 ' 
-26 
-24 ' 

22 

10 15 35 20 25 3C 
Testing Time — Hours 

FIGURE 5 TEST NO 4-60, RELATIONSHIP OF LONGSHORE TRANSPORT, 
SAND FEEDING AND LONGSHORE CURRENT TO TESTING TIME 

measurements suggested that a significant variation m wave height wtth dis- 
tance across the basin was caused by resonance between training walls  The 
visual observations were views of the water surface profile along a wave crest 
as outlined against the wave generator blade at the instant of generating the 
wave crest  Figure 6 is a schematic drawing of the modes of profiles observed 
Mode 1 was observed only for the longer period waves - say 3 75 seconds or 
longer  Modes 2 and 3 were also observed, with mode 3 generally associated 
with shorter wave periods 

The function of the splitter wall was to change the mode of the cross 
basin wave  It was further hypothesized that placing the splitter wall 10 
feet (L/4) updrift of the training wall, placed it at an antinode of a cross 
basin wave  A splitter wall placed at the antinode would impede the cross 
basin flow and thus force the wave mode to change with a possible lessening 
of wave height variability across the basin  The two curves m Figure 7 for 
a 3 75 second period show that the total range of the wave height variability 
was reduced, and that the initial bimodal distribution of wave height was 
changed 

The test set-up for Test 1-64 was a further application of splitter walls 
in which 7 splitter walls divided the offshore test area into 8 flumes, each 
5 feet wide  The reasoning, as in Test No 4-62, was that the splitter walls 
should change the mode of a cross-basin wave hypothesized to be a cause of 



880 COASTAL ENGINEERING 

wave height variability across the basin  Wave height measurements showed that 
the 7 splitter walls in Test 1-64 did change the distribution of wave heights, 
as a single wall did m Test 4-62, but had little effect in reducing the wave 
height variation  In summary, measurement results m Test 1-64, Test 4-62 and 
a similar four-flume test suggest that the wave height variability is inde- 
pendent of the spacing between training or splitter walls 

Basin Width, 40 Feet- 

Bmmmn vtmm Msfcer 

WOE 3 MODE I 

Up&nH Wave Maker 

FIGURE 6 SCHEMATIC DRAWING, ILLUSTRATING VISUALLY 
OBSERVED WAVE MODES IN THE SPTB 

LEGEND 

4 62 

 T    3 13   e       thoul   pi 11     * 11 ( 3 d Ho m 

 T    2 35             th    1   pi It    w II (4tf! Ha ma />}- Mhe   pec "•• 
N 1      Fund m    llfeep    od tor bos    40 f    Iwd       d 

26  nches deep si  94    c / ^ 

-^ •^, / 
_/ \ \ ^ 

-\ 
/ •     "     ' ^l ..— •~ —- — 

^' 
^ •           \ 

-/ / 

\ 
s 

/ 
^' 

\ 
\ / 
\ / 

FIGURE 7 COMPARISON OF WAVE HEIGHT BEFORE  AND 
AFTER  INSTALLING  THE SPUTTER WALL  IN TEST NO  4-62 
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Longshore transport, sand feeding and longshore current results for Tests 
4-62 and 1-64 are summarized In Figure 8  Note the correlations in Figure 8 
between downdrift longshore current and longshore transport rate  Also note 
similar correlations between the sand feeding rate and the updrift longshore 
current 

I25 

?20 

»  10 

I 

LONGSHORE CURRENT 

Location Test I 64 Test 4 62 
Downdrift C a &     <^~   -&•   -fl 
Updrift O O O      O-     -O-     -O 

LITTORAL DRIFT 

Transport Rate     * * *      *•     -A-     -* 
Feeding Rote      • • •     »-•--• 

Wave Period  Constant 
T  375 sec 

H  014 ft - from Froude model 

10 
_1_ 
15 30 

- Hours 
35 

_J_ 
40 45 50 20 25 

Testing Time 

FIGURE 8 TEST NO 4-62 AND 1-64, RELATIONSHIP OF LONGSHORE TRANSPORT, 
SAND FEEDING AND LONGSHORE CURRENT TO TESTING TIME 

Test  3-66 

Test 3-66, completed in October 1966, was the last test completed  With 
two important differences, the test set-up was similar to the set-up for Test 
1-64 described In the previous section  The first difference was the deletion 
of all training and splitter walls and the use of a longer beach necessitating 
the generation of a longer crested wave (80 feet In contrast to 40 feet in 
Test 1-64 and other prior tests)  The second difference was the installation 
of a concrete slope, 20 feet wide, immediately updrift of the feeder beach as 
shown in Figure 1  The first difference, an open basin set-up, was designed 
to reduce variability in wave height, by eliminating some reflective surfaces 
(the training walls) and the second, an updrift concrete slope, was designed 
to provide a more natural longshore current  It was reasoned that wave re- 
flection could be a significant contributor to the wave height variability 
problem and that the small distance between the training wall and the feeder 
beach area in previous tests may have hindered the development of a natural 
longshore current 

Test 3-66 was a constant wave period test with a high wave steepness 
It had a high wave energy relative to the wave energies in many other tests 
Wave breaker type in the test was spilling to plunging and yet the transport 
rate seems relatively low for its relative wave energy level among the tests 



882 COASTAL ENGINEERING 

1 77 
12 30 
11 64 
4 58 
6 69 

21 71 

TABLE 4 

LONGSHORE WAVE ENERGY FLUX AND LONGSHORE TRANSPORT RATES 
CEa is in millions of ft lbs/ft of shore/day) 

Test       * Q in yds3/day at test times 
No       a      0-5 hrs     20-30 bxs    40-50 hrs   Average 

1-58       017      2 36       2 65        2 77 
2-58       017      1 94       2 09        2 19 
2a-59      031     15 62       13 20        13 28 
3a-59      031     10 56       13 54       13 88 
4a-59      034     19 72       18 38       16 53 
1-59 
2-59 
Ph 1 
Ph 2 
3-59 
4-59 
5-59 
6-59 
1-60 
2-60 
3-60 
4-60 
5-60 
6-60       063     40 06       39 83       38 04 
7-60       042     13 70       8 11        7 20 
1-61       031     20 16       18 63       15 76 
2-61      031    23 04      19 56       20 00 
3-61       031     12 88       8 03        8 18 
5-61       031     19 64       19 70        18 01 
6-61      049     30 16      27 94       31 29 
7-61      016     6 22       2 26        3 64 
1-62       016      3 01       5 99        4 92 
2-62 
3-61 
4-62 
6-62       015      9 21        7 23        6 80 
8-62 
1-64      016     3 50       5 43        4 97 
1-65 
2-66 
3-66      095    19 76       9 65        7 77 
5-62      763     special test, Q=171 32 yd3/day 

The longshore current rate Is quite high and seemed by direct observation to 
be out of step with the transport rate in the test  The wave breaking tur- 
bulence appeared to remain very much near the water surface and seemed too 
weak to really stir up the bottom boundary layer 

Longshore transport, sand feeding and longshore current rates for Test 
3-66 are summarized in Figure 9  These tests results also show a correlation 
between longshore transport and downdrift longshore current rate and between 
sand feeding rate and the updrift longshore current rate 

017 2 36 
017 1 94 
031 15 62 
031 10 56 
034 19 72 
017 1 83 

017 2 73 
031 1 23 
031 6 83 
031 7 19 
016 5 65 
049 8 32 
034 17 30 
128 61 06 
031 14 24 
250 92 98 
145 96 42 
063 40 06 
042 13 70 
031 20 16 
031 23 04 
031 12 88 
031 19 64 
049 30 16 
016 6 22 
016 3 01 
016 2 31 
016 3 14 
016 4 53 
015 9 21 
015 5 98 
016 3 50 
016 15 70 
063 26 18 
095 19 76 
763 speca 
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1 93 
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2 88 
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Discussion of Longshore Transport Data 

As described earlier, rates of longshore transport, sand feeding and 
longshore current have been compiled for each of the tests  Reduced and com- 
piled rates and associated littoral drift data are available at CERC  Some 

LONGSHORE CURRENT 

Locotion Symbol 
Downdrift &—&—A 

LITTORAL DRIFT 

Transport Rate    A—A—A 

Feeding Rale       • • • 

Wove Period  Constant 
T   I 25 sec 
H   048ft from Froude Model 

0 5 10 15 20 25 30 35 40 45 50 
Testing Time — Hours 

FIGURE 9 TEST NO 3-66, RELATIONSHIP OF LONGSHORE TRANSPORT, 
LONGSHORE CURRENT AND SAND FEEDING TO TESTMG TIME 

of this data has been summarized and is shown m Table 4  The data in Table 4 
gives the test number, longshore wave energy, Ea, and the longshore transport 
rate, Q, at test times of 0-5, 20-30 and 40-50 hours  The rates listed are 
volumetric rates based on a conversion factor of 105 pounds per cubic foot 
(satisfactorily checked by volumetric measurements of the sand) to obtain rates 
for the dry weight, or weight in air of the sand, as described in the section 
on "Longshore Transport" 

The transport rates vary considerably, as the values in Table 4 show  The 
greatest variation appears to be in the long period - low energy tests run at a 
constant wave period  Eight of these tests are listed in Table 4, each with a 
longshore energy flux, Ea, of 016 millions of foot pounds per foot of beach 
per day  Figures 10 and 11, respectively, give a graphical comparison of trans- 
port rate and longshore current rate variation with test time for ten selected 
tests  The ten tests include the four representative tests described in the 
previous section  The data on Figures 10 and 11 indicate, that tests with 
higher transport rates generally have higher longshore current rates and vice 
versa  Several tests corroborate this similarity, but there are two notable 
exceptions  One is Test 3-66 having a very high steepness and another is Test 
1-64 with a very low steepness  Another similarity is the increases and de- 
creases of longshore transport and longshore current rates which appear to be 
fairly well correlated  In most tests, the variations in longshore current are 
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Test No Eb/wove H0/L, 
5-60 IV) 37 00 0095 
4-60 (V) 32 48 0289 
2   60 (V) 17 94 0196 
6   61 10 46 0086 
3A-59IV) 10 24 0043 
3   66 4 17 0598 
6-59 10 46 0086 

1   64 S 99 0019 
3-62 8 99 0019 
4 62 8 99 0019 

(V) Variable wave condition 

Note  Starting slope was I on 10 for all tests 
except 6 59 which was I on 20 

# ft-lbs/ft-crest/wave 

10 15 20 30 35 40 45 
Testing Time - Hours 

FIGURE 10  COMPARISON OF LONGSHORE TRANSPORT RATES 
IN REPRESENTATIVE TESTS 

• 3A 59 
. 3-66 
: 6   59 

1-64 
50 

20 25 30 
Testing Time - Hours 

FIGURE II   COMPARISON OF LONGSHORE CURRENT RATES 
IN REPRESENTATIVE TESTS 
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noticeably greater than the variations in longshore transport Actually, the 
transport rates appear steady when compared with the quite variable longshore 
current rates 

Energy Flux - Longshore Transport Correlation 

The total wave energy per unit crest width in one wave length of an 

oscillatory wave   is given by E = -i- pgH^Lll-M-l^] where p=w/g is the mass 

•3 

density of water (fresh water = 1 94 slugs/ft ) and M is an 

IT2 

energy     coefficient defined as  When considering a single wave 
2  tanh2C2itd/L) 

at the breaking depth the above formula may be re-written as 

V 
Eb/wave = 1/8 pgHbLb 1-Mb 

Lb 

, where the subscript, b, refers to wave break- 

ing conditions  This formula was used in these tests to compute the wave breaker 
energy per wave  Calculations were carried out on a desk calculator using the 
Modified Solitary Wave Theory - wave breaker indices curves and Weigels Tables 
in CERC TR-4  Wave breaker height, Hb, breaker depth, db, and wave breaker 
energy, Eb, are tabulated in Figure 3 for discrete combinations of wave height 
and period 

Wave breaker angle, ot^, and wave refraction coefficient, Kp, were obtained 

empirically using the analytic expression, K„ = / ° , of Snell's law in a 

nomograph of d/L0, a0, and Kj^ ^  In using the nomograph, it was assumed that 
a0 was 30° which was the wave approach angle m a constant depth of 2 33 feet 
in the test set-up  The breaker depth, db, was used in the expression db/L0, 
to enter the nomograph and the angle, read from the graph was considered as ab, 
even though it was not based on the theoretical deep water for the respective 
wave periods  When the wave breaker energy, Eb, per wave was multiplied by cos ab 
sin ab and KR the product was the longshore component of the wave energy flux, 
Ea, in foot pounds per foot of shore per wave  These last three parameters, ab, 
K and Ea are tabulated in Table 3  Ea is also tabulated in Table 4, in millions 
of foot pounds per foot of beach per day 

The final results are given in Figure 12 as a scatter plot of longshore wave 
energy flux versus longshore transport rate at test times of 20-30 hours  The 
visual best fit curve drawn through the points is based only on the 1 on 10 
starting-slope tests  Figure 12 also includes the suggested design curve of the 
wave energy-longshore transport relationship excerpted from CERC's TR-4  Results 
plotted in Figure 12 include a total of 36 points which includes eight points 
for the relatively low energy - low transport, constant period tests  Most of 
the points falling on or near the CERC TR-4 curve have a 1 on 20 starting slope 
The maximum point on the curve is from a special test of four hours duration 
In this test, sand moving past the downdrift end of the beach dropped over a 
vertical ledge and formed a mound of sand, which was measured volumetrically by 
a method of successive surveys 

Most of the data point scatter m the longshore transport rates is not felt 
to be just simple data scatter per se, but is more likely meaningful scatter 
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For example, the legend in Figure 12, tfhxch categorizes the results Into only 
four discrete classes, cannot adequately account for significant Influences 
on the longshore transport rate caused by wave height variability, wave breaker 
type, model effects at the sand trap and at the feeder heach, or wave diffraction 
All of these causes, admittedly influence longshore transport rates in model 
basins, and the influence of one, wave diffraction, was tested and demonstrated 
In the SPTB at CERC (13) 

Summary 

A total of 36 tests were completed for the following experimental conditions, 
wave periods of 1 25 to 3 75 seconds, and wave heights of 0 14 to 0 75 feet in a 
constant water depth of 2 33 feet between a wave generator and the beach  Waves 
were generated at a 30° angle to the beach with portable wave generators, which 
when used singly, generated a wave crest 20 feet long, or when used - say in 
groups of five - generated a continuous wave crest 100 feet long  Waves, so 
generated, traveled In the constant depth to a molded sand slope, where they im- 
pinged along a variable length shoreline from 30 to 95 feet, depending on the 
length of wave crest generated and the test set-up conditions  In addition to 
variable period, height, length of wave crest generated and shoreline length, 
specific tests were either variable about some mean period and height or they 
were constant, with starting slopes of 1 on 10, 1 on 20, or a 1 on 30 equi- 
librium slope 

As waves shoaled and broke along the 0 22 mm median-diameter sand beach, 
they caused the sand to move downdrift where it was deposited in a sand trap 
Amounts of sand deposited in a given time were reduced and complied as longsnore 
transport rates  Longshore wave energy flux, computed from measured wave heights 
and calculated wave breaker angles is plotted against measured longshore trans- 
port rates in Figure 12 The results in the plot are compared with the suggested 
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design curve of the longshore wave energy flux - longshore transport relation 
from CERC TR-4  Transport rates along the best fit curve of the laboratory 
data range from a low of about 6 yd3 per day to a high of 170 yd3 per day, 
and exceed the CERC TR-4 design curve rates by an average factor of 3 

Conclusions 

It is concluded that the laboratory rates, noted above as exceeding the 
CERC design rates by a factor of 3, are at least as large as indicated in 
Figure 12, and except for some test difficulties noted above, would be larger 
than indicated  Moreover, transport rates would be expected to be higher if, 
(1) tests were run continuously, not intermittently, and C2) at a changing 
water level, simulating a tide, instead of a constant water level 

A localized and deep wave scour immediately updrlft of the sand trap, 
restricted the transport to that in suspension in some tests, and thus reduced 
the transport rate  In several tests, bars, cuts and cusps developed along the 
shoreline, and it is felt that these features reduced the transport rate  In 
addition, accumulation of pebbles armored the beach locally against the waves 
in some tests, which was judged to have reduced the transport rate 

It is also concluded that the actual wave height, defined as the effective 
wave height impinging along the test beach, was significantly higher than the 
scaled-up Froude model height used to compute the wave energy  Figure 13 is 
presented in support of this conclusion, as a typical result from the wave 
height variability measurements  It shows that the average sustained height of 
the SPTB waves exceeded the Froude model height by 46 percent in a wall com- 
partmented basin and by 71 percent in an open basin  It is important to note 
here, that if these percentages were applied in Figure 12, the plotted points 
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FIGURE 13 COMPARISON OF WAVE HEIGHT VARIABILITY AT A CONSTANT 
WAVE CONDITION IN A WALL COMPARTMENTED BASIN AND AN OPEN BASIN 
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would move to the right by a factor of about 2 to 3 and then fall much nearer, 
or even cluster about the CERC TR-4 curve  While such- good agreement would 
Indeed be gratifying, it must be recognized that some part of the increase in 
height (energy) illustrated xn Figure 13 was caused by reflected waves, either 
from the beach, the wave generator or both 

Recommendations 

It is recommended that in future tests, consideration be given to running 
some tests continuously to completion, with a tide range superposed on the mean 
water levels  It is further recommended that wave height variability, wave 
breaker type, model effects at trap and feeder beach and wave diffraction effects 
be monitored and documented in future tests and so become part of the test results 

It is also recommended that in future tests, consideration be given to short 
period tests of the order of 10 minutes to be made - say in the middle of a test 
beach length - somewhat removed from the influences of trap, feeder beach and 
wave diffraction  Such tests might be made by interfacing sheet plastic along 
a profile line vertically, and laterally along the bottom for collecting sand 
drifting past the interface  At the same time measurements could be made of the 
wave height at the toe of the beach profile and at the peak, height before wave 
breaking  Wave measurements and analysis should account for the percent of a 
wave height which is due to wave reflection 
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CHAPTER 56 

INFLUENCE   OF   GRAIN   SIZE   ON   LITTORAL   DRIFT 

Uose  Castanho 

Influence   of  grain   size   in   sediment  transport  depends   on   flow con 
ditions     For   bed   load  transport  a   maximum  probably   exists  for load  dis 
charge  as  a  function   of gram   size     The   important  parameter   seems to 
be  the  ratio      T /T   between  the    threshold    shear   stress  and    the   flow o 
shear   stress 

1      It  has   been  pointed   out that  authors   interested   in   littoral    drift 

sometimes   reach  very  different  conclusions  as  to  the   influence of grain 

In   fact,   prototype   observations  made   in  California   beaches by 

Inman   have   shown   that   littoral  drift  was  practically   independent of grain 

size 

On the other hand, L Bajournas concluded from dimensional ana 

lysis considerations that littoral drift should increase with the square 

root of grain size According to this author this result agrees with 

observations  made   in  prototypes  and   in  models for medium and fine sands 

Finally, laboratory tests conducted by Larras and Bonnefille at 

Chatou   Laboratory   (France)   revealed  clearly   the    existence   of a maxi- 

*     -  Research  Engineer,   Laboratono Nacional   de  Engenhana  Civil,   Lis 
boa,   Portugal 

**   -  See  for   instance  the  General   Report  S  II   C   4  of  the  International 
Congress  on   Navigation,   Paris   -   1969,   by   O      Larras 

891 
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mum   for   littoral  drift  as a  function  of grain   size 

In the present paper an attempt is made to show in a more qua]| 

tative than quantitative manner that the divergence of results obtain 

ed by different researchers is explained by the fact that the influence 

of grain size should be variable according to circumstances, namely how 

far  one   is  from  the  beginning   of the   sediment  movement 

2 - It is commonly accepted that littoral drift is a function of wave 

and   sediment  characteristics 

Q = f (wave, sediment) 

As wave characteristics one should consider H (wave height) , T 

(wave period) and a (wave obliquity) As for sediment, the important 

parameters are the submerged specific weight ( y' ) a"d grain size (D) 

Some other factors with possible influence on Q , such as beach 

slope and bed roughness, wind up being functions either of wave or se 

diment  characteristics   or   both  and   so  we  may   ultimately  write 

Q,   -  f  (H,   T, a   y's,   D) 

3 - Now let us consider, according to some authors, the following schema 

tic model for littoral drift sediments are moved by the longshore cur 

rent in a direction parallel to the shore line, waves, with their turbu 

lence,   merely  "prepare"  material  to  be moved 

That  being   so,   to  a  given  wave   (H,   T, a )   on  a  given   beach     will 

correspond  a  certain   longshore   current  and  consequently  a  certain shear 

stress x ,   so  that  we  may  write 
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Q, = f ( T,Y'   ,D) (I) 1 '   s 

In  the  above   formula   D   means the  direct  influence   of grain   size, 

the indirect influence corresponding to beach slope and bed roughness 

being   implicit   in    T 

4 - Equation (1 ) is formally identic to the equations accepted for uni 

-directional flow, namely Meyer-Peter's and Einstein's formulas if 

we  consider   that   bed-load  transport   is  predominant  relative  to the 

transport   in   suspension 

The direct influence of grain size in load discharge can be easily 

understood if in equation (1) we put T = const, y' = const and com 

pute Q     as  a  function  of  D 

Meyer-Peter's  formula   is   based  on   the   concept  of    threshofd 

shear   stress and can   be  written 

1/2 3/2 (*) 
q'      =   8   I-3-) (   T-   T   ) (2) 

s Y ° 

In   this  formula,   q'      is  the   load  discharge  weighed   underwater and 

y    is  the   water   specific   weight     The    threshold   shear   stress      x    may 

be  computed  by 

T     =  0   05     Y'      D o s 

Calculations carried   out  on  equation   (2)   for   natural   sand   (  y'     = 1   s 

= 1   6)   and   for   two  distint values  of   x     ( T=  0   1   kg/m     and    x =   1      kg/ 

*   -   Rigorously   one   should   write   x'   instead   of    x ,   with x '   = U   T , whe 
re   y is  a  coefficient  which  takes  into  account  the   relationship 
between  bed  form   roughness  and  the   roughness   due  to grain  size 
For   the   sake  of  simplicity  we  will   put   ]i =   1 
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2 
/m   )   led  to the  results presented  in  Fig     1 ,   where  the weighed  out  of 

water   load discharge   (q   )   is  plotted  against  the grain  size   (D) 

It  can  be  concluded  that after  Meyer-Peter's   formula   load dischar 

ge   is  zero  for   sufficiently  great  sizes and  grows  as  size  gets  smaller 

For  sufficiently  small  sizes,   bed-load  discharge  tends  to remain  a cons 

tant 

Einstein's  formula  for  bed-load  transport  is  based  on  the proba- 

bility  of  motion  of bottom  particles  and  the   load  discharge  q     is    given 

by   means   of two  parameters    ijj     and  0 
1/2 

Ps~p      -2- 0 =   _i- (_£_     _J_, 
* ~       R' ps3      Ps-P gD3 

ty  = flow parameter 

0  =   transport  parameter 

p     =  specific  mass  of sediment 

p   =  specific   mass  of water 

R  = hydraulic  radius 

I    =  unit  head  loss 

The   relationship   between   ijj  and 0   is  plotted   in   Fig     3 

Introducing   in    ,jj    the  concept  of  shear   stress 

T   =  y   Rl   and  taking     y     =   2600   kg/m      (natural   sand)   the  funda 

mental   parameters  can  be  written,   in  metric   units 

*   -  This  will  be true  as   long   as  the  transport   is  made  predominantly 
through  bed load  discharge 

**   _ Again,   one should   also write R1   =  u R     For   simplicity  we  will   take 

U-   1 
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i,=   1600   — 
y T 

0   =   I""4        ^ (3) 

2 2 Calculations  on  equations   (3)      for     T   =  0   1   kg/m     and    T= 1 kg/m 

led  to  the  results  plotted   in   Rig      1      It  can   be   seen   that  in   this  case  a 

maximum   of   load  discharge  exists  for   a  size   D  varying   with    T 

These  results  are   in  qualitative  agreement  with   Larras  and   Bonef 

fille  results 

Also we may say that they agree with Bajournas results Indeed, 

if the load discharge increases with the square root of the sediment 

size for a certain range of diameters, and if, for sufficiently great 

diameters, the load discharge is zero, then there must exist a maxi- 

mum   of  load  discharge  as  a  function   of  grain   size 

5   _ A  more   suggestive   interpretation  of  the  above results may be achiey 

ed   by  plotting     Q  /x as  a   function   of          (Fig     2)      In   this  plot 

the  value   of     T        was  computed  from     x     =  0  05 T1     D   which  would   be o os 

true   for   unidirectional   flow 

It is the author's impression that the curves in Fig 2 may also 

be   assumed  valid   in  case   of  longshore  current  movement  if for     T a 

smaller value than the above is taken , that is, if T is divided by a 

parameter W > 1 which would represent the "help" granted by the wa 

ve   itself to  the   longshore  current   in  the  "preparation"   of the   material 

*   - The   same   results  would  be   obtained   if  a  greater  value   of   T were 
taken 
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to   be  moved 

According to this reasoning, the relative value of littoral drift 

will depend on the zone of Fig 2 plot where one is working The in- 

fluence  of diameter   will   be  represented   through  the  parameter   T     and o 

the  effect  of  the  additional     turbulence  due  to  waves will be represent 

ed   by   the   parameter  W 

Situations indicated in Fig 2 for waves and currents should be 

frequent  for   the   usual   materials   in  prototypes  and   in   models 

The above reasoning may explain certain observed facts Let us 

consider the case of a movable bed model subject to wave and current 

action in which both waves and current are reproduced in the Froude 

scale 

For   a  given   x w®   may   find   ourselves   in  the  extreme     right        of 

the   plot   in  case   of currents,   while  for   waves   (lesser    x    ) we  maybe 
o 

working   in   the  middle   zone     Hence,   load  discharge   by  wave   action      is 

comparatively  greater than  the   one  due  to  current  action     This  fact, 

observed   in  different   laboratories,   is  one   of  the  great  difficulties   in 

the   calibration   of estuary  models,   where  waves  and   currents        have 

equal   importance     These   difficulties  have   been   avoided   both  by   enhanc 

ing   the  effect  of currents  and   by  reducing  the  effect   of  waves 

River  or  tidal  current 
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6   - CONCLUSIONS 

a) Influence of grain size on sediment transport depends on the 

flow conditions If the transport is mainly in suspension, then load dis 

charge should decrease when the diameter Increases When the trans- 

port is mainly through bed load discharge, then discharge will at the 

beginning increase with increasing diameter reaching a maximum and de 

creasing  afterwards 

b) The value of the grain size for which the maximum transport 

is  attained depends  on  the  flow shear   stress 

c) The influence of grain size is expressed through the parame- 

ter T / T It is very different for conditions near the beginning of 

the sediment movement (great T /T ) ar|d f°n conditions of fully de- 

veloped  movement   (small      T/T ) o 

d) In  the  case   of currents   (tidal   or   river currents)     T      may   be 

computed  from    T    =  0  05  Y*      D        In  the  case   of transport due  to wa 

ve  action   (longshore  current)     T     should   be  divided   by   a  coefficient W o 

which depends  on the  wave  characteristics     (It should  be  noted     that 

dividing     t     by     W  is the   same  as  multiplying   x   by  W) 



CHAPTER 57 

COMPUTATION OF ALONGSHORE ENERGY 

AND LITTORAL TRANSPORT 

Theodor R Mogel 

Robert L Street,  M ASCE 

Byrne Perry 

ABSTRACT 

This work encompasses a study of the littoral regime of a section of 
the coastline of the city and county of San Francisco, California  The 
study included a complete refraction analyses of all applicable deep water 
wave directions and periods, the determination of breaker locations, and 
a computation of alongshore energy and potential littoral transport for 
seven stations located just offshore along the thirty foot depth contour 
The waves are refracted from deep water locations to the shoreline using 
the Stanford Wave Refraction computer program  Wave breaking is assumed 
to take place whenever the computed wave height exceeds 0 78 times the 
local water depth  The effect of limiting the refraction coefficient is 
explored since the refraction theory, in analogy with its parent theory 
of geometric optics, fails along caustic curves and predicts unreasonably 
large values for the refraction coefficient 

1  INTRODUCTI ON 

The proper design of coastal structures, improvements or controls depends 
crucially upon an accurate estimate of the amounts of sand supplied to or lost 
from the shore region  The most significant portion of the sand supply is 
the littoral drift—the material of the beach and nearshore bottom moved by 
the action of waves and currents  The rate and direction of littoral trans- 
port or the movement of littoral drift is dependent on many factors, among 
which are the alongshore components of water-wave energy, currents, avail- 
ability of littoral drift, its size characteristics, shapes and mineral com- 
positions, tide range, and beach slope  Unfortunately, neither the precise 
mechanism of transport nor the interaction of the various factors is clearly 
understood (1-5)  The present work is based on the concepts that the princi- 
pal supply of energy for the movement of littoral drift comes from water waves 
impinging upon the shore and that an empirical relationship (1,4) between 
transport and alongshore energy is the most appropriate means for estimating 
the potential littoral transport 

Department of Civil Engineering, Stanford University, Stanford, 
Cal i form a 94305 
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1 1 The Purpose and Scope of the Study 

This paper reports on a study (6) of the littoral regime of a section 
of the coastline of the City and County of San Francisco, California, from 
the Golden Gate Bridge to Mussel Rock, south of the southerly boundary of 
the City and County of San Francisco  The original study includes a com- 
plete refraction analysis of all applicable deep-water wave directions 
and periods, determination of the locations of wave breaking, application 
of 12 monthly tables and an annual table of digitized deep-water wave char- 
acteristics (7), calculation of alongshore energy and potential littoral 
transport, and tabulation of shallow-water wave direction and refraction 
coefficients for the San Francisco coastline  Here we review the original 
results and explore the effect of limiting the maximum value that the 
refraction coefficient can attain (8,11) 

I 2 The Plan of the Study 

The basic inputs to the study were the hindcast deep-water wave statis- 
tics (7) compiled for a deep-water station (number 3, Ref 7) almost due 
West from San Francisco  By use of a computer program that carried out a 
refraction analysis of waves of all applicable periods, heights and direc- 
tions represented in the wave statistics tables, the deep-water values 
were carried to seven points distributed in shallow water along the 
San Francisco shoreline (fig  1)  Then a second computer program computed 
the alongshore energy components of the waves and, utilizing an empirical 
relation between these energy components and littoral transport (1,4), 
computed the monthly and annual potential transport at the seven points on 
the shoreline  All computations were carried out and plots and printed 
tables were generated by an IBM 360, Model 67 digital computer with an 
associated CALCOMP 750 plotter  All programs were written in FORTRAN IV 

The Refraction Program solves the refraction equation and the wave 
intensity equation along each individual wave ray for arbitrary bottom shapes 
The theoretical bases for the computer program were given in detail by Dobson 
(9) and are discussed briefly below (cf , Ref  10)  The bottom hydrographic 
data in digitized form and contoured grid maps for two study areas were sup- 
plied by the San Francisco Engineer District of the U S Army Corps of 
Engineers  The INNER GRID or study area covered the immediate vicinity of 
the San Francisco shoreline from Pirates Cove, north of the Golden Gate, to 
south of Mussel Rock at the southern boundary of the County with a 215 unit 
by 150 unit grid (333 33 feet per grid unit)  The OUTER GRID or study area 
covered the coast from shore to approximately the 300 fathom contour and 
approximately from the mouth of the Russian River in Sonoma County to the 
City of Santa Cruz in Santa Cruz County with a 303 unit by 199 unit grid 
(1666.67 feet per grid unit) of much greater size  The INNER GRID provided 
the detailed bottom contours needed for an accurate prediction of wave behav- 
ior in shallow water near the coast, while the OUTER GRID provided the link 
to the deep-water wave conditions  Figures la and lb show CALCOMP (computer) 
contour plots of the hydrography described by the grids of depths  Waves 
ranging in period from 4 to 20 seconds and in height from 1 to 25 feet and 
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coming from directions between North and South-Southeast were considered 

The Drift Program utilizes a linear relation between alongshore energy 
components and potential littoral transport  The alongshore energy compo- 
nents are calculated from output supplied by the Refraction Program and the 
deep-water wave statistics 

2  METHOD OF COMPUTATION 

2 1 Refraction 

2 1 1 Theory and Background 

The theoretical basis of the present refraction computations is well 
known (10-12) and will only be touched on here  In effect the same theory is 
commonly employed in hand computations and only the implementation for the 
computer led to differences in detail  The original version of the theory 
comes from the physical science of geometrical optics, the key result of 
which is Snell's law  A detailed discussion of the method was given by 
Dobson (9) 

The main feature that has been added for the computer work is a tech- 
nique for fairing a smooth surface through the known bottom depth data  A 
quadratic surface is constructed to give the best fit in the sense of least 
squares to the local point and its surrounding neighbors  Thus, the bottom 
is always represented as a smooth 1y-varying surface  Starting from a known 
point on a grid and in a given initial direction, the computer program con- 
structs a single wave ray (or orthogonal) step-by-step across the grid. 
Because the fitted bottom surface is smooth, and hence differentlable, the 
equation of wave intensity (equivalently wave height) may be solved at each 
step in the ray construction process, and the relationship between initial 
and present wave height carried forward continuously along a single ray 
This is an essential feature of the analysis without which the breaking 
height location computations, described below, would not have been feasible 
The refraction technique has proved very satisfactory in many test cases, 
as shown by comparison with exact theory and hand computations (9)  Battjes 
(13) has recently shown that, according to both linear and nonlinear theory, 
the energy flux in wave propagation in three dimensions is always directed 
along the wave rays (orthogonals) [our wave intensity equation is based on 
this fact] regardless of the wave amplitude gradients and that refraction of 
water waves over bottoms of small slope can indeed be considered as a case 
of wave propagation through an mhomogeneous (depth varies), two-dimensional 
medium  This is in agreement with the method used in the present work and 
current practice 

The refraction theory, in analogy with its parent theory of geometric 
optics, fails along caustic curves and predicts unreasonably large values for 
the refraction coefficient Kr near the caustic curve  Pierson (8,11) gave 
justification for the approximate limit K_ * 2-° ar>d we have run test cases 
for Kr

Z S 2 0, Kr
Z A  4 0, and K.J  < » 
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2.1 2 Technique 

The refraction program constructed rays on either the OUTER GRID (303 x 
199 grid units) or the INNER GRID (215 x 150 grid units)  The depth data 
at the intersection points of the grids was provided by the San Francisco 
Engineer District and was digitized from their bottom hydrography charts  A 
match line for transfer of computations from one grid to the other was estab- 
1 i shed 

The calculation of littoral transport requires the shallow-water wave 
height and direction at the point of breaking of every possible wave in the 
three-dimensional matrix of deep-water statistics (parameterized by deep-water 
height, direction and period)  Accordingly, on an inward run from deep to 
shallow water, the refraction program punched a data card whenever breaking 
occurred on the INNER GRID, only those breaking points near the beach were 
retained  For the range of wave heights and periods considered in this study, 
breaking was assumed to occur whenever the height of a particular wave exceeded 
0 78 times the local water depth. While more sophisticated criteria are avail- 
able (12), it appears that none is significantly more accurate on the average 
for prototype waves in our period range  Furthermore, in view of the basis 
of the refraction analysis on linear theory, a more refined breaking criteria 
does not appear warranted 

The objective of the refraction analysis was to bring one ray from deep 
water to each of the seven target points near the shore for each applicable 
deep-water direction and period  Because local wave height is a linear func- 
tion of deep-water height, all the results for the heights between 2 and 24 
feet were obtained from a single ray computation.  In view of the complex 
hydrography of the San Francisco shore region, it was decided to work outward 
from each target station with fans of rays, the rays in each fan having a 
different period  New fans were generated until a set of results were obtained 
in deep water that would permit us to run a complete set of applicable waves 
in from deep water (corresponding to the wave statistics)   It was not possi- 
ble to generate the necessary data on an outgoing run because the refraction 
coefficient calculation is not valid for rays started in shallow water (the 
starting condition of parallel rays is not correct there)  Therefore, it 
remains necessary to retrace outgoing rays from deep water inward  In some 
cases it was possible to begin with incoming rays of specific period and 
direction and to hit a target station by using trlal-and-error and the infor- 
mation known about adjacent stations 

A study of the hmdcast data (7) shows that the wave statistics are given for 
22 5-degree direction segments, two-second period intervals and two-foot height 
intervals  We used the mid-direction, mid-period and mid-heights in our refrac- 
tion calculations  In light of the difficulty of hitting a given direction 
with an outward running ray or a given station with an inward ray we established 
tolerance criteria of ± 5 degrees on direction when running outward and an 
x-distance tolerance of ± 4 grid units when running in  Tests of the results 
showed that no large changes in wave characteristics occurred within these 
tolerances  In any case the majority of the runs are well within the toler- 
ance limits which seem reasonable in view of the expected accuracy of the 
hmdcast deep-water statistics 
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2 1 3 Notes on Computer Programming 

The results of the present study were obtained on an IBM 360/67 digital 
computer and an off-line CALCOMP 750 plotter  The program is an extension 
of the Stanford Refraction Program originally developed for the IBM 7090 
Oobson (9) has given a very thorough documentation including flow charts for 
the main program and subroutines in the original program, except for the 
CALCOMP subroutine calls which are highly installation dependent 

The primary changes made in the original Stanford Program have been 
related either to differences between the IBM 7090 and IBM 360/67 computers 
or improvements in the graphical displays and printed or punched outputs of 
the program 

For the present study the program has been specifically modified to do 
the following 

a  Read the Depth data and associated fixed grid and ray constants and 
identifiers from Disc storage in the machine 

b  Plot wave rays on a map (Fig 1)  The map includes labeled X and 
Y axes, a north direction arrow, suitable contours (stored on Disc 
also), and identification block giving relevant parameters and iden- 
tification  The contours on the INNER GRID are the shoreline and 
30-foot contours, while only the shoreline is shown on the OUTER 
GRID  If the ray is to continue to another grid, the map also shows 
the match line outline of the next grid 

c  Create a punched card data deck to continue wave rays on another 
grid  The X- and Y-coordinates in the data deck have been conver- 
ted to the new coordinate system  The data deck is complete with 
all necessary title and end-of-set cards so that it may be loaded 
for the next run without further processing 

d  Create a punched-card data deck giving coordinates and wave par- 
ameters at the 30-foot contour for each wave ray 

e  Create a punched-card data deck with one card for each deep-water 
wave height on each ray when the wave breaks ( H/D > 0 78 ) for 
heights of 2 to 24 feet in increments of 2 feet  These cards con- 
tained, in addition to the wave height, direction, period and 
spacial location, the shoaling coefficient, the deep-water height, 
the water depth and the local angle between the wave ray and the 
gradient of the bottom topography 

f  Limit the refraction coefficient to a specific value 

Figures la and lb show sample plotter output from the refraction prograir 
A ray was started a short distance to each side of each of the actual rays 
used to better illustrate the shifting of the wave front  Tables la and lb 
are the printouts generated for one of the rays shown in the figures 
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2 2 Littoral Transport 

2 2 1 Analysis and Hindcast Data 

National Marine Consultants compiled deep-water wave statistics based 
upon meteorological records and charts for the years 1956, 1957 and 1958 
for seven deep-water stations along the California coast (7)  The wave 
hindcast data for deep-water sea (generated by local wind) and swell were 
given as height-perlod-direction average frequency distributions in per- 
cent monthly and annually  A digitized data deck for Station 3 (Latitude 
37 6 degrees N, Longitude 123 5 degrees W) was provided the authors by 
the San Francisco Engineer District  This station is due west of 
San Francisco  As none of the other stations were close to this area, 
Station 3 was the only data source, cf , Fairchild (3) who interpolated 
between several stations for an east-coast study 

The treatment of deep-water wave statistics and littoral transport cal- 
culations was based on the methods of Saville (14) and Fairchild (3)   In 
particular, sea and swell energies were added linearly, and the significant 
wave heights, corrected in accordance with Fairchild (3) and Saville (14), 
were used to estimate the wave energy at the shore  The refraction analysis 
used the dominant wave period, as outlined by Saville (14), associated with 
the significant wave heights given in the statistical data 

Littoral transport was computed from the alongshore energy components 
derived from the combination of wave statistics and refraction program out- 
put for the seven shallow-water stations shown in Fig lb  An empirical 
littoral transport equation was obtained from Fig 2-22 of CERC Technical 
Report No 4 (1)  According to this figure, the potential littoral trans- 
port past a point on shore and caused by a given period wave of given deep- 
water height and direction is 

Q = 128E    10  cu yds/month 

where 

E  = 0 58E F , , , 
a       a ijkl 

2 2 
7HbLo 6 HbT 

E = 5400   u sin a cos a = 1 77  10 —- sin a cos a 
a       TK*      c     c K2      c     r 

S 

in ft-lbs/ft of beach/day, 

a = angle between wave ray and the gradient of the bottom 
hydrography in degrees, 

3 
7 = specific weight of sea-water = 64 lbs/ft , 
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H, = shallow-water wave height at breaking in feet, 

T = wave period in seconds, 

K;. = the shoaling coefficient at breaking, 

2 
L = the deep-water wave length in feet = 5 12T 

F . , = WAVES (l,J,K,L) = fraction of a month that waves of given height, 
period, direction and month occur in deep 
water = (percent per month)(days per month)/100 

The actual (as opposed to potential) littoral transport may be less than Q. 
if bottom bed material is not available at the point in question  The factor 
0 58 is required (14) to reduce the given deep-water spectral energy for sig- 
nificant waves to the proper average energy that causes littoral transport 
Note that in this analysis the littoral transport caused by waves of varying 
heights will occur where the wave breaks, thus, for each station location our 
transport results reflect the alongshore transport on the average through the 
broad-band breaking or surf zone (see Fig i)   created by a set of deep-water 
waves whose common point is that they all pass through (or near) a given 
station location (1 through 7) on the 30-foot contour along the San Francisco 
shorel me 

The machine calculations were checked by hand for those cases in which 
only one deep-water wave height for a given period and direction had a nonzero 
occurrence in a month or for the year 

2 2 2 Programming and Output 

The operation of the program that calculates the alongshore energy and 
potential littoral transport is particularly simple and proceeds as follows 

a  The program reads the digitized sea data (Table 3, Ref 7) and constructs 
WAVES (l,J,K,L) for the sea data for each month 

b  The program reads the swell data and adds it to the appropriate 
WAVES (I,J,K,L) 

c  The program reads a refraction-program-punched input card for a par- 
ticular deep-water height, direction, period and station (always 
starting with the 24-foot height and working downward) and constructs 
Ea for that card  Cards are read and energies calculated until all 
the heights for a given ray are surveyed, and their energies are added 
together to find the total energy for that period and direction  Only 
the last complete height survey (24 feet to 2 feet) is used to calculate 
the transport, i e , only the breaking zone contiguous to the beach is 
considered to cause transport  No allowance has been made for energy 
losses in prior breaking zones away from the beach (see Sec 4 2) 

d  The program repeats c for the remaining periods and directions 
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e  The littoral transports Q corresponding to the Ea for each period and 
direction are computed 

f  Tables of E   and Q_ are constructed for each station 

3  RESULTS AND DISCUSSION 

3 1 Transport and Energy Tables 

The tables of littoral transport and alongshore energy components com- 
puted by the Drift Program for the three limits on Kr are given in Tables 
2 and 3 for each of the seven stations of the study  Results are given for 
each month in the year and the annual total transport as a station  A 
positive sign indicates energy components and transport motion up-coast or 
generally North 

As noted above (Sees 2 1 3 and 2 2 1) the alongshore energy component 
computation is based upon the local angle a      at breaking between the wave 
ray and the gradient of the bottom hydrography (the perpendicular to the 
local bottom contour)  We considered the use of the mean gradient direc- 
tion of the beach as a whole near any given station in lieu of the local 
gradient  Tests with this concept had predictable results, namely, the 
transport and energy components vary widely for small changes in mean beach 
gradient direction  Because of the complex hydrography near the shore 
(Fig lb) and the wide zone of breaking (Fig 2) the direction of a ray at 
the breaking point for a given wave is not correlated to any observable 
mean beach gradient direction  Accordingly, no computations utilized an 
a  based on mean beach gradients, rather, the ray direction was correlated 
with the bottom contour at the actual breaking point 

As can be seen from the alongshore energy and littoral transport tables 
(Tables 2, 3, &4), limiting the maximum value of K tends to make the calcu- 
lated energy and transport more uniform  The majority of the alongshore 
energy at each station is the result of a few rays  When some of these rays 
pass through or near a caustic and their Kr is not restricted, their domi- 
nance is exaggerated and they break further from shore  By limiting the 
maximum value that K can attain, the dominance of these waves is reduced 
and they break closer to the beach zone  Station 1, for example, has a ray 
from the west which contributes most of the energy and transport  When this 
ray crosses the 30 ft contour K = 3 67  When Kr is restricted to a more 
reasonable value, the dominance of the ray diminishes and the net transport 
is brought into line with the transport of station 3 as expected because the 
bottom hydrography near these two stations is similar 

3 2 Unusual Features 

Several features of the bottom hydrography are worth noting  The 
FaralIon Islands are the visible port ion of a shoaling region which 1les 
mainly between 60 fathoms and the surface  Long waves, in particular, are 
affected by this region. The peaked nature of the region causes bending of 
the longer waves which is quite unpredictable and led to much of the tedium 
of locating the starting positions of these longer waves 
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The Fourfathom Bar blocks or diverts much of the wave energy of the 
longer period waves from the Golden Gate area  The small energy and trans- 
port figures for stations 6 and 7 are a direct result of this blocking effect 
The Southern and Central portions of the San Francisco Bar also severely 
bend the rays  However this effect is quite predictable 

3 3 Comparison with other studies 

Kamel (15) made a study of sand transport along the California Coast in 
the Russian River-Point San Pedro reach using, mainly, radioactive tracer and 
heavy mineral concentrations  His study predicts a general transport in the 
southerly direction  In the region between the Golden Gate and Merced Lake 
(our stations 4 and 2) no predominant direction of transport was predicted 
and the radioactive tracer samples predicted a Southern transport near our 
stations 1 and 3  However a close examination of the heavy mineral concen- 
tration data for the same region shows a Northern transport for the same 
reg i on 

Adding to the uncertainty Johnson (16) states in his study of the Half 
Moon Bay-Russian River region that little if any material is transported in 
this littoral zone  Our results indicate, with the exception of station 2, 
a northerly direction of sand transport  Johnson (16) also concludes that there 
is no major source of littoral materials along the Half Moon Bay-Russian 
River region indicating that perhaps the experimental results revealed not 
what is taking place now but what has taken place over geologic time 

4 Conclusions 

4 1  Conclusions based on the present results 

In this study we brought together three essential ingredients to synthe- 
size the potential littoral transport and alongshore energy  The combination 
of deep-water hindcast wave statistics, linear refraction of wave components 
and an empirical relation between energy and transport produced energy and 
transport patterns which clearly show that 

1) The average annual transport and energy direction is north 

2) The Farallon Islands and their associated shoaling region both block 
wave energy from the shore and bend and focus wave rays to zones not 
otherwise reachable 

3) Limiting the maximum value of K produces energy and transport pre- 
dictions which are more uniform and realistic 

However it must be emphasized that the littoral transport results are obtained 
from an empirical energy-transport relation developed for other coastal areas 
and based on very scattered data (4,5)  Accordingly, within the accuracy of 
the hindcast data and the linear refraction analysis, we consider the along- 
shore energy distribution to be accurate, but the potential (computed) littoral 
transport can only be considered as a qualitative indicator of the actual trans- 
port 
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4 2 Recomendations for Modification of the Present Technique 

Three problem areas arise in connection with the present study  First, 
a large effort in terms of man-hours and computer time is expended in selec- 
ting the desired wave rays for each deep-water wave direction and period 
that run to each station  Second, and more significant, no account is made 
of energy losses that occur through wave breaking on bars and other shoaling 
regions far from the beach area  Third, the relationship between energy and 
sand movement rests on little in the way of sound principles and analysis, 
Thornton (5) has recently made a start in remedying this situation, but his 
success is 1imited 

Battjes (13) proposes a refraction technique in which the wave charac- 
teristics are determined as continuous field variables over an entire grid 
This method requires the solution of a pair of non-linear partial differen- 
tial equations, but would give the necessary data at all points along a - 
shoreline However his method would require large amounts of storage (~10 
words for our Outer Grid) and long run times (probably more than 10 minutes 
per wave direction and period). Our present program has none of these pro- 
blems 

The greatest need, however, is to find a way to account for energy loss 
when a wave breaks offshore before coming into the breaker zone Battjes (13) 
technique assumes no energy losses from the wave system so would suffer from 
some of the present inaccuracies 
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TABLE 2  ALONGSHORE ENERGY FOR K    <»   (106 ft-lbs/ft    of beach) 

STAT1 ON ] 3 2 5 4 6 7 

JAN 3489 1452 4180 22092 5031 666 225 

FEB 4625 3114 8302 21418 8030 244 1084 

MAR 2,167 1180 2705 10584 2583 -9 4 

APR 769 824 -39 5195 2642 2617 177 

MAY 104 347 -261 1253 1271 -143 169 

JUN -429 -80 -247 -1717 75 -3 1 

JUL -361 -56 -90 -1163 34 -5 2 

AUG -411 -45 -182 -1043 35 23 2 

SEP -92 110 152 -27 349 -20 7 

OCT 305 226 297 1206 1049 384 70 

NOV 982 89 88 2669 839 1081 -5 

DEC 1866 603 1009 5857 1430 1171 -14 

TOTAL 13014 7764 15914 66324 23368 6006 1722 

POTENTIAL  LITTORAL TRANSPORT FOR K    < °°   (10    cubic  yards) 

STAT1 ON 1 3 2 5 4 6 7 

JAN 447 186 535 2828 644 86 29 

FEB 592 399 1063 2741 1027 31 139 

MAR 277 151 346 1355 331 -1 1 

APR 98 105 -5 665 338 335 23 

MAY 13 44 -33 160 163 -18 22 

JUN -55 -10 -32 -220 10 0 0 

JUL -46 -7 -12 -149 4 1 0 

AUG -53 -6 -23 -134 4 3 0 

SEP -12 14 20 -4 45 -3 1 

OCT 39 29 38 154 134 49 9 

NOV 126 11 11 342 107 138 -1 

DEC 239 77 129 750 183 150 -2 

TOTAL 1665 993 2037 8488 2990 770 221 
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TABLE 3  ALONGSHORE ENERGY  FOR K S 2   (10     ft-lbs/ft     of beach) 

STATION 1 3 2 5 4 6 7 

JAN 3029 1440 -184 6701 3708 21 225 

FEB 3719 3006 199 7888 6822 319 1084 

MAR 1410 1097 -616 1963 1564 35 4 

APR 392 789 156 1420 2001 579 177 

MAY -196 342 -185 -806 462 12 169 

JUN -556 -80 -198 -1722 75 37 1 

JUL -435 -56 -67 -1162 34 9 2 

AUG -469 -45 -182 -1044 35 37 2 

SEP -251 107 -192 -496 166 30 7 

OCT 13 211 -594 -49 458 -18 70 

NOV 179 89 -644 -304 330 -49 -5 

DEC 943 562 -1673 925 881 -28 -14 

TOTAL 7778 7462 -4179 13314 16536 984 1722 

POTENTIAL  LITTORAL TRANSPORT  FOR  K    S  2   (10     cubic  yards) 

STAT 1 ON 1 3 2 5 4 6 7 

JAN 388 184 -24 858 475 3 29 

FEB 476 385 26 1010 873 41 139 

MAR 180 140 -79 251 200 4 1 

APR 50 101 20 182 256 74 23 

MAY -25 44 -24 -103 59 2 22 

JUN -71 -10 -25 -221 10 5 0 

JUL -56 -7 -9 -149 4 I 0 

AUG -60 -6 -23 -134 4 5 0 

SEP -32 14 -25 -63 21 4 1 

OCT 2 27 -76 -6 59 -2 9 

NOV 23 11 -82 -39 42 -6 -1 

DEC 121 72 -214 118 113 -4 -2 

TOTAL 996 955 -535 1704 2116 127 221 
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TABLE 4 ALONGSHORE ENERGY FOR Kf S   I   41   (10    ft-lbs/ft     of beach) 

STAT1 ON 1 3 2 

JAN 3200 1357 6 

FEB 3130 2537 1477 

MAR 902 792 -496 

APR 260 583 -243 

MAY -342 295 -171 

JUN -593 -80 -190 

JUL -456 -56 -63 

AUG -486 -45 -182 

SEP -327 67 -159 

OCT -237 163 -446 

NOV -179 89 -578 

DEC 642 434 -1902 

5 4 

3233 2921 

5295 4478 

882 1229 

-13 1426 

-961 294 

1712 75 

1160 34 

1041 35 

-499 133 

-334 353 

-468 273 

228 739 

TOTAL 5514 6136 -2947 3450 11990 

6 

168 

346 

83 

60 

61 

53 

15 

45 

60 

64 

62 

133 

1150 

7 

128 

625 

-9 

101 

92 

1 

2 

2 

4 

34 

-8 

-19 

953 

POTENTIAL LITTORAL TRANSPORT FOR Kr S   1   41   (10    cubic yards) 

STAT1 ON 1 3 2 5 4 6 7 

JAN 410 174 1 414 374 22 16 

FEB 401 325 189 678 573 44 80 

MAR 115 101 -64 113 157 11 -1 

APR 33 75 -31 -2 183 8 13 

MAY -44 38 -22 -123 38 8 12 

JUN -76 -10 -24 -219 10 7 0 

JUL -58 -7 -8 -149 4 2 0 

AUG -62 -6 -23 -133 4 6 0 

SEP -42 9 -20 -64 17 8 1 

OCT -30 21 -57 -43 45 8 4 

NOV -23 11 -74 -60 35 8 -1 

DEC 82 56 -243 29 95 17 -2 

TOTAL 706 787 -376 441 1535 149 122 
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FIGURE   1A 

OUTER  GRID  CONTOUR  MAP  and 
13   SEC.   WAVE  RAYS  TO  STATIONS   1,2,3,4,5,7 
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INNER  GRID  CONTOUR  MAP  and 
13   SEC   WAVE  RAYS  TO  STATIONS   1,2,3,4,5,7 
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CHAPTER 58 

CRATER-SINK SAND TRANSFER SYSTEM 

by 

Douglas L  Inman 
Scnpps Institution of Oceanography, University of California 

La Jo I la, Cal I form a 92037 

and 

Roland W Harris 
Dredging Engineer, currently with LeedshI Il-Deleuw 

Dacca, East Pakistan 

ABSTRACT 

A sand transfer system that requires no surface impounding area and 
that can be installed and operated at low cost is proposed  The system 
consists of a hydraulic jet assembly operating from the bottom of a sand 
crater  A jet pump and suction mouth are located at the lowest point of 
a crater-like depression dredged into the sea floor  The crater acts as 
a gravity-fed sink for sand and other cohesion I ess material, thus serving 
the dual purpose of a mechanism for collecting sand and a sub-surface 
impounding area for the accumulation of sand 

INTRODUCTION 

The large volumes of sand transported by waves and currents in the 
nearshore zone has always presented a serious problem to the coastal 
engineer (Johnson, 1957)  The problem is particularly serious with 
engineering structures associated with the entrances to harbors and 
coastal lagoons  Coastal structures that interrupt the longshore trans- 
port of sand produce local areas of accretion on the up-coast side of 
the structures and corresponding areas of erosion on the down-coast side 
In time, both the accretion and the erosion become problems, whose com- 
mon solutions require that the accreted material be bypassed to the area 
of erosion  Over the years various procedures have been developed to 
handle the bypassing of sand around coastal structures, (Eaton, 1951, 
Watts, 1966, Tornberg, 1968) 

All of these bypassing procedures require the construction of 
"impounding" or storage areas where the sand accumulates until its 
volume is sufficient to warrant bypassing by suction dredge or other 
means  Impounding requires that the longshore transport of sand be 
intercepted before it reaches the entrance channel  This is usually 
accomplished by building a suitable structure, which commonly takes one 
of the forms illustrated in Figure 1  AlI of these procedures involve 
expensive construction and maintenance  Further, to attain maximum 
efficiency the impounding areas must be large, thus occupying valuable 
coastal area 

919 



920 COASTAL ENGINEERING 

tr 

I 
DC 
CO 

I 

o — 
0   CD 
O) c 
ID    C — —  ro (1) 

JZ o> 
— c_> CD 
co 

-1- ^ < 
Cfi   CM v 
ro — 
o (0 
o   ••> ( 
~o m t 
C  UD (1 
ro cr\ M- 

c/i — 
L.      * rn 
O   tn ( ) 

JD   -t- 
L-   +- 
fO    (D (ii 
-C  ^ i_ 

— m vn 
r r Kl y) -!- — w Ui 

* r • » 
•H 

XI I u> L. 
<l> (1 U) (1) 

-1- < en C 
m >- — CD m 
o J£ * rr 
o (11 U) !/) _l i J 
in i t- 

(n JZ L. m +- in 
in -\ i ( 
rn n o 
(l) UJ u (/) 

a   CD   CD   to 
3 x> in  c= 

0) CL—   L 
Q. E   10  O >- (D O -Z. 
+- X H 0       «     » < 01 a) +- 

< 
.c <D E a) 
+- •- <D — 

>• c  c 
H- 4- a) — 

cc C) O    3 
+- X o 

in O           L 
t- 1- +- o n ro Q_   I- -O 

UJ i_ O   c 

cc 
O 
X 
CO 

UO\ -— 
— •—     -_0 
-t- L- m 
ca - o ^ 
E  in -o 

jr -f-  to XJ 

co : 
en 

(D 

•— -I-  ta o\ 



CRATER-SINK SAND 921 

Considerations of the overall budget of sand in the nearshore areas 
of the world show that the problem has a more basic aspect than just that 
of sand bypassing  Beach sand has become an important natural resource 
that is diminishing in quantity at an alarming rate  This has come about 
because man has progressively decreased the supply of sand to the beaches 
by damming rivers and has interrupted its longshore movement with coastal 
structures  On the other hand, the loss of sand from the nearshore zone, 
either down submarine canyons or by other means, remains at a high rate 
(Inman and Frautschy, 1966)  Various procedures, such as dredging sand 
from the continental shelf (Taney, 1965) and pumping sand from coastal 
impoundment areas (Herron and Harris, 1962) have been suggested for sup- 
plying sand to undernourished beaches 

The increasing need for sand bypass systems and for beach nourishment 
systems makes it apparent that the development of different, more effic- 
ient sand transfer systems is an urgent necessity if we are to retain our 
coastal zone resources  Accordingly, a sand transfer system that requires 
no surface impounding area and that can be installed and operated at low 
cost is proposed 

CRATER-SINK SAND TRANSFER SYSTEM 

The crater-sink sand transfer system consists of a hydraulic jet 
assembly operating from the bottom of a sand crater  The hydraulic jet 
assembly consists of a suction mouth, a jet pump, a drive-water pipe, 
and, a delivery pipe that transports the sand-water mixture away from the 
crater site (Figure 2)  Since the suction mouth is located at the lowest 
point of a crater-1 ike depression in the sea floor, the crater acts as a 
gravity-fed sink for sand and other cohesion I ess material  Sand trans- 
ported to the perimeter of the crater will cascade down the sides of the 
crater to the suction mouth where it becomes available for transfer  Thus, 
the crater-sink serves the dual purpose of a mechanism for collecting sand 
and a sub-surface impounding area for the accumulation of sand  When 
located in the entrances to harbors and inlets, it provides the greatest 
depth of water in the entrance channel where it is needed  Once installed 
the system is stationary and the only moving parts are in the drive-water 
pump  When required, the jet pump assemblage and delivery pipe can be 
floated to the surface for maintenance, as discussed in the section on 
instalI ation 

HYDRAULIC JET ASSEMBLY 

Recent developments in jet pump technology now make it practical to 
use hydraulically driven jet pumps to move sand through pipelines The 
excessive wear rates caused by the highly abrasive sand-water mixtures 
have been markedly reduced in recently designed pumps The new designs 
have resulted from experiments (1) on the optimum shape and angle for 
the nozzle entry into the throat of the Ventun section of the pump 
(Figure 3), and, (2) with various types of resistant linings for the 
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a   PLAN  OF   ENTRANCE   CHANNEL 

DELIVERY PIPE 

ENTRANCE 

CHANNEL   RPORIVE WATER PUMP 

b   CROSS SECTION  (enlarged) DISCHARGE PIPE 

RUBBER SLEEVE 

DRIVE WATER PUMP 

DRIVE WATER  PIPE 

Figure 2      Schematic diagram of crater-sink sand transfer system when used to bypass sand across the 
entrance to a harbor or  lagoon 

DRIVE WATER PIPE 

SIDE   VIEW 

SUCTION MOUTH 

Figure 3      Schematic diagram of the hydraulic jet assembly 
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Ventun throat of the pump (D M Frazier, 1967, W G Fraser, unpublished 
manuscript, J V Barker, 1969) 

Improved jet pumps of this type have been in use for several years as 
suction booster pumps behind the cutter head on suction dredges  Exper- 
ience by various users V indicates that the wear life of a jet pump, 
before requiring new plastic linings, is now measured in millions of 
cubic yards rather than hundreds of thousands of cubic yards  The basic 
rate of pumping for a jet pump driving a 12-inch ID delivery pipe would 
be in excess of one million cubic yards of sand per year  This includes 
approximately 25$ down-time for maintenance 

The hydraulic jet assembly driving the crater-sink sand transfer 
system consists of a suction mouth, jet pump, diffuser, and delivery pipe 
The jet pump consists of a cylindrical cast steel Ventun section which 
is fitted with a series of peripheral nozzles (Figure 3)  The nozzles 
are inclined towards the centerhne of the Ventun throat, and are driven 
by water supplied to the cylindrical manifold surrounding the Ventun 
section  Drive water is supplied to the manifold through a separate 
pipe which is fed by a water pump 

The delivery pipe Is coupled to the jet pump by a diffuser which 
increases the diameter of the Venturi section to that of the delivery 
pipe  The delivery pipe brings the sand to the landing pipe, where it may 
be discharged at the shoreline through a short discharge pipe  If the 
sand is to be discharged at a more distant point, then a booster pump 
driving an extended discharge line must also be installed, as shown in 
Figure 7 

INSTALLATION AND CHARACTERISTICS OF THE CRATER-SINK 

The initial installation can be made in several ways  If the thick- 
ness of cohesion I ess sand is sufficient to provide a crater of The desired 
size, the crater can be excavated by the hydraulic jet assembly  The 
assembly could be floated and towed to the site, where it could then be 
flooded with water and used to excavate itself into place  The crater 
will then be developed as the delivery pipe is extended from a handling 
barge or ship (Figure 4a) 

If the thickness of cohesionless sand above a consolidated soil 
horizon is thin, then it will be necessary to excavate a crater of the 
desired size, using conventional methods such as a suction dredge with 
a rotary cutter head  Once the crater is formed then the jet pump and 
discharge pipe can be floated over the site, flooded with water and the 
rig set into position (Figure 4b) 

*J    For example, jet pumps have been used by  General Construction Co , 
Portland, Oregon (personal communication), Pacific Dredging Co , 
Long Beach, Calif (personal communication), Western-Pacific Dredging 
Co , Portland, Oregon, Utah Dredging Corp , San Francisco, Calif, 
and, the U S Corps of Engineers, Portland District (Fraser, unpub- 
lished manuscript)  Also, a jet pump system for offshore sources 
of sand has been recommended by Govatos and Zandi (1969) 
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In the absence of currents, the crater walls would normally stand at 
the static angle of repose of the sand which is about 30 degrees  Thus, 
the minimum size of the crater would be that occurring for static condi- 
tions, where the diameter would be approximately four times its depth, 
and the volume of the crater would equal about 4 2 times the cube of its 
depth  Therefore, a 50 foot deep crater would have a minimum circular 
perimeter with a diameter of about 200 feet, and a volume of 20,000 yd , 
while a 100 foot deep crater would have a minimum diameter of 400 feet 
and a volume of 155,000 yd-5 

The dynamic effects of currents flowing across the sand crater would 
result in crater slopes that are less than the static angle of repose, 
and thus increase the periphery and the volume of the crater  Also, the 
effective collecting periphery of the crater-sink would be extended by 
the sand transported to the rim of the crater by currents  The effect 
of currents and wave action on crater shape is not clearly understood and 
should receive further study 

The successful functioning of the crater-sink concept requires that 
the crater be sited so as to intercept the longshore transport of sand 
Entrance channels tend to migrate along the coast in the direction of the 
longshore transport as well as in an on-offshore direction with changing 
wave and current conditions (Inman, 1950, p 15)  Thus, the construction 
of a short up-coast jetty to stabilize the location of the "transport 
path" of the littoral drift is important in siting the crater-sink 
(Figure 2)  The principal function of a down-coast structure would be 
the protection of the site for the drive-water pump and the landing and 
discharge pipes 

Excavation of the Crater Sink with the Jet Unit 

The equipment for this operation is shown schematically in Figure 4a 
and includes a suitable barge with ground tackle and lifting gear and a 
drive-water pump  The jet pump end of the assembly of delivery and drive- 
water pipes is suspended from a barge in such a way as to provide both 
vertical control and horizontal control of the suction mouth  The 
delivery pipe is fitted with pontoons which support the delivery pipe for 
transporting the sand away from the crater site 

After the crater is excavated the pipeline and jet assembly are moved 
to the beach where the pontoons are removed, the pipelines are lengthened 
to suit the installation and stability tanks are attached  The shore 
ends of the drive-water pipe and delivery pipe are blanked off at the 
landing pipe and air is pumped into both pipes  Since there is less 
bouyancy at the jet pump end of the pipes, the suction mouth wllI always 
float lower than the rest of the pipe, thus effectively preventing a 
large loss of air through the suction mouth  When the assembly has been 
floated into the correct position air is vented at the landing pipe 
position and the jet pump end of the assembly begins to descend, the 
descent rate being controlled by the residual air in the pipes  After 
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sinking into position, the discharge pipe is connected to the shore end 
of the landing pipe, and the drive-water pipe is connected to the drive- 
water line from the drive-water pump  Raising of the hydraulic jet 
assembly is carried out in the reverse procedure as described above 

EXTENSION OF CRATER-SINK BY FLUIDIZATION 

It would appear that the perimeter of the crater-sink could be effec- 
tively extended in any desired direction by fluidizing the sand bed  A 
sand body tends to behave as a fluid when the fluid pressure in the pore 
spaces at any level are equal to or greater than the immersed weight of 
sand above this level  This technique is widely used in industry for the 
transport and mixing of granular-fluid media (Flood and Lee, 1968) and 
could be used to extend the effective perimeter of a crater-sink system 
without requiring an increase in the depth or width of the crater  It 
would appear that this could be accomplished by installing a length of 
pipe, fitted with jet holes, that extended from the crater-sink to some 
distant shoal   If the pipe were laid along the bottom with jet holes in 
the "down-position", then pumping water at a high rate through the pipe 
would activate the jets and cause the pipe to bury into the sand bed 
Once in place, a reduced pumping rate could be employed that would 
fluidize the sand above the pipe, without causing it to jet further into 
the bed  As long as the bottom of the crater is deeper than the shoal 
the fluidized layers of sand, under the influence of gravity, will flow 
towards the crater-sink (Figure 5) 

The extension of a crater-sink by long fluidization units appears to 
be particularly applicable to long, narrow entrance channels, which 
commonly result in the formation of shoals outside of the entrance 
(Figure 6)  This application is essentially the reverse of that suggested 
by Hagyard, et al (1969), which would have employed a one mile long 
fluidization unit located off Westport Harbor, New Zealand, to transport 
sand from the entrance channel into deeper water  However, the experi- 
ments performed by Hagyard, et al (1968) on fluidizing velocities, depth 
of burial of pipe, and the shape of the fluidized zone above the pipe, 
should also apply to the crater-sink concept  In fact, since the instal- 
lation proposed here would involve relatively short fluidization units 
operating over relatively steep slopes and feeding continuous sand sinks, 
its application should be less critical than that suggested by Hagyard, 
et a I  However, the technology for fluidizing natural sand beds has 
not been perfected, and it is quite apparent that both applications 
require further study before committing them to prototype conditions 
(Wilson and Mudie, in preparation) 
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PLAN 

EXTENDED CRATER SINK 

RESULTING FROM FLUIDIZATION 
CRATER SINK DUE TO 

ANGLE OF REPOSE OF SAND 
PROFILE 

Figure 5      Extension of the periphery of the orater-slnk using two fluid.zatlon units  (Refer to Figure 6) 

HANDLING DRIVE WATER  PUMP 

BARGE / 

UNCONSOLIDATED SAND 

CONSOLIDATED SOIL 

-trti/rr/iiini/ii'iinHiiiiiiifirrityizsy yC^r/tminnDiuiii'i'iiiiiiim'/ 
ORIGINAL  BED ,» ^ v,^^,. 

DEPRESSION  DREDGED  IN ^Js^*^ SEMI CONSOLIDATED  SOIL 
SOIL BY CUTTER DREDGE 

Figure 4      Schematic diagram showing the various mefhods of constructing the crater- 
sink      (1)  direct  installation  from a barge or boat using the hydraulic jet 
assembly as a dredge    and     Cb)  excavation of a crater   into seml-consolI dated 
soil  u-ing conventional   suction dredge with a  rotary cutter head 
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CHARACTERISTICS OF A TYPICAL INSTALLATION AT A SANDY INLET 

As stated previously, additional research is warranted before the 
crater-sink concept and its extension by fluidization is employed in the 
field  However, it is instructive to consider the characteristics of 
such an installation as based on present understanding 

Consider the crater-sink sand transfer system that would be required 
to maintain an entrance channel 20 feet deep and 500 feet wide through 
an inlet where the net longshore transport is known to be 400,000 cubic 
yards per year  Assume that there are occasional reversals in the 
direction of transport, amounting to about 100,000 cubic yards, so that 
the system must be capable of pumping in excess of 500,000 cubic yards 
per year  Further, assume that there is a tendency for a bar to form 
offshore from the inlet, so that the perimeter of the crater-sink must 
be extended for 1000 feet offshore from the end of the up-coast jetty 
This situation is analogous to that shown schematically in Figure 6 and 
listed in Table 1, and is a fairly common one along the sandy coastlines 
of the world 

For an inlet of this type a hydraulic jet assembly pumping from the 
bottom of a 50 foot deep crater would probably provide sufficient peri- 
meter for the basic crater  The minimum width of the crater would be 
about 200 feet as determined by the static angle of repose of the sand, 
while the dynamic width in the presence of waves and currents would 
probably be about 300 feet as shown in Figure 6  A vertical lift of 70 
feet and a horizontal delivery distance of about 400 feet is within the 
capacity of existing jet pumps  If the basic crater can be extended 
seaward by installation of a 1000 foot long fluidization unit it would 
then be possible to extend and maintain the channel through the central 
portion of the offshore bar as shown in Figure 6 

The use of turn pipes and rubber sleeves permits accomodation of a 
variety of bottom profiles, while providing lateral stiffness and main- 
taining alignment  Life of the equipment can be extended by exchanging 
sand delivery and drive-water pipes when the former wear thin 

The operating schedule for the jet pump would depend upon demand 
For example, the pump could be turned on every 24 hours and would then 
operate until the sand fill in the crater had been removed  During 
times of low wave activity it would operate perhaps one or two hours per 
day, while during times of pronounced longshore transport It could 
operate 24 hours per day 
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Table 1  Characteristics of crater-sink sand transfer system (extended 
by fluidization) when used to bypass sand around an inlet and 
entrance channel  Sand is to be discharged directly on the 
beach face near the landing pipe as shown schematically in 
Figure 6 

ENTRANCE CHANNEL AND INLET 

water depth 20 ft 

channel width 500 ft 

distance to offshore bar 700 ft 

longshore transport rate of sand, net 400,000 yds /yr 

longshore transport rate reversed direction 100,000 yds /yr 

total required sand pumping capacity 500,000 yds /yr 

CRATER-SINK 

crater depth 50 ft 

water depth at center of crater 70 ft 

crater width - minimum (still water) 200 ft 

crater width - maximum with waves and currents    300 ft 

crater length - minimum 1,200 ft 

crater length - maximum 1,300 ft 

HYDRAULIC JET ASSEMBLY 

jet pumpV  Venturi throat diameter 10 in 

nozzles - number 4 

nozzles - diameter 1 in 

rated flow capacity approx   5,500 gpm (12 ft /sec) 
totaI fIow 
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Table 1  (Continued) 

3 
drive-water pump**/  flow capacity 2,200 gpm (5 ft /sec) 

delivery pipe       length (jet pump to 
landing pipe 

diameter I D 

elevation of discharge point above 
mean water level 

250 hors lepower 

300 ft 

12 in 

10 ft 

V For example, jet pump model 12 in, manufactured by Pacific Coast 
Engineering Co , Alameda, California 

**/ For example 2200 gpm at 150 psi, 250 horsepower, electric driven 
water pump, manufactured by Byron-Jackson Pump Co , Los Angeles, 
Cal i forma 
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FEEDER BEACH 

SAND  FILL  IN 
CANYON  HEAD 

CRATER SINK 

DAM 

DISCHARGE  PIPE 

BOOSTER PUMP 

Figure 7      Schematic  diagram of  the crater-sink sand transfer system 
used to  recycle     -and   In  a   littoral   eel!   with   longshore transport 
Sand trapped  by a  sub-surface dam across the head of  a  submarine 
canyon   is pumped  up-coast to a  feeder  beach where   it again  becomes 
available  for   longshore transport 
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CONCLUSIONS 

The advantages of the crater-sink sand transfer system over conven- 
tional dredging appear to include  (a) simple, inexpensive equipment 
requiring a minimal amount of labor, (b) lower operating costs, (c) no 
obstruction to navigation, (d) elimination of the up-coast sand impound- 
ing area, and, (e) the ability to operate throughout the year, thus 
providing a continuous bypass operation which maintains the natural drift 
rates along the coast and eliminates the down-coast zone of erosion 

Once perfected, it would appear that a crater-sink sand transfer 
system would have a variety of coastal and inland applications  In 
addition to its use at sandy inlets (Figures 2 and 6), it would appear to 
have potential for pumping sediment from dams that have intercepted the 
supply of sand formerly brought to the coast by streams and rivers  Also, 
the sand transfer system could be used to recycle sand to feeder beaches 
on a coast with littoral drift  Sand trapped on the down-coast end of a 
beach could be pumped to feeder beaches along the up-coast portions of 
the beach where it again becomes available for longshore transport as 
illustrated schematically in Figure 7 
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CHAPTER 59 

USE OF VOLCANOES FOR DETERMINATION OF DIRECTION OF 

LITTORAL DRIFT 

By 

Per Bruun and Gxsli Viggosson 

The Technical University of Norway 

Abstract - The title of this paper may sound like a ;joke 

Correctly the title ought to be "Determination of Direction 

of Littoral Drift on the South Coast of Iceland by Geomorpho- 

logical Approach"   In order to check the results of such 

study based on the movements of river entrances and their 
geometry the use of an accelerometer buoy to be placed in 

offshore open waters for collection of wave data combined 

with the results of meteorological data was discussed  Then 

the volcano Surtsey suddenly emerged from 400 ft depth (Nov 

1964) and its huge outpours of volcanic material built up 

an "offshore pole station", where the shoreline development 

provided some information which supported conclusions from 

the shoreline study on the mainland  Computation of wave 

energy input provided further information 

GEOMORPHOLOGICAL APPROACH 

OBSERVATIONS OF RIVER OUTLETS 

The littoral drift on the Icelandic south coast was 

investigated by means of topographic surveys and aerial 

photos including 

935 
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Survey by the Danish Geodetic Institute, 1906 

Survey by the Danish Navy, ab 1926 

Aerial photography, 1945 
(Icelandic Survey Dept ) 

Aerial photography, 1960 

Aerial photography, 1960  U S Navy 

Aerial photography, July 1963 (Icelandic Dept of Light- 

houses and Ports) 

Aerial photography, Aug 1963 (Icelandic Dept of Light- 

houses and Ports) 

Most of these surveys were undertaken during the summer 

period, when the littoral drift because of winds from South 

East tends to be westward  This may have considerable in- 

fluence on the geographical direction of the outlets of 

minor rivers on the South Coast while the ma]or streams 

will not change the general orientation of the outlet which 

points in the direction of the predominant littoral drift 

The results of studies of this material are depicted on 

Fig 1, indicating that the littoral drift at Holsa is east- 

ward, "that the drift at the shore between Affall until west 

of Holtsos is neutral, that the drift from west of Jokulsa 

and up to Dyrholaey probably is eastward although some 

minor outlets demonstrate westward direction which,as 

mentioned above,most likely is a seasonal phenomenon 

Furthermore that the littoral drift Dust east of Dyrholaey 

is westward 

Professor Trausta Emarsson in his article on "Su^urstrond 

Islands og mundunarsaga hennar" published in Timarit, 

Verkfraadmgafelag Islands (Proceedings of the Icelandic 

Engineering Association), No 1-2, 1966 in section IV "Radar 

foksandsh61a og forsoguleg sta£a strandarinnar" explains the 

development of shore and shoreline configuration west of 

Dyrholaey from the outlet of Thorsa and up to Reynisfjall 

towards the East  He takes a closer look at the shores at 

Dyrholaey  Based on the development of ancient and recent 

shorelines it is quite clear that the shore between Klifandi 

(Figs 1 and 3) and Skoga (Figs 1 and 2) has been a "neutral 

area", which means that the net drift has been relatively 

small or the drift has taken place in opposite directions 
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according to season and in almost equal quantities on a 

year round basis  The sediments which washed down to 

shore by the rivers apparently drifted in part towards the 

Dyrholaey (Dyrhola-island) building up a tombolo (barrier 

connecting island and mam land) and partly westwards towards 

Vestmannaey]ar (islands south of Iceland - see Fig 1) which 

caused the development of another ma^or tombolo inside the 

wave shadow of these islands  (Fig 2). With enough "patience" 

and material available the Vestmanna Islandswould finally 

become connected to the mainland provided current concentrations 

between island and mainland would not make this development 

impossible 

This confirms the results of the observations of direction of 

outlets mentioned above  The orientation of the shoreline 

west of Dyrholaey is almost constant 27 degrees north of 

west 

OBSERVATIONS OF SHORELINE DEVELOPMENT OF VOLCANOE SURTSEY 

It is in this respect interesting to note the development 

of shorelines at the volcanoe Surtsey as studied by 

Thorarinsson (Surtsey Research Progress Reports Nos  II and 

III 1966 and 1967) and by Norrman (Surtsey Research Progress 

Report No IV, 1968) 

Surtsey is a submarine volcanoe, which erupted on Nov 14th, 

1963 (Fig  4) at ab 100 meters depth  In 6 days an island 

600 m long and almost as wide with top elevation of 60 meters 

came into existence 

Gradually the configuration of the island changed to hoof 

shape, which immediately after Nov 26th (Fig 5) normally 

was open towards the southwest  Sometimes a barrier blocked 

the opening, however, but it only lasted,until it was broken 

down by the surf, or until it was blown away by explosions 

from the volcanoe  After the middle of December the island 

became nearly circular, later more squared because two 

sides developed to be almost parallel as explained below 
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Figs 6 and 7 show the development of shorelines at Surtsey 

during the period from 1964 to 1967 when coarse lava and 

pebbles normally were available in a narrow beach around the 

island for longs migration by wave action  During extreme 

storms the solid lava could become exposed, however, in certain 

sections of the shore  As it may be seen from the figures, 

the general trend of shoreline development was towards a 

rectangular shape with rounded comes against SW  The island 

has two almost parallel sides running SW-NE and an 

accumulation area on the NE side which developed a lagoon 

between two beach ridges growing out from SW, typical for 

an "angular foreland". The orientation of the two parallel 

sides is given in the figures.  It may be seen that the 

average orientation of the two parallel sides in 1964 was 

27 degrees E of N, which is identical with the orientation 

of the shoreline west of Dyrholaey 

WAVE ENERGY APPROACH 

An attempt was made to study this situation in a more 

rational way by evaluating the wave energy input on the 

south coast of Iceland in order to find the direction of 

shoreline with "neutral drift"  No wave energy data were 

available however.  The procedures were based on the Los 

Angeles formula 

Q = h  k,w e sin 2a, (1) 

where Q = the total amount of sand moved in littoral drift 

past a given point per year by waves of given period and 

direction 

w = total work accomplished by all waves of a given period 

and direction in deep water during an average year 

e = wave energy coefficient at the breaker line for waves 

of a given period and direction.  It is the ratio between the 

distance between orthogonals in deep water and at the shore 

line 
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a = angle between wave crests at the breaker line and the 

shore lxne, or the angle between orthogonals and the normal 

to the shore line (1 e a = a, ) 

k, = factor depending on dimensional units and empirical 

relations  It varies with beach slope, grain size, and 

other variables 

The wave energy coefficient may be written e = cos a / 

cos a. and sin 2a, = 2 sin a,   cos a. 

hence e sin 2a, = 2 cos a„  sin a, (2) b o        D 

The relationship between sin a and sin a, for different 

steepness ratios of the waves is given in Pig 8 

Neglecting energy dissipation and reflection the total 

work may be written 

H   2   P 
w = ^ ^- i^  ft-lbs/sec/ft of crest   (3) 

16 

Eqs  (1), (2) and (3) combined gives 

Q = k   6,3   108   k  Hi/32   T2/3 e sin 2ab ft-lbs/ 

year/ft of crest 

(4  a) 

o 

Q =       6,3       10 k      Hi/32       Tl/3  cos  ao  sin ab 

ft-lbs/year/ft of crest 

(4 b) 

where H, ,, and T, ,, are the significant wave height and 

period 

Wind conditions in Iceland are characterized by cyclones 

moving from SW giving rise to variable wind fields  The 

average duration of a cyclone moving from SW towards Iceland 

is 1 to 3 days  The predominate direction of wind wave 
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propagation is towards NE.  Usually the cyclones pass south 

of Iceland but they may also pass north of Iceland  Fig 9 

shows the characteristic situation during the winter and 

sommer seasons  Pig 10 demonstrates the characteristic 

wind direction for the three paths of the cyclones  As 

it may be noted from Fig 10 the cyclones give rise to 

strong winds from the east when they pass south of Iceland 

In this situation waves propagate from three directions, 

SW, S and E  Field experiments show that high waves from 

SW occur although the wind has blown from E for some time 

Because of the fact that no wave data were available and 

the Los Angeles formula refers to an average year, it was 

necessary for a preliminary evaluation to use the average 
wind conditions  Available wind data are meteorological 

observations covering a period of 10 years  Wind data from 

three meteorological stations, located in the area between 

Vestmannaey^ar and Dyrholaey, were statistically evaluated 

Fig 11 shows frequency diagram The average wind speed 

ranged from 12 to 22 5 knots  Hindcastmg was based on the 

SMB method  The problem here, as usual, is to determine the 

fetch  A 22 5 knots wind generates a fully developed sea at 

a fetch of about 135 NM (nautical miles) and a duration of 
2 

about 14 hours.  The wave energy is a function of H and T, 

and the SMB diagrams indicate that wind speeds of 12 to 20 

knots have no practical influence on the significant wave 

height, when the fetch increases from 100 NM to 250 NM 

However, there is an increase of one second m the significant 

wave period  For waves generated by the cyclones moving 

from SW, it is therefore realistic to select a fetch of 250 

NM for W and SW  For the other directions a fetch of 135 

NM was selected  This agrees with results of Danish 

investigations on wave action for the harbour of Vestmannaeyjar 

The results of hindcastmg as well as the calculation of the 

deep water energy is shown m Table 1 

Each direction represents a sector of 45 degrees  The actual 

shore boundary conditions including true shore orientation 

west of Dyrholaey are shown in Fig 12.  In Fig. 13 the shore- 

line was turned 5 degrees clockwise in order to observe the 

possible influence of this on the drift direction computed 
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on the basis of input of longshore wave energy 

As shown in Fig  12 the W and SE sectors are bounded 

respectively 39 and 36 degrees, and only half of the E 

sector is represented west of Dyrholaey  Wind direction 

from the E tends to concentrate in the area around 

Dyrholaey, partly due to the Bernoulli effect from the 

nearby Myrdals;j6kull (glacier) east of Dyrholaey  West 

of Dyrholaey the wind blows along the shore and increases 

the longshore wave energy  Moreover the wave energy west of 

Dyrholaey also increases due to a combination of diffraction 

and refraction at Dyrholaey  In this preliminary evaluation, 

it is difficult to calculate the wave energy from east 

representing the average year  It is possible however, to 

estimate roughly the wave energy coefficient "e" in Equation 

(1) 

The maximum input of wave energy is determined approximately 
2 

by the geometric shadow line which gives e = 0 5   The 

minimum input of wave energy is determined approximately by 

the 27 degrees diffraction ray which gives a diffraction 

coefficient of about 0 10 approximately 1 km west of Dyrholaey 
2 

or e = 0 1   Due to the refraction, one may expect a wave 
2 2 

energy coefficient between e = 0 5  and e = 0 3 

Diffracted waves are only of importance m the area immediately 

west of Dyrholaey  They break under an angle of approximately 

25 degrees with the shoreline  Further westwards refraction 

of waves towards the shore takes place, developing low swells 

which are superimposed by wind waves corresponding to actual 

fetches west of Dyrholaey 

The numerical calculations carried out in Tables 1-5 with 
2 

e = 0 4  and ave H/L = 0 025 (Table 1) refer to the area 

immediately west of Dyrholaey  It may be noted that the H/L- 

ratio plays an important role, and that turning the shoreline 

5 degrees clockwise from the actual direction (Fig 13) 

changes the resultant energy balance from eastward predominance 

to westward predominance thereby causing westward drift  This 

still refers to the area just west of Dyrholaey  Further 

westward the importance of E winds tends to decrease because 
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of the shadow by the Dyrholaey headland  This m turn vrould 

create more tendency to eastward drift  Assuming that this 

is correct, the shoreline should develop slightly convex 

(turn clockwise) up towards the Dyrholaey apart from a small 

area influenced by leeside erosion ]ust west of the Dyrhola- 

pomt  As it may be seen from Figures 2 and 3 this is 

actually the way shoreline configuration developed  It is 

therefore evidenced that the orientation of shoreline of ab 

27 degrees N of W is close to the direction which causes 

neutral drift  The correct average direction may be a few 

degrees more as is in fact also indicated by the early 

development of shorelines at Surtsey 

CONCLUSION 

Although none of the methods used are exact in the true 

sense of the word, the similarity of the results are note- 

worthy  The development of shorelines of volcanoes popping 

up from the bottom of the sea,like Surtsey, may be used to 

determine the direction of littoral drift on nearby shores 

As a good luck other methods are available,however 
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Table 1  Hmdcastmg 

Direction Wind Fetch Hl/3 Tl/3 Hl/3/L1/3 
Duration w 

Eq  (3) 

Knots NM ft sec hours ft-lbs/ft/year 

E 22 5 135 8 5 7 9 0 027 14 3600 108 

SE 12 5 135 3 6 5 8 0 021 20 474 108 

S 12 0 135 3.3 5 7 0 020 21 390 108 

SW 14 5 250 5 0 7 3 0 018 30 1150 108 

W 12 0 250 3 5 6 5 0 019 35 500 108 

Table 2  e sin 2 a corresponds to Fig 12 for various steepness ratios 

Fig 12 Fig 8 e sin 2 a. = 2 cos a sin a, 
b              b 

Direction ao 

H/L H/L 

0 02 0 03 0 02 0 03 

S-43° E 70° 0 31 0 37 0 212 0 253 

S 27° 0 19 0 23 0 321 0 41 

SW 18° 0 13 0 16 0 24 0 304 

W-3° S 60° 0 32 0 373 0 32 0 37 

Table 3  e sin 2 a, corresponds to Fig 13 for various steepness ratios 

Fig 13 Fag  8 e sin 2 a, = 2 cos a sin a, 
b              o 

H/L H/L 
Direction ab 0 02 0 03 0 02 0 03 

S-40° E 72° 0 31 0 366 0 192 0 229 

S 32° 0 215 0 262 0 365 0 434 

SW 13° 0 092 0 118 0 179 0 23 

W-3° S 55° 0 312 0 364 0 358 0 418 
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Table  4 Littoral drift west of Dyrholaey Pig 

(Solution of Eg  (4 a) and (4 b)) 

12 

Direction ao 

Reduction 
of wave energy 
from dom direct 

Q in cubic yards per year 

H/L 

0 02 0 03 

E ~ 0 5(0 4)2 - 110 k 108 - 110 k 108 

S-43° E 70° 2 20/ 45=0 89 -  43 k 108 -  51 k 108 

S 27° 1 0 -  63 k 108 -  80 k 108 

SW 18° 1 0 + 142 k 108 + 175 k 108 

W-3° S 60° 2 19 5/45=0 87 +  69 k 108 +  80 k 108 

+ means eastward drift 5 k 108 +  14 k 108 

- means westward drift ave  Q = + 5 k 108 

Table 5 Littoral drift west of Dyrholaey when the shoreline 

is turned 5 degrees clockwise   Fig 13 

(Solution of Eg  (4 a) and (4 b) 

Direction ao 

Reduction 
of wave energy 
from dom direct 

Q in cubic yards per year 

H/L 

0 02 0 03 

E ~ 0 5(0 4)2 - 110 k 108 - 110 k 108 

S-40° E 72° 2 18/145=0 8 -  36 k 108 -  43 k 108 

S 32° 1 0 -  72 k 108 -  85 k 108 

SW 13° 1 0 + 103 k 108 + 132 k 108 

W-3° S 55° 2 19 5/45=0 87 +  78 k 108 +  91 k 108 

+ means eastward drift -  37 k 108 -  15 k 108 

- means westward drift ave   Q = - 26 k 10 
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Fig. 3  South coast of Iceland 

The area around Dyrholaey 

Fig. 4.  Surtsey two days after its eruption, Nov. 16, 1963 
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Fig. 5.  Surtsey has emerged from the bottom of the sea 

on  Nov.   26,   1963 

SI   K I S|   V 
1       0     100   200 300 m 

Fig. 6.  Surtsey, October 23, 1964 
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Fig. 7        Outlines    of   Surtsey   during    1965    to   1967. 
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S <^ 

FIG   12 The boundary conditions west of DYRHOLAEY 

FIG    13  The boundary conditions west of DYRHOLAEY when the shoreline 

is turned 5 degrees   clockwise 





CHAPTER 60 

AN OFFSHORE BEACH NOURISHMENT SCHEME 

by Robert A Dalrymple 

Department of Coastal and Oceanographic Engineering 
University of Florida 
Gainesville, Florida 

Abstract 

The University of Florida has conducted a series of tests to evaluate 
the effectiveness of beach nourishment from offshore sources by a specially 
designed drag scraper  The field work, over a nine-month study period, 
included hydrographic surveys, fluorescent sand tracing, and a sand sampling 
program for two scraper sites at Jupiter Island, Florida 

The conclusions provide information as to the effect of the borrow pits 
and the dredged sand on the beach characteristics, the mechanisms of the 
filling of the pits, and the efficiency of the drag scraper 

Introduction 

As beach erosion becomes more of a critical problem, extensive sources of 
sand are necessary for the artificial replenishing or rebuilding of beaches 
At Jupiter Island, on the east coast of Florida, where erosion has been quite 
severe due mainly to a large inlet to the north, onshore sources of nourishment 
sand were being depleted m a beach rehabilitation program begun m 1957, 
and it became necessary to find another readily available source 

In 1963, Dickerson, Inc of Stuart, Florida began nourishing the beaches 
with a specially designed Sauerman drag scraper (See Gee, 1963)  The scraper 
consists of a three-drum hoist powered by a 260 horsepower engine, which pulls 
a bottomless, three cubic yard capacity bucket over a wedge-shaped offshore 
borrow area, demarcated by two anchored buoys  The buoys are 850 feet offshore 
and about 500 feet apart, floating between them is a mooring float which guides 
the scraper bucket over the borrow area  The scraper is able to make over 
300 round-trips of the bucket per day, placing the recovered sand at the base 
of the winding machine  See photographs 1 to 4 

During 1967 and 1968, the Department of Coastal and Oceanographic Engineering 
(DCOE) conducted a field study of the two borrow areas (denoted Areas I and II) 
at which the drag scraper operated  The purpose of the study was (1) to determine 
if the scraper was a viable method of beach nourishment, (2) to determine if 
spoil placed on the beach returned directly to the borrow area, and (3) to 
estimate the efficiency of the scraping operation 

During the first part of the summer of 1967, from May until the end of 
June, the scraper was at Area I, then it was moved two miles south to Area IT 
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where it operated until August 4, when it shut down for the season  The 
scraper was contracted to recover 30,000 cubic yards of sand at each site, 
the total being the estimated annual erosion at the developed section of 
Jupiter Island (Coastal Engineering Staff, 1957)  The unit cost of the sand 
was 50$ per cubic yard 

Environmental Data 

At both locations, the shoreline is straight and the beach is narrow  The 
offshore profile is shallow  The dune lines have been protected by sloping 
energy absorbing seawalls, and adjustable groins had been placed on the 
beach m 1963 

Waves in the summer at Jupiter Island approach from the southeast and are 
generally small, as large ocean swell are blocked by the Bahama Islands from 
reaching shore  During the winter, however, the wave climate becomes very 
severe and predominantly comes from the northeast  In 1967, the seasonal 
shift between the summer and winter wave climate occurred on September 4, with 
the onset of a period of northeast storms 

The littoral drift follows the wave direction  It is mild and from the 
south m the summer, and more intense and from the north in the winter  The 
net quantity of littoral drift passing Jupiter Island inside the 18' contour 
has been estimated by the Corps of Engineers as 230,000 cubic yards per year 
Its direction is north to south 

Offshore Effects 

At both areas, when the scraper began operation, pits were dug about 175 
feet offshore m about 9 feet of water  These lengthened in the offshore 
direction into oval depressions 500-600 feet long and 300 feet wide, as 
scraping continued, until maximum recorded depths of 14 and 17 feet were 
reached at each area 

During the scraping operation, the summer littoral current moved large 
quantities of suspended sand, kicked up by the fast-moving scraper bucket, 
northward, resulting in the formation of a bar on the north side of the borrow 
pit  This "shoulder" bar became quite large at both sites as scraping 
continued, covering an area about two-thirds the area of the borrow pit, and 
a height of 3 feet above the bottom  See figure 1 

At Area I, after the scraper was stopped and moved to Area II, the offshore 
borrow pit began to change shape slowly under the action of waves and currents 
The elevation contours of the pit became more rounded, and the bottom of it 
shoaled about one foot during the first two months  The shoulder bar, during 
this time, was moved shoreward, by wave action concentrated on it by refraction 
at the hole, and filled the trough that had previously separated it from the 
beach 

Soon after the scraper was shut down for the season at Area II, the wave 
climate changed Northeast storms during early September brought about the 
seasonal littoral drift reversal and the larger winter waves  This more 
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severe wave climate caused rapid shoaling of the borrow pits  Calculated 
shoaling rates for the bottom of the borrow pits from August 31 to 
September 22 were 22 foot per day at Area II and 1 foot per day at Area I, 
which was a much shallower pit by this time  These fill rates are much 
higher than rates calculated for borrow pits examined by Watts (1963) 

The high fill rate at Area II produced a migration of the borrow pit  As 
seen in Figure 3, the pit had moved southward  A simple experiment in a 
movable bed hydraulic model showed that a hole m a sand bed, under the 
action of a unidirectional current, was filled from the upstream side, while 
sand was eroded from the downstream side—the net result being filling of the 
hole, coupled with translation downstream 

The shoulder bar, at Area II, was moved both shoreward and into the borrow 
pit, by the northeast waves, the shoulder bar here was a more important factor 
in the filling of the borrow pit than at Area I, due to the intensity of the 
littoral current  See figure 2 

At Area II, 1000 pounds of fluorescent tracer were placed in the spoil pile 
on the beach m front of the scraper, 20 days after scraping was discontinued 
The purpose of the test was to estimate the return of dredging spoil tfo the 
borrow pit  Sand samples taken in the borrow pit subsequently showed some 
tracer being incorporated offshore into the filling borrow pit  However, 
this recovered tracer was very fine grained, and did not represent a direct 
return of all the spoil to the borrow pit, but rather the natural action of 
beach sorting  The fill material, including the tracer, had a median 
diameter of 13 mm and was well sorted, whereas the natural beach sand and the 
tracer had a median diameter of 29 mm  Watts (1963), too, has observed fine 
grained material m filling borrow pits  The sources of the fill material in 
the pits are longshore current and wave transported material, the shoulder bar, 
particularly at Area II, and the transversally transported fine-grained dredge 
material, moved offshore by natural beach sorting processes 

By the following summer, both pits had filled entirely and the bottom 
topography was similar to that of the previous summer 

Beach Effects 

During scraper operation, the dry beaches at both areas grew, as the spoil 
pile was dispersed by wave action and due to the natural onshore movement of sand 
during the summer  The Mean Sea Level (MSL) contour moved seaward an average 
at each station of 5 feet at Area I and 34 feet at Area II  However, by the 
next summer, June 28, beach surveys showed significant erosion had occurred 
during the winter, after the scraper was shut down, with an average net loss 
after the whole year of 20 feet and 42 feet at the beaches 

Stability 

No major beach stability problems were observed, however, they may be 
created if the drag scraper operates too near shore  If the borrow pit is 
dredged very deep, slumping of the foreshore can occur, with the dredged 
sand returning directly to the borrow pit  Also, as pointed out by Rector (1966), 
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sand moved offshore by steep waves during storms, will fill the borrow pit 
and be lost to the beach, as this material will not be returned to the beach 
by natural action when the wave climate becomes less severe  For Jupiter 
Island, where winter and summer bars exist, it was recommended that the 
scraper recover sand from an area offshore of the normal location of the 
winter bars, thus ensuring there would be no sand lost from the beach by 
natural processes 

An additional stability problem may arise if the offshore sand is much 
finer than the natural beach sand  This would also be the case if the scraper 
returned to the same place for additional spoil  The fine sand would probably 
be quickly removed from the beach by wave action 

As mentioned previously, the incidental deposition of the shoulder bar by 
the drag scraper provides a stabilizing effect  When the longshore current 
changed to southward, the deposited sand was moved on to the beach and into 
the pit, thus removing some of the aforementioned hazard of normal beach sand 
being lost to the pit during storms 

Efficiency 

The present scraper design was observed in the field by DCOE personnel 
to be unable to carry its full capacity due to its design  Volume estimates 
of the beach spoil pile and the offshore borrow pit and shoreline monitoring 
showed that the scraper did not move the quantity of sand necessary to match 
or exceed the annual erosion 

Conclusions 

The drag scraper technique is a viable method of beach nourishment, provided 
it recovers sand m a quantity to balance or exceed the annual amount of 
erosion 

Only the fine grained dredge material returns to the borrow pit under 
normal operation Primary sources of pit fill material are the littoral 
drift and the shoulder bar, built by suspended sand 

Beach stability is ensured if the scraper dredges sand compatible with the 
natural beach sand and from an area at a sufficient distance from the shore 
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Photograph 1. Winch System for the Sauerman Drag Scraper 



BEACH NOURISHMENT 961 



COASTAL ENGINEERING 

*ew» 

£j*^iM%t 

Photograph 3. Drag Scraper in Action. Note the large 
amount of suspended sand in borrow area. 
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Photograph 4.  Aerial View of Drag Scraper 
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Figure 1  Hydrographi c Survey, Area II No 3,7-25-67 
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Figure 2  Hydrographic Survey, Area II No 4,8-31-67 



966 COASTAL ENGINEERING 

Figure 3  Hydrographic Survey, Area II No 5,9-22-67 



CHAPTER 61 

Beach Nourishment at 
Virginia Beach, Virginia 

James W Bunch 
Army Corps of Engineers 

Norfolk, Virginia 

ABSTRACT 

Aspects of the Federal beach erosion control project at Virginia 
Beach, Virginia are described with particular emphasis directed to the 
sources, characteristics, costs, methods of placement and quantities 
of material periodically placed on the beach following project incep- 
tion  The beach response to nourishment is analyzed on the basis of 
yearly survey records compiled from data gathered by the sea-sled 
direct leveling technique  The quantity of annual nourishment material 
required to maintain present beach dimensions is determined to be approxi- 
mately 141,000 cubic yards 

INTRODUCTION 

In the present appraisal, information gathered by a comparison of 
bathymetric surveys is used as a basis for evaluating the beach response 
and annual sand nourishment requirement at Virginia Beach, Virginia 
Survey data gathered by the sea-sled direct leveling technique and 
collected annually over seventeen identical ranges for a three-year 
period (1966-1969) were employed in the appraisal 

DESCRIPTION OF STUDY AREA 

Virginia Beach, as shown in figure 1, is located on the east coast 
of Virginia, about 19 miles east of Norfolk, Virginia and 3 5 miles south 
of Cape Henry which is the south point of the entrance to Chesapeake Bay 
The shoreline in the area bears South 12°36' East 

The existing Federal beach erosion control project here extends 
from Rudee Inlet to 49th Street and includes the 3 3 miles of coastline 
treated in this paper (figure 2)  A concrete bulkhead and promenade, 
within the limits of the project, was constructed by local interests in 
1927  It extends from 7th to 35th Street and is supported on two rows 
of piling generally parallel to the shore  A wooden bulkhead, constructed 
by local interests, extends from 35th to 49th Street 

Tides at Virginia Beach are semidiurnal  The mean range of tide 
is 3 4 feet and the spring range is 4 1 feet 

Waves reaching the area are predominately from the southeastern 
quadrant during the summer and from the northeastern quadrant during 
the winter  The greatest yearly percentage of waves arrive from the 
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east-northeast and range between 1 and 6 feet  Calms prevail approxi- 
mately 19 percent of the time  Available evidence suggests that the 
predominant direction of the littoral drift in the area is from south 
to north  An analysis of winds and waves reaching Virginia Beach 
indicates that the predominant energy applied to the shore is from 
the northeast quadrant  However, observations and surveys of the 
jetties at Rudee Inlet and an experimental groin at Seventh Street 
clearly suggest a net northerly drift  This anomaly with respect to 
the direction of the littoral movement has been attributed to the 
possible assistance of a tidal eddy extending for some distance south 
of the Chesapeake Bay entrance 

DESCRIPTION OF EXISTING FEDERAL 
BEACH EROSION CONTROL PROJECT 

The existing Federal beach erosion control project at Virginia 
Beach includes (a) artificial placement of suitable sand fill on the 
ocean shore to provide and maintain a beach berm having a width of 
approximately 100 feet at elevation 5 4 m s 1 with a 1 on 15 foreshore 
slope extending to the natural bottom and (b) a deferred system of groins 
to be constructed if experience indicates that it is more economical 
than periodic sand nourishment  The project is now being maintained 
with dredging equipment owned by the Virginia Beach Erosion Commission, 
a state agency 

Nearly $200,000 is being expended annually to maintain the 
project of which 50 percent is borne by the Federal Government 

BORROW AREA 

Material for beach nourishment during the study period was dredged 
from the Owl Creek Estuary (Fig 2)  The remaining available material 
in this area is estimated to be sufficient to supply the annual nourish- 
ment requirements through 1970  For a source of future nourishment 
material, the Virginia Beach Erosion Commission has acquired state- 
owned lands on the south side of Owl Creek containing approximately 
500,000 cubic yards of fine sand  This will provide sufficient material 
to nourish the beach for approximately four years, or to early 1975 
at the heretofore proposed annual rate of 130,000 cubic yards 

The median diameter of nourishment material during the period 
1964 - 1969 was 26 mm as compared to 31 mm for natural material 
found on the beach 

EQUIPMENT USED 

Figure 3 shows the normal layout of dredging plant equipment 
when operating in the Owl Creek borrow area  It includes a 10-inch 
hydraulic cutterhead dredge, a 10-inch floating booster station at 
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the foot of Mediterranean Avenue, and a fixed booster station at Seventh 
Street  The pipeline is 15,000 feet long when discharging at its farthest 
point, usually between 21st Street and 22nd Street  A 12-mch dredge 
has just been purchased for the purpose of keeping Rudee Inlet open and 
will also be available to pump sand on Virginia Beach 

COST 

For dredging work only, Table 1 indicates the cost per cubic yard 
of placing material on Virginia Beach during the period of investigation 

Table I 
Cost of Beach Nourishment 

FY 1966 $1 41 
FY 1967 1 51 
FY 1968 2 91 
FY 1969 0 

QUANTITIES OF MATERIAL DREDGED 

Table 2 indicates the quantities of new source material pumped by 
the dredge annually during the study period 

Table II 
Quantities of New Material Pumped on Beach 

FY 1966 117,000 cubic yards 
FY 1967 119,000 cubic yards 
FY 1968 6,000 cubic yards 
FY 1969 0 

COMPARISON OF SURVEYS 

Comparison of the 1966, 1967, 1968 and 1969 surveys, which were made 
using an identical method over the nearshore and offshore profiles, yields 
what is thought to be an accurate indication of beach response in the 
project area and is summarized in Table III 

The nearshore profile over which surveys were made extends from the 
bulkhead line for a distance of 400 feet oceanward  Including berm material 
which was in excess of design dimensions, the deficiency m the design berm 
of 150,000 cubic yards that existed in June 1966 was reduced to 110,000 
cubic yards in 1967  The deficiency m the design berm for July 1968 was 
209,000 cubic yards or an increased deficiency of 99,000 cubic yards over 
July 1967  Similarly, a deficiency in the design berm for June 1969 of 
330,000 cubic yards represents an increase of 121,000 cubic yards over 
July 1968 

The offshore profile, as defined for survey purposes, extends from 
the bulkhead line to the 25-foot depth contour  Including excess berm 
material, there was an indicated loss of approximately 392,000 cubic 
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yards of material frrm the offshore area between 1966 and 1967  This 
is equivalent to 0 30-foot over the entire project Between 1967 and 
1968 there was an indicated gain of 7,600 cubic yards which is a negli- 
gible gam over the entire project  In 1969, the offshore profiles 
indicated a loss of 221,000 cubic yards of material from the previous 
year  This is equivalent to 0 20-foot over the entire project 

Overall, during the three-year period, 1966-1969, the net loss of 
material over the nearshore profile has been 179,000 cubic yards while 
the net loss over both profiles was 605,000 cubic yards  During the 
same period, a total of approximately 242,000 cubic yards of suitable 
material has been placed on the beach  On the basis of the foregoing 
figures, there has been an apparent loss of 847,000 cubic yards or an 
average annual loss of approximately 282,000 cubic yards of material in 
the problem area  Total nearshore losses of 179,000 cubic yards indi- 
cate an average annual loss of approximately 141,000 cubic yards in 
the project area  Consequently, a quantity of suitable nourishment 
material, totaling at least 141,000 cubic yards should be placed in the 
project area to maintain present beach dimensions 

Table III 

Fiscal 
Year 

Suitable 
Material 
Pumped 
On Beach 
(Cubic Yards) 

Deficiency 
from Design 
Berm 
(Nearshore) 
(Cubic Yards) 

Net Change in 
Nearshore 
from Previous- 
Year 
(Cubic Yards) 

Net Change 
in Nearshore 
& Offshore from 
Previous Year 
(Cubic Yards) 

Net 
Change in 
Offshore 
Area 
(Cubic Yard 

1966 117,000 150,000 

1967 119,000 110,000 + 41,000 - 392,000 - 433,000 

1968 6,000 209,000 - 99,000 +  8,000 + 107,000 

1969 0 330,000 - 121,000 - 221,000 - 100,000 

As indicated in Table III, although a state of erosion or accretion 
may occur on the beach during any given year, an opposite condition may 
result in the offshore reaches  As more survey data becomes available, 
the relationship between nearshore and offshore profile changes can 
possibly be determined 
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CHAPTER 62 

UNDERWATER MOUND FOR THE PROTECTION OF DURBAN'S BEACHES 

by 

XX X 
J A    Zwaniborn , G A W   Fromme  , J B    FitzPatrick 

ABSTRACT 

The construction of an underwater mound of sand for the protection and 

improvement of Durban's beaches has been recommended on the basis of 

intensive investigations   These investigations included prototype 

measurements of beach changes as related to recorded sea conditions, 

basic scaling tests in which these beach changes were reproduced to 

scale in movable bed models and tests of the proposed underwater mound 

in models, using different scales in order to eliminate possible scale 

effects 

The test results showed that, provided the shear-settling velocity 

similarity criterion is satisfied, beach changes can be reproduced in 

a movable bed model to a reasonable degree of accuracy   Optimum 

dimensions for the cross section of the mound were determined on the 

basis of the criterion for erosive and non-erosive wave conditions 

which was derived from the prototype beach profile changes and con- 

firmed by model tests   The resulting dimensions are a mound of sand 

about 4 5 km long, about 1 200 m offshore, reaching to 7 3 m below 

LWOST, with side slopes of 1 in 25 and a crest width of 61 m 
3 3 

Of the total quantity required (8 000 000 m ) some 2 500 000 m 

of sand, available from harbour dredging works in Durban Bay, had been 

dumped by May, 1970   Model predictions on mound stability and beach 

improvements were confirmed to a high degree of accuracy by the full 

scale events 

Head, Chief Research Officer and Research Assistant respectively, 

Hydraulics Research Unit of the National Mechanical Engineering 

Research Institute, South African Council for Scientific and 

Industrial Research, Stellenbosch, Republic of South Africa 
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INTRODUCTION 

As part of an investigation into the siltation of the entrance to 

Durban harbour, South Africa's biggest port and the erosion of the 

adjoining ocean beaches, various possibilities for the protection and 

improvement of these beaches, which make Durban South Africa's premier 

holiday resort, were studied between 1962 and 19641   The causes of 

the deterioration of Durban's beach and conventional methods to improve 

the situation, e g groynes, are described by Jordaan in a separate 

conference paper2   Subsequent to Jordaan's work, the senior author 

developed a possible solution, which emerged from the necessity of 

finding a suitable dumping site for material dredged from the harbour 

entrance and from the harbour extension works in Durban Bay3   This 

scheme consisted of dumping the spoil along a line parallel to the 

beach line some 1 200 m offshore, in an attempt to form a continuous 

underwater sand ridge eventually of some 4 5 km long (see Figure 1) 

I: ' 
\              LWO&T 

CROSS SECTION    A    A 

T.V VJ 
V^OUNDN? 

tHSTANCC     TO   LWO&T    IN 

""SB" 

cm   Of   rnim.H 

FIGURE 1  SCHEMATIC LAYOUT OF THE DURBAN UNDERWATER MOUND 

If such an underwater mound could be built up to a sufficient 

height and provided it would remain fairly stable, it would act as a 

selective wave filter, e g low waves would pass unhindered, whereas 

large erosive waves would break on the mound and thus loose much of 

their energy   As a result, beach building conditions were expected 

to improve in the lee of the mound and due to the reduction of the 



UNDERWATER MOUND 977 

incident wave heights, longshore sand bar and trough dimensions were 

expected to be reduced, resulting in safer bathing conditions 

THE UNDERWATER MOUND 

Although underwater breakwaters  have been built before for the protec- 

tion of certain beach areas, particularly in Japan, the underwater 

mound scheme, when conceived in 1963, is believed to have been the 

first application of an artificially placed sand bar to protect the 

leeward beaches   Large amounts of sand are available from harbour 

dredging works at Durban but since trailing-suction dredgers are used, 

it is impractical to discharge the sand directly onto the beaches 

Nearshore dumping, in an attempt to feed the beaches, was tried at 

Long Beach, New Jersey and Santa Barbara, California1"5, both 

attempts were, however, unsuccessful because the sand remained where 

it was dumped instead of moving onto the beach 

This evidence strengthened the idea that dredging spoil could be 

used to build an offshore underwater sand ridge or mound which would be 

sufficiently stable to form an effective beach protection scheme   In 

this way a solution would be obtained for both the beach problem and 

the problem of finding a satisfactory dumping site   Preliminary 

tests and calculations based on breaker depth functions3 showed that 

the mound should reach a height of at least 7 3m below LWOST to be 

effective.  Since this is also the minimum depth in which most of the 

available hopper dredgers could safely operate, this height was accep- 

ted for the further investigations   In the field it was established 

that side slope with underwater dumping would not be steeper than 

about 1 in 25 and this slope was therefore used in the model tests 

The final scheme which eventually evolved is shown in Figure 1 

The proposed underwater mound runs parallel to the Durban beaches in a 

water depth varying from 7 to 16 m   Its crest level is 7 3 m below 

LWOST, the crest width 61 m, the length about 4 5 km and the total 
3 

quantity of sand required is about 8 000 000 m   A gradual slope of 

1 in 150 is included at the northern end of the mound to minimise side 

effects 

Low Water Ordinary Spring Tide 
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Before the above scheme could, however, be recommended to the 

Durban Corporation, it was necessary to establish whether the underwater 

mound would remain sufficiently stable and what its effect would be on 

the beaches.  Because of the uniqueness of the problem, it was decided, 

firstly, to carry out extensive research into basic eaattng problems 

for movable bed models, whereafter optimum dimensions of the mound and 

the stability of the mound and its effect on the beaches were deter- 

mined in movable bed models.  It was also decided to supplement the 

model tests with the construction of a 1 200 m long test section off 

the Durban beach, to establish mound stability and possible sand migra- 

tion from the mound under prototype conditions 

BASIC SCALING TESTS 

Detailed measurements of beach changes, wave conditions and sand sizes 

were made for a beach section along West Street Jetty, Durban, during 

1965s   Using these data, tests were carried out in a 0 23 m wide 

wave flume, applying the following scale ratio's 

horizontal scale ratio     L • 200 

vertical scale ratio       h • 72 r 
geometric distortion       S • h /L = 1/2 78 

hydraulic time ratio (tides) t = 23 6 (based on Froude's law) 
r    i 

wave period scale T_ • h  = 8 47 ' r   r 

The average value of the mean grain sizes, d , along West Street 

Jetty was found to be 350 micron   Three separate series of tests were 

carried out using sand (d =250 micron) and anthracite (d • 190 and m m 
270 micron) with a specific gravity of 1 35   Wave conditions, as 

measured in nature including tides, were reproduced to scale in these 

tests   All the wave conditions were tested until equilibrium profiles 

had been reached 

The results of these tests7 showed that with the 270 micron anthra- 

cite, the average prototype beach slope of 5 per cent was correctly 

reproduced.  Moreover, the general beach shapes as well as the quanti- 

tative changes compared remarkably well   On the other hand, the 

results from the tests with 250 micron sand and 190 micron anthracite, 

did not compare with nature at all, average beach slopes found in the 
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model being 8 and 3 per cent respectively 

It has been shown8'9 that in the case of river models with a 

movable bed, good similarity between model and prototype is achieved 

when, apart from the Froude and friction criteria, the shear-settling 

velocity criterion is also satisfied, viz (V /W) = (hS) / W_ • 1, in 
x  r     r   r 

which V is the shear velocity, W is the settling velocity of the mean 

gram size and subscript r denotes prototype to model ratio   To re- 

produce the 350 micron prototype sand in accordance with the shear- 

settling velocity criterion either sand with d =120 micron, or anthra- 

cite with d = 260 micron should have been used in the tests   The 
m 

270 micron model anthracite thus almost satisfied the above criterion 

and since this material resulted in nearly correct reproduction of 

prototype events, it is concluded that, for the model scales used for 

the tests, the shear-sett'lvng velocity antervon must be satisfied to 

correctly reproduce coastal changes9 

CRITERION FOR EROSIVE AND NON-EROSIVE CONDITIONS 

It has been shown7'10 that beach deformations relative to an equili- 

brium beach slope, l, are a function of the deep water wave steepness, 

Ho/Xo and the parameter (gHo) /W (g is acceleration due to gravity, Ho 

wave height and Xo wave length)   The beach profiles measured along 

West Street Jetty, as related to particular wave conditions, were 

divided into erosive, non-erosive and equilibrium profiles and from 

the results the criterion shown in Figure 2 was obtained (put S = 1), 

which defines the conditions for accretion, erosion or a neutral pro- 

file in case of the Durban beach with its 5 per cent equilibrium beach 

slope 

FIGURE 2  CRITERION FOR EROSIVE AND NON-EROSIVE CONDITIONS 
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So far only prototype conditions have been considered   Assuming 

now that model tests are made of beach deformations and that the crite- 

rion (hS) 

tion of7 
rion (hS) = W is satisfied, the beach deformation will become a func- 

r   r ' 

deformation = f (Ho/Ao, (gHo/Sr)*) 

~~"w 
This expression is applicable to both model and prototype (S = 1 

for prototype)   In Figure 2 are also shown the test results with the 

270 micron anthracite which closely agree with the prototype data 

This yields further proof of the importance of the shear-settling velo- 

city criterion 

Although it is realised that these findings are based on a limited 

amount of data, it may nevertheless be concluded that a reasonably 

accurate criterion has been established to differentiate between erosive 

and non-erosive wave conditions   This criterion has proved invaluable 

for the interpretation of the results of additional scaling tests and 

for the determination of the optimum dimensions of the mound (see fol- 

lowing sections)   Moreover, since for points on the dividing line 

neither erosion nor build up occurs, it is suggested that this line be 

used to define the conditions which yield the equilibmim beach profile 

which is of particular value for model tests 

The criterion shown in Figure 2 only applies to the Durban condi- 

tions, viz a slightly protected beach with 350 micron sand and 5 per 

cent beach slope   However, using the relationship between beach slope 

and average gram size given by Wiegel11, the Durban results can be 

extended to cover a range of beach slopes and gram sizes   In Figure 

3 a generalised criterion is given for slightly -protected beaches, which 

clearly shows the influence of beach slope, I   Using Wiegel's data, 

similar criteria can be derived for protected and unprotected beaches 

Extensive tests are at present being undertaken at the University of 

Stellenbosch to check on the validity of the generalised criterion 

ADDITIONAL TESTS ON SCALE EFFECTS 

In the above it was shown that the shear-settling velocity ratio must 

be satisfied in the case of a model, with Lf - 200 and hr = 72, to ensure 

proper reproduction of prototype events   It remained to establish 
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whether this criterion also applied to other scale ratio's to be used 

for the model tests on the underwater mound   Tests on scale effects, 

as listed in Table I, were therefore carried out using a typical sec- 

tion of the Durban beaches with 350 micron sand as a basis for the tests 
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FIGURE 3  GENERALISED CRITERION FOR EROSIVE AND NON-EROSIVE CONDITIONS 

TABLE I  TESTS ON SCALE EFFECTS 

Test 
Series 

L 
r 

h 
r 

1 
S 
r 

Sediment 

Mean grain size, 
d    (micron) 

m Width 
of flume 

(m) Req    for 
(V /W)    =  1 v x      r 

Available 

1 

2 

3 

4 

200 

200 

72 

72 

200 

100 

72 

18 

1 

2 

1 

4 

Anthracite 
ti 

it 

Mine sand 

135 

205 

180 

200 

150 

190 

190 

225 

0 23 

0 23 

1 22 

1  22 

For all the above tests model sediment was used which nearly satis- 

fied the shear-settling velocity ratio and test conditions included both 

erosive and build up type waves   Resulting model beach profiles were 

compared with those predicted on the basis of Figure 2 and it was found 

that definite scale effects were present for the smallest model (1 in 

200 undistorted) but for all scales equal to or larger than L = 200 

and h = 100 the model results closely agreed with the predictions7 

Thus it may be concluded that models in the range of scales listed 

in Table I (excluding the smallest scale) and for which the shear-sett- 

ling velocity ratio is satisfied, may be relied upon to reproduce proto- 

type conditions to a reasonable degree of accuracy 
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OPTIMUM DIMENSIONS OF THE MOUND 

Initially (1964) the dimensions of the mound were rather arbitrarily 

chosen, 1 e a crest width of 92 m, side slopes of 1 in 9 and reaching 

to 7 3 m below LWOST   From early echo sounders made in 1966 over a 

test section of the mound, it was found that the dumped sand reached 

an equilibrium underwater slope of 1 in 25   This slope was therefore 

accepted for all subsequent model tests 

Although the underwater mound is a long way from the beach, since 

its function is to cause the larger waves to break over it, its beha- 

viour could well be similar to that of a bar in the main breaker zone 

Keulegan has found that for a nearshore bar to be stable for different 

wave steepnesses, the depth of crest immersion must be about half the 

water depth12'13   As can be seen from Figure 1 the mam body of the 

mound will be in about 15 m water depth and thus the crest should reach 

to about 7 5m below LWOST   Based on this and considering the required 

depth for safe manoeuvring of the hopper dredgers, the original crest 

level of 7 3 m below LWOST was maintained for the further tests on the 

mound   To determine an effective crest width for the mound, both 

fixed bed and movable bed model tests were carried out in the 0 23 m 

and 1 22 m wide wave channels 

The fixed bed model tests were performed for a beach and mound 

cross section just north of the Patterson Groynes (Section A-A, Figure 

1)   The water depth near the mound in this area is 13 m,  side slopes 

of 1 in 25 and a crest level of 7 3 m below LWOST were used   The tests 

were carried out in the 0 23 m wide flume at an undistorted scale of 1 

in 100, using crest widths of 0, 30, 61 and 92 m respectively   Tides 

were not reproduced,  the tests were performed at MSL 

The results of the tests are shown in Figure 4 where the incident 

wave heights are plotted against the wave heights in the lee of the 

mound   It should be noted that with no breaking of waves over the 

mound, the reduction in wave height due to the mound is about 30 per 

cent but as soon as the waves start to break the reduction increases 

rapidly   From Figure 4 it is clear that the mound is significantly 

x Mean Sea Level, l e 0 9 m above LWOST for Durban 
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effective only when the crest width is at least 61 m   In this case 

wave heights behind the mound are limited, due to breaking, to 2 5 m 

irrespective of the incident wave height   A further rather insigni- 

ficant reduction to 2 25 m is effected by an increase in crest width 

to 92 m   On the basis of these tests it was therefore concluded 

that the crest width of the mound should be at least 61 m 
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FIGURE 4  RELATIONSHIPS BETWEEN MODEL WAVE HEIGHTS 

SEAWARDS AND BEHIND THE MOUND 

In Figure 5 are shown density patterns of waves recorded in Durban 

with a wave clinometer over the period 22/7/65 to 27/10/66, superimposed 

on the criterion for erosive and non-erosive waves (see Figure 2)   The 

full lines in Figure 5 represent incident wave conditions as recorded 

in Durban, whereas the dotted lines enclose the reduced wave conditions 

behind a 61 m wide underwater mound   It is clear from a comparison of 

these density patterns that the balance between erosion and build up 

will be disturbed by the mound and accretion can be expected to take 

place until a new equilibrium beach profile is established   For the 

incident waves 30 per cent of the waves lie in the erosion zone and 70 

per cent in the build up zone (of course the smaller waves in the build 

up zone are too small to cause any sand movement so that the large dif- 

ference in the percentages is misleading)   When a similar percentage 

division between erosive and non-erosive waves is assumed, the expected 

new equilibrium beach slope in the lee of the mound would be steeper if 

the generalised criterion given in Figure 3 would still apply to the 
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conditions behind the mound   Although the latter is probably not the 

case, there is a strong indication that the equilibrium beach slope 

behind the mound will be somewhat steeper than the beach profile with- 

out the mound 

tUn) FOR    3S0,*    SAND 

„yOF OBSERVED WA/ES 
ENCLOSED BY  THIS LMC 

r* 

FIGURE 5  DENSITY PATTERN OF OBSERVED WAVES 

AND WAVES AFTER PASSING OVER MOUND 

The percentages erosive waves behind mounds with different crest 

widths were calculated in the same way as for the 61 m wide mound 

The results, shown in Table II, emphasise the validity of the conclu- 

sion reached earlier that the crest width should be 61 m 

TABLE II  PERCENTAGES EROSIVE WAVES 

Without 
mound 

With mound with 
crest width (m) 

0   30   61   92 

30 10   5J    3   21 

This conclusion was further confirmed by movable bed model studies 

which showed a significant improvement on the beaches only for a crest 

width of 61 m and over7   The dimensions of the underwater mound as 

shown in Figure 1 viz mound crest level at 7 3 m below LWOST, side 
3 

slopes 1 in 25, crest width 61 m and total volume about 8 000 000 m 

were therefore accepted 
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WIND-WAVE FLUME TESTS 

In order to study the long term stability of the proposed mound and its 

effect on the beaches tests were performed in the CSIR's 120 m long, 

3 m wide wind-wave flume11"15   For these tests a beach section at Bat- 

tery Beach was used (see Figure 1) with a 1 in 25 beach slope above and 

1 in 40 below low water   The beach sand had an average diameter of 

350 micron whereas the sand in the mound was assumed on average 250 mic- 

ron   The choice of the model sediment was based on the shear-settling 

velocity criterion   The scale factors used are given in Table III 

TABLE III  SCALES FOR WIND-WAVE FLUME TESTS 

Scale ratio Mound Beach 

vertical scale            h 50 50 

horizontal scale           L 
r    1 

wave period scale          T = h 
r   r  i 

hydraulic time scale (tides) t = L /h 

50 150 

7 06 7 06 

7 06 21 25 

sedimentological time scale  (Ts) * lOt 70 212 

model sediment (anthracite) mean gram size (micron 190 360 

As can be seen from Table III different scales were used to model 

the mound and the beach although they were tested at the same time 

This was essential because no distortion could be allowed for the mound, 

since the wave attenuation for a distorted mound, I e with a too small 

crest width relative to the wave length, would be too small (see Figure 

4)   Since the whole object of the underwater mound is beach improve- 

ment, the time scales pertaining to the beaches were adopted for the 

entire system 

Wave conditions as recorded in Durban from June, 1965 to June, 1967 

(2 years) were schematised and scaled down in accordance with the above 

scale ratio's Recorded wave height spectra were found to agree close- 

ly with the Rayleigh distribution of wave heights which could very near- 

ly be reproduced in the flume by a combination of machine and wind gene- 

rated waves (see Figure 6) 
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A continuous test, repre- 

senting the two years prototype 

conditions, was carried out 

whereby two models, one with 

and the other without the mound 

were tested simultaneously side 

by side in the flume   Profiles 

were measured after each wave 

condition and a typical result 

is shown in Figure 7, which 

shows the beach and mound sec- 

tions after an extremely severe 

storm condition   Even with 

these large waves the mound 

remained virtually stable, 

whereas a considerable improve- 

ment, due to the mound, is 

noted on the beach (2 5m 

vertical or 90 m horizontal) 
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FIGURE 6  WAVE HEIGHT SPECTRA 

The maximum change of the crest level of the mound was found to be 1 m 

and the maximum horizontal movement about 40 m for the entire period of 

the test   As was expected, a slightly steeper beach slope established 

under most conditions as a result of the presence of the mound 
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FIGURE 7  LONG TERM MOUND STABILITY AND BEACH CHANGES 
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On the basis of this extensive test programme, it was concluded 

that the underwater mound  (as shown in Figure 1) would remain virtually 

stable, with maximum crest level fluctuations of about 1 m and that the 

beaches in the lee of the mound would significantly improve 

CONSTRUCTION OF TEST SECTION 

In order to investigate dumping techniques, stability of the dumped 

sand, side slopes and possible sand migration from the dumping area 

towards the nearby harbour entrance or the roadstead, it was decided to 

supplement the model tests with the construction of a test section of 

the underwater mound (see Figure 1)   Sand dumping started m June, 

1966 at the most southern end of the mound and the test mound was vir- 
3 

tually completed in November, 1966 when some 700 000 m of sand, coming 

from dredging works in Durban Bay, had been dumped (see Figures 8 and 9) 

By this time the test mound had reached a height of 8 to 8 5 m below 

LWOST over a length of about 1 200 m with side slopes of 1 m 25 

I \ \ \ I 
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FIGURE 8  BUILD UP OF TEST MOUND AFTER FIVE MONTHS 

The test mound provided answers to most of the above questions 
3 

No difficulties were encountered with dumping with a 1 000 m capacity 

hopper dredger in 8 m water depth, in fact the contractor found it ad- 

vantageous to dump in this area because of the shorter haulage   Week- 

ly echo sounding surveys were made of the area to check on the dumpings 

and sand quantities calculated from these surveys are compared in 
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Figure 9 with the dumping records   This comparison shows close agree- 

ment and it was thus concluded that there was no loss of sand and that 

the dumped sand remained in place 

FIGURE 9  ACCBMOLAIIVE QUAHTITIES OF SAND IN THE MOCND FROM 

JUNE 1966 TO APRIL 1970 

This was further confirmed by detailed sediment movement studies 

Sieve analyses of the sand in the mound area were carried out before 

dumping commenced   The mean grain sizes of the sand on the sea-bottom 

were found to vary between 212 and 340 micron   Samples from the sand 

in the hopper collected daily by the dredger crew showed fluctuations 

in mean grain size from 130 to 495 micron   Subsequent sampling opera- 

tions of the sea-bottom at strictly controlled positions provided some 

evidence of the stability of the dumped sand but this evidence was not 

conclusive because of these large variations   A better check was ob- 

tained from the separation of heavy and light minerals by using heavy 

liquid (bromoform, s g =2 88)   The heavy mineral content of the 

samples was found to be throughout much higher in the original sea bed 

than in the dumped sand from the dredging site   The high content of 

heavy minerals in the sand on the sea-bottom is due to an abundance of 

llmenite, magnetite and garnets, while the dumped sand is rich in light 

feldspars, calcites and clay minerals (phyllosilicates)   Six weeks 

after dumping started, when 130 000 m had been dumped, a considerable 

reduction in the heavy mineral content of the sand collected from the 

dump area could be discerned, while samples collected from the surroun- 

ding areas showed no change at all 
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Finally, tests were performed using fluorescent tracers dumped at 

the site of the test mound   Earlier model results were confirmed by 

these tests in that sand movements, if any, were found to be inshore 

Recorded sand grain velocities varied between 5 to 30 mm/s for signi- 

ficant wave heights from 1 to 2 m 

Based on these results it was concluded that the underwater mound 

could be expected to remain stable and that no sand from the mound 

would move towards either the harbour entrance or the roadstead seaward 

of the mound 

FURTHER CONSTRUCTION OF THE MOUND 

3 
Some 1 500 000 m of sand were dumped between November, 1966 and 

3 
January, 1967 (see Figure 9)   The mam 1 000 m hopper capacity dred- 

ger ceased operating in August, 1967 and was replaced by three hopper 
3 

barges with a capacity of 120 m each   No dumping took place during 

1968, which provided an ideal opportunity to study the stability of the 

completed part of the mound   From the end of 1968 onwards limited 

amounts of sand were dumped by the South African Railway dredgers, 

carrying out maintenance dredging of the harbour entrance   To date 
3 

(May, 1970) a total of some 2 500 000 m has been dumped 

In Figure 9 are shown the cumulative quantities dumped as recorded 

by the dredger masters, in comparison with quantities calculated from 

echo sounding surveys   These surveys were made weekly or fortnightly 

during intensive dumping periods to control the dumping and at monthly 

intervals after January, 1968   It is clear from Figure 9 that no sand 

is permanently lost from the mound, although fluctuations m quantities 

do occur as a result of adverse wave conditions   For instance, a 20 

per cent reduction occurred after a storm in August, 1966 (significant 

wave height Hs = 2 4 m, wave period Ts = 14 s, direction ESE) and a 23 

per cent loss occurred, mainly from the incomplete sections of the 

mound, after a storm in June, 1968 (Hs = 3 5 m, direction S)   However, 

in both cases these losses were regained by natural forces and it thus 

appears that the mound, once it has been built up to the required level 

of 7 3 m below LWOST, is reinstated naturally even after considerable 

temporary losses of sand 
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THE STABILITY OF THE MOUND 

In the above it has been shown that the sand quantities in the completed 

section of the mound do not change materially as a result of the actions 

of the sea   Figure 10 gives an example of contours of the mound for 

December, 1969 and comparisons with similar surveys before and after 

this date showed that no significant displacement of the mound takes 

place16 

This is further borne out by a study of some of the cross sections 

of the mound shown in Figure 11 (for positions of cross sections refer 

to Figure 12)   These cross sections are based on echo sounding sur- 

veys made during 1969 when no dumping took place, except at the northern 

extremity of the mound (sections 1000 to 1500, see Figure 12)   The 

profiles show random variations with a maximum fluctuation in crest 

levels of 1 m and maximum lateral movements of the crest of the mound 

of about 75 m 

!       1       1 

FIGDKE 10  DEPTH CONTOURS OF THE UNDERWATER MOUND AS ON 22.12 69 

Although it can be seen from Figure 11 that, except for section 

3300, the mound did not yet have the required cross section, the agree- 

ment between these recorded movements with those obtained in the model 

tests, viz 1 m crest level variation and about 60 m lateral movement, 

are extremely good 
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FIGURE 11      BEHAVIOUR OF UNDERWATER MOUND GROSS SECTIONS DURING 1969 

FIGURE 12  SCHEMATIC PLAN OF THE DURBAN 

UNDERWATER MOUND AS ON 22 12 69 

EFFECT ON THE BEACHES 

As can be seen from Figures 11 and 12, the underwater mound is still far 
3 

from complete   Only 2 500 000 m had been dumped by May, 1970 against 
3 

the required 8 000 000 m and the crest level is only reasonably close 

to the required 7 3m below LWOST over a length of some 1 500 m, which 

is about one third of the required length of the mound   The most logi- 
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cal method in assessing the beaches therefore, is to compare the beaches 

in terms of the amount of protection they receive from the partly com- 

pleted mound   A sub-division is made between beaches receiving full 

protection (south beaches), partial protection (Patterson Groynes area) 

and zero protection (northern beaches to Umgeni mouth) (see Figure 12) 

Figure 13 shows the overall effect on the beaches since the con- 

struction of the mound started   The 100 per cent is based on the ave- 

rage of the measured sand volumes on the beaches above mean sea level 

for the period November, 1965 to May, 1966 and all subsequent monthly 

measurements were compared with these values 
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FIGURE 13  EFFECT ON BEACHES FOR VARIOUS DEGREES OF PROTECTION 

Although even at the south end the mound has not yet reached its 

full design crest width, it is clear from Figure 13 that the fully pro- 

tected beaches greatly benefited from the mound (about 20 per cent in- 

crease in sand quantities) whereas partially protected beaches show 

less improvement and those unprotected appear to loose sand 

The partially protected beaches were close to equilibrium at the 

end of 1968 but they show a decline in beach volumes during 1969 

This was caused by a severe storm with 4 5m high SE'ly waves which 

occurred on the 22nd August, 1969   This was the most severe storm 

since the devastating storm in May, 1966 which caused severe erosion 

of the northern beaches (see Figure 13) and the first major test of 

the completed section of the mound   The mound stood up to the test 

extremely well, hardly any loss of sand was recorded and crest levels 

remained within 0 5m the same as before the storm 

The effect of the storm on the beaches was serious, as can be ex- 

pected from a storm of such magnitude   The northern unprotected 
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beaches showed a loss, compared with the condition just before the 

storm, of 2J per cent against 33 per cent for the May, 1966 storm, the 

partially protected central beaches lost 16 per cent, which is the same 

as in 1966, whereas the protected beaches lost only 8 per cent against 

20 per cent in May, 1966 

It is thus clear that the completed section of the underwater 

mound has considerably improved the beaches in its lee, as was predic- 

ted on the basis of the model tests 

CONCLUSIONS 

The following conclusions may be drawn from the Durban underwater mound 

studies 

(a) An underwater mound of sand of the correct dimensions offers an 

effective beach protection scheme 

(b) Such a mound of fine to medium sand may be expected to remain virtu- 

ally stable under most wave conditions and if losses occur during 

severe storms, natural processes will re-build the depleted mound 

to its original size 

(c) Reliable results, l e accurate predictions of prototype events, 

were obtained from movable bed models which were designed in accor- 

dance with the shear-aettVi-ng veloevby  criterion 

The entire mound will have to be built to provide protection to 

all the beaches between the harbour entrance and the Umgeni mouth   It 

is expected that the mound will be completed in about 2 to 3 years, 

using sand from future harbour extension works in Durban Bay 
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ABSTRACT 

Tests are described m which the effect of artificial 
seaweed on bed sediment movements due to waves was studied 
in a model  Water velocities near the bed and coal particle 
velocities on the bed, within the seaweed array, were 
measured over a range of wave conditions and densities of 
packing of the seaweed  The water velocity measurements 
were erratic, probably due to additional turbulence caused by 
the seaweed  Coal particle movements on the bed were slowed 
down in the presence of seaweed 

Introduction 

A paper was presented to the 11th Conference on Coastal 
Engineering entitled, "The Effect of Artificial Seaweed in 
Promoting the Build-up of Beaches','see Ref 1  This paper 
described tests conducted in a laboratory wave channel using 
a beach of crushed coal, in addition to full-scale tests on 
the beach at Bournemouth, England  Anchorage problems stopped 
the full-scale tests before meaningful results could be 
obtained although some accretion had occurred inshore of the 
seaweed array  In the model, the presence of artificial 
seaweed offshore caused a build-up of the beach levels  An 
explanation of this build-up was suggested from the theory of 
wave propagation in a two-layered liquid of differing 
viscosities 

Since that time further laboratory investigations have 
been carried out to attempt to find an optimum arrangement of 
seaweed, and to test the applicability of the viscosity theory 
over a range of wave heights, periods and densities of sea- 
weed packing 

995 
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Test Procedure and Results 

The artificial seaweed was a whxte polypropylene ribbon 
3 mm wide having a specific gravity of 0 93  Twenty strands 
of this, 0 30 m long, formed a clump which was stapled to the 
plywood floor of a wave channel  Clump spacing was varied to 
make three seaweed arrays, each 4 60 m long and 0 61 m wide 

Clumps at 150 mm 3d 150 mm = 120 clumps 

Clumps at 75 mm x 75 mm = 420 clumps 

Clumps at 50 mm x 50 mm = 990 clumps 

The wave channel was 28 5 m long and 0 61 m wide, with a 
mean water depth at the seaweed of 0 43 m  At the offshore 
end a paddle generated single-frequency waves  The tests 
were carried out with a fixed bed and landward of the seaweed 
installation was a pebble spending beach, 10 m long parabolic 
in shape 

Fourteen wave conditions, with periods from 1 5 sec to 
2 5 sec and heights from 50 mm to 150 mm were generated for 
the channel bed without seaweed and for each seaweed installa- 
tion  Observations were made of the wave orbital velocities 
near the bed and of the movement of coal particles along the 
bed 

1   Wave orbital velocities near the bed  A miniature 
propeller current meter was placed 10 mm above the bed and 
connected to an instantaneous ratemeter to give a continuous 
record of orbital velocities during one wave period  This 
record was integrated to obtain the net wave induced drift, 
and divided by the wave period to give the mean drift velocity 
at the point of measurement  It was assumed that an increase 
in the landward drift velocity offshore might be expected to 
produce an increased landward sediment transport, and hence a 
build-up of levels inshore and on the beach 

The results are shown m Fig la, b and c  It is 
apparent that there is little correlation between the density 
of seaweed packing and drift velocity  Some tests were 
repeated, and the net drift velocities were found to vary by 
as much as - 300%  Differences of 200% were found with only 
a 75 mm change in the horizontal position of the propeller 
The instruments were checked frequently to ensure that they 
were operating correctly 

The conclusion was reached, therefore, that the seaweed 
created additional turbulence, making velocity readings at a 
single point unrepresentative of water movements over the 
entire array  In order to study conditions over the array as 
a whole, the movement of coal particles along the bed was also 
measured 
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2   Movement of coal particles along the bed  Coal particles 
were injected on the bed, and the number of waves required to 
move a particle over a known distance was counted  The net 
drift velocities found in this way are plotted on Fig  Id, e 
and f 

These figures show a trend towards lower net drift 
velocities with denser seaweed packing, and with the exception 
of one seaweed installation, the results were repeatable 
For the exception, seaweed at a clunp spacing of 50 mm, 
turbulence was markedly greater  with larger waves even the 
boundary layer behaved turbulently, and the coal dispersed in 
all onshore directions rather than parallel to the channel 
axis,  with lower waves, the coal collected at scattered 
points in the array where bed shear was insufficient to move 
it 

Discussion 

In interpreting the results of the propeller meter tests, 
the method of analyzing the data must be considered  Wave 
induced drifts towards and away from the beach were calcula- 
ted by integrating the velocity records and these were sub- 
tracted to obtain the net drift  The net drift so obtained 
was of the same order as the probable error in the velocity 
measurements  In addition, there were obvious differences 
m the shape of the velocity record for repeated tests  The 
lack of correlation between drift velocity and seaweed packing 
was probably due to the combined effects of computational 
error and turbulence 

The coal particle experiments, however, gave some 
interesting results  Of the fourteen wave conditions tested, 
all but three showed drift velocities with seaweed less than 
or equal to those without seaweed  Furthermore, in seven 
cases there was a definite trend towards lower drift veloci- 
ties with denser seaweed packing,  and only for a clump 
spacing of 150 mm with 1 5 sec waves was there a large 
incongruity  These results are not consistent with those 
predicted from the theory of wave propagation in a two- 
layered liquid of differing viscosities 

The results of the present series of tests suggest that 
the presence of artificial seaweed inhibits the transport of 
sand from the offshore seabed towards the beach  This appears 
to contradict the findings of the earlier tests in which a 
build-up of the beach was measured shoreward of the seaweed 
installation  However, the earlier build-up may not have 
been due to increased shoreward bed-load transport, but 
caused by a reduction in wave steepness due to attenuation of 
the wave height by the seaweed  In addition, the two series 
of tests were not truly comparable  first, the response of 
the instruments dictated wave periods for the most recent 
series greater than the 1 33 sec of the first series, 
and second, the use of a coal beach in the 
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original tests introduced the factors of beach slope, gram 
size distribution and suspended sediment load, none of which 
were present in the tests reported here 

The results of the coal tracing indicate that artificial 
seaweed may have an application m uni-directional flow as a 
sediment trap, reducing the velocity gradient and bed shear 
and causing accretion within the array 
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THE DYNAMICS OF A COAST WITH A GROYNE SYSTEM 
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The Hague, Netherlands 

ABSTRACT 

This paper is a continuation of the paper with the same name, 
presented on the Xlth Conference on Coastal Engineering by the 
first author [1] , in which a mathematical theory was given about 
the behaviour of a coast after the construction of a groyne system. 
Now this paper extends the former paper theoretically and practi- 
cally. 

1. Theoretically a computer program has been made in which the 
influence of diffraction behind the groyne has been taken into 
account. 

2. Practically the coastal constants used in the theoretical 
model of the coast will be expressed in terms of wave height 
and wave direction, based on the theory of SVASEK [2] . 

Results are given of computations with a coastal model in which 
the coast is schematized to one line (one-line theory) and a model 
in which the coast is schematized to a beach line and on mshore- 
lme (two-line theory). 
The influence of changing wave conditions is investigated. 

INTRODUCTION 

The construction of a groyne has the following effects 
(fig. 1) 

1. Prevention of the littoral sanddrift in the area between the 
coastline and the head of the groyne. 

2. Prevention of the longshore current in the same area. 

3. Formation of a sheltered area at the lee-side of the groyne, 
caused by the diffraction. 

k.  Changing the wave height by reflection 

wave   direction 

Fig   1    The   effects   of   the    construction   of  a    groyne 

1001 
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The former paper dealt only about the first aspect, now we shall 
pay attention to the first and the third aspect. The second and 
fourth one will be investigated in the future. 

ONE-LINE THEORY 

The theory given here is an extension of the theory of 
PELNARD-CONSIDERE [3] . 
PELNARD-CONSIDERE assumes, that the profile of the coast always 
remains the equilibrium profile, so that he only needs to consi- 
der one coastline, being one of the contourlines. He assumes no 
currents, constant wave direction, small angle of wave incidence 
and a linear relation between angle of wave incidence and the 
littoral drift. 
The derivation of his theory is summarized in CD • 

For the littoral drift he finds 

0 = 0    - q -*^  (1) 
WAVE  INCIDENCE ^        ^O        H   3x 

in  which Q =  littoral  drift. 

Q = littoral  drift at 
the point,  where 

ft. 0. 
3X 

q = the  derivate Fig   2        Littoral drift along the  coast 

of the littoral 
drift Q to the angle 
of wave incidence *P. 

that the accretion is proportional to the curvature of He finds, 
the coast 

(2) 

From this equation the coastline y as a function of x and t can 
be found for many boundary conditions. Pelnard-Considere gives 
analytical solutions of his equations. The interrupted line in 
fig. 5 shows the accretion and erosion near a groyne according to 
his theory. He assumes that wave height and wave direction are 
constants along the coast. At the lee-side of the groyne however, 
the wave height is less and the waves have an other direction, as 
a result of the diffraction. 

We introduce diffraction in the theory of Pelnard-Considere 
. The equations become more complicated, that's why we have to 

give numerical solutions. The derivation of the one-line theory 
including diffraction is given in appendix As1. 
For the littoral drift the same formula of Pelnard-Considere re- 
mains of value 

%- 
12 
ax (3) 

but now Q and q are functions of x. 
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^f X        X 

The effect of the diffraction can be splitted in a stationary 
effect and an instationary effect. This can be made clrsr an the 
following way (fig. k). 
If everywhere wave height and wave direction 
are the same, a straight coastline is stable, 
the transport is everywhere the same. If the 
wave height and the wave direction change in 
x-direction, the transport will change also 
and therefore the coastal shape has to adapt 
itself in order to make the transport every- 
where the same again and give a stable coast- \ 
line. In appendix A1 a mathematical formula- < 
tion of this problem is given. The transport 
has been taken proportional to the square of 
the wave height and to the angle of wave 
incidence. A possible stable coastline y0 as a function of x i£ 
found (appendix A1), ruled by the differential equation 

Fig U 

dx «P- - <P» eo 
in which ^ is the angle of the waves with the x-axis,*^ the 
angle of wave incidence far from the groyne and h is the ratio 
between the wave height at an arbitrary point (x,0) to the wave 
height at x =<*>, h is a function of x. 

A short analysis of CO learns, that if the wave height 
should be everywhere the same (h=l) this would give 

-r-°- = ^P -'•P"0, thus the changing of the coastal direction is equal 

to the changing of the wave direction. 
However, the problem of diffraction near a harbour mole is 

more intricate. 
As the groyne stops all the transport, and as at x = «o the 

transport remains Q0, a stable coastline can never be achieved. 
We split the coastline y into two parts, y0 being a statio- 

nary effect of the diffraction1' and y', being an unstationary 
effect 

y (x,t) = y0 (x) + y' (x,t)       (5) 

As shown in appendix A1, the equation for the unstationary part y' 
becomes about (2), but with an additional term, because q* is a 
function of x 

__ _axl+_l_ Sal    ax! 
*>4. i. , 2 D. . dx  * 3x tot 3x  tot 

in which q* = Ah^ 

(6) 

(7) 

1) yQ is the stable coastline, which would develop, if an artifi- 
cial nourishment Q0 would be administered on the lee-side of 
the groyne. 
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A is a proportionality constant, being investigated in the chapter 
"jcoastal constants". 
The amount of h and*P in CO and (?)  in the diffraction case is 
found from the simplified theory of PUTNAM and ARTHUR £**]  . 
The unstationary part y' can be found by numerical integration 
of equation (6). 
Superposition of y0 and y', according to CO gives the coastline 
y (x,t). 
For the calculation of the coastlines a computerprogram has been 
made. Fig. 5 shows the calculated development of a coast with one 
groyne. Comparison of the interrupted and the solid line gives an 
impression of the influence of diffraction. 

Wave  incidence 

Fig 5   Accretion   and   erosion   near a   groyne    numerical    solution   with   diffraction    (one    line   theory) 
The   dotted    lines   al  the   right   hand   gives   erosion   according    to    Pelnard - Considere 

With the computerprogram we calculated the behaviour of the 
coastline between two groynes with the influence of diffraction. 
The result is shown in fig. 6. 

Fig 6    Behavior  of  the  coastline   between  two  groynes (one-line   theory) 
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Fig 7 Schematized     profile 

TWO-LINE THEOEY 

Now we schematize the coastal profile to two lines, the beach 
(y.) and the inshore (y?'). This gives 

 ,  the possibility to take the off- and 
onshore transport into account. 
In top view one sees two lines at a 
distance y and y_' from the x-axis. 
The "equilibrium distance" is the 
distance y • - y' between beach and 
inshore, when the profile is an equi- 
librium profile. 
The following dynamic equations are 
assumed. 
If the distance Jrg' - y' is equal to 
the equilibrium distance W, no inter- 
action is assumed. If the distance 
v2' ~ yi is less than W, the profile 
is too steep and an offshore trans- 
port will be the result. An onshore 
transport will occur in the opposite 
case. 

We linearize this relation and take for the offshore transport Q^ 
per unit length 

y,y, > 

Fig 8 On- and    offshore      transport 

Q    = (y3 w)} 
y 

(9) 

in which qy is a  proportional constant with the dimension [l/t] . 
It is a function of x. For a simpler notation, we denote 

y2 = y2' - W      (10) 

Then   (9)  becomes 

= <i„ (y., - y2) (11) 

With respect to the littoral drift, the assumption of PELNABD- 
CONSIDEEE is applied, both for beach and inshore, the transport 
is linearized gy., 

wit «1   =   «01 «1 

*o2 - °o 

ax 

ay2 

ax 

(12a) 

.(12b) 

in which 0.  and Q _ are  respectively 

Fig 9    Littoral    drift    along 
faoach   and   inshort the  transports where 

ay1 
ax" = 0. 

Qo1   <  motion of x, Q . is a constant, q* and q~ are propor- 

tionality factors, q* is a function of x and q2 is a constant. 
In appendix A2 the derivation of the two-line theory is given. 

The beach line y is splitted into two parts, analogue to (k)• 

r^   (x,t) = yQ (x) + y-i (x,t) (13) 
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in which y (x) is the same function as given in (8). 
For the accretion along the beach and the inshore we find 

ay1' 

at 

ay., 

ax 

aq-i 

ax 
ay-, 
ax 

+ y. y2) . .Clif) 

ay2 
Ut~ 

q2 9 y2  q 

+ y„ y2) (15) 

These are two simultaneous partial differential equations. 
For the calculation of the beach line y. and the inshore line y_ 
we made a computer program in which the equations are solved 
numerically (appendix A2). In fig. 10 the development of a coast 
with one groyne is shown. 

Wave   incidence 

Fig 10 Accretion    and    erosion    near    a 

Wave   incidence 

groyne  numerical    solution   with    diffraction 
(two-line    theory) 

Fig 11      Behaviour   of   beach   and    inshore   between   two  groynes (two-line theory) 
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From a coast with an infinite row of groynes, we calculated 
the development of the coastal shape between two groynes. This is 
shown in fig. 11. 

COASTAL CONSTANTS 

In this chapter some expressions will be derived for the 
coastal constants, respectively using the one-line and the two-line 
theory. For the one-line theory the CEEC-formula will be used, for 
the two-line theory the SVASEK-variation of this [2] . 
It is assumed, that the transport is confined to the breaker-zone. 

D    = D  (16) 
tot   br 

Considering the longshore theory of BOWEN 6 it may be 
expected that the transport takes place over a distance 1 to 1,5 
times the breaker zone, and that most of the transport is confined 
to the breaker zone. Probably it is better to assume for Dtot the 
depth occurring at a distance 1-J times the width of the breaker 
zone. In this case the factor d. becomes less, for a concave pro- 
file about 100$ to 80$ of the computed value. 

co  tour  lints parallel 
to   coast I nc  in 
breaker zon* 

tour  I n*s  parallel 
to x a        outs d* 
b   akt -zone 

"v. V, 

Fig 12° 

F.s 12 

Fig 12    ptofilt 

One-line theory 

We assume the topography and notation according to fig. 12 
The CERC-formula relates the longshore transport Q to the longshore 
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component of the wave energy flux 

Q = 1.4 x 10"2 H 2 C K2 sin<P.  cos <P.     (17) o  o        or     br 

in which   HQ = wave height in deep water 
C0 = phase velocity in deep water 
K = refraction coefficient 
tfl = angle of wave incidence in the breaker zone 

From fig. 12 can be derived 

*br-V -g <g—«>      (18) 

Qo = 1.4 x 10
2 HQ

2 CQ K
2 sinlpbr' cos^'   ....  (19) 

q =• -^— = 1.4 x 10"2 H 2 C K2 cos 2Vp. '   ...  (20) 
d(ii) o  o br 

3X 

One can write 

&  = A- D, br " "2 "br   '  ' (21) and Cbr V^b7 ' • • •  (22) 

in which Ap and A-* can be taken from any wave theory or measure- 
ments (for instance, solitary wave theory [7] 

A2 = 0.78  and  A = 2 x O.78). 

Conservation of wave energy between wave rays gives 

H 2 C K2 = H. 2 Cv  = A,
2 A,g* D. 5/2 

00      br  br   2  3   br 

This makes 

%  = A1 kZ    S «* Dbr5/2 elnV C06*br'   ' ' ' '  (23) 

q = A1 A2
2 A3 g* Dbr

5/2 cos 2 ^     (24) 

in which  An = 1.4 x 102 

Often cos br can be taken equal to 1. 

Now it is easy to give numerical values to the proportionality 
constants, used elsewhere in this paper, for instance, in (7) 

A = 1.4 x 10~2 H 2 C K2 
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and  in appendix A1,   (A10) 

At 
Dtot (Ax)2 

2 2 Ah * 

..        \r     (Ax)2 

A    =A,A?
2 A,g* n    5/2 h2 2 1 2       3B      br max 

At 2   .   , 2 
(A xY 

2A.   A.'" A,h" D,     \/g D,    ' 12       5    max      br V0    br 

HOW   CHANOES     THE    TRANSPORT 
I   THE   INSHORE i__Jq~l 

HOW CHANCES THE 
I SPORT 

H THE PROFILE 
CHANCES? 

[WHAT IS THF LITTORAL 
DRIFT 

THE    CONSTRUCTION 

[  ALONG THE BEACH 1 

THE   BEACH   TRANSPORT 
WHEN    THE     BEACH 
OiRECTION     CHANGES 1 

Fig 13 

Two-line theory 

In the two-line theory, 
the coastal constants mentioned 
in fig. 13 are of importance. 
The exact definitions are giver 
in (9) and (12). The constant 
q„, which defines, how the off- 
shore transport changes, when 
the profile changes, will be 
treated in a separate paper in 
the future. Some investigation 
about this constant has already 
been done  8 . 
The coefficients Q ., q., Q ? and qp will be computed with the 

SVASEK-theory  2  which only treats the longshore transport. 
SVASEK neglects the longshore transport outside the breaker-zone 
We assume, that the profile outside the breaker-zone has reached 
already its equilibrium profile, and that the on- and offshore 
transport can be neglected there. 
The assumed profile topography can be like given in fig. Ik  (see 
next page),more natural than shown in fig. 7. 
faVASEK assumes, that the littoral drift between two depth contours 
is proportional to the longshore component of the loss energy 
between these contourlmes ( 2 , formula 5-7) 

AQ= A • . A(£-£) K 2 sinvp  coslp, 1     v2   m     ' m      £ . (25) 

in which Q = littoral drift between two depth contours D - •} AD 
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and D  + IAD, A I—-)  =  difference 
contour lines 
parallel to y2 line 
on inshore 

between H2C 
on both  dept contours 

K   ,   ty       =  value  of refrac-      I mm A 

tion coefficient K and angle  of wave 
incidence M? in the  midst between  the 
depth  contours.   It appears  (appendix A3),    Z°"£>,LZ'\• 
that   A Q can be written 

AQ =  3A,A.2 A,g*D1*AD  sinlp   cos^P   ..(26) 1   d       3 m m 

and after some simplifications, treated 
in appendix A3, the following constants 
are found for small angle of wave inci- 
dence 

Pig 16       Upper   view 

*01 

«1 

,.  2 A,gV3 D "* 
12  3  1  br 

A1A2  3S  1 

rbr 

^c> 

(28) 
^o2 = A1A2 V (Dbr " D1 > Dbr S1"V 

q2 = AlA2
2 A3g* (D^ _ Dl3) ^-4 

The factor A1A2
2 A-jg* varies between 2.37 x 10" and 

3.85 x 10""2 Vm/sec, dependent of the kind of waves (harmonic or 
random). 

VARIABLE WAVE CONDITIONS 

There has to be distinguished the influence of variable wave 
conditions on the coastal constants and the influence of the boun- 
dary conditions. 

Influence variable wave conditions on coastal constants 

The derivation used for the PELNARD-CONSIDERE-formula (2) 
keeps its validity when the littoral drift 0. the stationary 
transport Q0 and the constant q are     ~ 
averages over a year instead of 
instantaneous values. However, it will  -» ^   /      ^ 
not be directly clear, which value has  — § 
to be taken for D-tot* In order to esti- 
mate Dtot it ls useful to compute first*• I 
the distribution of the littoral drift  _ " 
perpendicular to the coast. An example  — 
of such a distribution gives fig. 15.   """ 
The yearly littoral drift between two 
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depth contours D - fiD and D + £AD XS computed with the aid of 
(26), which becomes in case of variable wave conditions (coslpb 
has been taken!and Snell's law has been applied) 

3A1A2
2 A3gD

2AD 
sinip 

all wave classes 
for which D <D. 

br 

fr(H,T,<J>) (29) 

in which fr(H,T,^p) denotes the frequency of occurrence of a wave 
class for which H, T and t|) lie between certain values (for instan- 
ce i  m<H<1 m, 5 sec<T<6 sec, 30° <<P< 60°). More details 
about the computation are given in [9]  „„......., r ° D«pth of th« h«od 

From the distribution of the     i 
transport Q01 and Q02 are found 
(fig. 16) 

lo1 

*o2 

0 < D < D, 

I 
D > D1 

(30) 

"5~§" 

F,g17 

After that, q. and q^  oan De found 
by repeating the computation accor- 
ding to (29), but with a "wrong" 
coastal direction, which has been 
turned over an angle Aip, say 15°. 
This gives the interrupted line in 
fig. 17, instead of the solid line, 
which represents the transport dis- 
tribution for the original coastal 
direction. 
Now q-, equals F-j/A^P (F1 is the left- 
handed hatched area in fig. 17) and qg = Fg/A^P . 
From the transport distribution, also a reasonable guess about 
D, , can be made, 
tot 

Influence variable wave conditions 
oil the boundary 

This paper is concentrated on 
two effects of a groyne  prevention 
of the littoral sand drift and for- 
mation of a sheltered area We shall 
investigate these two effects in case 
of changing wave conditions. 
When the wave direction changes 
periodically for instance according 
to 

ip= <£ sin (JU <P (3D 

this generates a sandwave near a 
groyne (fig. 15, 1103) 
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*X, ±. 

in which 

m\fT 
-%x 

COS ( OOj. t l(p3 (32) 

v  K<P   v utot 
r*p (33) 

Tm being the period of the fluctuations of ip and X^ being the 
length of the sandwave. ? _ 
Using (24) and taking A1 = 1.4 x 10  , A2 = 0.4, A = \f 1.4', 
this gives 

A. tp = .l83Dbr3/SgT2)1/* (34) 

Taking as an example Tg> = 1 week, this makes A.ip = 324 m. 
Now the decay of this sandwave is very strong within i\ip it is 
attenuated to 4$. Thus, outside this area, no influence of the 
stopping of the littoral drift by the groyne will be observed. 
In case^of the two-line theory D.  in (34) probably can be replaced 
by Di, tp has to be replaced by ipo-|, according to (A36) 
The second influence of the groyne is the wave-shelter. We shall 
assume first, that the sheltered area is large with respect to 
iA.jp. As in (12a), Q0 and q^ become functions of x, called Q0-|* and 
q-|*. Consider fig. 19. The influence of diffraction will be neglec- 
ted with resoect to the influence of changing wave conditions. 

The computation of Q0-| and q-| in 
area A can be performed according to 
(29), (30) and fig. 14. But applying 
(44) to area B, all wave classes with 
^Po > 75° must be excluded in the 
summation, in area C all wave classes 
with ipo ^45°, and so on. 
When,for instance, the resulting 
transport in area A would be zero for 
a coastline parallel to the x-axis 
(fig. 19a), the transport 

ay-i 
Q01* (  = 0) (started because it 3x 
changes in x-direction) will be 
larger and larger (in negative direc- 
tion) in the areas B, C and D-|,and 
also q^* will change 
Now we have returned to the normal 
computer program, treated in (5) to (7) 
and in appendix 3, only with other 
values foi y0 and /' the.r .- .kn. 
diffraction cases. 
The stable coastline y0 can be found 
from continuity for y0 the trans- 
port is everywhere the same 



GROYNE SYSTEM 1013 

O01] „ = 
Q
I—[vl lX= oo 

*ol'  " [Qoll 
:(!oi - «i s—*dx~ = ^       •      • (35) 

From (35) the stable coastline y can be found, which gives the 
initial value of the unstationary part y-|' 

In case of changing wave conditions, and no 
resultant drift, the final coastal shape near 
one single groyne will become just the stable 
shape y0, because then everywhere the resultant 
drift is zero. This will give accretion on both 
sides of the groyne, which will be withdrawn 
from a very long stretch of coast (fig. 20a). 

Fig 20b       ^n case of a row of groynes, the sand for the 
accretion near the groyne is withdrawn from 

the area in the midst between the groynes, and only near the boun- 
dary of the groyne system some real accretion can be expected 
(fig. 20b). However, after some time this sand will move to the 
areas between the groynes, and so this shelter effect may give 
some accretion (in case of no resultant drift), starting from the 
boundaries of the groyne system 

In case -jA.(p is not small with respect to the sheltered area, the 
best way of computation is a kind of "hindcasting", using the one- 
line or two-line computer program described before, and changing 
the wave conditions during the program. 
This has been done at the Coastal Research Department of Rijks- 
waterstaat. 

N B  The vertical scale of fig  5 and 6  is 5 times and of 
fig. 10 and V is 10 tines exaggerated. 
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APPENDIX 

A1*  22Srii22_5^S2EZ Assumptions_and formulae (diffraction) 

Assumptions littoral drift proportional to the angle of wave 
incidence and to the square of the wave height (fig. A1) 

Q = Ah2 (VPX - $|)        (A1) 

in which A is a proportionality constant and h is the ratio between 
the wave height at x = x and the wave height at x = co Eq (A1) is 
a special case of (3) 

Continuity ff = - ^ -§&  (A2) 

The stable coastline y0 from (5) is a solution of (A2), or (A3) 
Continuity gives Q is constant for y0. The amount of Q can be 
derived from the condition at infinity 

h = 1 ,  9x = ^Pco, |^ = 0  ,  from (A1) follows (4) 

A^=Ah2(<Px-^) 

Eq (6) can be derived from (A3) by substituting y in (A3) and 
subtracting this equation from (A3). ° 

y >£•   wave    incidence 

X 

F19 A1 \> 
B' 

F,g A 2 

-«-X 

For the determination of the values of ip, and h the simplified 
diffraction theory of PUTNAM and ARTHUR [£] is used. 
It can be shown [11] that ip is about equal to 

*x = *- - A i             (A« 
in which X - wave length diffracted wave and (- = phase difference 
of the waves between B and B' (fig. A2). B = point on x-axis, for 
which y is computed. 
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Substitution of this result in (.k)   and integration gives the 
relation between y0 and the basic data of diffraction h and © 

.... (A6) *o = -lM+ *-JL-7±*< 

The first term of the right hand side of (A 6 ) is the influence of 
the turning of the waves, the second term gives the influence of 
changing the wave height by diffraction. 

h| 0 

Fig   A3 Fig   A3b 

Fig A3 WAVE   DIFFRACTION   ACCORDING 
TO   PUTNAM   AND   ARTHUR [6] 

G and h as a function of u = ^JkB~^B'   ac o.aing to PUTNAM AND 
ARTHUR [kj  are shown in fig. A5. 

Unstationary part y1 

(6) has been taken as a difference equation, taking 

^max 
At  = D 

Ah 

tof(Ax)2/2qmax 

.  (A7) 

. . (A10) 

Substituting (A7) and (A10) in (6), from three adjacent points of 
a curve at time t one point of the curve at point t + At can be 
found (explicite method) 

y' [x,t + At ] = 

(q   [x  +   A x]/8  + q    |x]/2  -  q   [x -Ax]/8).y*[x +Ax,t]   + 

( -  q   [x]        +  1 ).y' Qc,t) + 

(-q [x +Ax]/8  + q [x]/2 + q [x -Ax]/8).y'[x -Ax,t] 
... (A11) 

in which q = 1*/q   has been introduced to avoid instability. 

Boundary conditions at x = o no transport and therefore 

_MC _JLL + JS! Jlp 
3x  dx ax fj~ .(A12) 
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Substitution of  (k)   in  (A12)   gives 

f£=*x-(*x-fr>=h% (A13) 

We  can write  this equation into differences and express y'f- x] 
in y'lAxl   This  gives  for  the boundary point at the  lee-side 

y'[b,  t + At} =  -  (- q[Ax /8 + q[oJ/2 + q[-Ax]/8) .2Ax.X-    + 

(-  qfo]   +   D.   y' [0,t]  +  q[o].y>[Ax,t] 

 (ATO 

The expression for the luffside can be found by changing every- 
where in (A14) Ax by -Ax. 

A2 Two-line_theorjr__ 
(14-J and (. 1$; can be derived by substitution of the dynamic 
equations (12S< b ) ln the continuity equations 

^   y   l9t      \  (A17) 

We state At = cD(Ax) /q1fflax and call  qy.(Ax) /q1fflax = q^ 

in which c is a coefficient to get a stable numerical process. 
Then the following difference equations are derived 

y* [x,   t  +At]  = 
Dp 

0.  D   |(q1  [x  +AxJ /k  + q1  [x]    -  q, [x  - ix] /M.y^x  +A x.f] + 

+  (D/CD,   - 2q,[x] - q1
y;.   y.   [x,tJ  + 

+(-q'1[x  + Ax]/4  +  q.|c] +  qi[x  -Ax]A).   y'px  -Ax,tJ 

~ *y  (y0Cxl " IzZ^Vj (A21; 
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y2 [x,  t + A t J  _ 

+(D2/cD - 2q2/q1max - <^> y2[x,t] + 

qy (y1 [*•*] "* >o[x]J)' ' '              -<A22> 

The boundary conditions for y', can be found by substituting 
x = o and (lee-side) 

y- [-Ax] - ,.[A,]   AX.A- 
IV!  (A23) 

A3. Coastal constants according to_the_adapted_SVASEK-theorj 
SVASEK assumes, that the littoral drift between two depth con- 
tours is proportional to the longshore component of the loss of 
energy between these contour lines (  (25)) 
We assume that in the breaker zone cos y = cos for ' and we 
neglect the influence of the refraction factor K inside the 
breaker zone 

Q = A' .A (H2C) sin IP cos 9 (A25) 

/e assume, that the relations between H and D and between C and 
according to (21) and (22) on the boundary of the breaker 

zone remain their validity inside the breakerzone  (spilling 
breaker) 

H = A D .   . .(A26) C = A   gD . .   .(A27) 

.e  d 

<* quals 

2 
Thus the difference in H C between two adjacent depth contours 

A(H2C) = *  (Af A, g* »2h  AD =f A2 . gi  DHAD # ^   m (A28) 
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Now first the stationary transport Qo will be computed, according 
to SVASEK's theory. In this case all contour lines are parallel 
and Snell's law is valid 

.einiP   = _C_ = \ /_D_    (A29) 
sin ID,    C, • br    br 

Substitution of (28) and (29) in (25) gives AQ, expressed 
in D 

AQ =-|-A1 k\  A3 g D2 D-jAD smVpbr cos q>br 

. • (A30) 
We find the total transport by integration over the depth. Again 
we assume -oslD = cos tD. 

'o = / " AQ dD = |A1 k\  A3 g* T>ll  sinVpbr cos ^  . . (A3D 

Comparison of (A31) and (23) leads to the conclusion, that for 
parallel depth contours the relation should exist 

A1 = 5"A1    (A32) 

The reason is, that SVASEK multiplies the component of the wave 
energy with sin ID instead of sin <P,  and in the breakerzone 
sin M? is less than sin^P, . 
Thus the transport between two depth contours will be, in ganeral, 
using (A25) (A29) and (A32) 

AQ = 3 An A
2 A  g* D^D smlPm cos<Pr (A33) 

In 12 has been considered in detail how the littoral drift 
changes when the beach and inshore direction change in case of 
the topography at fig. A5 (cf fig. 1*0. 

Using SVASEK's assumptions and a proper use of Snell's law, 
for the littoral drift along the inshore is found 

l2  = A 1 A2 h  g* (Dbr - Dl) \l  s-*br C0S V  - »<^) 
and for the  transport along the  beach 

,   =  A1   A2  A3  ^ °f     Sin^10  0OS^10  " I!'   °0S  2^10 
*% +JLh     (1 -lsin2q>|0 cos «Pbr)•, ^10  (A35) 

in which ^>10 is the angle of incidence   of the wave on the 
beach (fig. A5), which occurs, when the inshore is parallel with 
the x-exis 

*io = arcsin(\/^sin v') <A36) 
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in which *9br  is the breaker angle, if the inshore would be paral- 
lel to the x-axis. 

For small angle of wave incidence, (A35) can be written 

A 
Q-. = A, A2 A g 

D./D br 

Influence     direction    beach 

D2*[-*IO-I£ + i£ (I-\^) (A37) 

As would be expected, there is some 
influence of refraction on the inshore on the 
transport on the beach. The dynamic equations 
(12   ) do not account for that. With (A37) 
we afe able to estimate the inaccuracy caused 
by this neglection. (without taking the 
curvature of the inshore into account ) When 
the beach and the inshore turn over the same 
angle, the influence of the direction of the 

0 

Fig A 6 

.-l!"'"c' d'r°c''on   insnor« inshore  on  the  transport  on the  beach  is 
(1-\JD./X>   ') times  the  influence  of  the 

versus D/D br direction of the beach. This function is 
shown in fig. A6. 

ihe luinuiae for q. and q_ can be derived by differentiation 
of (A3k)  and (A35) to-f&- and ^-respectively. 
For^P   equals 

ax 3x 

M>r~   br 
ay.2 
3x 

Thus  the  derivative  to a y2   is  miru~  d<4? 3x \>r 
The influence of the inshore on the beach has been neglected. 
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CHAPTER 65 

EXPERIMENTAL STUDY OF THE HYDRAULIC BEHAVIOUR 

OF INCLINED GROYNE SYSTEMS 

Julio Patnarca Barcelo 

Research Officer  Department of Hydraulics 

Laboratories Nacional de Engenharia Civil Lisboa Portugal 

SYNOPSIS 

This paper presents the results of an experimental study 
on the behaviour of inclined groynes and a short discussion on 
the optimization of groyne systems It supplements a paper pre- 
sented at the XI Coastal Engineering Conference (London, 1968) 
In the present paper both studies are applied to the design of a 
groyne system looated to the south of the Tagus estuary (near 
Lisbon)j where a  serious  erosion  has  been under way 

1 - INTRODUCTION 

Groynes are one of the most applied coast protection struc- 

tures because, owing to their transverse position, they detain long 

shore drift, which is the mam cause of serious coastal erosion phe 

nomena (see fig 1) Groynes have practically no influence on trans 

port normal to the coast but this, in addition to being usually small, 

tends to balance in the annual wave cycle Groynes can be used to 

stop longshore drift, which may cause undesirable depositions in cer 

tain zones (case of beaches in dynamic equilibrium), or to protect 

beaches where the supply of material is exceeded by the losses. In 

any case, a single groyne or a group of groynes can be used, the 

latter - called a groyne system - being particularly important owing 

to  applications in  long  sand  shores 

The hydraulic optimization of groyne systems (structural ques 

tions, although influenced by the hydraulic behaviour, belong to the 

stability of maritime structures) is extremely important because 

groynes must obey economic requirements and simultaneously must 

provide  beach  stretches  satisfactory  for      recreational     purposes , 

1021 
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Fig. 1   -  Erosion.in  Caparica  beach,   January  1970 

Fig. 2  -  Groyne  system  tested  in  the 1st stage of the study 

Fig. 3   -  Schematic  drawing of the testing  setup 

Fig. 1*   -  View of  a teat   ( 8 - 50"; a n- 20 ") Fig. 5  -  Test  of T-groynes  ( an~ 20u 
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which, together with coast protection, is their mam object This 

leads to the use of long very spaced groynes, which in addition to 

affording a satisfactory protection against wave erosion and provid 

mg wide beach stretches satisfactory for recreational purposes,ira 

proves the landscape of these A groyne system is functional when 

it   meets  these  requirements 

A paper was presented at the XI Coastal Engineering Con- 

ference (London, 1968) describing an experimental study of the hy- 

draulic behaviour of systems of groynes normal to the bathymetric 

curves £1} (see fig 2) This study is now complemented by the 

present study on inclined groynes, which also contains some consid- 

eration on the optimization of groyne systems based on the results 

of both studies, and an instance of application to a serious case of 

erosion in the Portuguese coast (Caparica and Cova do Vapor 

beaches) 

2   -   EXPERIMENTAL  TECHNIQUE 

The tests were carried out in a tank (with a net area of 

about 8 m x 18 m), fitted with a translation wave machine The plain 

sine waves generated had periods from 1 0 to 1 3 s, heights bet- 

ween 3 00 cm and 5 50 cm and obliquities of 20 , 10 and 5 (a - 

- obliquity of the breaking wave - see fig 3) The mobile material 

used was pumice stone with a unit weight of 1 I4.6 gf/cm and a 

median diameter of about 1 5 mm The tests begun with a beach 

with a transverse slope of 1 = 8$ The still water level remained 

constant, 1 e tides were not reproduced Fixed, high, and imper- 

meable groynes were tested and the beach stretches between them 

can be   considered  as  independent   physiographic  units 

The testing  setup was  as extensive    as  possible   so that the 

evolution  of beach  stretches  between     groynes    could    be   studied m 

detail   (see  figs    k  and  5)     The  interference    of   the  tank     borders 

with the  transport   of  sediments  was   taken into  consideration   but 

it  was  only in  one  test   of very  inclined  groynes  that  it  was  neces 
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sary to reproduce the area near the downdrift groyne with a fixed 

bed and to remove mobile material beyond this groyne The curve 

of fig   6,   plotted  from the  quantities removed, represents    drift   at 

the    end  of   the  groyne     versus 
i 

do = 20° 0 = 30° 
T= 13s 
H=4 90 cm 

0 050 

^v 

V 

n 
°0010 

0 50    100   150    2 00    2.50    300   3.50    4 00 
Time 

Fig 

the  duration  of the     test It 

should be noted that the con- 

clusions drawn are not mvalidat 

ed by the absence of updrift 

feed, which corresponds to the 

most adverse conditions in the 

extreme  updrift  groyne 

The inclinations considered 

were those affording the best 

hours protection to groyne roots, in- 

clinations symmetrical of these 

were not tested as they obviously are of no practical interest The 

study was completed with tests of T-groynes for comparison with 

the  former  results 

The measurement and bottom surveying methods used were 

those described m {1} Fresh water was used and the flow can be 

considered as turbulent Systematic tests to no particular scale 

were also carried out as the testing setup represents no specific 

case 

3   -   EXPERIMENTAL   RESULTS 

On the whole inclined groynes (see fig 3) operate roughly as 

normal groynes (6=90 ), I e beaches initially with a uniform trans 

verse slope of 8 % reach final equilibrium conditions essentially de- 

pending on the characteristics of the wave for each value of g 

The characteristic parameters of the operation of groynes are those 

indicated in {1} , but the following are particularly relevant m the 

present   study     accretion  areas   0,      and   Q   ,     total   accretion    area 

Q = ii    + H,_,   evolution  1     of the  beach    near the    downdrift    groyne, 
s        b' s 

spacing  D  between  groynes,   length  c     of   the     groynes,   and    value 
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D 05 10 m 

Fig   7  -  Typical  plans  of final equilibrium  conditions 
of the tested cases 



1026 COASTAL ENGINEERING 

H^ C     proportional to the  transmitted  wave  power   (H     and C    are 
o     o F o o 

the  wave height  and the  wave   speed  m infinite depth, respectively) 

Detail characteristics  of the  evolution  of  beach  stretches    will   be 

taken  into  consideration  and the  efficiency    of inclined  groynes  will 

be  defined in  function  of these   characteristics 

The detail characteristics of the evolution of beach stretches 

are presented in fig 7, which shows the final equilibrium condition 

for the different typical cases studied, the dotted line represents 

initial conditions m the beach for a zero water level, the indicated 

value of the wave height, H, concerns the depth where the wave 

generator is placed Groynes with 3 = 90 may cause erosions near 

the updrift groynes for the maximum obliquities tested, whereas 

accretions extend throughout the width of the beach stretch for 

lower obliquities, in which transverse movements predominate For 

8 = 70     the   overall  behaviour  of  the   groyne   system   is  not   changed, 

but  erosion hazards  near the  updrift   groyne     decrease,     and      for 
o 

obliquities  of   a    =20     there  is  even deposition throughout the  beach 

stretch,   owing to the   shelter  afforded  by  the  updrift  groyne, for 

smaller  obliquities,   the  beach  retreats near   the   downdrift    groyne 

and the  area    ft     decreases     For    8 = 50    the increase in the  accre- s 
tion area ft and in the protection afforded by the root of the up 

drift groyne grow more marked For smaller obliquities regression 

increases near the downdrift groyne and the areas ft decrease 

For 8 = 30 the beach stretch can hardly be considered as a physi 

ographic unit for large obliquities, for smaller obliquities consider- 

able erosions occur in the root of the downdrift groyne and the 

areas ft are appreciably reduced T-groynes operate roughly as 

normal groynes  but  the  protection  afforded to the    groyne roots is 

present  in  all  cases  and the  symmetry  of areas   ft,   and  ft      is   more 
b s 

marked 

The two most relevant parameters for the definition of the 

efficiency of groynes (accretion areas and evolution of the beach 

near the downdrift  groyne)   are  defined  in  fig   8, which  represents 
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the   curves  of   f!     and   8,    (thick  and thm    lines    respectively)    with 
s b 

dimensions which give an idea of the values observed in the model 

tests, and the curves of S/Q/G together with those of 1 /D (di- 

mensionless  values  suitable  for  practical    applications)       The  figure 

also  presents  the  curves  of these  parameters   in   function  of   the 
g 

value   H  C     proportional to the transmitted    wave   power    for  each 
o   o 

obliquity   a     of the  breaking  wave     It  is  from   these  dimensionless 

values that  the  efficiency  of the  groyne  types tested  will   be   de- 

fined     For    a = 20     the   maximum  efficiency  corresponds to 8 = 70   , 
o 

if the increase not only of y£2 /D but also of 1 /D is taken into ac- 

count     For   a   = 10     the  groynes  with   8 = 90     are the most efficient 

taking into  account  the  fact that   1 /D  is   larger for   8 = 90 although 
s 

the  values  ofyfi/D  are  higher  for    6 = 30 For    a     =  5   ,    groynes 
o , 

with   8 <90     yield values  of  1 /D  which  are  very    low  or  correspond 
o 

to erosions,   so that  the   maximum  efficiency is obtained  for 6 = 90 

T-groynes  are  not   more  efficient  than   normal    groynes    ( g = 90   ) , 

their  only  advantage  being the  absence   of   erosions     in   the  groyne 

roots 

The efficiency of the different groyne types was defined for 

the   maximum transmitted  wave   power 

These results agree with Prof Nagai's { Z) , as regards 

both the  inclinations  of the  groynes   and the values of the ratio c/D 

i+   -   PRACTICAL  APPLICATION 

Portuguese beaches are extremely valuable assets for our 

economy due to their variety and remarkable natural conditions, so 

that they must be improved, and protected against the serious phe- 

nomena of  erosion  which endanger them 

One of the most serious erosion phenomena in the Portu- 

guese coast occurred in the beaches of Cova do Vapor and Capari 

ca, a long sand expansion south of the Tagus estuary near Lisbon 

From the situation presented in fig 9, which prevailed in 1929 , 

erosion begun due to the collapse of the natural protection afford 

ed by the   sand  formation north  of the  beaches,   which ends  at  the 
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Fig   9 _  Caparica and  Cova do  Vapor beaches (1929) 
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Fig    10  -   Evolution  of transverse  profiles  in  Caparica  (transverse  profile  in the  dike   root) 
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zone of the Bugio lighthouse The very oblique approach of the 

waves caused northward sand movements from the central zone of 

Caparica beach, where the obliquity of the wave action was very- 

reduced or even normal to the coast so that the beach south of 

Caparica was very  stable 

When the natural protection to the north collapsed an intense 

longshore drift begun that formed a spit in the root of the exist- 

ing formation, this spit was fed m part by the sands carried north- 

ward, the remainder being deposited in the channel of the Tagus estu 

ary, the great depth of which avoided serious disturbances This phe- 

nomenon begun to affect Caparica practically in I960 in the form of 

the erosion mechanism illustrated in fig 10 The first emergency mea 

sures, taken in" 1959, consisted in the construction of a groyne (see 

fig 11, E3) and were followed by a frontal protection structure and 

groynes E (1962) and E (1963) at Cova do Vapor When the waves 

cut the sand dunes between Cova do Vapor and Caparica a dike with 

a light structure was built (1959) to protect the urban areas in the 

neighbourhood, located below the mean level of the sea, against the 

runup  of  spring tide  waves 

The situation grew worse after 1964 when serious destruc- 

tions occurred in the central zone of Caparica, so that the dike 

was strengthened and a frontal protection core was built at its 

root, together with a short groyne, which, of course, proved en- 

tirely useless Obviously the influence zone of the groyne built at 

Cova do Vapor was too small to protect the southern beach and 

the other protection works in the same site merely helped to form 

a resisting core that prevented the entire destruction of the zone 

and of the small village in it Other emergency measures were tak- 

en after 1964, so that the situation evolved to the state presented 

in fig 12 (a comparison of which with fig 11 shows the evolution 

in 1963-1969) after the groyne E was extended and the beach 

between Cova do Vapor and Caparica was entirely eroded except 

for a small zone protected by the first groyne built, the northern 

spit   moved  under the  influence   of the waves up to the   NATO   jetty 
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also shown in fig 12 According to the studies carried out {3} the 

littoral drift in this zone is estimated m 1 000 000 m /year At the 

same time, owing to changes m the sea-bottom relief and their in- 

fluence on the wave action, a rapid erosion started in the central 

zone of Capanca particularly serious in the beaches to the south 

(see fig 1) Another emergency structure for frontal protection 

was built and subsequently strengthened in the central zone of Ca 

parica 

The mam physiographic characteristics of the beaches of Co 

va do Vapor and Capanca have been very rapidly presented Many 

comprehensive studies of this case were carried out by official and 

private bodies charged with and interested m the development and 

exploration of marine zones Owing to insufficient means, deficient 

policies of beach protection and development, and uncoordinated 

activities of the different official and private bodies involved emer 

gency structures — some of which entirely unsuited — were re- 

sorted to, but did not prevent the loss of one of the best Portu 

guese  beaches 

Figures 13 and 14 give an idea of conditions in Capanca beach 

before the erosion begun and now (July 1970) The groyne E (fig 

11 and 12) is now being extended, and the construction of a groyne 

system and the strengthening and extension of the frontal protec 

tion structure { k ) are in preparation The groyne system is made 

up of units which, although very long, have a reduced effective 

length and a small spacing and are located at very high elevations 

With such a system, the restoration of the beach is out of ques- 

tion, as the existing groynes to the north cannot operate efficient 

Iy for lack of supply from the south due to the disappearance of 

the beach On the other hand the southern stretch of the beach 

will tend to be eroded away up to the extended frontal protection 

structure, which will have to be exaggeratedly strengthened These 

measures, planned a long time ago for hydrographic conditions no 

longer  prevailing,   are  unsuited  to  the  present    needs  and  will  never 
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Fig. 13  -  Caparlca beach  before  erosion  begun 

Fig. 15  -   Scheveningen  beach (The   Hague, NetherlandsJ 
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provide a beach with real recreational and touristic interest As an 

instance of a system of functional groynes, the one built at Sche 

venmgen beach (The Hague, Holland) is presented, the construction 

•was very expensive owing to the extraordinary structural perfec- 

tion  of the   groynes,   but  the  results   were  excellent (see fig    15) 

The restoration and protection of these beaches requires an 

artificial feeding and a system of functional groynes, 1 e long very 

spaced groynes The artificial feeding would restore e g. 19&3 con 

ditions, as shown in fig 16 The northern spit is represented in 

the figure, because studies on the touristic development of Cova 

do Vapor carried out in 1966 for the TECHINT project { 3 } , re- 

commended the construction of a long groyne in the northern end 

and the creation of an extensive beach mainly at the cost of sand 

dredged from the spit, in which a pleasure boat port (represented 

by the dotted line in the figure 16) would also be built The solu- 

tion recommended here for the present conditions would require the 

straightening and protection of the bank, upstream of the root of 

groyne E , the artificial restoration of the beach being necessary 

to the south of E alone This location of groyne E is prefera- 

ble to the one shown in fig 12, which would leave two groynes very 

near  one   another  disturbing the  operation  of  groyne   E 

By means of the plan presented in fig 16 it would be pos- 

sible not only to recover the beaches and protect the coast to the 

south of Caparica but also to avoid the extension and strength- 

ening of the frontal protection structure Obviously a more de- 

tailed study of this plan (which is no more than a typical solution), 

could yield a better and more economical solution A single very 

long groyne to restore the natural connexion with Bugio together 

with a large volume of sand to restore the beach (a natural res- 

toration being impossible owing to lack of supply and the irrever- 

sibility of erosion) would leave a long stretch of beach without 

protection making possible local erosions, so that the solution pre 

sented is  preferable 
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Fig. 17   -   Plan  of   the   groynes  in   Cova  do   Vapor 
(September  1969) 

Mff 

Fig. 18  -   Detail of the   construction  of groynes 
In  Cova do  Vapor 

Fig. 19  -   Erosion  at  the  ends  of the  groynes 
obtained  in the   models 
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The typical solution presented for the groyne system takes 

into account the two studies carried out As wave conditions are 

variable, groynes with $=90 were chosen The obliquities a con- 

sidered are 10 m the zone from Cova do Vapor to the middle of 

the dike, and 5 from this point to the central zone of Caparica 

The reference line for calculating the length of tne groynes will be 

the  bathymetric  curve   + 2  00 m     For a    = 10   ,   c/D = 35      and    for 

c = 150 m,   D = 520 m   (groynes  E„   to   E, ),   for   a    = 5°,   c/D =4  0, 
11+ o 

which  for  c = 150 m yields   D = 600 m(E   )     Groyne   E    may be shorter 
5 5 

(c = 100 m, above + 2 OOtn) because the zone updrift of this groyne 

would be stable and obliquities are very small, an inversion to the 

south  being even  possible  with  small  obliquities 

It should also be noted that an efficient system does not de 

pend on the location of the groynes alone Their structure and cer 

tain constructional details are also essential As an instance, the 

case of groyne E (fig 11 and 12) is presented excavations shown 

in the fig 17, occurred at its end, in concentric zones at depths 

~k, -5, -6, the darker zones corresponding to the last depth These 

peculiarities seriously interfered with the construction of the groynes 

and caused an exaggerated use of rockfill An adequate base of the 

groynes protecting the adjacent sea floor against erosion is es- 

sential but, as shown in fig 18, these groynes lack such a special 

base As can be seen in fig 19 erosions at the end of the groynes 

occur even in the model tests, those shown having been observed m 

tests  carried  out  in the  first   stage   of these   studies 

5  -   CONCLUSIONS 

—  The   angle  of the  groynes  with the shore line  is  a function 

of the   obliquity    a    °^ the  waves     For high obliquities ( $ = 20   ) the 
o 

maximum  efficiency  corresponds to  inclined  groynes    with    3=70 

For intermediate   ( a= 10   )   and  low (a   =5   )    obliquities,   normal( g = o o 
= 90   )   groynes  are  preferable to inclined groynes 

In variable  wave   conditions  efficiency  will be  defined  in  func 
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tion  of the   range   of  obliquities  of the  waves  present  In this   case 
o 

normal  groynes   ( 6 = 90   )   are  recommended 

It   should not  be  forgotten that  inclined    groynes    are   longer 

(increased  c)   for the   same   spacing  D     For   a   = 20   ,   groynes  with 

g = 70     are 30$   longer than normal groynes   (3 = 90   ),   whereas the 

increase  in the   area 0  of the  inclined  groyne  is  20 %  only    The fact 

that   groynes  with   £ = 70     protect  the   root  of the    updrift    groyne 

against  erosion  should be taken into  account. 

— T-groynes are not more efficient than normal groynes , 

except for a = 10 , and even then the difference is small (see fig 

8) Their only advantage lies in preventing erosion near the roots 

of the groynes Nevertheless they are not recommended because, 

in addition to their construction being more expensive,they disturb 

the utilization of the  beaches  for  sea baths 

— The hydraulic optimization of groyne systems must take 

into account not only the ratio c/D, the values of which were de- 

fined in {l} , but also the inclination of the groynes according to 

the criteria presented above A judicious application of these re- 

sults must obviously be based on a knowledge as complete as pos- 

sible of physiographic conditions in the involved zone, and other 

questions must also be taken into account such as the stability and 

the crest elevation of the groynes (the latter basically depends on 

the  transverse   profile   of the  beach  and its  evolution) 

Another basic point to be borne m mind when designing sy- 

stems of functional groynes and which may help to reduce the vol- 

ume of the structure is that its object is not, as a rule, entirely 

to stop the littoral drift occurring in zones of the beach variable 

under the action of tides, but to preserve a certain area of the 

beach On the other hand littoral drift is more marked for high 

tide levels, precisely the conditions in which groynes operate most 

efficiently This leads to adopting groynes, which although long, do 

not  extend to  very  low   levels 
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— The cooperation of the different official and private bod 

les interested in the exploration of marine zones seeTis extremely- 

important Protecting structures should be thoroughly studied and 

designed, and constructed without delay, emergency or experimen- 

tal structures are strongly disapproved, all the more so as the 

present  knowledge  m  this  field  makes  them entirely unnecessary 

— In the case of Cova do Vapor and Capanca, the essential 

solution for the restoration and improvement of the beaches is 

their artificial feeding and a functional compartimentation of the 

beaches   by   means   of   a  system   of  groynes 
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CHAPTER 66 

LAND RECLAMATION AND GROIN-BUILDING IN THE TIDAL PLATS 

fey 

Hexe Focken Erchinger *) 

COASTAL PROTECTION BY RECLAIMING LAND 

Along the North Sea eoast of Germany there are two large 

areas where land reclamation work in the tidal flats is 

being carried out. One is on the coast of Schleswig- 

Holstem and the other in Ostfriesland, on the coast and 

along the estuary of the river Ems near the border with 

the Netherlands. Conditions and working methods for land 

reclamation in tidal flats as well as the development of 

new groin constructions on the Ostfriesian coast are 

described below. 

Before the middle of this century, land reclamation was 

done mainly for reclaiming new fertile soil for agricul- 

tural purposes on the tidal flats. Nowadays,the aim of 

reclaiming land is for coastal protection, for the re- 

claimed foreland has many favourable effects on the dikes 

*) Oberbaurat, Chief of the Coastal Protection Department 

m Lower Saxony, 298 Norden/Ostfriesland, West Germany 

1041 
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1. The run-up of waves on the di^ce is reduced as the 

waves break on the foreland with spilling breakers 

(FUHRBdTER 1966) and are thus prevented from reaching 

the slope of the dike with all their vehemence. During 

the storm surge on S"ebr. 16  , 1962 for instance, this 

was observed distinctly as to be seen in figure 1. 

2. Wave-wash on the slope ©f the dike becomes considerably 

smaller. 

3« The land before the dike, m the case of a dike failure 

in a storm surge, also prevents a failure of the base 

from taking place so that even at mean high water level 

the sea cannot enter the land. 

4. An expensive rubble slope for the protection of the 

dike is not necessary. 

5. For the upkeep of the grass and clay covered dike, it 

is important to find sods and clay near the dike on 

the reclaimed land. 

lor coastal protection a 200 m wide strip of land in front 

of the dikes is needed. This was found in research works 

carried out by Prof. Hensen, Technical University, Han- 

nover. 
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WAVE   RUN-UP ON THE DIKE 

mNN . ,• 6,75 m crest of dike 
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Fig 1     Relation  between   wave   run up   and width   and  height   of 
the   foreland     ( KRAMER , LIESE    LUDERS 1962 ) 
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CONDITIONS AND WORKING METHODS FOR LAND RECLAMATION 

For reclaiming new land, rectangular sedimentation 

fields, measuring about 100 by 200 m, are constructed 

of groins. Hence, the fields are saved from strong 

currents and wave movements so that the sedimentation 

of sand and silt can be allowed to take place unhindered. 

Through the inlet m the groin on the sea-side, called 

"cross groin", the water can enter and leave the field 

quickly. During the calm period, the settling and a 

part of the suspended solids precipitate on the soil. 

It is of interest to know something about the origin 

of the solids which could be classified as Sand, Clay 

Minerals, Organic Matter and Calcium Carbonate. The com- 

position of the sediment varies considerably along the 

Ostfriesian coast. Near the brackish water region of 

the river Ems an the Dollart Bay the clay mineral and 

organic material contents are relatively high. Along 

the North coast the sediment contains more sandy 

material (Figure 2). 

The rate of sedimentation and the composition of the 

sediment depends also on the work of the molluscs, which 

prepare the fine organic material and clay minerals by 

building small lumps of silt (KAMPS, 1962). The gills, 

which are used by these creatures for breathing, also 
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• Sample 4a from the sedimentation field, all the other samples from grass 
covered  foreland 

serve the purpose for the collection of food, which they 

sieve out from water. In this process, sand and mud compo- 

nents, which are of no value to the creature are collec- 

ted and covered with slime, out of which the coarse 

material, which in this case would be sand and some or- 
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ganic matters is ejected at the inlet, while the fine 

material, including the mud, is discharged together with 

the other remnants of digestion m the form of tiny lumps, 

strongly joined together. For reclaiming land it is very 

important that these lumps effect a higher rate of sedi- 

mentation which is rich in clay and organic matter. The 

important molluscs on the Ostfriesian tidal flats are 

Mussels (Mytilus edulis I.), Cockles (Cardium edule L.) 

and Gapershells (Mya arenaria L.). 

Our knowledge in this difficult matter is not complete. 

Por instance Mr. Raudkivi of New Zealand is of the opi-» 

nion, that in brackish water the rate of sedimentation 

is dependent upon the change in the electric charge of 

the single solids as they come in from fresh water (RAUD- 

KIVI, 1967). 

It is relevant to mention some aspects of plant-growth 

and ditch-building in the sedimentation fields. When the 

terrain m the fields has reached a height, at which 

plant-growth can be expected, that is about 30 to 40 cm 

below mean high water level, ditches are dug at regular 

intervals by special excavators. 

Figure 3 shows the hydraulic excavator, mounted on a 

pontoon, which is cable-operated and slides on the ground. 

On the higher fields with vegetation a ditch-milling- 

cutter is used for making ditches. The earliest natural 
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plants to take root in 

the sedimentation 

fields are Glasswort 

(Salicornia herbacea 

I.) and Cordgrass 

(Spartina Townsendii). 

A rank plant-growth 

effects a greater 

calmness on the field, 

facilitating hotter 

sedimentation and hence 

a more clayey soil. 

When the terrain has 
Fig. 3 

reached mean high water level, the first plant of the 

grass-family to take root is the Sea Poa (Puccinellia 

maritima Parl.). 

THE CONSTRUCTION OP THE GROINS 

Although methods of land reclamation are not different on 

shallow and deeper tidal flats, the construction of the 

groins depends on the level of the flats. Formally, the 

reclamation of land for agricultural purposes was done 

mainly on shallow tidal flats. The groins were huilt of 

brushwood and earth. They were constructed of two rows 

of wooden piles with compact brushwood in between and 

wooden planks at the leeside to prevent permeation. The 

piles are held together on top with wire (figure 4). 
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Fig. 4   Brushwood  groin 

Occasionally the 

cross-groin at the 

sea-side is streng- 

thened with fascine 

mattresses (figure 

5). 

In deeper tidal 

flats it was 

necessary to con- 

struct the groins 

more solid by using new materials. So far five types of 

groins have been developed for this purpose: 

1. A precast concrete unit with a height of 50 to 90 cm. 

Each unit has a length of 1 m, the weight is 900, 1200 

and 1800 kg (figure 6). 

They are set on top of a wooden sheeting on either side. 

The joints between the single units are made close 

Fig. 5 
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with a special 

joint ribbon 

of foamed Poly- 

athylen held in 

a groove at one 

side of the unit. 

2. A flexible tube 

of plastic web 

with a diameter 

of about 1 m is 

filled with sand Pig* 6 

by hydraulic dredging and takes the form of a sausage 

(figure 7). The plastic web is woven of small strips 

of a polyathylen membrane. Normally, the sandy soil 

can be taken from the ground 

of the tidal flat at a small 

distance to the building 

site. It is an inexpensive 

method to construct groins. 

Besides, the following con- 

struction works are made use 

of, when the abovementioned 

types are not high and heavy 

enough. 

3. A groin with a core of 

earth, with plastic mem- 

- 

Pig. 7 
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brane (Polyathylen) around this and concrete blocks 

interlocking horizontally and vertically on top. A 

wooden sheeting and wooden planks fastened to the wood 

piles encloses the groin on both sides. A woven mat of 

reed above the plastic membrane, protects these from 

getting damaged (figure 8) (ERCHINGER, 1967). 

sedimentation field 

concrete blocks (25kq) 

woven reed mat 

plastic membronel0,6mm) 

Fig 8     Section  through  a groin 

4. This type is nearly the same as the third, but the 

surface is covered with quarry stones instead of 

concrete blocks and with steeper slopes. As the layer 

of the stones is about 40 cm thick, this construction 

needs much more material than the type with concrete 

blocks, which is to be transported to the building 

site. Transport on the flats is difficult and expensive. 

5. This construction is chosen when the area in front of 

the dikes is to be filled up by hydraulic dredging and 

an embankment is to be built at the sea-side. Instead 
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of the plastic membrane, we take a plastic web which is 

woven very close, so that even the finest particles of 

sand and silt cannot get through (figure 9). However, 

it is necessary for the outlet of the water and for 

preventing water pressure under the surface. 

seaside dredging   field 

concrete  blocks (25ttq) 

jmBn MtsL mat 
plastic   web 

tidal flat 

Fig 9    Section  through an embankment  in front   of a filled   up foreland 

In some cases of groin construction of the last three 

types, waste material from smelting has been taken for 

the core of the groin. This material has been found to 

be very usefull. Its hydraulic substance, which formed 

a 50 cm thick and hard layer on the tidal flats was so 

stable, that even loaded heavy motor vehicles could use 

this as a road to transport the material to the building 

site. This ist a great advantage, considering that it is 

derived from waste material. 
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In 1965,   the smelting industry,  the Hoesch Concern,  made 

a test with 100 000 t of waste material,   containing 

residues and scrap heaps as well as mud and dust from the 

smelting process. A forefield m front of a dike was 

created with this material.  This was done m the expec- 

tation to make the waste products useful for dike pro- 

tection and also as a means to get rid of this substance 

from the vicinity of the foundries,  with insufficient 

storage  capacity for this   (HAUKB,   1968). 

Several  scientists have inquired into  the  chemical  and 

biological consequences of this waste material at the 

surrounding tidal flat area. No unfavourable effect has 

been found  (KtJSTENATJSSCHUSS,   1969). 
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THE EFFECT OF GROYNES ON ERODED BEACHES 
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ABSTRACT 

Laboratory tests are described, in which the effect of 
impermeable groynes on an eroded beach was studied  A 
beach was allowed to reach equilibrium for a particular wave 
climate and supply of littoral material  The foreshore was 
then manually eroded, and the beach allowed to return to 
equilibrium with and without groynes  It was found that the 
presence of groynes increased the rate of accretion but did 
not significantly build up the inshore beach beyond the 
stable levels  Bed levels seaward of the groynes were 
increased 

Introduction 

As part of the continuing research into the effects of 
groynes on beaches being carried out at the Hydraulics 
Research Station, the authors presented a paper to the 11th 
Conference on Coastal Engineering, see Ref  1, describing 
laboratory tests 'to study the effect of permeable and 
impermeable groynes on a beach that was stable for a particu- 
lar wave climate and a given supply of littoral material 
These tests showed that on the part of the beach between high 
water and low water levels the groynes induced little or no 
build-up  However, accretion was found seaward of the 
impermeable groynes  It was concluded that this offshore 
build-up was necessary m order that, at equilibrium , the 
littoral transport that formerly travelled along the foreshore 
could pass seaward of the groynes  The permeable groynes 
tested had little effect on either inshore or offshore levels 

Since then, the more practical case of groynes installed 
on an eroded beach has been studied  The tests were conducted 
in the same wave basin as the previous series, see Fig 1 
This facility allows the generation of waves at an angle to 
the beach using the serpent-type wave generator shown plus 
tides and littoral currents, although the littoral current 

1053 



1054 COASTAL ENGINEERING 

generator was not used during these tests 

SERPENT TYPE mVE BENERATOR 

 37 tm  

COAL  BEACH 

LITTORAL DRIFT      ^Ti/V0/ j/V°p|/V0J|«<>< lw»5l/V°6 

5t30m=l50m 
EXTENT OF MANUAL 

ER0SI0I 

FIG t DETAILS  OF WAVE BASIN 

Test Procedure 

In the absence of groynes, waves and tides were generated 
to bring the beach to equilibrium  The waves were 65 mm high 
at mean water level, with a period of 1 15 seconds and an 
angle of approach of 5 degrees in deep water  The tidal 
period was 75 minutes, with a range of 0 12 m  Beach material 
was crushed coal of specific gravity 1 35 and median gram 
size O 8 mm  The experiments were continued until a comparison 
of successive beach surveys showed that little change was 
taking place and the quantity of littoral material trapped at 
the downdrift end of the beach was the same as that fed in at 
the updrift end,  this normally required at least 25 tides 

An eroded beach, 15 m long, was then created at the down- 
drift end by removing material between high and low water to 
an average depth of 25 mm  Five impermeable groynes were 
placed on the eroded beach  The groynes, shown as solid lines 
in Pig 1, were 2 7m long and about 35 mm high, spaced at 
3 0m, 1% times the horizontal distance from high water to low 
water 

Again the same waves and tides were generated and the 
littoral transport measured. Beach material was fed to the 
updrift beach at the average rate measured on the equilibrium 
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beach  Beach surveys were made at 1, 3, 5, 10, 15 and 20 
tides, at which time the beach had returned to its equili- 
brium profile 

The experiment was then repeated with no groynes on the 
eroded beach 

Calculation of Results 

The parameter selected for the comparison of beaches 
was the volume of coal within groyne compartments  The six 
compartments for which volumes were calculated are defined 
in Pigs 1 and 2,  all compartments were 3 0m long, 27m 
wide and a maximum of 0 28 m deep 

-». DATUM 

FIG 2 BEACH ZONE  REFERRED TO IN CALCULATIONS 

Although not bounded on both sides by groynes, compart- 
ments 1 and 2 were included to show the effect of groynes on 
the updrift beach 

Three cross-sections were measured in each compartment 
0 15 m from the groynes or boundaries, and on the compartment 
centre-line  Volumes were then calculated using the trapezoidal 
rule  These volumes were plotted in Fig 3 

(i)  Stable beach without groynes 

(n)  Eroded beach without groynes after 1, 3, 
5, 10, 15 and 20 tides 

(lii)  Eroded beach with groynes after 1, 3, 5, 
10, 15 and 20 tides 
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KEY 

 STABLE BEACH 

—° mm® 
 •     ERODED BEACH 

WITHOUT GROYNES 

10 20 

NUMBER  OF TIDES TIDAL PERIOD 75 MINUTES 

FIG 3 BEACH CHANGES  WITH TIME 



GROYNES ON ERODED BEACHES 1057 

Interpretation of Results 

The changes with time in the volumes of material in 
each compartment with and without groynes can be seen in 
Fig  3  In addition, the volumes for the stable beach, 
before manual erosion, are indicated 

Clearly, the rate of accretion in the groyne compart- 
ments, Nos  3, 4, 5 and 6, was greater in the presence of 
groynes  This increased rate of inshore accretion was accom- 
panied by a build-up in bed levels offshore of the groynes, 
not shown in Fig 3, necessary in order that at equilibrium 
the littoral transport that formerly travelled along the 
foreshore might travel seaward of the groynes  With groynes, 
the beach had returned to its equilibrium profile in approxi- 
mately 20 tides,  without groynes, the experiment was 
terminated at 20 tides since it was clear that the beach was 
returning to the equilibrium profile, although slowly 

No significant build-up of the groyned beach was found 
above the stable levels, with the exception of the accretion 
already mentioned seaward of the groynes 

Conclusions 

The following conclusions might be drawn from the results 
of the present series of tests 

1 Groynes will increase the rate of accretion on 
an eroded beach if there is a sufficient supply 
of littoral material 

2 The presence of groynes will not result in a 
build-up of the inshore beach above the stable 
open beach levels for the given wave climate 
and supply of littoral material 

3 Bed levels seaward of groynes will be increased 
in order that a uniform littoral drift may be 
maintained along the coast 
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CHARACTERISTICS OF SHINGLE BEACHES 

THE SOLUTION TO SOME PRACTICAL PROBLEMS 

A. M. Muir Wood 

Partner, Sir William Halcrow & Partners 

ABSTRACT 

Shingle beaches differ from sand beaches mainly in the mode of transport 
of the material and in the permeability of the beach. The typical beach 
forms are in consequence different and the typical problems of beach 
stabilisation require different types of solution* 

The mechanism of littoral drift of shingle is controlled predominantly 
by the action of the breaking wave, on a groyned beach a simple theory is 
advanced to relate drift to groyne length and spacing. 

Longitudinal sorting of shingle sizes is a specially notable sign of a 
stable beach* Well marked size-sorting transverse to the coastline is a 
more general characteristic. 

Examples of schemes of management are provided for a beach with high 
littoral drift and a beach which has to te controlled as artificial cells 

The accreting shingle beach may in suitable circumstances develop a 
steep in-shore profile - examples are given of such* 

FORCES CONTROLLING THE BEACH PROFILE 

The extensive literature on the engineering properties of a natural 
beach is principally concerned with fine to medium sand foreshores* In 
consequence* a number of generalisations have been made concerning the 
properties of a beach that do not apply, however, to a shingle or even to 
a coarse sand beach* The object of this paper is to discuss some of the 
properties specific to a shingle beach and briefly to describe solutions 
relevant to the typical problems that arise with them. By definition, a 
shingle beach is one in which the median particle size D,-0 is larger than 
10mm. The mean size is most often in the range 10-40mm* 

South-east Britain is well provided with natural shingle beaches and 
Fig* 1 illustrates a number of the lengths of coastline concerned* The 
main reason for the predominance here of shingle is that the principal 
constituent, flint pebbles, was originally formed in the massive chalk 
which has since been widely eroded over this area* Secondary fluvial and 
marine deposits have provided copious sources of flint (silica) which have 
been washed inshore as the sea level rose following the most recent 
glaciations. Once the flint pebbles beoome well rounded they tend te be 
reduced gradually in size by attrition rather than to be reduced to sand 
by fragmentation. 
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The main differences between the coastal behaviour of shingle and 
sand are related to the mode of transport and to the permeability of the 
beach* Whereas sand is moved by the sea predominantly in saltation and, 
near and inshore of the breaker line, in suspension, shingle is shifted 
by sliding and rolling along the bottom. The significance of this 
difference is that, whereas sand will tend to be moved m the direction 
of the vector representing residual wave velocity plus tidal velocity, 
shingle is only moved during that part of the wave velocity cycle in 
which a certain threshold value is exceeded* Generally this threshold 
value will be little below maximum velocities at the situation and in 
consequence the direction of high velocity will greatly predominate 
In addition, the amount of work required to move shingle on the seabed 
in substantial quantities Is such that this movement will generally be 
confined to areas of high rate of dissipation of wave energy, i e. 
landward of the breaker line. Shingle immediately to seaward of this 
line, except where the offshore bed is steep, will tend to move shore- 
ward, if disturbed at all, on account of the asymmetrical shape of the 
wave leading to higher shoreward orbital velocities. 

The shingle beach, with a typical slope of 1 10 or steeper, is 
appreciably steeper than the equilibrium sand beach and this is largely 
due to the extent of percolation of the swash of the breaking wave into 
the shingle beach, leading to a diminution of the dowuwash  To treat 
this phenomenon in a very simple instance, we may consider the lower 
bound of the velocity of steady percolation of water into a beach at 
gradient S to be k/gl which is about 6om/s for a typical value of 
permeability, k, of  102cm/s for a beach at 1 10 slope. 

To attempt theoretically to calculate the shape of a beach profile, 
even for a regular train of waves, would be extremely complicated since, 
apart from the non-uniformity of the material of the beaoh, we have to 
be able to calculate the fluctuating degree of saturation of the beach, 
and the effects of drag and lift on the surface particles on the beach. 
A point of interest is that the percolation of water into the beaoh will 
entail the flow lines of the swash flow and, to a lesser degree, the 
downwash flow, converging towards the beach and the bed velocities at 
any instant will therefore tend to be greater than they would be over an 
impermeable bed of comparable roughness, where the flow lines would be 
parallel to the bed. The bed profile will be expected generally to be 
convex upwards since the ratio of return to upward flow will tend to 
diminish higher up the beach. 

Referring to Fig, 2, the force Pi necessary to dislodge a submerged 
pebble up a beach of gradient {} and limiting angle of repose / is given by 

P1 - mg (fs/(w - 1) sin (j> +(3) (1) 

where Ps and fl* are respectively specific weight of pebble and water. 

Similarly the foroe P2 necessary to dislodge a pebble down the 
beach is given by 

P2 = mg (£s/£w - 1) siix (/ -|? ) (2) 

The energy flux of the swash and backwash may be represented 
ictively as 

h m *^ Vl \2 (5) 
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Fig 2    FORCES ACTING ON AN EXPOSED 
SHINGLE PEBBLE 

and 

\^ 
s2 Ti and V2 represent volumes of water with mean specific energy £ u' 

Pi may.be considered as related to u, steady water velocity parallel 
to and up the beach, by 

where Cc is a coefficient with lift and drag components. £>2 ia 

similarly related to velocity down the beach. 

•Che number of uphill and downhill dislodgements may then be 
considered by eqns. (3). (4) and (5) to be proportional to % and Sfc 
respectively. For a stable profile there must be a balance of 
dislodgements and, if ^-c%, from eqns. (l) and (2), considering the 
threshold values of Pi  and P2, 

(4) 

(5) 

i.e. c 

sin (,*-(»)/sin (JIU(%) 

(tan ft - tan[i)/(tan j + tan/}) 

(6) 

(7) 

a result similar to that obtained by Sagnold by consideration of the work 
done by the swash and downwash in moving pebbles up and down the beach. 

A study of natural shingle beach profiles after drawdown by storms 
indicates generally a profile which may be represented between beach 
crest and beach step level approximately as a parabola. Thus, Kemp's 
records of three sections of the Chesil Beaoh (A, B and w) fit closely 
to the same parabola above the level of the step. 
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p 
The beach grading given by Kemp indicates D]_0 sizes as 6mm, 4mm 

and 20mm at A, B and W respectively. The coefficients of permeability 
are to be expected therefore to be approximately in the ratios 1.2, 
1.0 and 2.2 respectively, provided the same beach grading extends to 
appreciable depth. One faotor to explain the common profile may be the 
greater work done In transporting mobile beach material up and down the 
beach where the particle size if finer and thus compensating for lower 
volumetric loss (V,-V2) by higher specific energy loss, (Juj2- 4"2 ) 

A shingle beach usually exists in the presence of sand in the 
inshore (and often also offshore) zones. A certain amount of sand is 
therefore generally in suspension, following breaking of the wave, and 
this sand tends to percolate into the beach  As a result, apart from the 
mobile shingle near the surface, the lntersuces of the beach will be more 
or less charged with sand, effective permeability, even of a relatively 
thick depth of predominant shingle, will be corresondingly reduced. The 
thickness of mobile shingle mainly controls the critical height and 
period of wave that will provoke draw-down of the beach by its incapacity 
to absorb an adequate fraction of the water m the swash. 

There are certain typical profiles to be recognised on a shingle 
beach. The accreting beach has a profile concave upwards becoming 
convex upwards as the storm crest is reached. On the eroding beach, 
the concave upward curve runs into a sharp scarp at the head, with the 
slope immediately below the scarp standing at the critical angle of 
repose of the beach material. During the course of recovering, one or 
more secondary crests form at the limit of the swash of the breaking 
waves but below the upper crest, the upper crest represents the height 
reached by the breaking sub-critical wave at a time of high mean sea 
level, ('critical1 wave refers to the wave that just begins to draw 
the beaoh down). 

LITTORAL DRIFT OF SHIMGLB 

Generally rip currents play no appreciable role in longshore 
movement of shingle inshore of the breaker zone. This movement is 
caused predominantly by the direction of up-rush of the breaking wave 
and, though the downwash usually returns fairly directly down the beaoh, 
this contributes to a certain extent when the breaking waves approach 
very obliquely. 

For a natural foreshore, most of the longshore movement of shingle 
probably occurs in the upper part of the beach. In particular, as the 
foreshore slope is known to vary considerably with the state of the tide 
during periods of storm, increased littoral drift is to be expected in 
an area of high tidal range, other factors remaining unchanged. 

When a sea wall is present, extreme flattening of the beach occurs 
when storm waves come into contact with the wall, and yet higher rates 
of littoral drift may therefore be associated with the consequent change 
of profile with each tide. 

With the variations of weather, tide and mobility of a shingle 
beach profile it is unlikely that any direct general relationship will 
be found between longshore energy flux and littoral drift even for the 
same beach, and no reliable quantitative solution of general applicability 
is foreseeable, without separation of the many parameters. 
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The concept of Pelnard-Considere , expressing littoral drift for 
given wave energy flux as directly proportional to the angle between 
the crest of the breaking wave and the beach line) may be expected to 
be applicable as a first approximation where sin2&~2ot, « being the 
angle of approach of the wave to the foreshore, but the interesting 
development of this theory by Bakker4 cannot be applied directly to 
the typical shingle beach* Bakker supposes an equilibrium between 
variable littoral drift and the consequential onshore and offshore 
movement between the foreshore and the inshore area. His principle 
is based upon a concept of a unique stable beach profile but! as 
illustrated by Pig. 3, the shingle profile in the upper beach will 
adopt an angle so different from that of the sand in the lower beach 
that it is possible to have variations in size of the shingle wedge 
without resulting onshore and offshore motion. In consequence, where 
it is required to provide groynes to maintain a shingle beach, the 
criterion will mainly depend upon the extent to which the toe of the 
shingle beach extends seaward of the groyne at a time of appreciable 
littoral drift. It appears to be the general experience, although there 
are exceptions to this rule, that the sand in the inshore and offshore 
zones becomes adapted to the general line of the shingle beach. Thus, 
if the shingle can be maintained in adequate quantities to provide 
natural protection, the lower beach will adjust itself accordingly. 

Heferring to Fig. 3, if the predominant angle of approach of the 
wave crest to the natural coastline is*o and the system of groynes is 
required to reduce littoral drift from Qo to ijg, then the groynes must 
provide a beach crest line making an angle of «0 - o<g with the original 
coastline, where the suffices o and g relate to the original and the 
groyned conditions and <"« to the change in the angle of approach of the 
waves to the beach crest due to the groynes. At the present time we do not 
know how to relate the reduction of littoral drift (QQ - Gjg) to the extent 
of projection of the toe of the beach, at times of storm, Beyond the 
seaward end of the groyne. The following makes a first attempt to such 
a relationship. 

For a system of groynes built sufficiently high to prevent over- 
topping, the degree of reduction of longshore motion of shingle past 
each groyne will depend only on the position of the toe of the mobile 
beach, (probably situated at or inshore of the breaker point) relative 
to the end of the groyne. 

If we assume that littoral drift 

4 - K« (8) 

for constant wave characteristics, where X is the angle of approaoh of 
the wave to the beach and K is a constant for the particular situation, 
then, where groynes cause the angle of approaoh of the waves to be 
reduced from « 0 to o<g (see Pig. 3) 

VK"g (10) 

But, at a groyne, where the distance in plan of the mobile beach 
from crest to toe is L and the projection of the toe beyond a groyne is a, 
(Pig. 3), for steady flow conditions of littoral drift we may postulate 

4 = K'a/L where K> - Kf(<* ) (11) 
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P 

Direction or wave 
approach 

PLAN 

Beach profile immediately 
updritt of groyne 

Beach profile downdrift of groyne 

SECTION AA 
(distorted) 

Fig  3     A SHINGLE BEACH  IN EQUILIBRIUM 
ON A GROYNED FORESHORE 
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At a groyne, the line of the toe of the beach will tend to maximise 
drift past the groyne, I.e. locally ot-> TI/4 if we suppose that for 
large values of *, Q - K sin 2«. Then 

2 

K« = K sin W/4 cos 1^4 = V2 

and hence, from eqns. (10), (11) and (12), 

(12) 

<L (•**«) - Ka/. 2L Hence ot a/ 2L 

whence for given values of a and L, Qg may be estimated as a fraction of 
Qo, from eqns. (9) and (10). 

LONGITDDIHAL SORTING OF SHINGLE 

Many references may be found to the sorting of shingle by sea waves 
to produce longitudinal size grading along a beach. Shingle of the 
largest size tends to move towards the zone of the highest degree of 
exposure to the waves. A classic example of this phenomenon is found at 
Chesil Beach (see Fig. 1) where the most significant features are as set 
out in Sable 1. 

IABLE 1 

Significant Features of Chesil Beach 

! 
Distance from Average offshore Average longitud 

of pebbles (cm) 
inal diameter 

Weet Bay (km) slope (0-5 fathoms) 
! Foreshore  ' Seabed 
1 (Bef 12)  ! (fief 12) 

0 U75 0.86 
1 

1    6.1 I150 1.16 4.5 
1    7'2 I150 1.16 3.0 
1   11.3 1:20 1.56 2.0 

12.6 1:20 1.64 3.5 
15.1 li20 3.0 
17.1 Ii20 4.8 
21.4 Is 20 3.36 3.2 
23.8 1:20 3.64 5.0 
25.6 1 12 4.28 6.0 
28.0 1.25 5.89 

Jolliffe describes a number of experiments on beaches at Seal and 
Winchelsea (see Fig. l) to record the relative rate of littoral drift 
by means of tracer pebbles of different sizes matched to the range of 
pebble sizes present on the beaches. He found a significant correlation 
between the size of pebble and the rate of littoral drift, the size of 
greatest mobility being related to the wave height. 
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On a beach comprising an assemblage of shingle sizes, we may 
consider that a pebble will begin to move when drag and lift cause the 
pebble to rotate about a line between points of contact with other 
pebbles. Fig. 2 indicates how, on a beach of pebbles of different 
sizes, this force will bear the least ratio to the pebble mass for the 
pebble of the largest diameter. Moreover, once set in motion by a 
ware, translational and rotational inertia will tend to cause a large 
pebble to travel considerably further than a small one. The pebble of 
small size will tend to become rebedded into the beach with drag from 
downward percolation opposed to wave lift. 

For a given beach and given wave climate there must be a size of 
pebble so large that it is only infrequently dislodged. Pebbles below 
such a size may be expected to undergo some degree of longitudinal 
sorting if there is a longshore component of wave energy flux. For a 
beach which is in long term stability, but which is subjected to 
different directions of littoral drift by different sizes of waves, the 
sorting should be a significant feature, and generally it appears so to 
be  This effect may arise from the different degree of exposure to 
prevailing winds and swell or from different degrees of refraction of 
different types of waves. 

The size grading along Chesil Beach might be explained principally 
by increasing exposure to the Atlantic as one proceeds along the beaoh 
towards its south-east extremity. This increase is due not only to 
differences in sheltering afforded by Start Point, the west headland 
of the bay, but also to the increasing depth of water offshore in the 
same sense. 

Reverse drift of shingle along Chesil Beach, i.e. towards the 
north-west, will occur under the action of waves generated within the 
English Channel, but these will only be of a height to affect the 
smaller sizes of shingle. Further studies are warranted here to 
observe differences in long-shore mobility of shingle of different 
sizes and gradings subjected to a varying wave climate. 

It is to be noted that for a beaoh not in long-term equilibrium 
little sign of longitudinal sorting is likely to be observed unless 
it is subjected to long-term cycles of reversal of drift. Hor is this 
effect likely to be observed on a groyned foreshore except in individual 
groyne bays, for the reason of the interference with natural drift 
caused by the presence of the groynes* 

BEACH REPLENISHMENT) A SYSTEM OPERATED AT DUHGENESS 

Possibly the finest long-term continuous records of shingle movement 
availabe anywhere up to the present day are those relating to Dungeness 
(seaFig. 1). Here the existence of a pattern of shingle ridges, looking 
like a magnified fingerprint, permits a reconstruction of events over 
nearly 2,000 years'?. 

In recent years the Hess has been building out towards the east- 
south-east at a rate of 3-4m per year, at the expense of erosion along 
the south coast of the feature. As indicated in Fig. 4 the changeover 
from erosion to accretion occurs at a point about 700m west of the Hess 
proper. It will be noted that this change must be accounted for by the 
angle of approach becoming super-cmtioal i.e. greater than that for 
maximum littoral drift, since the degree of sheltering is reduced from 
west to east and the extent of refraction of the dominant south-westerly 
waves is reduced in the same direction. 
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Since 1965 a scheme of beach recharge has been operated to stabilise 
the shoreline between Sections 1A and 8B (Fig. 4) where it forms a frontage 
to the existing and projected Nuclear Power Stations. Shingle for this 
purpose, won from the foreshore and upper beach in the vicinity of the Ness, 
has been transported each year in lorries to the Power Station frontage and 
tipped on the beach at recharge points. These tips build out to form 
shingle breakwaters on the foreshore and it is to be expected that, as they 
persist virtually throughout the winter, they will reduce the erosion 
updrift from the points of recharge.3 Making due allowance for the local 
and short term variations, this effect appear to be supported by the 
figures set out in Table 2. 

The plan of the beach has been sub-divided by section lines about 30m 
apart and fixed points have been selected at intervals along these lines 
seaward from the crest of the beach which is at about 6m above 0 D. 
(approximate mean sea level). Vertioal co-ordinates of the shingle level 
at such points are provided each year from an aerial survey taken at the 
time of Low Water Spring Tides ( about 3» below 0 D ) in August. The 
volumes of shingle in each sub-division of the beach are then provided by 
a computer program and on these data the beach recharge plan for the 
following winter is formulated. 

It is to be noted, in Table 2, that during 1965/66, the year of 
inception of the scheme, a considerably higher degree of beach feeding 
was undertaken than during subsequent years. Table 2 also indicates the 
annual variation in the longshore movement of shingle and in the quantity 
arriving at the Hess. The Power Station foreshore is now virtually stable 
from year to year and it seemed reasonable to assume that any variations 
in the beach profile below low water of spring tides could be ignored, tne 
volume changes provided by the computer data then being actual volume 
changes on the beach. However, as the Hess is still advancing into deep 
water, allowance has now been made for the volume of shingle accretion on 
the steep face to the Hess below low water. The volumes of shingle 
arriving at the Ness, shown in Table 2, also include an allowance for 
accretion north of the northernmost section of the surveyed area. 

In view of the detailed records available of the shingle movement 
over four consecutive years it was decided to study the possible relation 
between wave energy in the area of the Ness and the rates of erosion and 
accretion along the foreshore. However, there are no wave reoords 
available direotly applicable to Dungeness. The nearest recorders are 
on the Varne and Dyck lightships, but in the enclosed waters of the 
eastern English Channel differential sheltering is an important faotor. 
Consequently, since there is no significant long period swell in this part 
of the Channel, wind records may be used to derive at least a first order 
estimate of longshore wave energy flux and wind records were available 
from the Dungeness lighthouse. These records were analysed into durations 
(T) of wind speeds from points of the compass from east through south to 
west for winds of Beaufort Force 8 and higher. 

A wave energy spectrum was then obtained, using the simplified 
graphical relationship prepared by Darbyshire and Draper to provide 
maximum wave heights and thenoe the corresponding significant wave heights 
(Hs). The total annual energy flux factors (EHs TCsin 2oc) were calculated 
and these are indicated in the final column in Table 2, the positive figures 
indicating energy from winds west of the south sector. The comparison of 
these flux factors, which are proportional to the total longshore energy flux, 
with the figures in Table 2 either for nett littoral drift or for material 
arriving at the Ness, shows no general relationship, although the highest 
flux factor is associated with the highest movement of material. However, 
the trend of recharge does generally follow the factors and with a few more 
years experience it might be possible to use these calculated factors to 
predict the quantity of recharge necessary, though some form of survey would 
be necessary to determine the optimal points of recharge. 
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TABLE 2 

Shingle Recharge aad Littoral Drift at Sungeness (in cubic metres) 

Sectiar I Of Year 

Shore 1965-66 ! 1966-67 1967-68 1968-69 1969-70 

1A-4A R 
L -1800 -2300 

20600 
-16100 

12600 
-1300 

4A-50 R 
L 

8000 
-800 

19000 
-1600 -4100 

11500 
-4900 

5C-7A 
H 
L 

43000 
-10100 1000 

7400 
-700 

9500 
-3400 

7A-8B 
R 
L 

23000 
-900 

5400 
-1000 

4400 
-3000 

6400 
-2200 

1A-8B R 
L 

74000 
-13600 

24400 
-3900 

32400 
-23900 

40000 
-11800 

Estimated 
quantity of 
shingle 
arriving at 
the Mess 

80000 30000 90000 55000 

Energy flux 
factor 6.7 6.5 10.1 2.2 

Shingle Recharge 
(Littoral drift into section) -(Littoral drift out of section) 

It will be noticed in Table 2 that a large volume of recharge at a 
section of the shore is generally associated with a high rate of loss. 
This is no doubt due to the form of tipping, which is always onto the 
end of the tip, and where no recharge is made at the adjacent downdrift 
section a build up of beach only occyrs against the following point of 
recharge. It is noticeable that in 1968-69 when a fairly even 
distribution of recharge was made the loss of material waB also fairly 
evenly distributed along the beach. 

Prior to 1965, the average annual loss of material along the length 
between. Sections 1A - 8B amounted to about 25,000 cubio metres per year. 

CONTROL OF A BEACH AX SEAFORD WITHOUT EXTERNAL REPLENISHMENT 

The coast protection problem at Seaford (see Fig. 1) is fundamentally 
one of retaining a shingle beach without the benefit of natural recharge. 
Seaford was orignally established behind a natural shingle bank and there 
are many hundreds of years of history of the variations in the position of 
the mouth of the River Ouse through this shingle bank. Since the 18th 
Century the river has been trained to flow through Newhaven Harbour to the 
west of Seaford. From 1847 the east harbour breakwater arm has prevented 
easterly drift of shingle and has also affected the wave pattern that arrives 
around the perimeter of the bay. For the prevailing south-westerly winds this 
has the effect of causing a reversal of drift, i.e. towards the west, along 
the westernmost protected length of foreshore. 
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Fox many years sea walls and conventional groynes have been constructed 
at Seaford during which period the sea continued to encroach, causing 
considerable damage and the collapse of sea walls. The naural drift along 
this foreshore towards the east has not been measured but is probably of the 
order of lO^cu.m of shingle per year. The economics of a beach recharge 
scheme have been examined but this is highly uneconomic in the absence of 
long term supplies of natural shingle nearby* The only alternative scheme 
that could continue to place reliance in natural shingle as the principal 
medium of protection is one that would contain the shingle along the 
protected length. The object was then to determine the minimum length of 
groyne to ensure effective containment of the shingle. An empirical 
approach is to suppose that a shingle beach, being relatively thin over a 
solid chalk: bottom, may at times of storm be dragged out to sea so that 
its toe corresponds approximately to the breaker point of the largest waves. 
Model studies carried out by the Hydraulics Research Station? generally 
pointed to a similar limit of shingle movement, although allowance has to be 
made for the fact that, while the several relevant hydrodynamxo dimensionless 
factors were satisfied (Yalin, 1963) , the material shape and grading were 
very different from the natural shingle. 

The form of construction of long groynes decided upon had to be much 
more robust than conbentional groynes taken out approximately to low water. 
The groynes, erected intially and experimentally as a timber gantry faced 
with steel sheet piling, were subsequently converted into mass concrete 
groynes built in cellular sheet-piled coffer dams. They are taken out to 
a point at which the bed level is approximately 6m below mean sea level 
(0 D ) and at the eastern end the principal groyne was constructed to 
provide, in addition, a sewer outfall. 

In view of the inclination of the beach crest to the shoreline for 
zero drift, It is necessary to sub-divide the length into intermediate 
cells to avoid the need for a large amount of continuous redistribution of 
shingle from the east end towards the west. A small amount of redistribution 
can be tolerated and it is not necessary for the intermediate long groynes to 
be taken out far enough to achieve full cutoff. The tidal range here is 
approximately 3.5m on Neap Tides and 6.0m on Spring Tides. As a result, the 
redistribution necessary to maintain an adequate beaoh in the area of 
maximum scour (i.e. near the point of reversal of drift) amounts to about 
5,000 cu.m. per year for storm waves of about 3m height and 6/7 seconds 
period. 

Periodical aerial surveys establish that the overall shingle quantities 
along the foreshore remain approximately constant and also indicate the 
volume appropriate for periodical distribution. 

An insidious cause for failure of sea walls on shingle beaches can 
be attributed to undermining by the sea near the time of High Water, which 
action can then become obscured to view on account of partial recovery of 
the beach a Low Water. At Seaford it was observed that, while the upper 
layers of shingle are maintained relatively clean as a result of the 
mobility of the shingle in stormy weather, the lower shingle tends to 
become charged with finer shingle, sand and chalk particles, carried by 
the water percolation through the beach. It is, consequently, possible 
to determine after heavy storms the depth to which the beach has been 
disturbed. The chalk particles act as a cementitious binder so that the 
side of an excavation made after a heavy storm stands vertical, immediately 
below the base of the mobile beach. The depth to which the beach has been 
disturbed at vulnerable points is recorded and compared against previous 
records, against the known levels of the wall footing and of the surface 
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chalk in which, generally, at Seaford, the wall is founded. Although 
local availability of heavy plant for maintenance for these works 
facilitates this simple method of control, in the absence of such plant, 
some simple penetrometer device, or a heavy ring around a pile, might be 
used for the same purpose. At Seaford trials of alternative geophysical 
methods of locating the boundary were unsuccessful. 

REGIME OP A HATUHAIAY ACCBETIHG BEAOH 

{The natural regime of a shingle beach is usually confused by tides, 
by the presence of a well marked division between the medium to coarse 
shingle of the upper beach and fine to medium sand of the lower beaoh, 
also by highly variable winds and currents. The natural form of a beaoh 
may best be studied where such factors do not intervene and the 
characteristics of a beach In Thessalonika help to illuminate this aspect. 

The beach m question is situated in a bay on the wouthwest coast of 
the Sithonia Peninsular facing the Gulf of Kassandra. The beach is 
contained by rock headlands and is largely composed of particles of 
natural quarzite graded from fine gravel to coarse sand. The schistose 
rocks drop away into deep water and there is little fine material in 
suspension in the sea. The beach material has been carried to the bay by 
a river which flows into it. The beach in consequence represents the 
stable profile of a slowly accreting beach fed from this source. Fig. 5 
indicates how the grading and sorting factors vary around the margin of 
the bay. It is seen that the material becomes very well sorted for size 
as it travels away from the river mouth, with the size adjusted to the 
degree of exposure to the waves. 

Pig, 6 shows a typical profile of the shore taken to a depth of about 
30m below sea level. Contrary to the normally accepted shingle beaoh 
profile, seaward of the step, situated approximately on the breaker point 
for the maximum height of significant wave of about 1.7m, the shore drops 
steadily away into deep water, at a slope of 30°" 32° around the bay, 
except locally near the river mouth. The absence of an appreciable 
fraction below coarse sand size, coupled with a low coastal current, 
permits the bed material to stand at an angle a little below its 
natural angle of repose of about 36°. Further to seaward from this steep 
slope there is a variable flatter slope at a gradient of about 1 in 10 
in which the material is predominantly fine sand. In Fig. 5> samples 
A-J are from the foreshore, samples SI, S3, S5 and S7 are from the steep 
inshore bed and samples S2, S4, S6 and S8 are from near the foot of the 
steep inshore slope. 

It is interesting to compare the profile of the Sithonia beach with 
that at Dungeness Point (see Fig. 6) where a shingle beach is aooreting 
in very different conditions, but nevertheless exhibits the same steep 
inshore feature 

In general therefore one can say that a naturally accreting shingle 
beach will tend to develop a profile of a foreshore that is concave 
upwards, steepening towards the crest to the angle of repose, an onshore 
section flattening to a step at the breaker point, then changing seawards 
to a convex upward profile, finally arriving at a steep section seaward 
of the low water mark which assumes a slope a little flatter than the 
angle of repose. The lower features of this general profile, however, are 
frequently obscured by accumulation of sand against the shingle beach. 
Fine to medium sand would only accumulate at a steep angle in deep still 

water, on account of its susceptibility of movement by relatively, small 
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oscillatory currents, the susceptibility being attributable not only 
to the grain size of the material but also to its proneness to rippling. 
An eroding shingle shore, on the other hand, will not develop the steep 
offshore feature, even in the absence of sand. 
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CHAPTER 69 

A COMPARISON OF FLUVIAL AND COASTAL SIMILITUDE 

By      Bernard Le Mehaute,   D    Sc 
Vice-President,   Tetra Tech,  Inc 
Pasadena,   California 

ABSTRACT 

A comparison of the conditions of similitude for movable bed scale models of 
rivers and estuaries on one hand,  and beaches and shorelines on the other 
hand,   is presented      It is demonstrated that despite the fact that the know- 
ledge in sediment transport by wave action is less advanced than in the case 
of steady current,   the conditions of similitude for beaches are less stringent 
than for rivers      In particular,   the effect of relative roughness is compara- 
tively unimportant in the case of beaches,  while the necessity of similitude 
of head loss imposes an imperative condition in the case of scale models of 
rivers     An introduction to a natural law of distortion for beaches is presented 
in analogy with the Lacey condition for rivers 

INTRODUCTION 

Belief in movable bed scale model technology is somewhat mystical--God's 
existence can be proven by logic,  while as many reasons can be proposed for 
proving the opposite     This belief is not a matter of logic--it is a matter of 
faith      Similarly,   agnostic specialists in sediment transport can easily find 
many reasons why similitude of movable bed scale models is not possible    On 
the other hand,  hydraulic engineers believe in movable bed scale model tech- 
nology as a tool for solving practical problems and guiding their intuition 
Sometimes this belief or disbelief is completely irrational      One finds the 
scientist who does not want to admit that this tool could be of practical value 
and one also finds the engineer whose faith in his scale model fringes on the 
rim of superstition,  while he should know its limit of validity      The analogy 
can be further prolonged by considering that different scale model practices 
and technology prevailing in different hydraulic laboratories correspond to 
slightly different religions      But the road to salvation is not umque--despite 
some disagreement between laboratories on what should be done,   none of 
these methods is  "completely wrong"      One can only discuss what could be 
the most universal approach--the better approach actually being the one which 
is the best mastered by individual experimenters 

A detailed investigation of what can and cannot be done in movable bed scale 
models dealing with coastal structures has been presented in a previous report 
(Fan and Le Mehaute,   1969)      This presentation will be limited to some reflec- 
tions which may not necessarily be original,  but which are felt pertinent to this 
convention,  which assembles agnostics as well as believers in movable bed 
scale models      One would like to clearly establish that the chance for success 
of a movable bed scale model dealing with shoreline processes is much higher 
than a movable bed model of fluvial hydraulics      Subsequently,   the first kind 
of model will require less knowledge in the law of sediment transport and less 
astuteness on the part of the experimenter than the second kind 

The reasons which make a coastal model more reliable than a river model are 

a) A less imperative choice of the condition of similitude      This is dis- 
cussed at length in the following       In  general,      coastal models do not 
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require any condition on bottom roughness, while the necessity of reproduc- 
ing head loss in similitude in fluvial models imposes an additional condition 
upon the size of the model material to be used 

b) A wider choice of criteria of similitude in the case of a coastal model     One 
can always satisfactorily reproduce an observed shoreline evolution by 
adjusting wave height,  period,  direction,  duration,  or intensity of tidal 
current     (However,  similitude of sand deposit taking place in a diffraction 
area may be subjected to scale effects   ) 

In fluvial hydraulics,  the choice of criteria is limited to typical flood his- 
tograms and required fineness of topography      (Secondary meandering 
effect may not need to be reproduced in similitude  ) 

c) The third reason for making coastal models more successful is related 
to the problem of hydraulic instability     A river flowing in its own alluvium 
is fundamentally unstable in the sense that if there is erosion,  more water 
will flow,   and,   consequently,   more erosion will follow      The study of a 
meandering nver on a scale model is only possible if the banks are fixed 
A meandering process can be reproduced on a scale model only if it obeys 
a well defined cycle,   such as the Seine estuary 

In coastal processes if one excepts cusps and rip currents on long, straight 
beaches,   the flow pattern is generally well determined by an imposed bot- 
tom topography     Short coastal engineering scale models always deal with 
well defined topography and man-made works,   such as harbor entrances 
Consequently,  there is a general tendency towards a stable state     a dune 
tends to be flattened out and a channel tends to be filled 

d) Finally, the last reason for the success of coastal engineering models is 
due to the fact that beaches are generally made of relatively uniform non- 
cohesive material, while rivers may present a much wider size distribu- 
tion of material and have cohesive characteristics The law of similitude 
for cohesive material cannot be established until more is known about the 
sediment transport of cohesive material 

PRELIMINARY REMARKS 

Prior to entering this subject,   it is pertinent to briefly recall some of the 
fundamental principles governing movable bed scale model technology 

1) Quoting L,   F    Vernon-Harcourt, who continued the work of Reynolds 

"If I succeed in demonstrating with the model that the originally 
existing conditions can be reproduced typically, and if,  more- 
over,  by placing regulating works in the model,  the same 
changes can be reproduced that were brought about by the 
training works actually built,  then I am sure that I can    take 
the third and most important step, namely,  of investigating, 
with every promise of success,  the probable effect of the 
projects that have been proposed " 

This principle has been the basic guideline ever since 

2) A movable bed scale model must fulfill the following conditions 

a)      It must be exact   I   e   ,  it must reproduce with exactness the natural 
phenomenon under study 
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b) It must be consistent   1   e       it must always give the same results 
under the same conditions 

c) It must be sensitive--or more exactly,  its sensitivity has to be 
imposed by the fineness of the topography which needs to be repro- 
duced for the phenomenon under investigation      Secondary    mean- 
dering flow,   small benches,   and at the limit ripples,   will,   of course, 
not need to be reproduced in the scale model 

d) It must be economical,   of reasonable size,  and completed within a 
reasonable time interval 

3) In a movable bed scale model,   the basic similitude requirement is the 
reproduction of bottom evolution observed in the field even if it is not 
achieved through exact similitude of water motion (the way in which 
water motion is  simulated must be logical so that it can be extended 
to future conditions)      Reproducibility of test results under the same 
conditions is a general requirement for all experimental studies     This 
requirement of the model also implies stability under random disturb- 
ances      An unstable phenomenon cannot be studied adequately in a mov- 
able bed model 

"For example,  it would be illusive to study the stability of a river 
flowing in its own alluvium on a scale model because a simple 
bush or a local soil a little more cohesive can definitely guide a 
meander in a way different from the model result      Such studies 
embody by their very nature a risk of complete failure   " 
(Le Mehaute,   1962   ) 

4) It is important to distinguish between conditions of similitude and criteria 
of similitude     The conditions of similitude are an ensemble of formulas 
deduced from the physical laws governing the phenomena under investi- 
gation   e  g   ,  the similitude condition governing sediment transport is 
obtained by an analysis of the mechanics of sediment transport      They 
have an absolute definition which cannot be changed unless an improve- 
ment in the knowledge of the physical law is obtained      They are not 
chosen by the experimenter but are imposed on him     Unfortunately, 
it is known that in the field of sediment transport,  many phenomena 
still remain to be analyzed or clarified      Thus,   the conditions of 
similitude are not as well defined as they should be     A choice of what 
is important will have to be based again on the knowledge of these laws 
obtained by "inspectional analysis" 

In performing a model study,  an experimenter must specify certain 
criteria such as model wave conditions and fineness of model bottom 
features      The criteria of similitude is a free choice of the experi- 
menter to a very large extent     For example,   sea states vary from 
day to day and from hour to hour     The experimenter will choose,  for 
the sake of simplicity as well as practical necessity,  a characteristic 
wave condition and will only be able to reproduce    simplified   storm 
and swell conditions on the scale model     He will choose the wave  direc- 
tion and the wave amplitude and the duration guided by his knowledge of 
natural conditions      In particular,   the wave generator will generate waves 
at an angle which corresponds to the dominant direction of storm wave 
energy      Even though he is guided by his knowledge of wave statistics, 
his final choice will be determined by a trial and error method which 
permits him to reproduce the same bottom evolution as observed in 
the prototype      This faithful reproduction of bottom evolution determines 
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the choice of the wave characteristics,  rather than the strict conditions 
of similitude of wave motion 

Other criteria of similitude will be to what extent he wants to reproduce 
the fineness of the bottom topography,  a typical tide cycle,  the currents 
and their variations with time,   and so on     In summary,   the criteria of 
similitude are specified by the experimenter as reasonable approxima- 
tions for simplification of model operation 

5) Movable bed scale models are distorted, 1  e  ,   the vertical scale is differ- 
ent from the horizontal scale      Distortion is not an engineering trick for 
reducing the size of the model and the bottom friction,  but is the extrapo- 
lation of a natural observed phenomenon     The method to obtain a satisfac- 
tory scale model is first to obey the law of nature,  even though this law may 
not be fully understood     For example,  a small river flowing in its own 
alluvium can be considered a    distorted        model of a large river     This 
means that the ratio depth to width of the small river is comparatively 
greater than the relative depth of the larger one      The ratios of depths  |j 
and widths   X   are approximately related by the law of Lacey (X.2 = y'),  m 
accordance with the "regime theory"     Similarly,  a beach in a protected 
area has a relatively steep slope,  while a beach in an exposed area tends 
to have a more gentle slope (Wiegel,   1964)      The vertical scale being 
defined by the ratio of incident wave heights,  a protected beach can be 
considered as a distorted scale model of an exposed beach      In both the 
case of the river and the beach,   the choice of distortion becomes a strin- 
gent condition to be respected quantitatively, however,   the natural law 
determined by statistical observation of natural phenomena needs to be 
modified in the case of a river model due to the fact that scale models 
generally do not use the same material as the prototypes in order to satisfy 
other conditions of similitude     On the other hand,  natural distortion based 
on the use of sand is compatible with other conditions of similitude in the 
cases of beaches as will be seen in the following     However,   the use of 
sand would rather be discarded as leading to too large a distortion and, 
subsequently,  to large scale effects 

6) To the old teaching tradition which consists of presenting a parallel between 
Froude and Reynolds similitude, I would prefer to make a parallel between 
what we can call "short model" and "long model"     In a short scale model, 
viscous friction is unimportant as compared to gravity and inertia, there- 
fore,  it is governed by Froude similitude     Also,  energy dissipation may 
result from a fully turbulent condition,  as in the case of a hydraulic jump 
or   a wave breaking on a beach      Boundary layer effects in both cases are 
unimportant      The dissipative forces are also proportional to the square 
of velocity like the mertial forces      (A small hydraulic jump is a scale 
model of a large hydraulic jump under proper depths-discharge relation- 
ships  )   This is the generalized Froude similitude 

On the other hand,   in a long model,   friction has a definite influence on the 
flow pattern   therefore,  in addition,  a similitude of head loss is required 
This head loss is a function of the Reynolds number,  but is not determined 
by the so-called Reynolds similitude requiring an equality of Reynolds 
numbers      Therefore,   similitude for long models requires,  in addition to 
the Froude similitude,  another condition which makes long models more 
difficult,  if not impossible,  to handle      The model of a smooth concrete- 
lined gallery cannot provide a "Froudian" discharge under similar pres- 
sure head,   since the friction coefficient can only be larger at a smaller 
Reynolds number (Moody diagram)      On the other hand,   the head loss in 
the scale model of a rough (rocky) gallery can be adjusted for the same 
friction factor insuring the Froude similitude to be satisfied 
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The magnitude of long shore currents and location of rip currents may, 
to some extent,   depend upon friction characteristics of the beaches,   in 
which case the study of this phenomena would have to be considered as 
belonging to the categories of long models,   and therefore,  may not be 
studied on scale models      Nevertheless,  most scale model studies have 
to deal with short coastal structures(like entrance of harbor),  and there- 
fore,   the water motion is not too dependent upon the friction coefficients 
The main dissipative mechanism is due to wave breaking     If viscous 
damping is too significant,   as in the case where the wave has to travel 
a long distance in very shallow "water,  it just means that the model is 
not properly designed     However,  very rarely do we have to be concerned 
with adjustments of roughness for similitude of energy dissipation,  and 
coastal models can be considered as short models      On the other hand, 
as has been pointed out previously,   a similitude of head loss is impera- 
tive for models of rivers and estuaries--these are long models      Despite 
this adjustment,  vertical velocity distribution being a function of the 
Reynolds number could never be in similitude 

7) This relative advantage of a short model is somewhat balanced by the 
lack of knowledge of sediment transport by wave action      The law of 
sediment transport in rivers is relatively well understood      Therefore, 
the condition of similitude may be established with more certainty than 
in the case of beaches      Boundary layer characteristics do not vary too 
much from one place to another      While on the other hand,   in the case 
of beaches,   the boundary layer characteristics vary from offshore to 
the upsurge of the wave     A choice has to be made concerning which 
part of the beach we want to have the best similitude requirements    In 
general,   it will be in the breaking zone,  where the shearing force at the 
bottom is quadratic     However,  it is to be realized that because of this 
variation of boundary layer characteristics from place to place perpendicu- 
lar to the beach,  a total similitude is impossible 

8) In designing a movable bed model,  there are four basic unknowns   namely, 
horizontal scale   X   vertical scale   \s,   sediment size 6,  and sediment spec- 
ific weight Ys>  "which require    at the most four basic equations      However, 
the horizontal scale is generally determined by economic considerations 
and available space      The three remaining unknowns are relatively well 
determined in the case of a river, by a well accepted unique set of con- 
ditions of similitude as summarized in a following section 

In the case of beaches,   there is a great controversy concerning which 
condition of similitude should be imperative      This controversy is due on 
one hand to a lack of knowledge of the law of littoral processes   but is also 
due to the fact that the road to a successful coastal model is not unique 
As a matter of fact,  a thorough analysis of the subject matter may only 
lead to two conditions which give us a free choice for one of the unknowns 
These conditions arp     1) an equality of ratio of shearing force to relative 
gravity,   the shearing force being quadratic as in the case of a turbulent 
boundary layer, and 2) a second condition is imposed by the law of dis- 
tortion of beaches  (equilibrium profile of beaches) under different wave 
actions,  -which embodies globally many misunderstood phenomena      In 
addition to these two,   one can choose somewhat arbitrarily another con- 
dition,   such as a dynamic condition  nu./nw =\/|a»   where   u   is a horizontal 
current,    w   is the free fall velocity of the particles      One would rather 
choose an equality   of boundary layer Reynolds number R*      The theoreti- 
cal formulation based on these assumptions is presented m the following 
section,  based on the assumption that the scale for the friction factor is 
the same as in the case of a fully turbulent flow,  as in the surf zone 
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This relative freedom is partly due to the lack of understanding of the law 
of sediment transport under wave action     But it is also an indication of 
one of the reasons why coastal models are generally more successful than 
fluvial models 

9)      It is pertinent to point out that since the only requirement of a movable 
bed model is a reproduction of bottom evolution,   it is not necessary that 
this be achieved through exact similitude of water motion      Since the 
model is distorted,  a similitude wave refraction and wave breaking only 
is being searched as a most satisfying condition,   susceptible to producing 
satisfactory reproduction of long shore current and sediment transport 
distribution      This is achieved by keeping the ratio of wave lengths and 
wave heights like vertical scale (j   Based upon this condition,  the follow- 
ing wave characteristics are preserved in the model     a) wave steepness, 
b) refraction pattern and angle or refraction with bottom contours,   c) 
breaking angle of wave crests with shorelines    if the distortion is not 
too large,  and   d) breaking depth 

Also,  the scale for long shore current and mass transport velocities is 
approximately u j      Therefore,   the ratio of scales of wave particle velo- 
city to current velocity is approximately unity 

A BRIEF REVIEW OF THE HYDRAULIC PROPERTIES OF SEDIMENTS UNDER 
WAVE ACTION AND CURRENT 

1) It is first recalled that in the case of water waves,  the laminar shear velo- 
city u * (see Appendix for notation)     ^    _    •      .  —=u    j.     yT> 4 /j> 

Uj is the amplitude wave bottom velocity   U- = TT T/sinh kd 

For R. > 160,   the boundary layer flow is turbulent,   then the turbulent 

bottom shear     T    = p f U./8   where   f   is the Darcy-Weisbach friction   (2) 

factor,   and u^ =   /7~ U. (3) 
" 8 

2) The hydraulic properties of a sediment particle are often represented by 
its fall velocity   w   in the water,   defined by the equation 

1   33#V   =   f(^-)     orj=     =   f   (TYW-D/V) (4) 

In Stokes range,  wD/v (0   1 

JyW 
Yg    (jTgD   D/v) (5) 

3)     In coastal processes,  the sediment motion is caused by wave and tidal 
current actions     In studying such interactions,     an important criterion 
is the critical condition     initiation of sediment motion      Shields' criterion 
of the initiation of sediment motion is in the case of a steady current 

T, c =  f.   (Ror,)     where    j-   IS the critical shear stress (6) o g y' D 1 "C      —     iC 

R;<(~ = ux(- D/v   is the critical boundary layer Reynolds number based 

upon grain diameter  D 
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UK     = J Tr/p      is the critical shear velocity     If a boundary layer densi- 
c 

metric Froude number F;V is defined as     F.,t = *  (7) 

JJrv 
then Equation (6) can be expressed as     F        = f |R^    ) (8) 

xc        V    C; 

where F^ is the critical boundary layer Froude number For a given 

size of sediment, a critical velocity u„ can easily be derived by noting 

the relation    u = C     u, /J   g where C    is the Chezy coefficient      (9) 

Such criterion has also been investigated extensively in the case of sedi- 
ments under wave action     It is remarkable that the criterion is identical 
with that of the steady current case,  although the range of   R*Qis consider- 
ably smaller     For initiation of sediment motion due to wave action,  the 
boundary layer Reynolds number   R^     based on grain diameter is given 
by ,2 . i_    ^in a laminar boundary layer 

R*    =2!D        3-3^ 2 )4 

C V v T   sinh  kd   ' (10) 

At present (1970) there is no experimental information on initiation of 
sediment motion due to combined wave and current actions known to the 
authors     Based upon dimensional consideration of similar nature as 
Equation (8),   the criterion can be expressed as . u"w        *\ 

where F^    and   R^p are critical boundary layer Froude and Reynolds 
numbers,    based upon either wave or current shear velocities   1  e   , 
u=;w   or   u+     respectively     The parameter u-w/u*c   shear velocity 
ratio represents the relative importance of wave and current effects 
An additional factor is the angle of wave incidence to the current direc- 
tion   I 

4)        The volume transport rate of bed load qs    can be expressed in general 
as a function of boundary layer Reynolds number, 
Froude number 

=   fl 
(12) 

(4 /g) 
= f2     (R,,  T„  aD ) (13) 

where q      is the volume sediment transport rate per unit -width      The 
effect of distribution of the sediment size is considered by including 
the geometric standard deviation   on 

Sediment transport by waves is mainly due to mass transport and long- 
shore currents      On a beach,  the onshore and offshore transport of 
sediments are reflected by the beach profiles      The alongshore trans- 
port of sediment (1  e  ,  littoral drift) is induced by longshore currents 

For bed load transport due to combined wave and current action,   the 
volume rate is expected to be affected by two additional parameters, 



1084 COASTAL ENGINEERING 

namely,   1) the ratio of characteristic velocities between current and 
wave uc/uw,    and   2) the incident angle of wave to the current direction 

' ' 6 '   rV~v  =f(R*' F" uc/u-' $* an] (14) u„   (u, / g) 

5) Beaches are formed by wave and coastal sediment interactions      Beaches 
are said to be in equilibrium when they reach stable profiles under rela- 
tively constant wave action     This means that the offshore and onshore 
transport of sediments are in balance     In general,  the form of equilib- 
rium profile of a beach depends upon the wave characteristics,   such as 
wave height and wave length or wave steepness,  sediment specific 
weight and sizes 

There is no well established law on beach equilibrium which can be 
applied both to offshore and surf zones, or to both natural sand and 
scale model light material A study is now being conducted at Tetra 
Tech for this purpose 

6) The most commonly accepted relation for littoral drift is approximately 

Yf E /v    - y    \ 1/2    / \   1/2 

•* )   U3 ) 2g (Ys -  Yf)D s      I       Y. 

where   E   is the longshore energy and K   a constant coefficient   (Manohar, 1962) 

SIMILITUDE RELATIONS FOR MOVABLE BED RIVER MODELS 

The similitude relations for movable bed river models are derived based upon 
similitudes on    (Boucher and Le Mehaute,   1957)    1) basic flow characteristics 
and flow patterns,   2) head loss,   3) sediment transport characteristics   and 
4) kinematic condition on sediment motion 

As in a coastal model,  there are four basic scale ratios to be determined 
namely,  \, the horizontal scale    m,  the vertical scale (or distortion,   0), D, 
artificial sediment size, & y' apparent specific weight     However,   in many 
river model studies,   an extra distortion is allowed for the river slope 
Here,   only the case with one distortion is discussed 

For similitude on basic flow characteristics and flow patterns,   the model 
flow conditions are deduced based upon the Froudian law      The scale ratio 
of flow velocity   n     is z        and the time scale n,  is -j (16) 

" n
u = |i t nt = XM   •* 

For similitude of head loss,  there are two conditions     1) the energy gradi- 
ent, and   2) the bed configuration     Based upon Chezy's formula 

u = C    J dS where C     is the Chezy coefficient = J 8/f (17) 

d   is the water depth_~_ Ri ,  the hydraulic radius for wide rivers      S    is the 

energy gradient 

Since the energy gradient for a distorted model must be exaggerated by a 
factor of   Q,  the scale ratio for the Chezy coefficient   n-,    is _    -z     (18) 
and nf = n c Cc 
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This condition is valid for movable bed models as well as for fixed bed models 
(For the latter,  the head loss is set up experimentally without taking into account 
the relative roughness   )   For movable bed models,   since the flow is kept fully 
turbulent,   C      can be expressed as     C     = K (d/D) 1/6 (19) 

where   K   is a proportionality constant,  and   D   is the sediment size 

A necessary condition for this Equation for Cc   to be applicable is that there 
should be no ripples or dune formation in the model      This condition is 

R^ = u*       =116 -z  >500 (in the model), where R v is a boundary layer     (20) 
v 

Reynolds number, u(   = ,/gdS      is the shear velocity      The condition  R^ > 500 

implies   R>500   where R = u^>,     (l  e   •  tne flow is fully turbulent in the        (21) 

V 3 
model)     Then the scale ratio for the sediment size   n„   is given by    n_, = |in      (22 

For the similitudes of sediment transport characteristics, there are three 
basic aspects namely, 1) initiation of sediment motion, 2) regimes of bed 
configuration and 3) bed load sediment transport characteristics So far, 
modeling of the suspension transport has not been carried out 

The condition of initiation of sediment motion due to current action,   as dis- 
cussed in a previous section,   is     F        = f (R      ),  where F is the (23) 

r <C "C C 
critical boundary layer Froude number, and B.^       is the critical boundary 
layer Reynolds number C 

Based upon the general formula for bed load transport rate per unit width, 
q     can also be expressed in general functional relationship as 

q„ 
= f7 (R_   F„,   o-J (24) 

u*   (u»i   /g) 
±2 *"*.   **>   "D- 

Based upon the above reasoning    the similitudes of sediment transports 
including condition of initiation of sediment motion,require     n„   = 1 (25) 

n.     = 1 (26) and n       = 1 * (27) 
J** 0"j-j 

These Equations are entirely similar to those derived for coastal models 
They imply 2 -1 -1      ,       and ,    ,a        2 f U. \z (28) 

n        n   .        n„      = 1 n     = nTT   (n,)" = u   I -F   ) 

or n      nD= un (29) 

In general,   R* in the field is large      For large R- ,   the sediment transport 
characteristics are approximately independent of   RA     On the other hand, 
it is desirable to prevent occurrence of ripples in the model      Thus,   Equation 
nR   =1    is relaxed in practice except specifying   R*>500 in the model      At 
large R*,   the sediment transport characteristics are believed to be dependent 
primarily on Fs<      On the model bed,  it is undesirable to have extensive ripple 
formations because the model ripples often contribute too much flow resistance 
in comparison with the prototype condition and their effect is difficult to control 

A kinematic condition of sediment motion is specified here as an additional 
basic similitude relation, a sediment in suspension travels distances in the 
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vertical and the horizontal directions proportional to its fall velocity   w 
and its horizontal velocity  u,   (1  e     x/y = u/w,  where   x   and   y   are (30) 
horizontal and vertical distances of travel      This Equation gives an  addi- 
tional condition on the basic unknowns , -2 ,_,. 

n=nw/nu=nw^ (31) 

Considering the value of the fall velocity   w,   the scale ratio   n      is then 
A w 

given by     n    = (n   , n_/n,   )2,    where n„      is the scale ratio of the (32) a '       w        y     D    fw fw ' 
function f    (wD/v)      This condition cannot be expressed explicitly,  because 

of the inclusion of  n.        However,  it is interesting to note that if one uses 

the same sediment m the model as in the prototype,    n    = 1 ,    the above 
2        3 w 

Equation reduces to     X    = \j.    , which matches the Lacey relation (33) 

based on river statistics, but   n„    = 1   and   n_.    =1   are then not verified 
* * Kx 

In summary,   the similitude relationships of movable bed river scale models 
are determined from three conditions     1) similarity of head loss   n,. = ^X , 
2)   similarity of sediment transport characteristics     n„   = 1     and   3) kine- 
matic condition of sediment motion   *Hi _ X.   leading to      >"    a well defined 
distortion     In addition,   there n^ ~ |j should be no ripple formation 
in the model    R^ >500 

The bed load transport formula,  Equation (24) is used to obtain the time 
scale of bed evolution   n,, ,     , , 5/2   -2 (34) tb      ntb = X ti/nqs = X        u 

The kinematic conditions imply Lacey's law at   n    =1      The Lacey's law is 
also compatible with the regime theory of rivers    Dased upon statistical 
analyses of meandering rivers    width 0= Qj,  depth ccQl/3   in scale relations, 
it gives identical relations as the one obtained by previous considerations, 

X    = u (35) 

which is often used as a guide in choosing   X   and   |i  values     However,   since 
this is derived by assuming identical model and prototype sediments,  another 
relationship should be used in actual choice of scale ratios     This relationship 
can easily be verified quantitatively from the previous set of Equations where 
the particle fall velocity for the light scale model material is taken into account 
exactly 

SIMILITUDE OF SEDIMENT MOTION FOR COASTAL MODELS 

Similitude of sediment motion means homogeneous scaling of sediment trans- 
port characteristics in the model, 1  e   ,  consistent quantitative relationships 
between the model and prototype transport quantities     For a distorted 
Froudian model,      similitude of wave refraction insures 
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approximately identical   u   /u      and    $   values as in the prototype      For con- 
^^ '       o c     w 

stant   q   /u t   I _"_\ ,    it requires 

n„    =    1 (36) n„     =    1 (37)     and      n       = 1 (38) 
F* K* CTD 

(The condition   n      = 1   is disregarded by most investigators   )    These 

2 
= l-   i Y 

Equations give n       = n   , n_       and      n      n_ 

The scale for n is actually difficult to define, since the boundary layer char- 
acteristics vary * from offshore (viscous case or ripples) to the breaking zone, 
where it is fully turbulent,  without ripples 

In the first case (viscous) n      = ^t 

T    ^    u       , I/2      I/2 
In the breaking zone n      = n,        ^ 

Considering the state of the art,   it is difficult to assess the value of n^     If 
one assumes that   f   in the surf zone is a function of the relative roughness, 
as in the case of a river,   then   nf = [j/X        Then <^     ^-2 

nD=^U-1 (39) nY, =nD'
3 = M

3X"3/2 (40) 

The use of natural sand,  n   , = 1 ,  would require that n_= 1     This implies that 

model sand should be identical to the prototype sand     In this case,   Equation 

(40) gives    X2 = |i,  which could be considered as the natural distortion law 
2        3 

equivalent to L,acey condition   X    = |_l   for rivers      Since the scale for the 

slope is equal to distortion    n    = -^ ,  n    = —j—      (A natural beach subjected 
s \z 1 

to 10 foot,  12 second "waves of   slope 1  will     have a  1nn    scale model slope 
50 1UU 

of 1/5 when subjected to a 1 foot,  4 second wave  )   However,  a lighter material 

than sand will actually insure less distortion and a more gentle scale model 

slope,   therefore,  less scale effects      It is interesting to note that Equation 

X2 = u   is compatible with n„   = 1   and also   n„    = 1      Consequently,   sand 

can be theoretically used on scale models of beaches 

Although similitude of R*   and F*   are obtained based upon the bed load trans- 
port formula,  the similitude relationships have the following additional impli- 
cations     1)   similitude of initiation of sediment motion,   and 2) similitude of 
regimes of sediment motion 

Thus, such similitude relationships imply a similar and homogeneous trans- 
port characteristic over the model as in the prototype However, there are 
several restrictions before the above equations for n_ and n , can be used 
These limitations are ' 

1) Both the prototype and the model boundary layers are turbulent (this is 
certainly true in the surf zone) 

2) The model friction factor is scaled according to distortion of   n, = -= 
3) Size distributions of the sediments should be identical between 

model and prototype 
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4)     Moreover,  the analysis here does not apply in the case of a pebble beach 
In such case,  the condition o£n_     =1 is replaced by a limiting value of 
R^,   say,  of 500 * 

Theoretically,  relationships between scales,  distortion,  artificial sediments, 
etc   ,  are obtained based upon similitude of sediment transport characteristics 
and equilibrium beach profiles     Because of the uncertainties involved,  certain 
preliminary wave tank experiments are necessary      The purpose of such wave 
tank experiments is to confirm the choice of distortion and artificial sediments 
The similitude of sediment transport characteristics by selecting nR   = 1 and 
n-p^ = 1   gives not only the correct scaling of bed load transport, "     but 
also the critical condition of sediment motion 

The condition npA = 1 may then be too stringent and be replaced by a condition 
such as Hj, > R,<*, where R.,,, is a minimum critical value for the scale model 
(say 160 implying a turbulent boundary layer) 

An important scale ratio is the time scale of bottom evolution   n^      The value 
of ntk   is usually determined in the process of reproduction of bottom evolution 
Analytically,    nj-fo   can be obtained from any sediment transport formula (15)    For 
a coastal movable bed model,  the littoral transport formula,  is proposed here 
to be used for determining the value of n^ 

n,   =       ^   = X  yf n   ~    n   ,2   where nfi      is the scale ratio of (41) 
Os ^ \ Vi° 

the littoral transport rate      This Equation is applicable only in the case of 
coastal problems where the littoral transport is the dominant sediment trans- 
port mechanism.   For river models,  a different formula has already been 
proposed      This formula is useful in predicting time scale of bed evolution 
in the model     At present,  there are,  to our knowledge,  two sets of data 
available for comparison 

1) Cobourg Harbor Study (Le Mehaute and Collins,   1961) 

Model conditions     \ = 1/200,   |j = 1/60      Artificial sediment     Gilsonite, 
n  ' = 0  0182,  n„ = 7   . 

Y D 
Timescale by model reproduction of bottom evolution     n ,   = 25 min     1 yr 

Timescale from proposed Equation     n ,   =117 minutes     1 year 

In this study,   the model wave height was exaggerated,   approximately, by 
a factor of two     A correction of the wave height scaling based upon the 
littoral drift equation gives     n ,   = 29 minutes     1 year, which is close to 
the predicted value 

2) Absecon Inlet Study (U    S    Waterways Experiment Station,   1943) 

Model conditions     X = 1/500,   \j. = 1/100      Artificial sediment     Sand, 
n   , = 1,  n_, = 0   63 

Y' D 

Timescale by model reproduction of bottom evolution     n .   = 13 hrs   1 yr 

Timescale from proposed Equation     n ,   = 56 hours      1 year 

Again there is a correction on the exaggeration of the model wave heights 
(a factor of about two)     n ,   = 14 hours     1 year 
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An additional correction is to be made due to the fact that 22 percent of 
time was not reproduced in the model when there was no littoral trans- 
port in the field     n ,   =11 hours      1 year 

Thus,  these predicted time scales compared favorably with observed 
values      The accuracy is estimated to be "within 30 percent 

CONCLUSION 

The success of a movable bed scale model depends upon the proper choice of 
distortion and material Distortion is a natural observed phenomena, which 
needs to be strictly adhered to for similitude Its choice can theoretically be 
justified in the case of a river, based on -well defined conditions of similitude 
These conditions lead to a Lacey type relationship close to X = U The law 
\2 = JJ3 prevails in the case where the same material (sand) is used in both 
the prototype and the model This is the law of "natural distortion" which is 
not compatible -with other conditions of similitude (n_,   = 1,   n- = Q) 

The choice of scales and material is less well defined in the case of beaches 
However,  for a given material and vertical scale,  there is also a well defined 
rate of distortion based on the equilibrium profile of beaches      This approach 
compensates to a large extent for the lack of under standing of the law of sedi- 
ment transport by wave action      If one assumes that the regime in the boundary 
layer is turbulent,   the friction coefficient can be related to relative roughness 
(as in the case of a steady flow) and the same material,  a law of "natural dis- 
tortion" is also obtained such as X*'^ = [1     The first law is approximately 
verified by compilation of river statistics,  while the second law (X*' ^ = |j) is 
obtained from theoretical considerations      This law still needs to be proven, 
improved,   or disproven from observation      For the time being,   one can only 
insure that it gives a qualitatively observed trend (Wiegel,   1964)      Lighter 
scale model material will insure a smaller rate of distortion      Therefore, 
the use of sand in movable scale models may provide too large a scale effect, 
even though it is now compatible with   n._,   = 1   and   nR   = 1      It is hoped that 

present studies on equilibrium profiles of beaches will solve some of the 
uncertainties that have been brought out in this paper     In the meantime,  pre- 
liminary 2D tests are still necessary for determining distortion prior to design- 
ing any large 3D model 

It is also hoped that the present paper will help to demonstrate that movable 
bed scale model technology is not "magic witchcraft" after all 
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SUMMAR Y 

Conditions of Similitude 

Coastal Fluvial 

1)  Similitude of wave refraction 

Time scale     n,   = u2 

t      K             i. 
Velocity,   current n    - |i 3 

Similitude of wave breaking 

b 

1)   Normal Froude similitude for dis- 
torted model i 

Time scale     n   = X/|J 2 

! 
Velocity           n    = \x z 

2 
2)   n_    = 1   n        = n   . n„ (imperative) 

2 
2)  n_    = 1   n      = n   , n„   (imperative) 

F>c             u,         Y     D 

3)   n_     =1   (not imperative, 
*            but recommended) 

3)   Rv>500     no ripple (imperative) 

4)   Short model     independent of 
relative roughness 

_i 

n    = |jX" 2 if (' ) n, = |j/X (surf zone) 

4)   Long model     similitude of head loss, 
function of relative roughness 

n„   = (— J2,  n, = |j/X (imperative) 

_i 
n    = |iX~2 (turbulent boundary 
u*                                           layer) 

5)   Suspension 

n 
— = —   (not imperative ') 
n        U w     ^ 

5)   Suspension 

u  _ X 
n          U "W         ^ 

6)   Distortion imposed by equilibrium 
profiles of beaches    (Still undeter- 
mined for light model material  ) 

6)   2,  4,   & 5 combined lead to a dis- 
tortion with different material (imper- 
ative) 

Natural distortion (same material), 
and where 

n£=*     X2 = U 
Compatible with n_   = 1,  n_   =1 

but too large distortion(scale effects) 

Natural distortion (same material) 
,2        3 
X    = n 

Compatible with regime theory,  but 
not with   n-p  =  1 
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Similitude Relations 
Phenomena and 

Important Quantities 
Fluvial Coastal 

A)   Geometry- 

Horizontal length X X 
Vertical   length P P 
Distortion   ft u/x p / X 
Slope    (river,  beaches) S M / X n / X 

B)    Water Motion Characteristics 

Water depth   d,  wave breaking depth cL 
Wave height H, breaking wave hgt    H, 
Wave length   L 

P p 
p 
p 

Wave period   T p 
Refraction angle & wave breaking angle 1 
Wave diffraction,  reflection Not in similitude 
Time scale   t 

|i2 
Pf 

Particle velocity- 

P   2 Mass transport longshore velocity- 
Friction coefficient   f n i fi (for surf zone) 
Chezy coefficient   C CT2 i 
Viscous sublayer (un)"2 i_ 

Shear velocity   u^ (ufi) s (|jQ)2 (for surf zone) 
R    >160 

^1/8 R6 < ^o^iscous) 
Energy slope a 
Head loss p 

C)   Sediment Characteristics 
1          , i 

Sediment size   D ,2      -1 

W-3/z \l |i"  (for surf zone) 
u3x-3'2 Apparent specific weight y' 

Size distribution   o~ 1 1 

D)   Initiation of Motion 

Critical boundary layer 
Reynolds number R0 R;<     > 500 1 

C C 
Critical boundary layer 

Froude number   F 1 1 

E)   Sediment Transport Characteristics 

Boundary layer Reynolds number R^ > 500 1 or n     n~ ~ 1 

Boundary layer Froude number F0 

Volume of deposition or erosion 

1 

X
2
P 

1 or n ^ = nv'n_ 
y                 U                             '            D 

X   P 
Time of bed evolution x5/2 u-2 ,2   -3/2      -1       | 

X   P          nD     "y1 
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Comparison of Various Approaches for 
Determination of Basic Scale Ratios of 

A Coastal Movable Bed Model 

Authors Basic Relations Method of Derivation 

Goddet & Jaffry 
(1960) 

17/20    8/5 n
D = u          n 

3/20n-3/5 

Sediment motion due to 
combined action of waves 
and currents 

Valembois 
(1960) 

n = nY,_1 

3        . 
n

Y'nD   = X 

^ = n
Y' nD ("H^)"4 

Kinematics of motion of 
suspended sediments 

Similitude of D 

Modified relation of initia- 
tion of sediment motion 
D    =KR„8/9 

Yalm (1963) 

3/4,   1/2 nD= u       X 
3      . n   ,n_ = 1 

Y' D 

Dimensional analysis 

Bijker (1967) „-l n   .n^fi       = M n 
Y    D             ^      y r 

fi 4- equilibrium beach profiles 

Similitude of F; 

Present 
Method(1970) 

3       . n   ,n_ = 1 Y D 
3-3/2 n

vt = |i  X                or 
Y T.1/2      -1 nD = X         u 

Q •- equilibrium beach profiles 

Similitude of sediment 
transport characteristics, 
l   e   ,   F    and R, 
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LIST OF SYMBOLS 

d, depth of water at breaking 

2    -1 * C Chezy coefficient   (L   T     ) 

d depth of water 

d, depth of water 

D mean sediment size 
/(Ys "  Yf) g N

1
/
3 2/3 

Du dimensionless sediment size = ( g )        ^ ~ ^> '^ J 
v Yf 

-2 
E wave energy flux per unit length of the crest (MLT     ) 

f Darcy- Weisbach friction factor 

F.,t boundary layer densimetric Froude number = u;< /  *]y' gD 

F^ critical boundary layer Froude number on initiation of sediment 
C motion 

g acceleration of gravity 

H wave height 

k wave number = 2TT/L 

L wave length 

n scale ratio with subscripts denoting corresponding quantities = 
" "    (value of model)/(value of prototype) e  g  ,  n^ is the scale ratio 

of the wave lengths 
2   _ i 

q volumetric sediment transport rate per unit width (L T     ) 
s 3-1 Q volumetric sediment transport rate (L T     ) 

r radial coordinate 

R, hydraulic radius 

R boundary layer Reynolds number = U.6/v 

Rx boundary layer Reynolds number based upon sediment size = 

R^ critical boundary layer Reynolds number on initiation of sediment 
C motion 

S slope 

S energy gradient 

t time 

t, time of bed evolution 

T wave period 

u horizontal velocity 

u^ critical velocity for sediment motion 
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u, shear velocity = »/ T / p 

uy< current shear velocity 

uA wave shear velocity 

U horizontal velocity 

U, velocity immediately above the boundary layer 

v vertical velocity 

w sediment fall velocity 

x horizontal coordinate 

y vertical coordinate 

"L, 

boundary layer thickness 

laminar boundary layer thickness parameter 

turbulent boundary layer thickness 

Y* specific weight of the fluid 

y specific weight of the sediment 

y' apparent specific weight of the sediment =(y  - Yr)/Yf 

X horizontal scale 
2   -1 

^ vertical scale,  dynamic viscosity of the fluid (ML T     ) 

v kinematic viscosity of the fluid 

Q distortion = |j/X 

$ angle of wave incidence w r  t    the current direction 

TT 3   1416 

p mass density of the fluid 

an geometric standard deviation of the sediment size distributions 

T shear stress 

T_ critical shear stress on the initiation of sediment motion 
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CHAPTER 70 

STUDY OF DURBAN HARBOR SILTING AMD BEACH EROSION 

Jan Malan Jordaan, Jr., M. ASCE ' 
Abstract 

A i • 300 vertical, 1 t 100 horizontal scale model of seven 
miles of coastline, including the major area of the port limits 
and the inner harbor, was constructed to study combined wave, 
tide and wind action on transport of sand along the coast. 

The effects of three predominant conditions of swell and 
wind-waves on the state of the ocean front beaches were studied 
by observing relative changes in shoreline contours. Fluorescent- 
dyed sand tracers were also used in the model. The accumulation 
and dredging of sand near the harbor entrance was reproduced in 
the model and various dredging and storage proposals were carried 
out to scale on the model. 

The model study enabled the cause of beach erosion to be 
attributed to the existence of an offshore shoal produced by the 
localized dumping of sand dredged from the harbor approaches. 
This shoal caused selective wave action along the coastline, 
which was reproduced to scale in the model. It was found that 
wind and tidal action had a major effect on the redistribution 
of sand on the beaches as modeled but a minor effect on the 
permanence of the harbor entrance channel. Apart from the inter- 
action of dredged sand at times being fed to the beaches, the 
problem of beach erosion could be studied independently of that 
of harbor silting on the same model. Sand was fed to maintain a 
state of equilibrium on the southern aooroach beach to the harbor 
to simulate the littoral sunply. 

The northern beach downdrift of the harbor entrance, where 
the erosion problem existed, was found to be essentially starved 
of littoral supply, due to maintenance of the harbor entrance by 
dredging and offshore dunroing. 

The requirements of the model study also gave rise to a 
program of field data collection on the governing environmental 
factors, which in itself aided considerably to the diagnosis of 
the causes of the state of unbalance in the shoreline. The 
model study led to several proposed remedial schemes, certain of 
which have been adopted since completion of the model study. The 
model study was conducted by the South African Council for 
Scientific and Industrial Research, for the South African Rail- 
ways and the City Council of Durban. 

IT 

2) 

This work was conducted by the author while a Senior Research 
Officer of the Nat. Mech. Engrg. Res. Inst., South African 
Council for Scientific and Industrial Research, under contract 
with the South African Railways and the City Council of Durban. 
Assistant Chief Engineer (Design), Department of Water Affairs, 
Pretoria, South Africa. 
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Figure 1   Plan of Vicinity and Location. 
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Figure 6.  Variability of beach profiles at fest Street Jetty, 
South Beach. 
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Figure 3. Wind roses for Stamford Hill and Louis Botha Airports, 
Durban. 
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1• Historical resume and statement of the problem 

Durban is situated on South Africa's east coast around a 
natural bay which was first settled in 1824. It has since grown to 
become the country1s largest port and most popular seaside resort 
(Pig. 1)• 

The Durban port is located at a geological irregularity of 
the otherwise straight coastline. The harbor entrance channel is 
formed between the 300 ft high projecting spur "The Bluff" and the 
20 ft hisrh estuarine formation "The Point". The nearshore area and 
the beaches are referred to as the Bluff side and the Bight respect- 
ively. 

Before 1851 the estuarine channel remained open naturally, main- 
ly as a result of tidal action and the protection afforded by the 
Bluff from SW to SE storms. The depth over the bar was, however, 
only about 6 feet at that time. In 1851 the harbour entrance-channel 
works were commenced. Breakwaters were built and extended at intervals 
on both the north and the south sides of the entrance, until the 
present state was reached in 1952 (Moffatt, 5). 

At present the entrance channel is dredged to a width of 650 
feet and is kept 42 feet deep in the channel proper and 48 feet 
deep at the bar. Maintenance dredging, which consists mainly of 
keeping the sand trap just south of the entrance approximately 54 
feet deep, has steadily increased and now amounts to approximately 
800,000 cubic yards a year (Pig. 5). One of the main aims of the 
investigation was to find means of reducing this amount. 

The material which was dredged was mainly dumped offshore, in 
the earlier years up to 1938 in an area about 1^ miles east of the 
entrance and thereafter at various distances south-east of the entrance. 
During more recent years, however, some of the material has been sup- 
plied for pumping to the beaches (Pig. 7a). 

The second main task of the investigation was concerned with 
stabilizing Durban's ocean beaches (Pig. 6). The beaches are located 
between the Point and the TJmgeni River mouth on Durban Bay which 
forms part of a concave nortion of coast stretching north from Cape 
Natal (Pig. 1). In the past, due to this particular location, a 
rather stable condition must have existed \4),    Due to the harbor 
entrance improvements the equilibrium of the sand movements was 
disturbed (3). During the earlier stages of breakwater building 
(1851-1903) large deposits, a result of greater protection against 
SW to SE swells, caused the beaches to progress generally seawards 
a distance of about 800 feet. 

Prom 1938 until 1949 some 5 million cubic yards of sand was 
pumped to Vetch's Bight (Pig. 9) by S.A. Railway dredgers moored at 
the North Pier through a 42" dia. pipe (4). 

Prom 1950 to 1953 sand was pumped from a suction plant just 
south of the South Breakwater directly to Vetch's Bight through a 
16" dia. submarine pipeline across the entrance channel. Because 
insufficient sand collected near the suction plant in the Cave Rock 
Bight, after 1953 the original system with the Railway dredgers 
delivering sand to Vetch's Bight was resumed. It was presumed that 
initially 600,000 cubic yards of sand oer annum would be pumped and, 
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after a period of building up, 300,000 cubic yards of sand would be 
available for maintenance. Moreover, two groins or breakwaters 
(Paterson Groynes) were built between 1954 to 1956 in order to 
stabilise the sand supplied to the Central Beach. 

In 1960, at the start of this investigation, the supply of 
only one-third of the annual quantity of sand required for mainten- 
ance purposes could be realized, so that the Central Beach in 
particular was badly starved of sand. In addition, scour holes 
developed near the tins of the Paterson groins, causing a Steep 
beach slope and dangerous swimming conditions near the groins. 

2. Data Collection 

In order to successfully perform a hydraulic model study such 
as the Durban investigation, a complete set of field data, covering 
both oceanographic, topographic and geomorphological aspects tnust be 
obtained.  Oceanographic data were collected over a period of 26 
months from October 1960 until November 1962. 

Wind. The result of the analyses of wind records taken over ten 
consecutive years at Stamford Hill Airport and over three years at 
Louis Botha Airport are shown in Figure 2. The predominance of 
strong winds from north-easterly and south-westerly directions is 
striking. This fact was made use of in the layout of the model. 

jf*y_es. Long period waves (swell) and storm waves cause rapid 
migration of sand directly and also indirectly by wave-induced 
currents. Sand movements can be correlated witn incoming wave 
energy. Proper wave records are therefore essential for the analysis 
of sand movement. Waves can be fully described by their direction of 
approach, hela-ht and period. Because wave patterns are often very 
complex the above values have to be expressed statistically. 

Wave characteristics have been recorded over various periods at 
the beach front (Vest Street Jetty), at the harbor entrance ~md by 
inverted echo-sounder recorder 1 mile off the Bluff (°). Wave 
direction, refraction'-and diffraction were successfully recorded by 
means of aerial photography for three typical weather conditions. 
It is clear from Figure 9 that wave direction in the Bight area is 
very much affected by wave refraction, while m the Vetch's Pier 
area* diffraction plays an important role. 

The six months echo-sounder records have been supplemented and 
combined with Pilot Boat logs and clinometer readings to give the 
Jirave energy roses shown in Figure 4. These wave roses are fully 
representative for an average yea r (6). A very severe storm occurred 
from 24th to 30th August, 1962 when the recorder was inoperative. 
Stereo-photo pairs of the waves during the peak of the storm were 
obtained from an aircraft and these, together with visual estimates 
of wave heights, led to the conclusion that waves up to 20 feet high 
and of 11 to 12 seconds period occurred near the harbor entrance. 
The persistence of swell from any one direction has been determined 
as normally t-iree to four days. A persistency of seven days was 
never exceeded. 

Currents. Even fairly weak currents can cause substantial sand 
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movements vhen occurring concurrently with waves of swell which 
stirs ut> the bottom material into suspension. On trie other hand, 
current velocities have to oe about 1.25 knots to be able to trans- 
port material not already in suspension. The sou*"! bound Mozambique 
current, which is in general not found within the 100 fathom line, 
creates a counter current from south to north along the coastline 
at Durban. The extent and strength of this counter current nas been 
found to be extremely variable. 

For correct reoroduction of prototype conditions in the model 
a better understanding of the current system near Durban was therefore 
called for. Measurements, snread over a oerxod of nearly two years, 
included earial nhotograohic tracing of surface floats with drogues 
attached, orooeller current meter measurements from a boat, tracking 
of floats with two rangefinders and measurements of bottom currents 
with jelly bottles. 

3. Morphology 

The quantities of sand in beaches above low water mark taken 
from regular fortnightly surveys made by the Durban Corporation are 
given in Figure 7b. The total and the South Beacn quantities have 
also been slotted. A significant loss of sand is seen to have 
occurred at the equinoctial soring tides.  A set of typical extremes 
in beach profiles taken along West Street Jetty over a oeriod of 
eighteen months reflect the effects of various extreme conditions 
on underwater beach formation (Pig. 6). The maximum variation of 
beach level near mean sea level was found to be nine feet, correspond- 
ing to a beach width change of approximately 150 feet. 

Dredging at Durban harbor started in 1884 in the entrance 
channel and in 1893 on the bar. Prom 1903 onwards dredging was 
concentrated more in the sand trar> area. The data for floating five- 
vear averages of annual dredging outside the harbor basin are plotted 
in Figure 5. Available records^of channel and bar depths have been 
olotted as well. The correlation between dredged quantities, channel 
and bar depths can readily be seen from the figure. For the past 
several decades the South African Railways (S.A.R.) have made avail- 
able to the Durban Corporation (D.C.) a certain quantity of sand 
oer annum for beach renourishment. This sand is pumped by the S.A.R.. 
and discharged just north of Vetch's Pier where it is retrieved by 
the D.C. pumping plant and discharged just north of West Street 
Jetty via booster stations. Records made available by the S.A.R. 
and D.C. for tne two years 1961 and 1962 are presented in Figure 7a. 
The various monthly quantities dredged and oumDed via the various 
oioe lines are shown. 

Sand samples were taken at various olaces along the beaches 
and from the sea bottom in the area reoresented in the model (1). 
They showed significant differences in size distribution, hue and 
texture. The results yielded a basis for classifying the sand by 
si^s as well as by color and nermitted interpretation to be made 
of the nattern of sand movement. This mad° the use of special 
tracer experiments unnecessary. The smrt south of the TJmgeni 
River down to the harbor entrance is rather fine, well-sorted 
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(closelv sized) and rounded in shape. South of the harbor entrance 
on the Bluff beaches, the sand is very coarse, irregular in shape 
an"! it occurs in a wide band of sizes (Pi. 8).  Tne'most imoortant 
observation is that tne Bluff sands are distinctively colored - 
pink or red - compared to the Bight sands .vhich are straw-colored. 
The presence of tne pink color points to the fact ti at "The Dump" 
ootsists of Bluff sand dredged from tne sand ti ao and dumoed off- 
shore. A remarkable finding was the close correlation between sand 
size and color. 'Is a result of this correlation, Bluff 3and" could 
be identified elsewhere in the samplins area, both by color and by- 
size. 

4. The Model 

Althougn theoretical considerations combined with an extensive 
measuring campaign in nature, can often yield an evaluation of the 
existing hydrolofical and morphological conditions, chano-es to 
the existing status can only be evaluated economical1Y in a 
hydraulic model. More often than not, a distorted model, with 
vertical heio-hts accentuated, is used as the most exoedient solution, 
Th^ Durban sand movement oroblem therefore called for a movable 
bed model. In order to reproduce the-  natural forces in the model 
as correctlv as possible, besides the usual waves, ciirrent and tides, 
wind was also reproduced. This was ouite unusual in a three- 
dimensional model. The model was built in Durban foi leasons of 
convenience and suitable control. A Belman Hangar, belonging to 
the S.l.R. was made available for this purpose. 

Model_Scales. a 6.5 mile stretch of coastline, by 4 mile offshore 
distance had to be reproduced in the available space of the hangar- 
ISO by 96 feet. Furthermore, a model wave height of about 1 inch 
minimum is required in order to avoid unscalable influences such 
as surface tension and viscosity effects. The following scale 
ratios were consequently selected: 

Horizontal scale (except wave length): Lr = 500 
Vertical scale (Including wave length): hr =» 100 

Further scale ratios follow from the Froude similitude law*- 
Velocity scale (currents)*       V"r = ^h^ = 10 
Hydraulic time ratio (tides):     tr = LrAr= 3° 

Celerity scale (shallow water)*   C =^hr=10 

Wave period scale (for \~\) ^r= %.T/CV =  10 

Satisfactory results were obtained with fine beach sand as 
movable bed material, with specific gravity of 2.65 and a medun 
diameter of 250 microns. 

Construction. The construction of the model was a joint under- 
taking of the CSIR, the D.C. and the S.A.R. and took 9 months 
from October, 1960 to June, 1961. The main model structure 
consists of level concrete floor approximately 3 inches thick 
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and a surrounding concrete wall 2'3" high, forming a watertight 
basin. The model topography was moulded in concrete using 
asbestos templates, according to the I960 offshore survey (Pig. 9), 

Wind generation. To be able to reproduce wind effects from the 
predominant directions - NNE and SSW - a bank of 20 inch diameter 
axial flow fans was installed along the NE and SVk boundaries of 
the model (Fig. 9), Each fan produced some 5000 cubic feet per 
minute free air which was blown horizontally over the model. The 
opening of the converging duct which covered the fans was 15 
inches high,  ffith the aid of guide vanes the air jet could be 
deflected at will. The maximum air velocity ranged from about 
35 ft/s at the jet outlet to 6 ft/s at the beach front. More 
realistic, irregular and steep, wave shapes were obtained when 
using wind as well, than by the use of the wave generator alone. 

Wave generation. Waves were created to scale in the model by 
three banks of unique pneumatic wave makers, oriented perpen- 
dicular to the three main directions of wave approach, viz. NE, 
ESE and SE (Pie;. 9). The wave generators were made up of two-foot 
air-dome elements, surge chambers and diverging underwater nozzles. 
A.ir let into the domes periodically depresses the water surface, 
thus creating a wave at the nozzle outlet. The surge chambers 
were connected via four-arm rotary valves alternately to the 
suction and the compression ducts of a common blower.  All four- 
arm valves, fitted on to a common rotating shaft. By turning 
each valve housing through a ore-determined angle, the phase be- 
tween the individual 2-ft sections of the wave-maker could be 
set. In this way waves could be produced in any required direc- 
tion, from 0.4 to 1.2 sec. in period and up to 2"  high. The 
two separate drives for the shaft allowed the creation of a 
typical "sea" and swell combination coming from two different 
directions. 

Currents. For the reproduction of currents axial-flow propeller 
rvumos of 1£." and 6" diameter were used to circulate the water. 
Ilde Generation,. The tides in the model were created by admitting 
water to and withdrawing water from the model according to a pre- 
set program controlled by a tidal synthesizer which produced a 
saw-tooth-shaped tidal curve. 
P-ES^AfeiPil* As a result of the analyses of wave records it was 
found that three basic sea conditions, viz. NE, ESE and SSE and 
combinations thereof could be used to represent natural condi- 
tions. Quantitative measurements of loss and gain were obtained 
by measuring the change in the depth of sand over the fixed 
concrete bed, as well as by photographing contour strings from 
a traversing gantry tower spanning the model. Quantitative 
measurements of dredging rates were made by continuously 
welshing accretions "dredged" with a centrifugal pump and suction 
hose, the discharge of which was admitted under water into a 
constant volume skimming weighing tank. 
Sedimentological time scale. Tests showed that the equivalent 
of the 3/4 million cubic yards sand dredged annually can be 
moved from one area into another with SSE conditions in about 
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four hours when the bed material consists of 250 micron sand. 
In nature SSE stormy conditions onlv occur durmp about three 
per cent of the time, i.e. 260 hours per year. An approximate 
value of the sedimentological time scale, for SSE conditions is 
thus about 65. 
Verification. Because a satisfactory correlation was found 
between modpl and prototype phenomena (wave, current and sand 
transport patterns), predictions made from the model regarding 
changes which might result from the coastal enpinuring struc- 
tures envisaged in this investigation, may be regdrded with 
confidence. 

5• Results of Model Tests. 

Littoral Drift.  Vhen not affected by dredging, the north 
bound littoral drift will encroach into the harbor entrance and 
eventually form a bar across, thus creatin£ much the same 
conditions as existed in 1851, but shifted 3000 ft out to sea. 
Dredging is therefore necessary to prevent the siltation of the 
harbor entrance. It is the reduction of the necessary main- 
tenance dredging which was aimed at with the testing in the model 
of the various remedial schemes. 

From the diagnostic studies it was clear that with the 
present sand trap dredging technique, the _gro£S_northerly drift 
is removed (•?). The main aim of the investigation was therefore 
to provide conditions which would ensure that only the net 
northerly drift will have to be dredged. 
Standard Test Cycle. The conditions producing littoral drift to 
the north an= SSE swell by itself or in combination with ESE 
swell, south-to-north current and S'ly wind. Under these storm 
conditions a yearly accrual in the sand trap of some 800,000 
cubic yards, could be simulated in the model in about four hours. 

Conditions under which a reduction of deposits in the Cave 
RocV Bight can be expected are NE swell with NE wind. These two 
storm conditions were applied in the model in such a way that the 
energy distribution corresponded as near as possible to that 
found in nature. 

Phase Swell 
direction 

Period 
in sec. 

Approximate 
duration,days 

Wind 
direction 

(storm) 
I SSE 10 1 SW 

NE 8 1 NE 
ESE 8 1 - 

II SSE 10 2.5 SW 
HE 8 4.5 NE 
ESE 8 2.5 - 

III SSE 10) combined 
SSE 7) 4.5 SW 
NE 8 2.5 NE 

IV SSE 10 2.5 SW 
ME 8) combined 
ESE P) 4.5 NE 



DURBAN HARBOR SILTING 1111 

The foregoin^ test sequence consisting of four phases was 
used for most of the remedial scheme tests, the times given 
beins as for nature, the cycle representing approximately one 
year's storm conditions in nature, (6). 

H^rhor Siltin? Prevention 
\  lOOff-foot lona mole off Cave Rock gave verv promising 

results when tested in the model.  To the north of the mole, an 
oscillation basin is formed between the mole and the South Break- 
water which is well protected for SSE conditions. 

Some 9.5 million cubic yards c^n be stored in the Cave Rock 
Blffht before bypassing of the breakvater starts unrpr prolonged 
SSB swell. Moreover, some 1.5 million cubic yards odn ctccumul-ite 
south of the mole, bringing the total possible accumulation before 
there is any encroachment into the channel to some 4 million 
cubic yards, or 5 to 7 years storage capacity for the entire 
northerly littoral drift. 

Due to NE'ly conditions, some sand will be moved out of the 
basin to the south again. Moreover, a large portion of the sand 
accumulated to the south of the mole is moved south, thus creat- 
ing new storige capacity for SSS conditions, (Pig, 11), (6). 

Beach improvement structures tested 
A system of Y-groynes with intermediate straight groynes, and 

the addition of spurs to the Paterson Groynes, yielded positive 
results in maintaining a beach everywhere except at the southern 
portion of the Lower Marine Parade, where a beach could only be 
maintained by intermittent sand renourishment or with offshore 
protection (Pig. 10). 

Of-fshore breakwaters were investigated with the object of 
prot^ctincr existing and artificially created beaches and of 
building up new beaches in the lee of the structures. Solid 
reflecting and semi-solid partly-absorbins? structures were tested 
in the model in a number of positions. \  srood build-up of tv'e 
sheltered beaches -as generally obtained and the initial fill W<HS 
satisfactorily protected. 

The optimum solution was foun^ to be two 1000 foot long 
parallel breakwaters, aojroximately 2000 feet offshore.  Two 
floating rafts, 900 hy 300 feet in the same positions, tested 
as alternative measures, resulted in as aood a protection of the 
beaches as the offshore breakvaters would give. 

6.  Summary of the main conclusions 
a. Although conditions at Durban vary almost daily, neither 

seasonal nor yearly variations were found to be very significant. 
The field data collected over a period of two years could be 
considered representative. 

b. Data collected over much longer recording periods than 
tvo years have to be processed when analysing geomorphological 
data. Nearshore surveys and dredging records extending many 
decades, proved an invaluable source of information. Color and 
size analysis and sand samples from the sea bottom yielded a 
method for classifying the sand rtiicn simplified tne diagnosis 
of sanl movement 
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Flan of Durban Coastal Modal 
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Figure 10.     Scheme proposed for beach stabilization. 
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c. Progressive extension of the breakwxters and deepening 
of t"e harbor entrmce, together ,intn the associated maintenance 
dredging, resultej in a c:radually increasing interception of the 
northerly littoral drift. The coastal are "5 ncth and aoutx of 
tie entrance cnann^l cm at present be regarded AI t TO independent 
systens with reference to littoral processes. Obsaivations 
indicate that the major movement of"sand occurs close to the 
Sout" Pi r tit). Only relatively fine material cm he carried in 
suspension across the narbor channel.  The oresent state of the 
beaches is therefore not materially affected by the method of 
dredging south of the harbor entrance. 

d. Nearshore bottom changes, mainly brought about oy dumtiing 
of snoil, affect ww refraction in such a way that a concentra- 
tion of wave en^rcy in the Paterson Groyne area resalts for certain 
sea conditions(3). Partly due to this and nartly due to the 
greater sheltering effect'caused by the South Breakline has 
adant=d its^Of into a nej lonq-term eauilibriuti oosition, concave 
in nlan compared tfith the 1851 conditions.  Seasonal and short- 
t°rm or storm effects can cause a redistribution of beach material 
m the beach and surf zones resu^tinw in possible beach variitlons 
of uo to 150 feet in width. 

e. I*" dredginc is interrupted altogether, the northerly 
sand drift <*ventially finds its way into the harbor entrance by 
cr»epins in, as a narrow bind, around the South Pier txo. 
Drede-ing is therefore essential.  i reduction in maintenance 
dredging rate can, however, be achieved when conditions are 
created such that only the net northerly littoral drift has to be 
coned with 

It has been found in the model that this can be realised with 
various schemes, of which the one with a 1000 feet long mole off 
Cave Rock nroved most advantageous. This scheme orovides for an 
initial sand storage of some 4 million cubic yards, and anticioated 
reduction in maintenance dredging rate of some ?5 per cent and 
a reserve storage volume of some 1,5 million cubic yards,(6). 

f. 4s the present Bight beaches have been found to be not 
subject to progressive erosion, improvement schemes were directed 
towards the formation of beaches in those areas wnere there are 
none at oresent and the nrotectlon and stabilisation of newly 
formed and existing beaches. 

A. scheme including two 1000-foot loncc offshore breaVrvaters or 
floating rafts, as well as a system of Y-grcynes and additional 
groynes has nroved to be successful in maintaining a beach every- 
where, after the initial fill (1 million cubic yards) had been 
brought in to form a beach in the Central and South Beach areas. 

With a groynes-only scheme (Pig. 10) it has been established 
in the model that, after an initial fill of approximately 250,000 
cubic yards and with a maintenance sand pumoing rate of about 
10,000 cubic yards ner year, a mean beach widti above HW of some 
55 feet in the Central Beach area and 850 feet in the North and 
Soutn Beach areas could be maintained. Moreover, the groynes 
and spurs could successfully reduce seasonal variations to a 
negligible amount, (Q). 
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An alternative scheme by which a continuous underwater 
sand mound be formed some 4000 feet offshore in the Durban 
Bight seemed to warrant further investigation, and was 
eventually adopted (7). 
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ABSTRACT 

A hydraulic model study was conducted to determine the most feasible means of reducing shoaling into a coastal 
inlet channel that had been used by loaded Landing Ship Tank (LST) class vessels serving the port of Tan My near Hue, 
Republic of Vietnam The ultimate objective was to increase the time during which the channel will be open to 
navigation by improvements in physical configuration 

An extensive field data acquisition and analysis program was executed to provide basic information for 
model prototype correlation This incidentally resulted in the re-evaluation of several empirical formulae being used for 
prediction of littoral transport and of tidal currents The comprehensive field measurements of shoaling in the channel 
area also permitted the determination of the scale effects on the quantitative results of sediment deposition in the 
channel and on the time scale of bottom evolution 

The experiments were conducted systematically in three phases The three-dimensional studies for Phase I and II 
were conducted using a rigid bed, sand or walnut shell covered (1/250 horizontal and 1/50 vertical scale) hydraulic 
model of a 15 sq mi ocean-estuary land area Periodic long-crested waves tides tide/river induced currents were 
simulated in the model Phase I covered qualitative evaluation of nine improvement plans, from which a BEST 
PLAN," an upshore jetty to protect the existing channel, was selected Phase II covered qualitative and quantitative 
evaluation of four variants of the "BEST PLAN,' from which the most effective and economical variant was 
determined To insure reliability of quantitative results, comprehensive experiments were conducted using three 
different sediments (D50 = 0 41 mm and 0 90 mm, 7 = 1 35 for two types of ground walnut shells and D50 = 0 22 
mm, 7 = 2 65 for sands), and three model scaling criteria (Froude Scaling, "Ideal Velocity" Scaling, and Modified 
Froude/Ideal Velocity Scaling) Phase HI covered two-dimensional model tests, in a 180 foot flume, of the stability 
characteristics of the proposed rubble mound type jetty on a movable bed 

The major conclusions of this study include (1) the jetty, as postulated in the BEST PLAN,' would reduce 
annual maintenance dredging requirements by 74 to 84 percent, (2) a systematic three phase model study such as used 
in this investigation is most feasible (from a time-consumption viewpoint, use of light weight materials such as ground 
walnut shells may be more economical than use of natural sands as model material), and (3) use of theory alone in 
predicting a tune scale for bottom evolution should be approached with caution especially where field data are not 
readily available 

1117 
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INTRODUCTION 

This paper describes the techniques used for a particular coastal inlet stabilization study using a hydraulic model in 
order to obtain an optimum solution to the excessive shoaling of the existing ship channel The channel in question is 
located at Tan My, on the South China Sea Coast near Hue Republic of Vietnam The shoaling results from significant 
storm waves during the winter and summer monsoon seasons dominated by wind waves from the Northeast during the 
period from November to January Sediment contribution from the inland nvers (Huong, Bo and 0 Lau) is mainly 
deposited in the large estuary area with only negligible wash load diverted into the offshore channel area To maintain a 
20 ft deep and 300 ft wide ship channel considerable efforts were expended to keep the channel open by dredging 
(1 8 million cubic yards per year) Unfortunately, the duration of the relatively safe dredging periods are prohibitively 
short and infrequent It was therefore considered necessary to construct permanent barrier structures in order to 
protect the Tan My Channel from shoaling so that the channel can be operationally useful for most time with minimum 
dredging maintenance 

The study (Lee, 1970) was sponsored by the Officer in Charge of Construction Republic of Vietnam Naval 
Facilities Engineering Command Department of the United States Navy 

DESCRIPTION OF STUDY AREA 

The subject study covered a small area (3 miles by 5 miles) of the coastal line and offshore topography, the inlet, 
and a portion of the estuary The boundaries of the project area to be modeled were selected on the basis of such 
criteria as (a) the model should extend to sufficient depth (10 fathoms) to obtain correct refraction patterns of waves 
approaching the shoreline from prevailing directions, including NE, N, and NNW, around the area of interest, (b) 
sufficient shore length should be provided to permit cuttmg a new channel through the spit and to allow a natural 
development of longshore current by water waves and (c) the boundary condition in regard to the flow should not 
change as various improvement plans for the inlet are studied in the model 

OCEAN ENVIRONMENTAL DATA ACQUISITION 

An extensive field data acquisition and analysis program was executed in order to provide basic information for 
model prototype correlation 

Waves and Swell Wave climates simulated in the model were determined from observations by Lyon Associates 
(1968 1969), NAVFORV Weather, Saigon, RVN from wave budget analyses by Marine Advisors (Inman and Harris, 
1966), add wave hindcasting by Glenn Associates (1966) The wave rose developed from most recent field observations 
is shown in Fig 1(a) 
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(a) Wave Rose (b) Sand Transport Rose 
Savage Method  Total Annual 
Sediment Into Channel 
1,409 000 Cu Yds 

Fig 1 Wave and Sediment Transport Distribution 

(c) Transport Rose 
Bowen & Inman Method   Total 
Annual Sand Transport Into 
Channel 1 924,000 Cu Yds 
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The following "Typical Waves' were used in the model tests for the selection of the "BEST PLAN' 

Severe Storm Wave Condition 
Normal Storm Wave Condition 

Wave height 
(feet) 

10 
5 

Wave period 
(seconds) 

8 
5 

^\ South China 
Sea 

N 

Wave directions selected for model tests included NE, N NNW An analysis of the waves incident on the channel has 
shown that shoaling in the channel results as follows 60% from NE 25% from N, and 15% from NNW and other 
directions [Fig 1(b) and (c)] Furthermore, the wave and swell data, wind information, and weather maps related to 
the period of Typhoon Bess (2 7 September 1968) were analyzed It was found that the average wave climate 
incidentally corresponded to the Normal Storm Wave condition defined above I e 5 ft high, 5 second period (from 
NE) 

Tides and Tidal Currents The diurnal tide at Tan My was an average of 2 0 feet with a tidal period of 25 hours and 35 
minutes The semi-diurnal tide was 1 6 feet high and 12 hours and 47 minutes Tide induced current in the Tan My 
entrance channel without river discharge was predicted, using the theoretical method of Keulegan (1967) The 
maximum velocities predicted compared reasonably well with those measured by Lyon Associates and by the U S 
Naval Oceanographic Office The field measurements were made of tides and tidal currents at four locations as shown in 
Fig   2  The Lyons measurements involved detailed measurements of tidal current velocities covering the whole 

cross section at 0 2 and 0 8 of the water depth, from which the mean 
velocity through each section can be determined Unfortunately, tides 
were not recorded continuously and the measurements at the sections 
were not made simultaneously Ten series of measurements were made at 
each station dunng the 5 month period from September 1968 to January 
1969 The measurements by the Naval Oceanographic Office were made 
simultaneously at each of the four stations but only currents at one or two 
points were recorded instead of numerous points at each station as done 
by Lyon The measurements covered a four month period from December 
1968 to March 1969 The field measurements helped verify somewhat the 
tide and tidal current predictions but it is not feasible to simulate such 
tides because the measurements include the effects of waves, river 
discharge, and longshore currents Therefore, the tide simulated in the 
model was based on tide prediction and the tidal currents through the 
channel according to proper adjustments of tidal prism in the model 
estuary 

The maximum tide prism measured at Tan My was 47 x 10^ m-fydiumal tide cycle as determined from the 
maximum mean tidal discharge of 1500 m^/sec measured by Lyon This compared well with the 49 x 10^ m^/diurnal 
tide cycle as estimated by Inman and Harris (1966) 

The tide and tidal currents simulated m the model are considered adequate because the low tide range does not 
significantly affect the sand transport into the channel 

Hydraulic Regime Offshore Tan My Inlet For calibration of the model and study of the flow conditions in the inlet 
area, it was necessary to obtam current patterns These patterns were obtained by the Naval Oceanographic Office 
using infra red techniques 

Huong (perfume) River Flow Based on frequency of occurrence of the Huong River flow, 500 m-fysec and 1,800 
m3/sec were selected to simulate the normal and severe flood conditions This seems to be high, but it would 
compensate for the omission of the contributions from the Bo and O Lau Rivers and reduce the scale effects of the use 
of sands as bed materials (Flow measurements at Huong River dunng a 4 month period showed the maximum 
discharge was 1,250 m-'/sec and averaged 300 nv^/sec ) 

Longshore Currents Offshore ocean currents upcoast of the Tan My Inlet were measured with float techniques but 
the measurements are not utdized because they were made too far offshore to be within the model limits 
Subsequently, longshore currents of 2 0 ft/sec and 4 0 ft/sec were predicted by theory and simulated in the model for 
normal storm wave (5 ft high, 5 second period) and for severe storm wave (10 ft high, 8 second period) conditions 
respectively 

Fig 

Tan My 

2 Tide and Current Measurements 
at Four Stations 
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Sediment Properties. Beach samples were taken upcoast of the Tan My Inlet. The typical size distribution of 
sediment—the median diameter (D50)—was 0.41 mm. The sediment is 100 percent quartz, containing no carbonate, 
with a density of 2.65. The size distributions of both prototype and model sediments are shown in Fig. 3. 

99.98 -1 

0.12S .0313mm 0.125 .0313mm 

--D5o=0-41mm 

Prototype sand 

0   12   3   4   5* 
Diameter in * units 

2   , 0,5   ,0.1,25, ,0313mm 

99.98 

- D5o=0.22mm 

Model sand 

95 -I 
84 
75 
50 
25 i 
16 

5 

D5o=0-41mm 

D5o=0.90mm 

Model sediment 
(ground walnuf shells) 

-1012345* -1012345* 
Diameter in * units Diameter in * units 

Fig. 3 Size Distribution of both Prototype and Model Sediments 

Coastal Morphology.    The shoreline evolution around Tan My Inlet from April through December 1968 was studied 
from the analyses of monthly uncontrolled aerial photographs. These photographs showed the unstable nature of the 
Tan My Inlet. A comparison of the coastal morphology at Tan My during August, September, and December 1968 is 
shown in Fig. 4. The stability parameter for Tan My 
is compared with other similar inlets in Table 1. 

Shoaling and Dredging Information.    An extensive 
study was made of the shoaling and dredging aspects 
at the Tan My existing entrance channel. Included 
are:   annual  sediment budget,  sediment  transport 
during  a   special storm (Typhoon  Bess), bottom 
topography changes, and dredging studies. It was 
found that the total sediment transport into the 
existing channel amounted to 2.1 million cubic yards 
(1.6 x 10" m^/year) as compared with 1.4 to 15 
cubic yards per year (1.1  to 1.5 x 10^ m^/year) 
predicted    by    theories    of   Savage   (1959)   and 
Bowen-Inman (1966) respectively [see Fig. 1(b) and 
(c)]. Based on the estimated inlet stability parameter 
(Bruun, 1969) the annual sediment transport would 
be  1.4 million cubic meters or 1.8 million cubic 
yards. This estimate  was the basis for economic 
evaluation of the improvement plans. 

Summary of Ocean Environment Data for Model 
Tests.   The ocean environmental data selected for 
the model tests are summarized in Table 2. 

Fig. 4 Coastal Morphology 
at Tan My Inlet 

December 
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Table 1   INLET STABILITY 

Tide Pnsm (Q.) 
Inlet                                    (m-tytide cycle) 

Sand Transport (M) 
(m^/year) 

n 
M Stability* 

Tan My                                    47xl06 

Model 
Savage 
Bowen & Inman 
Dredge Record 

Average 

150 x106 

1 08 x106 

1 46 x106 

1 61x106 

140xl06 

31 
43 
32 
29 

34 Very Poor 

Masonboro, N C (Bruun, 1966) 30 Very Poor 

Ponce de Leon, Fla (Bruun, 1966) 40 Poor 

Figueira da Foz, Portugal (Bruun & Gerntsen, 1960) 40 Poor 

Oregon, N C (Bruun & Gerntsen, 1960) 80 Poor to Fair 

* Very Poor           very much shoaling 

Poor                   much shoaling 

Poor to Fair        significant shoaling 

Fair                     some shoaling 

Good                   negligible shoaling, -rj = 100 

Table 2   SUMMARY OF OCEAN ENVIRONMENT DATA 
FOR MODEL TESTS 

Environment 
Normal 

Storm Condition 
Severe 

Storm Condition 

Wave and swell 
Wave height (ft) 
Wave period (sec ) 
Wave direction 

5 
5 

NE,N,NNW 

10 
8 

NE,N,NNW 

Tide 
Diurnal 

Tide range (ft) 
Tide period or cycle 

Semi Diurnal 
Tide range (ft) 
Tide period or cycle 

Tide Prism 

2 
25 hr , 35 mm 

16 
12 hr  47 mm 

47 x 106 m^/diurnal 

2 
25 hr , 35 mm 

16 
12 hr ,47 mm 

tide cycle 

Huong River Discharge (m^/sec) 500 500 and 1,800 

Longshore Current (ft /sec ) 18   20 36  40 

Sediment Property 
Medium diameter {d^o) 
Density 

Annual Sand Deposition into 
Channel (used in study) 

041 mm 
2 65 

18 x 106 (cu 

0 41 mm 
2 65 

yds /year) 
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THE TAN MY ESTUARY MODEL 

Design of Model   The model (Fig 5) has the following linear model scale ratios 

(a) Horizontal Scale 1 /250 = n. = X 
(b) Vertical Scale l/50 = nd = ju 
(c) Model Distortion 1/5 = nj/iij = /x/X = fl 

The vertical scale and model distortion were selected with due consideration of the scale effects, the artificial 
sediments to be used in the model, and prototype beach slope In general most models of movable bed have a 
distortion ratio from 1 3 up to 1 8 The natural beach slope at Tan My is relatively gentle (1 60) and the equilibrium 
beach slope is changed with wave characteristics, thereby affecting the decision of choosing a single model distortion to 
satisfy all equilibrium beach slope conditions, therefore a 1 5 model distortion was selected The selection of the 
vertical scale does not materially affect model results because the model has a semi movable bed rather than a movable 
bed the foreshore and offshore beach slopes were maintained constant during the tests because the natural beach slope 
is relatively flat 

Similitude Relationship    The model and prototype scale relationship for the Tan My Estuary Model for the Phase I 
and early Phase II tests is summarized by Lee (1970) 

The following references were helpful Fan and LeMehaute (1969), Bijker (1967) Bruun, et al (1966) 

Wave absorber 

0 

frt   2  3  4 5  6  7 meters 

Model Basin Scales 

Fig 5 General Layout of Tan My Estuary Model 
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EXPERIMENTAL EQUIPMENT AND PROCEDURE 

Ocean Environment Simulation, Measuring and Recording Apparatus 

Wave Generators The wave generator for the three dimensional model tests was of the plunger type, capable of 
simulating long crested, periodic water waves The wave generator for the 180 foot long wave flume was also of the 
plunger type, with a unique control unit The generator is driven by a high torque, low speed hydrostatic pump motor 
The hydrostatic drive is infinitely variable in speed in either direction off detent center from 1 to 60 rpm The variable 
displacement hydraulic pump is driven at a constant speed by means of a 20 hp, 1750 rpm motor 

Tide Generator Tides of diurnal and semi-diurnal types were simulated by alternately pumping and draining 
water to and from the model basin The outer ocean basin and inner lagoon basin were controlled separately The tide 
generator was designed to reproduce tidal discharge through the inlet rather than tidal elevation differentials between 
the ocean and bay lagoon The tide generator had a unique electro pneumatic flow control system which was simple 
and economical It was calibrated by a cam arrangement to reproduce inlet flow by changing electrical voltage which in 
turn controlled the valve opening of the pipe lines 

River Flow Generator Huong River discharge was simulated by spilling water over a V weir mto the estuary near 
the river mouth through a pumping system 

Other Measuring and Recording Systems Time-exposure photographs were used extensively to provide 
information on the speed and direction of currents in the inlet area and to illustrate graphically the eddy locations and 
current patterns This helped evaluate the hydraulic regime of each particular improvement plan tested in the model 
Current through the channel entrance was measured by timing the travel of a surface float over a known distance 
Waves were measured by means of optical (Palmer, 1970) and electrode resistance type wave guages Tidal current and 
tide level variations were measured respectively and intermittently by float and point guage techniques over the entire 
tide cycle to verify the outputs which had been calibrated River flow was measured by a V shaped weir Motion 
pictures were taken to document the pertinent tests of the entire study 

Experimental Procedure    The following experimental procedure was followed 

1 Calibrate the three dimensional model after a series of preliminary tests to determine the most significant 
parameters which would affect the flow characteristics and the quantity and distribution of sediment 
transport and deposition in the channel Relative effects of waves, tides, river discharge type of model 
sediment, artificial roughness were thoroughly investigated 

2 Conduct Phase I tests covering qualitative evaluation of nine channel improvement plans (Fig 6) from which 
a 'BEST PLAN" (an upshore jetty to protect the existing Tan My channel) was selected 

3 Conduct Phase II tests covering the qualitative and quantitative evaluation of four variants (Fig 7) of the 
BEST PLAN" from which the most effective and economical variant was determined 

4 Conduct Phase III tests m a large wave flume at a much larger scale to determine the stability characteristics 
of the rubble mound type jetty of the  BEST PLAN' against normal and severe storm wave actions 

MODEL STUDY AND RESULTS 

Proof of Model The model base line is the quantity and distribution of sand deposited in the existing channel during 
a 35 day period, 9 August to 13 September 1968, which covered the period of Typhoon Bess, 31 August to 7 
September Field data on channel configuration at the beginning and end of the period were also available, as well as 
the quantity and location of dredging during the period Excitation during the period was not measured However, 
hindcasting procedures indicated that it likely was the Normal Storm Condition as shown in Table 1 Comcidentally, 
this condition also represents the average wave condition during the NE wave monsoon season Therefore, 
model prototype correlation was also made of shoaling caused by normal, or long term wave action 

Because the onentation of the channel is unclear and the river flow through it during Typhoon Bess is unclear and 
shoaling is sensitive to these factors proper proof of the model on a quantitative basis was not possible Therefore, only 
qualitative model prototype correlation was achieved during the Phase I tests Subsequently, comprehensive tests with 
seven scaling cntena were conducted to relate their relationship quantitatively under Phase II tests which will be 
discussed later 

Furthermore, the favorable reproducibility of the bottom topography at the inlet [Fig 6(a)] and of the hydraulic 
regime (current pattern) in the model leads to the belief that the model prototype correlation is considered adequate 
with the data available for the purpose Preliminary viewing of the imagery indicated that the eddy near the mouth of 
the Tan My Channel in the model appears also in the imagery [Fig 8]  The patterns appear to be consistent with a 
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(g) 
Plan VII 

0  12 3 4 5 thousand feet 

Fig 6 Schematic Diagrams of Improvement Plans Tested 
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(c) Plan IV<  4,500 foot Jetty Weir Sand Trap System 
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(b)PlanlVborrV-b   4,000 foot East Jetty (d)PlanlV-d   2,000 foot East Jetty 

Fig 7 Schematic Diagrams of Four Variants of "BEST PLAN   Tested 
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postulated, relatively small, clock-wise eddy just off the inlet (Wiemat, 1969). This favorable prototype-model 
relationship helped increase confidence in the model results. The distribution of peak shoaling area is consistent with 
actual prototype conditions observed over long periods of time under normal conditions. Also, the favorable 
comparability of the littoral transport (Table 3) by model, prototype, and prediction, and favorable comparability of 
measured and predicted tidal current (Table 4) have encouraged the preceeding of the model tests for subsequent test 
and evaluation of a variety of channel improvement plans. 

Table 3. COMPARABILITY - LITTORAL TRANSPORT 

Model 
measurement 

Prototype 

Prediction 

Method/ 
Source 

Measured 

Calculated from 
dredging records 

CaldweU(1956) 

Savage (1959) 

Bowen & Inman (1966) 

Bijker(1968) 

Littoral Transport (cu. yds./day) 

(1) Normal wave      (2) Storm wave        Ratio 
NE, S ft., 5 sec.        NE 10 ft., 8 sec.       (2)/(l) 

10,500 

9,700 

10,500 

18,500 

8,800 

6,450 

79,900 

53,750 

50,000 

69,000 

48,900 

7.57 

5.13 

5.90 

7.85 

7.59 

Table 4. COMPARABILITY OF MEASURED & PREDICTED TIDE CURRENT 

max. mean current vel. max. surface current vel. 
Measured in model 

Predicted by Keulegan (1967) method 

Error 

0.093 ft./sec. 

0.078 

16% 

0.210 ft./sec. 

0.175 

17% 

SOUTH CHINA SEA 

1 

Cold land 

(a) Prototype Circulation Pattern 
Infrared Imagery June 24,1969 

Fig. 8 Comparison of current circulation patterns, prototype vs. model 

(b) Model Circulation Pattern 
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Phase I Qualitative Evaluation of Improvement Plans Phase I covered qualitative evaluation of nine (9) improvement 
plans [Fig 6] from which a ' BEST PLAN," an upshore jetty to protect the existing channel, was designated These 
sedimentation reduction plans involved four channel configurations These were the existing channel two channels 
rotated about 16° and 59° East, relative to the existing channel and a new channel relocated through the spit about 
one mile upshore of the existing entrance AU these channel configurations (except the 59°E channel) were protected 
by groins and/or jetties upshore In some cases downshore jetties were tested as well (Plans tested are shown 
schematically in Fig 6) 

The quantity and distribution of sand transport into the channel for various test plans, as measured in the model 
are compared in Fig 9 It is shown that Plan IV, V, or VIII provides better protection from shoaling of the navigation 
channel, l e the existing channel or a new channel cut through the spit Their relative merits will be described below 

The four unprotected channels [Fig 5] -two associated with Plan II, existing and 16°E, and IX and Vl-behave 
similarly as a function of their onentation relative to the direction of the incident wave when the other excitations are 
constant, 1 e river, longshore, and tidal currents 

Then- behavior is highlighted by a dominant constant river outflow which (both aided and opposed by the wave as 
well as by tidal and longshore currents) tends to generate eddies up and downcoast of the entrance, this action, in turn, 
builds a bar on the upcoast side and scours a hole on the downcoast side 

At the channel entrance the wave generated current (mass transport plus oscillatory) tends at significant times to 
transport sediment into and up the channel Thus the quantity of sediment (Q) deposited in the channel should be a 
function of the ratio of component (Py) of the wave generated power (P) parallel to the centerhne ot the channel 
proportional to P This appears not only to be the normal case, but also rougly a linear case for Test Condition I with 
NE waves with H0/L0 = 0 40 incident on the four channels as indicated by a plot of Py/P versus Q/f t of channel [Fig 
10] where H0 and L0 refer to deep water wave height and length respectively, even though Johnson (1965) and others 
indicate transport should be donunantly offshore when H0/Lo = 0 025 

20 

18 

"16 

:14 

Prototype Test 
2> _                             Conditions 

•   m / \                        Normal Storm 
*T3 /     \         Plan VI    Conditions >> /       \S                   (Table II) 
3 /        \                       diurnal tide 

/          \                        NE waves 
•a- X 

o> 
Cu 
& 3 
o o 

32 •rt« 

Q- 8 
o e /         vm 
cs 1 /      /      \ *3 

o 
s 7     A        \            n 

sr s '   /   \      \/X at} s f /A \     X   \ 8r* 

I 1 
// <    ^    /\    jn\ 

0            4           8          12           16        2C 
Stations along the entrance channel                       & 

•§12 
O 

Mo 

a 

i 

Fig 9 Comparison of Relative Merits of Various Plans 
for the Existing Entrance and New Entrance 
through the Spit 

Fig 10 Correlation of Sediment Deposition ui 
Four Channels Tested 

-°-   Severe Storm Wavts NE 

•     Normal Storm WaVes NE 

- i.—  Normal Waves N 
(east jetty prot«fction) 

Normal Storm Waves NE 
(east and west jetty protection) 

Existing 
(4 000 ft jetty) o 

Existing o 
(6 000 ft jetty) 

Ex IV 

0        02        04 06      08 10 
Ratio of wave power component to 
channel centerhne to wave power 
(for NE waves 5 ft/5 sec) 



INLET CHANNEL STABILIZATION 1127 

A review of these data indicates that the existing, 16°, IX and VI channels are sediment retarders in that order of 
effectiveness this is attributable to the fact that the channel centerhnes are 64,49,5, and 17 degrees, respectively, to 
the NE direction of the incident wave in deep water That is, the channel (existing) closest to perpendicular to the 
incident wave crests is the most effective sediment retarder 

The four channels (two associated with Plan II-existing and 16°E-and IX and VI), when protected by a 
full length upshore jetty (Plans IV and VII), and partial length groin well upshore (Plan IX), behave predictably This 
predictability is, as in their unprotected condition somewhat a function of channel "heading" relative to the direction 
of incident waves The protected versions in all cases are more effectively self cleaning channels 

An upshore jetty is considered entirely adequate as a channel protector The addition of a downshore jetty adds a 
quite small increase in effectiveness at the expense of inducing undesirable eddies at the entrance and is not 
recommended 

It was found that the unprotected anti shoaling effectiveness of the four channels (existing, 16°E, 59°E and 
through the spit) vanes inversely as the heading into the incident waves The existing channel with full upshore jetty is 
most effective (and the channel through-spit the least effective) as designated "BEST PLAN 

An upshore jetty weir sand trap system, such as at Masonboro Sound N Carolina, is no more effective as a total 
sedimentation retarder than a conventional system However, it reduces sedimentation into the channel (balance in 
trap), and hence ments further study only if preservation of downshore configuration is important 

The reproducibihty of the magnitude and distribution of sand deposited in the channel from run to run is close 
when the beach is stabilized, I e after two tide cycles for normal waves and four to six cycles of severe storm waves 
There is a variation of 1 to 12 percent, which is quite acceptable 

Sand transport measured in the prototype and model compare well with those predicted theoretically hy Savage 
(1959) and Caldwell (1956) for normal to moderate waves, and Inman (1966) for storm waves The comparison is poor 
for those predicted by Bijker (1968) l e 40 percent lower than those measured in the model and predicted by other 
methods (see Table 3) 

Phase II Qualitative and Quantitative Evaluation of the BEST PLAN' Phase II covered qualitative and quantitative 
evaluation of the most effective and economical variant of the "BEST PLAN * This phase of the study involved 
determination of the optimum length and orientation of the jetty among four variants [Fig 7] To insure reliability of 
the quantitative results, a series of comprehensive experiments were conducted with sand (D50 = 0 22 mm, 7 = 2 65) 
and two sizes of light weight, ground walnut shell material (D50 = 0 41 and 0 90 mm 7=1 35) as model sediment 
Three different model-similitude criteria were used in these tests, 1 e , Froude Law Scaling ' Ideal Velocity Scaling, as 
proposed by Bijker (1967) of Delft University, and "Modified Froude Law/Ideal Velocity" scaling, as proposed by the 
Look Laboratory The time scale of bottom evolution was determined experimentally for each case and compared with 
theory 

Three versions of the 'BEST PLAN" included jetties immediately upshore (east) of the existing channel, with 
lengths of 6,000,4,000 and 2,000 feet, located along the channel bank a fourth version included a 4,500 foot jetty 
upshore of the channel bank to form a jetty weir sand trap system [Fig 7] 

Three model similitude criteria were employed 

Froude Criteria        nv=nu=n<j^'2,njj=n^ nx=nQ'/2 

where n = scale ratio = value of model/value of prototype 
v and u designate respectively current (tidal or river) velocity, and orbital velocity (wave) 
d H, and T designate vertical depth, wave height, and wave period 

Ideal Velocity  Criteria 
1/2 

^A nD 1 /o 
nv=^  nCc,nu=nv/nCc nH=nunT n^na1/2 (Bijker, 1967 pp 128 129) 

where A, D, u and C designate respectively relative apparent density of sediment, mean grain diameter, ripple 
coefficient, and resistance coefficient 
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Modified Froude/'ldeal Velocity" Criteria 
I 
- "O nu = »dI/2. m* "d' nT = nd1/2 

nA"D1/2 

1 e use Froude Cntena for wave characteristics, and "Ideal Velocity' Cntena for current velocity (tidal and river 
flow) 

The primary objectives were to 
(a) determine the appropnate time scales of sediment deposition, frequently referred to as time scales of bottom 

evolution, 
(b) determine the jetty effectiveness m each case, 
(c) determine annual maintenance dredging requirements after the jetty is built, 
(d) determine the effect of by passing when the jetty is built 
Froude Law Scaling tends to distort sediment transportation sinulanty particularly in areas where oscillatory 

wave action is absent However, this wave action tends to reduce the cntical shear stress and/or velocity necessary for 
initial movement of matenal in the zone of httoral dnft over that without wave action For this reason, Froude Law 
Scaling may still be reasonable for use m wave induced sediment transportation 

Ideal Velocity Scaling relationship is established by Bijker (1967) with due consideration of shear stress similitude 
for both tidal/nver currents and wave orbital velocities toward reducing similarity distortion likely when Froude 
velocity scaling is used This cntenon requires that both the tidal/nver and wave orbital velocities be exaggerated, hence 
the height of the waves and of the jetty which obstructs them must be exaggerated 

Modified Froude Law/Ideal Velocity scaling as established by the Look Laboratory is designed to reduce the 
wave height and model exaggerations necessary when "Ideal Velocity' scaling is used The tidal/nver current velocities 
required m ' Ideal Velocity" scaling and the waves required in "Froude Law* scaling are used in the 'Modified Froude 
Law/Ideal Velocity' scaling The similitude relationship of these cntena is shown in Table 5 

Froude Law scaling cntena were applied to the tests in which sand was used as sediment lack of time and 
inadequate wave-generator capacities precluded application of two other scaling cntena to tests with sand However all 
three cntena were applied in tests using ground walnut shells as sediment matenal (in two grain sizes, D50K) 41 mm 
and 0 90 mm, respectively) However, when larger walnut shell matenal was used the desirable similitude relationship 
for "Ideal Velocity' cntena and "Modified Froude Law/Ideal Velocity" cntena were adjusted as shown in Table 5 It 
was impractical to perform required exaggerations in wave height and tidal/nver velocities because of limitations in the 
wave generator 
Test Procedure    Excitation was by normal and severe storm waves from the NE, on the existing channel with or 
without upshore east jetty protection 

Because the rate of sediment transportation and deposition of ground walnut shell matenal is much faster than 
that of sand, the test was coreespondrngly shorter, 1 e periods of much less than a complete tide cycle, but including 
portions of both ebb and flood tides After a view of the tidal/nver cunent pattern obtamed previously with sand for 
Plan II, it was concluded that there are ebb currents in the channel during approximately two thirds of a tide cycle, and 
flood cunents during the remaining one-third penod The sediment deposited in the channel during a portion of tide 
cycle and during operation of ebb and flood cunents (for 15 and 10 minutes respectively) was measured These test 
results were used to extrapolate the anticipated deposition over a complete tide cycle (on a basis of proportional 
contributions, two third ebb current and one third flood environment) 

The tune scale for each case is dependent on the amount of sediment passing over the channel Every effort was 
exerted to avoid a condition in which the model channel would be filled to capacity therefore, there was unnecessary 
by pass of bed load matenal Tests of short duration have resulted in negligible by passing over the channel during 
normal and severe storm wave conditions The time scale under no bypassing condition was used to predict sediment 
deposition in the channel Furthermore, deposition by waves from N and NNW was estimated using depositions 
expenenced in earlier tests with sands This is considered feasible because the "BEST PLAN' does not provide 
significant protection against N and NNW waves, duration is significantly short 
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Summary of Phase II Test Results Figure 11 was prepared to facilitate comparison between the distribution of 
sediment deposition along the existing channel m the model with no jetty protection and related measurements in the 
actual channel before and after Typhoon Bess All deposition quantities are normalized to represent average one day 
deposition during Typhoon Bess, considering both volume and respective time scales as indicated It was found that 

(a) Distribution predictions made by use of the Froude Law Criteria, based on results with large walnut shell 
material, tend to be fair for the Typhoon Bess period 

(b) Distribution predictions tend to be fair, under the normal wave condition over a long period of time (for 
example, one year), either by use of Froude Law Criteria based on results with sands, by use of the 
"Modified Froude Law/Ideal Velocity" scale criteria or the' Ideal Velocity" scale criteria (as modified) based 
on results with large walnut shell material, or by use of' Ideal Velocity" scale criteria based on results with 
small walnut shell material 

(c) Quantitative prediction by use of the Froude Law scaling criteria based on results with sands, tends to be fair 
when one considers only comparison of the model tune scale of bottom evolution with theoretical value 
However, it is expected that quantitative prediction should be reasonably good it the appropriate time scale 
of bottom evolution or deposition factor is applied for each test (based on respective scaling criteria with 
either sands or walnut shell material) 

A— 
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Time Scale Determination Time scales (the ratio of model time to prototype time for equal prototype sediment 
transport) were evolved for normal storm wave excitations using the three model scaling criteria and appropriate 
deposition in the model Measurement of the actual shoaling which occurred during Typhoon Bess is the basis for time 
scale determination for normal storm wave condition 

As shown m Table 6, the tune scales of bottom evolution vary significantly because the scale, at minimum is a 
function of scale factors of grain diameter, apparent density and wave height distortion However, they did not 
compare well with the theoretical values predicted using methods of either Manohar (1962), or Waterways Experiment 
Station (Fan and LeMehaute, 1969) The significant differences between theory and model results obtained with 
walnut-shell material raise the question of whether or not the theory is valid for the model scaling criteria used 
Further, the theory did not take the tide/river current scale effects into consideration in the formulation Further 
research is needed to determine the feasibility of using the theoretical time scale of bottom evolution m a movable bed 
study when no prototype quantitative data are available 

Table 6 COMPARISON OF TIME SCALE OF BOTTOM EVOLUTION 
BETWEEN MODEL AND THEORETICAL VALUES 

Tune Scale of Bottom Evolution ny, 

Model 

Sand Ground Walnut Shells 
Small Grains Large Grains 

Froude      Froude      Ideal Modified    Froude      Ideal Modified 
Froude/ (Modified) Froude/ 
Ideal Ideal 

1/7 5 1/4820       1/6070       1/5400       1/3160       1/3585       1/2450 

Theory * 
Manohar (1962) 1/97 1/410 1/1330 1/410 1/850 1/2750 1/2750 
WES (Fan & LeMehaute 1969) 1/115 1/600 1/1940 1/600 1/1030 1/3340 1/3340 

Effectiveness of the Jetty in Reduction of Maintenance Dredging Requirements It is predicted from the test results 
that the jetty will significantly reduce sedimentation m the existing channel (Table 7) The predicted reductions vary 
due to NE waves, from 82 to 99 percent when compared to sediment deposited in the unprotected channel with an 
average improvement of 91 percent The 87 percent reduction predicted by use of the Froude Law scale criteria (based 
on results with sands) is relatively conservative 

Predictions of annual reduction by the jetty of sedimentation into the channel by waves from NE, N and NNW 
directions are also included in Table 7 (For greatest rigor, these require considerable prototype data, e g for calibration 
of the time scale of bottom evolution ) Reductions in sedimentation are predicted on the order of 74 to 84 percent to 
the unprotected channel with an average value of 79 percent Deviations of about 5 percent may be expected between 
predictions based on the three scaling criteria It is concluded that the predictions (by use of the Froude Law scale 
catena, based on results of tests in the model with sands) of quantities of sand deposits are adequate for engineering 
purposes 

Table 7  PREDICTED "BEST PLAN  PERFORMANCE 
(Based on Model Tests) 

Silting Reduction (NE Waves) 

Silting Reduction (all waves) 

Sand 

Froude 

77% 

Ground Walnut Shells 
Small Grams Large Grains 

Froude      Ideal Modified    Froude      Ideal Modified 

74% 

Froude/ 
Ideal 

93% 

*   Manohar (1962)   ntb = A2j* 3/2nD 1 n^/2 

WES (Fan & LeMehaute, 1969) ntD = X2 (nH/u) 2 n 3/2 nD 3/4 By #4 

(Modified) Froude/ 
Ideal 
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Effect of Bar By Passing Mechanics after Jetty Construction A prolonged test of the existing channel protected by a 
6,000 foot long upshore East jetty (Plan IVa, Fig 7) was conducted using ground walnut shell material (small) as 
sediment The purpose was mainly to study the vitally important process by which sediment bypasses around the jetty 
causing shoals to develop seaward of the protected channel area These tests determine the usefulness of the improved 
channel system, including the equilibrium condition of updnft bar formation By passing from the updnft to the 
downdnft, and bar development outside the channel entrance were also considered The initial shoreline for the coast 
area updnft (East) of the jetty is considered to be the one formed by, and in equilibrium with excitation by severe NE 
storm waves 

The base for the study of by pass and off-entrance shoaling m which the excitation was Test Condition 1 was as 
follows NE waves 5 ft/5 sec, and 500 m^/sec river flow, 1 8 ft/sec tidal current in one diurnal tide cycle (44 minutes in 
model), increments up to three tide cycles As a result, a new equilibrium shoreline was formed as shown in Fig 12(a) 
Bottom profiles were taken through the beach area (Section A A), around the channel entrance (Section B B), and 
along the existing channel (Section C-C), as shown in Figure 12 (c), (d), and (e), respectively These permit evaluation of 
the shoaling and by passing process as a function of time It is interesting to note that the new equilibrium shoreline 
forms parallel to the incident NE wave and establishes after two tide cycles This is equivalent to approximately 280 
days in the prototype, using a time scale for bottom development of 1 4820 based on Froude Law scale criteria for no 
by passing 

Heavy shoaling developed upshore, and near the center of the 6,000 foot long jetty [Fig 12(c)] A significant bar 
did not develop outside the channel entrance of the protected channel even after one additional tide cycle beyond the 
time necessary for the beach to attain equilibrium [Fig 12(d)] This is perhaps controlled by the scouring effect of the 
high currents present offshore of the end of the jetty, and bythe onshore component of the wave action which tended 
to curtail littoral drift, and caused deposition of sediments in other areas as noted in Fig 12(a) However, a bar of 
about 160,000 cubic yards did develop inside the channel entrance, with a peak at approximately 750 feet upstream 
from the end of the jetty This bar represents about a year (420 days) of accumulation in the protected existing 
channel, with no dredging It seems unlikely that the large bar would develop should the channel be maintained 
reasonably by periodic dredging 

Action of the waves, other than the normal NE storm waves, studied in these special tests (l e waves from N and 
NNW and severe NE storm waves) should tend to reduce, by erosion, the sediment trapped upshore of the jetty This 
would act as a storage area for sediment driven into the area by NE waves, during the normal NE monsoon season 
Thus, updrift of sediment into the channel should be inhibited 

As a result of these tests, it is concluded that 

1 The effectiveness of the improved channel system (Plan IVa-6,000 foot long jetty upshore of the existing 
channel) can be maintained by dredging at a minimum level (21 percent of the original estimate without jetty 
protection) 

2 Seasonal changes of wave action will help to maintain the effectiveness of the jetty In particular, they will 
scour the upshore beach and make it a more effective trap during monsoon season Thus, excessive dredging 
will not be required after the monsoon season Delay in ship operation will be reduced to a minimum 

Findings and Conclusions of Phase II Study A 6,000 foot long jetty along the upshore bank of the existing channel is 
most effective and economical, with reasonable initial cost and minimum maintenance dredging requirements 

It was found that a jetty as postulated in the "BEST PLAN' would reduce the annual maintenance dredging 
required in the Tan My Inlet navigation channel (caused by NE wave induced shoaling) by 82 to 99 percent This had 
been predicted with different model scaling criteria and types of sediment materials A 10 percent error (5 percent on 
annual basis), attributable to scale effects, may be expected No attempt was made to determine the relative ment of 
conflicting model scaling criteria By consideration of the appropriate time scale of bottom evolution, one can obtain 
nearly the same quantitative results of annual dredging requirements The "Ideal Velocity Scaling" with small 
walnut-shell material tends to predict most conservatively 

As far as the distribution of sediment deposition along the channel is concerned, none of the scaling criteria gave 
comparable distribution to that found in the prototype using Typhoon Bess conditions However, model results (with 
sands using Froude Law scaling, with small walnut-shell material using 'Ideal Velocity' scaling, and with large 
walnut-shell material using "Modified Froude/Ideal Velocity" scaling or "Ideal Velocity,' as modified) tend to give fair 
to good comparison of sediment distribution over long penods of time under normal conditions 

From the viewpoints of time consumption for a model study, the use of light weight sediment materials (such as 
the ground walnut shells used in this study) may be more economical than sands 
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Further research work on the model technology of a movable bed model is needed to clarify the uncertainties 
encountered in this study Furthermore, an important point on the necessity of by pass operation should be discussed 
Periodic by pass of the littoral drift that accumulated upshore of the jetty may be desirable only if the protection of 
the downdnft beaches from erosion is of vital importance and only when the value of the beaches is sufficient to justify 
the cost of such a by-pass operation On the other hand, where preservation of the downdnft beach is not of major 
importance, as m the case of Tan My Inlet, the suggested "BEST PLAN" should be adequate to reduce substantially the 
maintenance dredging required in the navigation channel by trapping a significant portion of the predominant littoral 
drift on the updnft side of the jetty and by encouraging natural by passing of some of the untrapped portion 

Phase HI Stability Characteristics of Rubble Mound Type Jetty of the BEST PLAN Phase III covered the 
two dimensional model studies which were conducted at a much larger scale in a 180 foot long wave flume The 
objective here was to determine the stability characteristics of the rubble mound type jetty of the 'BEST PLAN 
against storm wave action From these tests, the jetty design was optimized Tests and evaluations were made on the 

basic designs of Frederic R Harris Inc 
for Jetty Sections IV and V From these 
test results, the design was improved for 
use in this case (Fig 13) 

Scale dimensions for tests were 
1 20, 1 23 4 and 1 24 5 The tests were 
conducted with a 1 60 beach slope 
covered with sands (or walnut shells) as 
an erosible bed Stone weight scaling 
followed the similitude by Hudson 
(1959) le 

,3 

W 

W/10 
+8 ft 0 in 

StUl water level   +5 ft 0 in 
SEAWARD o 

Fred Harris Inc 
original design section No IV and V (1968) 

SWL+5 0 

SEAWARD 

Modified Section (1) based on Model Tests 

iy,   s(Sr)m- 

Wr = weight of stone 

7r = specific weight of stone 

Sr^ r   TW 

7W = specific weight of water 

The jetty was trapezoidal in cross 
section with 90 foot base, 15 foot wide 
crown, 24 feet high, with side slopes of 1 
on 1 25 It rested in water 21 feet deep 
Design configuration was rubble type 
rock in double layer at 6 4 or 10 3 tons 
each on the outside (armor), double layer 
at 0 3 tons each (as secondary cover), and 
quarry run of 2 inch size as both core and 
4 foot thick base It was intended to be 
overtopped by the design waves which, 
face on, were 14 feet high, with an 8 

second period However, toward conservatism, the jetty was tested in waves up to 20 feet high with a 10 second period 

Major findings were as follows 

1 A slope of 1 1 25 is acceptable for the 14 foot high design waves 

2 An armor stone size of 6 4 tons (for Jetty Section IV) and of 10 3 tons (for Jetty Section V) is adequate for 
the 14 foot high design waves under either low or high tide and storm surge conditions 

I filter 
Modified design section (2) based on Model Tests 

Fig 13 
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3 To prevent scouring under the jetty a layer of core materials should be extended beyond the armor stone 
toe with two layers of secondary stones placed over this layer of core material for protection An alternate 
for protection against sand scour is a plastic filter (such as Poly Filter X) extended in front of the jetty and 
under the sand with secondary stones above the sand as protection 

4 A filter layer, preferably of plastic, is necessary in the prototype between the core material and the sand 
beach This could not be demonstrated in the model due to the effect of the scale, 1 e , larger voids in the 
prototype than those in the model 

5 Further testing of scouring depth at the jetty toe is necessary because of the discrepancies found between test 
results with sand and those with walnut shell material as erosible bed materials 

6 The stability of the rubble mound jetty should be studied in a movable bed model particularly if the jetty is 
founded in a depth shallower than the critical depth for sand movement Otherwise the designer should 
specify that the jetty bottom should either extend below scour depth to be determined, or it should rest on a 
plastic filter 

7 The filter system for a jetty should be designed with extreme care, particularly if the translatory currents 
induced by tidal and river flow along the longitudinal axis of the jetty are significant 

CONCLUSIONS 

The major conclusions of this study were 

1 A 6,000 foot long rubble mound type jetty along the east bank of the existing channel [Fig 7] should be 
considered the BEST PLAN' —the most effective and economical solution of the exterior channel 
improvement at Tan My Inlet The rubble mound type jetty should be constructed of 6 4 to 10 3 ton armor 
stones with two layers of secondary stones and core materials laid underneath it A filter system must be 
carefully designed to avoid any failures due to erosion of the jetty foundation and toe 

2 A semi movable bed model study of the inlet stability improvements, following the three phase experimental 
procedure reported herein, may be considered a feasible method by which to obtain both qualitative and 
quantitative results this is particularly so when sufficient prototype data are available to relate the time scale 
of bottom evolution 

3 A jetty as postulated in the ' BEST PLAN' would reduce the annual maintenance dredging required m the 
Tan My Inlet navigation channel (caused by NE N, and NNW wave induced shoaling) by 74 to 84 percent 
This was predicted with different model scaling criteria and types of sediment materials By consideration of 
the appropriate time scale of bottom evolution, one obtained nearly the same quantitative results of annual 
dredging requirements 'Ideal Velocity scaling with small walnut shell material tended to predict most 
conservatively 

As far as the distribution of sediment deposition along the channel was concerned none of the scaling 
criteria gave distribution comparable to that found in the prototype using Typhoon Bess conditions 
However model results (with sands using Froude Law scaling with small walnut shell material using "Ideal 
Velocity" scaling and with large walnut shell material using ' Modified Froude/Ideal Velocity scaling or 
"Ideal Velocity,' as modified) tended to give fair to good comparison of sediment distribution over long 
periods of time under normal conditions 

From the viewpoint of time consumption for a model study, the use of light weight sediment materials 
(such as ground walnut shells) may be more economical than use of sands Further research work on the 
model technology of a movable bed model is needed to clarify the uncertainties encountered in this study 

4 Use of theory alone in predicting the time scale of bottom evolution should be done with caution, especially 
in cases where field data are not readily available for model prototype correlation This conclusion was quite 
obvious, at least for this study Further verification is needed 

5 The quality of the model study is still greatly dependent on the quality and quantity of environmental data 
collected When adequate data are available to permit the determination of the time scale of bottom 
evolution the discrepancy between the results obtained with different scaling criteria and model sediment 
was not too large as one would expect normally Of course there are still many research problems involved 
in a movable bed model 
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CHAPTER 72 

MODEL TESTS AHD STUDIES FOE POET EASHID, DUBAI 

EEIC LOEWY 

Partner 
Sir William Halerow & Partners 
Consulting Engineers, London 

ABSTEACT 

This paper is a factual account of studies carried out for the design 
of a new deep water harbour  As so often happens construction work had to 
be begun before many of the conclusions of the study were available so that 
alterations to the initial designs had to be made while work progressed 
The studies comprised tidal and wave recordings and analysis, model studies 
to determine residual wave conditions at the quays, studies to determine 
the extent of littoral drift, the effect of the proposed works upon this 
and possible measures to counter downdrift erosion  In addition studies 
were made of the stability of the adjacent creek channel which had previously 
been the harbour and a mathematical model study was carried out of the effects 
on the creek regime of various proposed entrance works including the construc- 
tion of an entirely new creek entrance channel through the new deep water 
harbour 

INTRODUCTION 

The State of Dubai is situated on the southerly coast of the Strait 
of Hormuz which forms the seaward entrance of The Gulf (sometimes called 
the Persian or Arabian Gulf - see fig 1)  The Capital Town of Dubai con- 
sists essentially of the twin towns of Dubai proper and Daira (fig 2) 
which lie astride the mouth of a tidal creek which has up to now formed its 
harbour  This harbour was used by country craft (dhows), lighters and other 
small vessels, with only very minor works on jetties and wharves up to approx- 
imately 1958  The combination of littoral drift towards the north east and the 
creek tidal flow resulted in a gradual migration of the creek entrance in the 
direction of the drift and, m the years after the last war, to a reduction 
m the depth of water available at the entrance  Starting in 1959 entrance 
training works were constructed and the channel dredged out to 8 feet below 
chart datum  These works caused an interruption of the littoral drift with 
consequent erosion of the downdrift site (figs 3 and 4) 
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Fig. 3    DUBAI CREEK 

Fig. 4    CREEK ENTRANCE 
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In 1966, as a result of oil being found in Dubai waters, His Highness 
the Ruler was enabled to embark upon the construction of a new deep water 
harbour, to be known as Port Rashid, immediately south-east of the creek 
entrance (fig 2)      The new harbour, which will enclose a water area of 
approximately 350 acres and will provide 15 deep water berths each approx- 
imately 600 ftj long, is still m course of construction  It will have a 
bed level at its entrance approximately 36 ft below chart datum and will 
be dredged to 30 5 feet below chart datum throughout  Since the harbour 
works will form a solid barrier to the littoral drift for approximately one 
mile out to sea from the previous shore line it is clear that these are 
likely to have an even greater effect on the coastal regime than the creek 
entrance works 

There are proposals to close or partly close the existing creek 
entrance and form a new canal link from the creek to the new harbour  There 
is also a proposal to reclaim a coastal strip of land north east (downdrift) 
of the new harbour and protect this with a heavy sea wall which would have 
the effect of preventing further erosion there and transferring the erosion 
to less valuable land further along the coast 

Model Tests and Studies were initiated to consider various aspects of 
the works  The majority of these were carried out at the Hydraulics Research 
Station at Walluigford, England 

INVESTIGATIONS 

A tide recorder was set up on the side of a small jetty built out 
across the beach into the sea  An analysis of the first year's tidal records 
was carried out by the Institute of Coastal Oceanography and Tides at 
Birkenhead, England  The analysis demonstrated the extent of the "set up" 
which can occur at the south-east end of the Gulf  On 25th January 1969 
this was 12-18 inches continuously for a period of 12 hours  Shorter period 
seiches up to 17 inches have also been recorded  The tides are subject to 
a large diurnal inequality  Their normal range is between MHHW + 5 5 ft 
(chart datum), MLHW + 4 4 ft ,MHLW + 2 6 ft and MLLW + 1 3 ft 

An 0 S P 0 S wave recorder was installed  This type of self-contained 
recorder was chosen in place of an instrument which would record on shore to 
avoid the danger of the connecting cable being broken by small vessels 
achoring offshore  For most of the recording period the 0 S P 0 S instru- 
ment was anchored approximately §• mile offshore m 36 ft of water (below 
chart datum) with the recorder tethered 8 to 10 ft below chart datum so as 
to be approximately 3 ft below what was anticipated to be lowest wave trough 
level  The relationships and equations used in the analysis of the wave 
records were reduced to forms suitable for the Olivetti Programma 101 Desk 
Top Computer  The analysis was carried out in accordance with Draper's 
procedure (ref 1) using the empirical corrections for attenuation worked 
out by Draper and Maxted (ref 2) 
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Since no commercially-available, proven, wave direction recorder 
of reasonable cost appeared to be available wave directions were estimated 
visually, normally twice daily  Twice daily observations were the most 
which could be expected from the already overbusy Resident Engineer's 
Staff but as the height recordings occurred 8 times per day (every 3 
hours) it is obvious that considerable interpolation of wave directions 
had to be estimated with corresponding risks of error  There is no 
doubt that the development of a reliable, commercially-available, 
reasonably-inexpensive wave direction recorder would be very greatly 
welcomed 

WAVE ANALYSIS 

To date six month's wave records have been analysed  The data has 
been adequate and sufficiently representative for wave height frequency 
prediction graphs to be drawn for "all directions" waves and for waves 
from 300 , the dominant direction, and from 330 , but not other directions 
The "all directions" prediction (fig 5) drawn on probability graph paper, 
extended upwards to obtain a Once in 100 Years wave value, indicates a 
maximum deep water wave height of 34 5 ft in 100 years, 31 5 ft m 50 
years, and 26 0 ft in 10 years  Using Darbyshire and Draper's relation- 
ships (ref 3) between wind speed and duration for the maximum possible 
fetch of approximately 500 nautical miles these maximum wave heights would 
require wind speeds of respectively 44> 43 and 36 knots for a period m 
each case of approximately 33 hours, or equivalent combinations of speed 
and duration 

In the restricted area of The Gulf the majority of wave patterns 
are composed of short-period waves  The recording of such waves led to 
difficulties which were not sufficiently appreciated at the beginning of 
the analysis  The first was locational, in that the record tended to be 
increasingly flattened the deeper the pressure-actuated instrument was 
tethered below the water surface  This was overcome in large measure but 
still required an attenuation factor adjustment before feeding the data 
into the computer  The second was instrumental, in that a considerable 
number of the 12 minute duration records were of waves about 1 foot m 
height, shown on the trace as 1 mm  The difficulty of classifying these 
in wave height steps was such that the analysis proved unreliable m the 
smaller ranges and in fact only derived maximum waves over 7 feet m height 
were plotted, the linear results being extended to cover predictions for 
lesser waves and extrapolated for waves beyond the scope of the instrument 
readings 

Estimation of the likely frequency of stated wave heights has so far 
been assessed only by reference to the British Ministry of Technology's 
statistical survey of wave characteristics estimated visually from 
Voluntary Observing Ships on their normal shipping passages (ref 4)  It 
is interesting to note, however, the confirmation provided by maximum 
heights up to 25 feet being estimated at points a little further west m 
The Gulf during a storm in 1964 

The relationship between maximum wave height and maximum significant 
wave height was found during this analysis of six-months' recordings to be 
approximately 2 to 1, for the range of wave periods of between 4 and 9 
seconds which was of principal interest and occurrence 
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HYDRAuXIC MODEL TESTS 

A rigid bed hydraulic model of Port Rashid was constructed to a 
scale of 1 150  Waves of different equivalent heights, periods and 
directions were generated and directed on to the harbour and their residual 
heights along the quays were measured for a number of harbour layouts  A 
final harbour layout was chosen by this means  These model tests had to be 
carried out before any results could be obtained from the wave recorder 
The waves used for the tests were therefore estimated from wave recordings 
taken further west in the Gulf and an assessment, using synoptic charts, of 
the corresponding waves off Dubai 

Idealised ship movement tests, using the same equivalent waves, were 
also carried out using models representing 10,000 dwt and 4,000 dwt vessels 
at the quays  The results of these model tests were satisfactory, except 
in the case of two berths when waves were from the north direction  This 
is in fact the direction in which the harbour entrance points so that there 
is virtually no obstruction to these waves  Although no prediction for 
waves from the north has been possible from wave recordings at Dubai for 
reasons mentioned previously it has become clear that considerable wave 
activity from that general direction is rare  This conclusion has since 
been confirmed by an analysis of the wave records from Voluntary Observing 
Ships steaming in the vicinity of Dubai  These records were kindly supplied 
by the British Meteorological Office 

In connection with the wave model a study was carried out of the 
extent to which waves could be generated within the enclosed harbour area 
over the greatest fetch of approximately 1 3 miles by strong winds blowing 
from approximately south west or north east  Although it was appreciated 
that these conditions would only occur infrequently, experience with the 
model showed that the resulting waves would not significantly hamper the 
working of ships alongside the quays 

Ho evidence was obtained that the natural period of oscillation of 
the harbour basin would give rise to seiches having periods or length of 
range which could affect moored vessels in Port Rashid, providing of course 
that such mooring lines and fenders were in appropriate combination of 
stiffness and softness which previous model and full-scale tests had shown 
to be suitable 

LITTORAL DRIFT 

The coastal regime at and in the vicinity of Dubai was studied part- 
icularly in order to assess the effects of the construction of Port Rashid 
As has been mentioned, training works were carried out between 1959 and- 
1962 at the entrance to Dubai Creek  These involved the construction of 
steel sheet-piled training walls to stabilise and maintain the creek channel 
into the sea out to approximately the seabed contour 8 0 ft below ohart datum, 
this being a sufficient depth of channel for the country craft and lighter 
traffic at that time (fig 3) 
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Since the net littoral drift is south west to north east along the 
coast the effect of these training walls had teen to cause accretion on 
the south west side and erosion on the north east side  By 1968 the down- 
drift erosion, which affected the densely-populated town of Daira, had 
"begun to cause serious concern, though by about that time some natural 
sand by-passing of the creek had just begun to occur  There were there- 
fore naturally fears of the effect of the very much bigger barrier of 
Port Eashid  Comparison of regular measurements of beach and bed levels 
on a number of lines perpendicular to the coast updrift of the training 
walls early led to the conclusion that the natural net rate of littoral 
drift was approximately 70,000 cu yds per year  In 1969 a further cal- 
culation was made based upon the relationship - 

Q - 210 E° 8 

where Q = intensity of littoral drift in cu yds per day 
and E = longshore wave energy m millions of food- 

pounds per foot of beach per day 

The net littoral drift per year calculated from this amounted to 79>000 
cu yds  Again, because wave data from the wave recorder was not available 
when this calculation was made, the same assumptions as have been mentioned 
before were made regarding the waves  However since the two calculations 
showed such close agreement it was considered justified to assume a net 
littoral drift of the order of 80,000 cu yds per year from south west to 
north east and no further calculations have been undertaken using the 
results of the analysis of the first 6 months of actual wave records 

Based upon such an assessment of annual volume, it will be at least 
20 years before any significant by-passing of sand across the entrance of 
Port Eashid is likely to occur The form which this natural by-passing may- 
take is uncertain and may well be unacceptable  During this time corres- 
ponding erosion of the downdrift coast of Daira will occur unless remedial 
measures are taken  Since this township is densely populated to the coast- 
line this is obviously not a result which can be accepted and the Ruler is 
at present considering the adoption of one of several alternative solutidhs 
proposed to him  Artificial nourishment is one course, another,more favoured, 
is to concentrate the erosion length further downdrift, where the coastal 
strip is devoid of use or habitation, by carrying out protection and 
reclamation works from the creek entrance to beyond the downdrift end of 
Daira 

DUBAI CHEEK 

The influence of the creek flow upon the situation has not so far 
been mentioned because it does not appear that there is any significant 
outflow or inflow of bed material associated with it  As far as is known 
the creek has remained remarkably stable of recent years m these respects 
though there has undoubtedly been a gradual migration of the entrance towards 
the north east 
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Hormal sand by-passing did not apparently produce the formation of 
sand bars which cause navigational difficulties  But when the channel 
began to follow a course leading over a coral reef an unacceptable reduction 
in natural entrance depth resulted  The works carried out between 1959 and 
1962 successfully relocated the entrance by a system of sheet piled training 
walls with dredging to restore and deepen slightly the channel linking the 
creek port with the sea 

With the firm proposal taken to construct the deep water port on 
the coast off Dubai, there followed naturally the suggestion of a connection 
by water between the already-flourishing Creek port, with its winding and 
restricted entrance, and the new harbour enabling cargo liners to discharge 
and export freightm security from wind and sea conditions  It was evident 
that the sediment loads and tidal velocities through the creek port had a 
large effect on the success of such a scheme to direct the flow into and 
out of the tidal basin upstream of the port and to close, wholly or partially, 
what would become the former entrance  Examination of this proposal could 
only be through model analysis, unfortunately time and cost limited the 
study to a mainly qualative rather than a quantative one, but nevertheless 
the results were instructive 

DTVESTIGATION ABB MATHEMATICAL MODEL 

The creek is not fed by anysurface streams, even intermittent ones, 
but there is a small amount of sub-surface seepage of water into the upper 
reaches and this seepage is very highly saline  In addition there are very 
extensive tidal flats at the head of the creek which are covered at high 
water and dry out at low water  These large areas of generally very shallow 
water are of course areas where high evaporation leads to increasing 
salinity  For these two reasons, therefore, the water at the head of the 
creek is considerably more saline than the sea and the water lower down 
the creek  This reverses the more usual situation m which fresh water 
flows into the head of a tidal inlet and the salinity decreases as the 
distance from the sea increases  A natural corollary of the situation at 
Dubai is that the highest salinities occur at low water  The result of this 
salinity pattern is that there is a net drift of water near the bed of the 
creek towards the sea, but the velocities involved are so low that this is 
not of significance as regards the transport of bed material 

Ho measurements are available to show up any areas of accretion or 
erosion either permanent or temporary in the creek or to indicate quantit- 
atively any natural changes in the entrance channel  However it seems 
clear that there is a negligible transport of solids to the creek through 
sub-surface flows  The most likely sources are from wind-blown material 
and erosion of the bed or banks  Erosion does not appear to provide any 
overall change in the quantity of solid material entering or leaving the 
creek though there are local movements within it  Wind-blown sand undoubt- 
edly does provide an input source, but such calculations as have been 
possible in this respect suggest that the quantity is small and that it is 
confined to the upper reaches  Due to a large diurnal inequality in the 
tides at Dubai the maximum ebb flows in the creek are greater than the 
maximum flood flows so that bed material from the creek tends to be flushed 
out into the sea rather than the reverse, and consequently the entrance 
channel remains open 
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A large number of cross-sections of the creek were surveyed and tidal 
observations carried out simultaneously at six stations (fig 2) over a 
high spring tide cycle on 13/14 May 1968, with an extensive series of 
current velocity measurements taken during this cycle  The mathematical 
model of tidal flows in the creek, with the view to assessing the effects 
of various proposed schemes, was proved against this set of tide levels 
and flows  Because of the large diurnal inequality, which results in 
velocities and discharges on the fall of the major tide being much greater 
than the velocities and flows during any other period, subsequent analyses 
were directed towards determining the maximum velocities and volumes of 
water (tidal prism) leaving the creek on the ebb of the major tide under 
the conditions of ljth/l4th May 1968 

Once the model had been satisfactorily proved the effects of proposed 
engineering works could be studied  These proposed works are indicated on 
Figure 2 and they comprised - 

(a) Construction of a canal link between Port Rashid and the 
creek and the closure or partial closure of the by-passed 
seaward end of the latter 

(b) Construction of a tidal barrier near tide gauging station 4 
to close off the salt flat area at the head of the creek 
The object of the barrier would be primarily to reduce the 
tidal flow by eliminating the large storage volume contained 
m the tidal flats at the head of the creek  As a secondary 
object it would serve as a barrage to increase water level 
permanently above the barrier m a reach to which vessels 
would have access through a lock  Such a barrier might 
indeed be valuable but would probably be better sited, further 
towards the sea so that the locked area would be able to 
serve the towns and the ships 

BESTJLTS AND CONCLUSIONS 

The mathematical model quickly demonstrated that the tidal regime m 
the creek is at present dominated by two factors  These are the throttling 
effect of the narrow channel through the Town and the presence of the large 
inter-tidal flats storage volume at the head of the creek  As a result 
schemes to vary the entrance to the creek cannot alone greatly affect the 
regime except locally  The only practical scheme examined which caused an 
appreciable change in the whole regime was that to construct a tidal barrier 
blocking off the major portion of the inter-tidal flats storage volume 

The model was able to calculate water level, velocity and flow at any 
time at a number of selected points in the creek and proposed canal for the 
conditons resulting from the various schemes under the open-sea ebb tidal 
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conditions of the I3/14 May 1968  Volumes of tidal prisms could also tie 
calculated for the various tide levels 

Some actual mathematically-calculated figures may be of interest 
here  At present the creek channel tidal maximum velocities vary greatly 
along its length  Peak maximum velocity is 5 2 ft/sec at Section A (fig 2), 
reducing to 1 33 ft/sec at Section B and increasing again to 2 5 ft/sec 
at Section C  Incipient sediment movement was calculated to correspond to 
a water surface velocity of 1 4 ft/sec for a 0 1 mm sand (taken as represent- 
ative of the finer fractions of bed material)  This means that at present 
some sediment movement towards the sea probably takes place m the upper 
reaches but not in the middle reaches  In the lower reaches between the 
towns quite extensive movement would take place were it not for the fact 
that the bed here mainly consists of coral with limestone boulders and 
the quantity of sand is small  It would appear therefore that there is 
probably some accumulation of bed material in the middle reaches though 
there are no indications that this is of serious proportions  The bed sand 
lost in the upper reaches appears to be approximately made good by the wind- 
blown sand previously mentioned 

When the proposed canal was introduced into the model, with varying 
proportions of the existing creek entrance channel remaining as well, it 
was found that the effect of such new entrance proposals on the tidal prism 
was limited to a maximum increase of 6 6 per cent because of the throttling 
effect of the reach tlirough the town  A large change in the entrance channel 
conveyance produced only a small change in the tidal prism  As a result it 
was possible to work out a simple method of calculating the performance of 
any combination of entrance channels ( so long as their combined conveyance 
exceeded the value of the existing entrance channel)  This no longer required 
the use of the mathematical model 

Provisionally it was considered that a canal link having a 340 ft wide 
rectangular section and a bed level 12 ft below chart datum, with the 
existing creek entrance completely closed off, would result m a peak maximum 
velocity of 4 4 ft/sec (at Section D, fig 2)  This would be acceptable 
provided that the bed material was found to be suitable or was suitably 
protected  Peak maximum velocities somewhat higher than 1 4 ft/sec would 
also be present within part of Port Hashid under the conditions of this 
arrangement 

The effect of the tidal barrier was to decrease the tidal prism (major 
ebb tide 13th/l4th May 1968) by causing a reduction in the canal peak maximum 
velocity from the 4 4 ft/sec quoted above to approximately 3 4 ft/second 
Policy on both these matters remains to be decided, as there are many other 
factors of a non-hydraulic kind to be taken into account 

"The Author appreciates the assistance given in preparing this paper 
by the hydraulics Research Station Staff, particularly Messrs W A Price and 
K W Tomlmson, and of his colleague, Mr H E B Frederickson 
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CHAPTER 73 

STUDY OF TOPOLOBAMPO'S BAY, MEXICO,  ENTRANCE 

by 

Hector Lopez Gutierrez      1 

Daniel Cervantes Castro 

SUMMARY 

Brief examination of the geomorphological background of the 
Topolobampo's bay inlet is made 

A theoretical study of the inlet and spits, based on field data such 
as wind, waves, tides, currents, bathimetric charts from 1875 
to 1965, was developed in order to determinate the most conve- 
nient position of an experimental channel dregged on 1963. 

Radioactive tracer studies, photographic and periodical surveys 
of the inlet and the channel gave the information for the design of 
the definitive channel, which at present is behaving in accordance 
with the predicted way in the theoretical study 

INTRODUCTION 

The economical needs of the northwest of Mexico have led to the 
conclusion that a port is required at Topolobampo Bay. 

1     Consulting Engineers 

1151 
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The main problem to establish the port has been the existence of a 
bar at the entrance of the bay     The study of such problem started in 
1952 and several solutions have been given, most of them, considering 
the use of jetties, but these being so long, the solution have always 
been an economic obstacle for the port 

With   hat thought in mind, this study has been carried out, with the 
purpose of finding a solution based on a dredged channel across the bar, 
which has to be hept by small works or maintenance dredging 

I    GEOMORPHOLOGICAL BACKGROUND 

Topolobampo Bay is located at the northwest of Mexico (fig    1),   it has 
an approximace area of 48  85 km    and also has several shallow zones and 
secondary irlets      It is communicated with the Gulf of California through 
an inlet with a width of 4 5 km    which is limited at its ends by two sandy 
spits called "Punta Copas" and "Punta Santa Maria"     Tnere are two 
perfectly defined channels, the main one that covers the whole bay with 
NE-SW direction up to "Punta Copas" where it changes to an E-W direc- 
tion, up to Santa Maria where the second channel, called Lechuguillas, 
joins it     This letter channel is communicated with San Esteban Bay 
located in the northern zone      From there the inlet channel is formed with 
a S-SW direction 

Topolobampo Bay is communicated with Ohuira Bay by a narrow and 
deep pass (SO m)     The letter bay with an extension of 148 00 km    is a 
very important factor in the bar's dynamics due to the great tidal prism 
generated by it 

The present shape is due to an evolution of the "Rio Fuerte" delta, 
whose first mouth combined with volcanic action, remolded a great part 
of Topolobampo and Ohuira bays (1) 

Latest processes determined an emigration of the mouth towards the 
North, and its old delta continued as the main source for the litoral 
barriers that limic San Esteban, Topolobampo and San Ignacio bays     At 
the present time the "Rio Fuerte" continues as the main source of beach 
material 

Due to the wave characteristics acting in the zone as well as the 
induced currents produced by flood and ebb of the tide, a sandy bar has 
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been formed at the bay's entrance, with a length of 12 Km   , a width of 
2 Km    and a depth of 2     3 m    in a shape of a horse shoe, that joins "Pun- 
ta Santa Mar fa" and "Punta Copas" 

2    WINDS, WAVES, TIDES AND CURRENTS 

2   1    Winds. 

The prevailing and strongest winds come from the WNW, their main 
influence is the formation of seas which act from October to May, and 
from June to September there are others that produce swells from the 
SE     The effect of both of them on the wind transport is of a secondary 
importance (2) 

2 2   Waves. 

Table 1 

Type Direction 
?1/3 (m) 

T 
(sec) 

Acting Time 
hr/year 

Sea WNW 1.25 5 3720 

Swell S30W 0  9 12 480 

Swell SSE 0.9 12 840 

2.3    Tides 

They are of the mixed type with a mean range of 0 828 m. and a 
spring tidal range of 1   80 m     They were recorded simultaneously at 
four points in order to relate them with the observed currents (fig    1) 

2 4    Currents 

The tidal currents are significant at the main channel (3) being the 
mean maximum velocity of 1   2 m/sec 

From the field measurements it was obtained the following descharges 
distribution in everyone of the section indicated in fig. 2 and table 2    (4). 
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Table 2 

1 
Phase 

2 
Amplitude 

m 

3 
Section I 

4 
Section II 

5 
Secton 
I+II 

6 
100 5/o" 

Rood 1   25 66% 33 8% 99 8% 0  2% 

Ebb 1.31 44% 31.6% 75  6% 24  4% 

Flood 1.128 62% 28.7% 90  8% 9 3% 

Ebb 1   0S7 51% 38  2% 89  2% 10.8% 

Discharge in Section III = 100% 

Column 3 shows that at Lechuguilla Inlet Qfi00d = ©Ebb 

Column 4 shows that the shallow zones have a considerable regulation 
effect. 

Column 6 gives us an idea of the regulation capacity of the shallow 
zones. 

3. LITTORAL DRIFT 

The studies of grain sizes carried out in the bay as well as in the bar 
showed the presence of fine sand with a mean diameter ranging from 
0.25 mm   to 0.125 mm   with a very good distribution 

On the bar there are two defined types of sediment transport 

3.1. Shoreward transport. 

Produced by the swells that with their incidence almost normal to the 
shoreline and the bar itself as well as their length and peripd induce a 
transport towards the bar 

3 2    Littoral transport 

Due mainly to waves with a short period which effect is located at both 
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littoral barriers. 

The anaLysis of these data lead to the computation (4), (5), that the 
littoral drift along the bar, in the zone in which it was gang to be dredged, 
the channel was of the order of 360,000 m3/year.    Uarras,  Pychkine and 
Manohar criteria were used (fig    3 and 4) 

3.3    Suspended transport 

Suspended transport measurements were made at the different 
velocity control sections, and it was found that the amount of suspended 
transport varies from 0 mg/lt up to 15 5 mg/lt, depending on the current 
velocity and the sections of study, being the maximum recorded values 
taken at the channel zone, finding out that at 6 m. depth and a velocity cf 
0 60 m/sec, the transport was 10 mg/lt, on the other hand, at 1 m    depth 
in the same zone,  it was recorded 5 mg/lt, which leads to the conclusion 
that its effect is of secondary importance. 

4    BAR EVOLUTION FROM 1875 TO 1962 

The analysis (4) was made considering the variations of the centroidal 
axis of the bar in order to study its movements in a plan view as well as in 
elevation      (Fig    5) 

It was observed that 

a      Between 5° and 45° the bar tended to grow seaward, due probably to 
the channel effect of Punta Copas which dissipates the wave action from 
the SW.    The maximum variation was 1300 metres for 1967 

b     Between 45° and 75° exists a transition zone, because the bar showed 
movements towards WNW as well as to the bay, the reason for this 
behaviour could be the gradual disappearance of high ebb currents, 
that could appose to the SW waves. 

c      Between 75° and 120° the bar tendency was to grow towards the bay, 
due to the wave action in that zone in which there does not exist any 
definite active of tidal currents.    Nevertheless, due to the sand trans- 
port diffusion and the channels that limit the zone, the movements are, 
as an average, 4 times smaller than the ones occurirg between 5° and 
45° 
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d.   From 127o up to 180° the bar tendency is growing towards the sea in 
a similar way to the first zone considered above, being the maximum 
movements between 150° and 165°, which are of the order of 1455 m. 
for 1962.   This is due to the fact that some small bars appeared as a 
result of the littoral drift from the WNW and the very efficient hydrau- 
lic groin formed by the mam outlet channel. 

Depth variations. 

Generally speaking, the vertical movements of the bar are not excesive, 
being up wards as well as downwards, these variations being noticible at 
radiations 5°, 15°, 75°, 90° and 105° whose maximum relative values are 
1.5 m.,  1.55 m   , 0  70 m.,  1   35 m    and 1.30 m    respectively. 

The rest of the zones tend to keep the same depth that in 1875, having 
small movements upwards as well as down wards     The most stable zones 
are the 450, 60°,  127°,  130°,  150O and 180O 

The mean depth in the bar varies from S m. to 4 m   , the 3.90 m 
being the most stable depth which is located between 105° and 120°, the 
smallest depths are between 15° and 75° with a value of 3 m. 

3.  EXPERIMENTAL CHANNEL 

In 1962, from theoretical results showed in the above pragraphs, the 
existing zone between 75° and 120° was chosen as the proper place for the 
dredging of the experimental channel as this had demostrated the maximum 
stability. 

The alignment of the channel was made following the tendency of the 
natural channel. 

The design dimensions were 

Bottom width 75 m 
Slopes 5 1 
Mean depth 7 m 

The experimental channel had as a mam function the precise evaluation 
of the littoral drift and hence its maintenance cost In addition the channel 
would permit the access of small ships to the port. 
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From the date of its construction, periodical soundings were made, 
and during a four months period,   in  1964,   the channel  dredging was 
suspended in order to be able to know if its natural tendency would be its 
accreation,   maintanance or erosion     Simultaneously,   a   radioactive 
tracer study, was carried out    (Fig    6) 

The  results of the experimental  channel  can be divided  into two 
groups 

Channel behaviour 
Effects on the bar. 

5.1     Channel behaviour 

The amount of littoral drift that reached the channel, recorded in its 
initial phase, when its efficiency and discharge were still low, was of the 
order of 320,000 ms/year (360,000 m3/year computed) (fig 7) At that 
time, the mean currents velocities in the channel was 0 4 m/sec. From 
1965 in which dredging was practicaly suspended, a tendency to increase 
the section has been observed In table 3, the results of control soundings 
are shown, pointing out that in 1966, the channel velocities, for similar 
tide conditions were of 0  8 m/sec 

Table 3 

Date Minimum Maximum Channel mean 
depth depth w idth at 6 m depth 

July 1966 6  15 8  40 50 
Aug 1966 6  90 8 65 60 
Oct 1936 6  55 8 65 70 
Nov. 1966 7  05 8.80 90 
Die 1966 7   10 8.70 75 
Feb. 1967 6.95 9 00 100 
Mar. 1967 6  80 8  75 115 
Apr. 1967 7  35 9.15 130 
Jun 1967 7.20 9  20 120 
Sept. 1968 8.50 9  85 150 
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5 2    Effects on the bar 

Inmediately after dredging the experimental channel, a big shallow 
zone started its formation on the NW side of the bar, which was modified 
by the changes in wave action, but that in general, showned the tendency 
to increase in size in such away that at present its distance from Punta 
Santa Maria is of only 150 m      Initially that distance was 1200 m    (fig    8) 

6    RADIOACTIVE TRACERS INVESTIGATION 

During a period of four months in 1964 a radioactive tracers investigation 
was programmed using a synthetic glass sample with Ta~ O5 to obtain 
Ta 182 with a 250 milicune of activity     The tendencies showed by the 
tracers checked notably with the results of the soundings in the same 
period of time (fig    7)     The accretion tendency observed at that time 
disappeared when the hydraulic efficiency of the channel was improved 

7 RESULTS ANALYSIS AND CHANNEL DESIGN 

The analysis of the experimental channel behaviour shows a definite 
tendency to the increase of tidal currents velocities and hence an increase 
of the shear stress which represents a channel erosion     This effect is 
favoured by the shallow zones formed, so it can be assumed that the channel 
tends to an equilibrium state, due to the increase of its hydraulic efficiency 
when the tidal prism diffusion decreases due to the shallow zone and its 
concentration into the channel     This tendency can be natural or be increased 
in an artificial way by means of dredging in the channel so that it can acquire 
a stable section 

It is convenient to point out that in the analysed period there was a 
season (January to March 1967) in which the channel showed a tendency to 
accretion     This tendency corresponded to the forecast made by the compu- 
tations and radioactive tracer studies, nevertheless, spring tides in April 
eliminated the accretion (7) continuing in such a way the self dredging of 
the channel      From that date up to now all the dredging work has been 
abandoned 

Providing that for navigation requirements the channel must have a 
minimum width of 150 m   , 11 m    depth and construction slopes 5 1 (fig    6), 
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at present a dredging volume of 1,300,000 m3 is still required 

Considering that the mean diameter of the sandy material that 
constitutes the bar in the channel zone is 0   125 mm   ,  it is required a 

= 0 ci6 Kg/m2 and a velocity of 25 cm/sec (8) in order that the bottom 
particles start their movements and taking irto account that at present, 
mean maximum velocities have been measured with a value of 0.8 m/sec 
it is expectable that for spring tides the mean maximum velocity reaches 
similar values to that existing in tVie present main channel with a value 
of 1 m/sec    (3) 

Therefore, using the mean velocity of 0 8 m/sec. the following 
results in relation to the self dredging capacity of the channel are obtained 

^=   2^=°-315K9/m2 

In accordance with Kalmke's Formula 

Qs 
10 D    55'2 10 x 0.5S 

J3,/4D2   v-2 (Ss-1) 11   0x125x10     (1000)2(1   6)2 

0  58 ~4 = 1   6x10      m"/seg/m. 
3 5x103 

Qs =  1   6 x 10       x 195 = 314 x 10       m'Vsec 

Ms= 495,000 m3/year 

Ms = 495,000 = 

Me      800,000 

So the section will tend to increase (9) diminishing the shear stress, 
until the equilibrium between the channel capacity for washing out the 
accretion and the material transported from the bar is reached. 

With the increased values of the velocities observed in the channel 
zone, it is very feasible that it could reach the value of 1 m/sec, and 
hence, the required shear stress required for the equilibrium is attained 
with a much bigger area than the one necessary for navigation purposes. 
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In other words, the channel in the way it has been designed, will not have 
any maintenance problems as depth concerns. 

CONCLUSION 

From the above study the following conclusions are obtained 

i    The applied theoretical and experimental methods have been checked 
with nature results. 

n    The access channel has a definite tendency to be stable 

in    This stable status will be completely attained when, by navigation 
requirements, the channel gets at least 150 m. of bottom width and 
11m. depth 

iv   The maintanance dredgings during certain seasons in the year will be 
small and very well located. 
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CHAPTER 74 

TIDAL INLET PROBLEMS ALONG THE NEW ENGLAND COAST 

Oscar E    Arpin 

United States Army Corps of Engineers, 
New England Division 

Waltham,  Massachusetts 

ABSTRACT 

The New England Division of the United States Army Corps of 
Engineers has created and improved many harbors along the New England 
coast for the benefit of commercial fishing and recreational boating 
fleets     A harbor,  to be effective,  must provide a protected area for 
boats and it must have a safe access,  that is,  a protected and stabilized 
tidal inlet     A coastal inlet has been defined as a waterway connecting a 
bay,  lagoon or similar body of water with a larger body of water     The 
major engineering problems encountered in the development of harbors 
have involved stabilization of these inlets      The problems have been 
caused by excessive littoral drift resulting from erosion of the shorefront 
adjacent to the inlets by wave attack     Planning,  designing,  constructing, 
and modifying these inlets under very dynamic conditions is complex and 
difficult     Each inlet is unique     This paper discusses very briefly some 
of the problems encountered 

INTRODUCTION 

Two principal factors are involved in producing littoral drift 
One factor involves storm waves and tides      New England is often sub- 
jected to severe storms,   including hurricanes (See Figure No     1)      New 
England has been battered by a severe hurricane on the average of once 
every five years during the last 60 years      The second factor involves 
geologic structure     Storm wave attack on unconsolidated materials 
results in severe shoreline recession and an excessive rate of littoral 
drift     The section of the New England coast where tidal inlet problems 
have been encountered is that extending southerly from Portland,   Maine 
to and including Cape Cod and the offshore islands of Martha's Vineyard 
and Nantucket 

Littoral drift does not pose a problem along the coast of Maine 
extending between Portland and the Canadian border, as this shorefront 
is composed largely of massive ledge outcrops which are very resistant 
to erosion forces, in spite of severe storm wave attack and normal tide 
ranges up to 20 feet The shore of Connecticut is composed largely of 
hard rock      Further,   it is afforded some protection from severe storm 

1171 
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waves by Long Island to the south and it experiences tide ranges of 
relatively few feet      Thus,  its coast remains irregular in configuration, 
whereas the shore of Rhode Island just to the east,  also composed of 
unconsolidated glacial debris like that of Connecticut,  is now almost 
straight with long sand barrier beaches      The primary differences are 
that the Rhode Island shore consists of boulders mixed with clay, 
uncemented and thus easily eroded,   and the shore is directly exposed 
to severe storm waves from southerly quadrants      This coast,  much 
of which is still privately owned,  is relatively undeveloped      The littoral 
drift encountered in Narragansett Bay,  Rhode Island and in Buzzards 
Bay, Massachusetts is not of major significance      The chief difficulty 
requiring attention within these bays is tidal flooding due to hurricanes 

Continuous battering of the unconsolidated materials of Cape Cod 
and the offshore islands of Martha's Vineyard and Nantucket by large 
waves generated over vast expanses of water,   result in rapid and ex- 
tensive erosion     For example, much of the south shore of Martha's 
Vineyard is estimated to be receding at a rate of 8 feet each year, 
involving sand losses of 400,000 cubic yards.    Some portions of the 
south side of Nantucket Island and of the southeasterly side of the outer 
arm of Cape Cod are estimated to be receding at rates up to 15 feet 
each year 

Newburyport Harbor,  Massachusetts 

Man has studied storms and their generated waves and the 
geologic structure of the coasts for many years      He uses all the advanced 
and sophisticated knowledge available concerning coastal development   He 
conducts wave refraction,  diffraction and reflection studies and makes 
mathematical and hydraulic model studies      He does all this and more, 
only to find that nature interjects a new unforeseen factor     An example 
of this occurred in February 1969 at Newburyport Harbor,  Massachusetts, 
located 55 miles north of Boston,  Massachusetts (See Figure No    2) 
First,   a little background     The Federal navigation project for this 
harbor was constructed in the early 1900's to stabilize the badly migrating 
inlet at the mouth of the Merrimack River which rises in central 
New Hampshire and has a drainage basin of about 5, 000 square miles 
The south jetty is  nearly 2, 500 feet long      The north jetty is over 
4, 100 feet long      Both jetties were built to an elevation of 12 feet above 
mean low water      In February,   1969 three northeast storms struck 
within a relatively short time of each other      The first prevailed during 
9 and 10 February,  the second from 19 through 21 February,   and the 
third lasted for about 4 days,   24 through 27 February 

Storm waves from the northeast overtopped and diffracted around 
the end of the deteriorated north jetty     Waves from the east entered the 
inlet directly      These waves ran generally along the smooth face of the 
south jetty,  then being rehabilitated,   and attacked the shore fronting the 
United States Coast Guard Station located at the inshore end of the south 
jetty     The mean high water line receded 150 feet as a result of these 
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storms      The erosion,  once triggered,  continued at a more gradual rate 
toward the station     A special study was quickly made to determine what 
corrective measures were necessary to save the station,  which was built 
in 1930 to provide emergency assistance to ships and small boats in 
distress offshore     A stone mound with sandfill,  and revetment was 
recently completed to stabilize that shorefront.    Erosion had reached 
one corner of the station at the time of initiation of the emergency work 

Green Harbor,  Massachusetts 

Another inlet problem recently developed at Green Harbor, 
Massachusetts,  located 35 miles south of Boston (See Figure No    3}    The 
Commonwealth of Massachusetts and the Town of Marshfield have provided 
and maintained navigation improvements at this harbor for over 70 years 
The jetties were constructed by the Commonwealth in 1898 and 1899     In 
1969,  the United States government,  in financial cooperation with the 
State,   County and Town governments,  completed a modification of the 
existing project     The modification provided for sealing and extending 
the west jetty 200 feet to prevent littoral drift from passing through and 
around the end of the jetty and into the channel     It is interesting to note 
that the south to north drift at the inlet constitutes a local reversal of 
the overall predominant net north to south drift along these shores 
Project modification also included raising the top of the east jetty from 
12 to 14 feet above mean low water and dredging a harbor channel and 
anchorage 

Shortly after completion of these improvements,  erosion began 
along the shore at the inshore end of the east jetty     Field observations 
and wave studies indicate that the erosion is probably the result of 
reflection of easterly waves off the smooth face of the west jetty extension 
with little reduction in wave height     A stone revetment and sandfill are 
being prescribed for stopping the erosion 

Andrews River,  Massachusetts 

In 1968,  a new harbor was created in an area of negligible 
value marshlands within Andrews River in Harwich, Massachusetts,  a 
small tidal creek on the south side of Cape Cod (See Figure No    4)      The 
project provides for a Federal entrance channel protected by stone 
jetties and a maneuvering area to serve a marina complex provided 
jointly by the Commonwealth and the town     The harbor was developed 
to accommodate the fast growing recreational boating fleet in the area 
Nearby harbors had long been saturated     After much study and 
consultation between the New England Division and the Office of the Chief 
of Engineers in Washington,  D  C  ,  it was decided to defer construction 
of the west jetty until experience and observation showed the need for it 
It was generally considered that the long jetty protecting and stabilizing 
the Wychmere Harbor inlet immediately to the west would also provide 
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protection to and prevent the west to east littoral drift from fouling up 
the Andrews River inlet     Since completion of the project,   erosion of 
the shore just west of the new inlet and shoaling of the entrance channel 
have occurred     Field observations and wave studies made to date 
indicate that south and southeasterly storm waves may be diffracting 
around the end of the Wychmere Harbor jetty and then moving easterly 
More detailed studies are being made to determine if the west jetty 
should now be recommended for construction,  or if some other corrective 
measure is required 

Scarboro River,  Maine 

In I960,  a problem was encountered during construction of a 
jet^y at Scarboro River,   a small shallow stream rising in the marshlands 
of the town of Scarboro,  Maine about 17 miles southeast of Portland, 
Maine (See Figure No    5)      The jetty was being built to impound excessive 
west to east littoral drift,  which was rapidly shoaling the Federal 
entrance channel constructed several years earlier     When the jetty had 
been constructed 350 feet from the shoreline,  severe scour occurred at 
the seaward end      The area of scour extended 100 feet beyond the end of 
the jetty,   beyond which accretion occurred     The sea bottom in the area 
of scour went from 2 feet below mean low water to nearly 19 feet below 
mean low water.    Consultation with known experts in the field of tidal 
hydraulics revealed that tidal currents were flowing nearly perpendicular 
to the jetty during both the ebb and flood tides resulting from a shift in 
tidal flow not anticipated     Also,  the bottom materials were found to 
consist of very fine sand     A greater thickness of bedding,  3 to 4 feet 
instead of 18 inches,  consisting of 10-150 pound stone placed at least 
5 0 feet in advance of the core and armor stone,  was found to be the 
answer to the problem 

Wells Harbor, Maine 

As a result of the establishment of the Wells Harbor Committee 
in 1953 to determine what measures were necessary to develop a harbor 
at Wells,  Maine (See Figure No    6),  the Federal government constructed 
two converging stone jetties at the mouth of the Webhannet River to 
stabilize the migrating inlet     The project included dredging a channel 
and anchorage in the marshlands      During construction of the south jetty 
to its angle point,  that is, where it then extends parallel to the channel, 
accretion of the northerly tip of Wells Beach took place     However,  as 
construction of the jetty progressed to its full length of 940 feet parallel 
to the channel,   erosion of the tip of Wells  Beach occurred rapidly     Over 
400 feet were lost in eight months      Concurrently,  the north jetty, 
640 feet long, was already nearly completely impounded, with littoral 
materials about to enter the inlet     These occurrences meant that the 
proposed anchorage would be directly exposed to easterly storm waves 
and to severe shoaling 
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After discussions with the Committee on Tidal Hydraulics and 
representatives of the Waterways Experiment Station at Vicksburg, 
Mississippi,   it was decided to construct a 100-foot long wave absorber 
along the inner end of the south jetty,  place stone revetment along 
680 feet of the tip of Wells Beach,  and extend the north jetty     The channel 
and anchorage were then dredged     However,  because of a continued high 
rate of shoaling,  both from littoral drift and from sediments carried 
down the Webhannet River,  both jetties were later extended to about the 
8-foot depth contour and a 10-foot deep settling basin dredged at the 
upstream end of the anchorage to intercept river sediment     In spite of 
numerous problems encountered in the creation of Wells Harbor,   it now 
is overcoming the growing pains and is beginning to function as planned 
It is a safe harbor for the commercial fishing boats which transferred 
from nearby inadequate coves and for a new fleet of recreational boats 
which could not be accommodated at the saturated harbors to the north 
and south of Wells Harbor 

Chatham Harbor,  Massachusetts 

Chatham Harbor,  Massachusetts is located on the southeasterly 
corner of Cape Cod in an area of very rapid and continuously changing 
shoreline conditions (See Figure No    7)      The directions,   rates,   and 
amounts of littoral drift are extremely complex and variable     Planning 
and designing a modification of the existing Federal navigation project 
at Chatham Harbor proved to be difficult under these unique conditions 
In 1956, Monomoy Beach,  a long narrow barrier beach,  was connected 
to Morris Island     At that time,  it was breached by storm waves      The 
breach widened,  deepened and became a continuous waterway     By 1961, 
sediment moved by the tidal currents through the breach,  extended over 
a wide area and filled the existing Federal channel around the tip of 
Harding Beach     The shoaling continued to advance westward along the 
south side of Harding Beach toward the Chatham Roads approach channel 
Concurrently, tidal flows in the vicinity of Harding Beach caused its 
tip to erode rapidly and the deep scour hole at the breach to extend toward 
Harding Beach and Chatham Harbor     Detailed studies found that the most 
feasible solution was to construct a sand dike between Morris Island and 
Harding Beach with a timber pile structure seaward of the dike to protect 
it against severe tidal currents,  and relocate the channel through Harding 
Beach stabilized by a stone jetty     The improvement has proved to be 
successful 

Edgartown Harbor, Massachusetts 

Edgartown Harbor,  Massachusetts is located on the easterly end 
of Martha's Vineyard (See Figure No    8)      The natural sand barrier beach 
extending for 3 miles along the south side of Katama Bay has had a history 
of breaches caused by storm waves  recorded back to  1776      These 
breaches occur at the west to mid-portion of the barrier beach as the 
offshore hydraulic grade line lengthens and flattens in this area,  the tidal 
currents diminish,  and the beach narrows in width     The breaches result 
in excessive tidal currents at Edgartown Harbor and in shifting sands 
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within   Katama Bay,  which destroys the valuable shellfish crops in the 
bay     The breaches migrate to the east until they reach Chappaquidick 
Island at which time the westerly portion of the barrier beach is once 
again susceptible of a new breach     At present,  the barrier beach 
connects Martha's Vineyard to Chappaquidick Island     A survey report 
now being forwarded to Congress for consideration for authorization, 
recommends that the barrier beach be raised and widened to prevent 
future breaches      The Fish and Wildlife Service of the United States 
Department of Interior,  in cooperation with State and town fish and 
wildlife agencies,   expects the improvement to result in a complete 
re-establishment of the shellfish industry within Katama Bay involving 
benefits of nearly two million dollars each year     In addition, the 
recreational boating fleet will be benefited 

CONCLUSIONS 

As a result of the inlet problems discussed above,  the following 
observations are offered      First,  inlet jetties should be studied closely 
to avoid their construction with smooth faces  resulting from placed stone, 
if it appears that this condition could contribute to excessive wave run-up, 
run-along,  or reflection     All available advanced knowledge concerning 
inlet development should be utilized and exhaustive wave studies made for 
each inlet     Field observations of inlet sites should be made more often 
and more intensively     Every effort should be made by the coastal engineer 
to respond to the greatest desire and need of local interests while 
cooperating and coordinating fully with all affected interests to provide 
the optimum plan of improvement within the dictates of available funds 
and environmental controls 

It should be recognized that inlet problems can occur at any 
stage of development     It should also be recognized that changes in 
shorelines adjacent to inlet developments are a rather frequent occurrence 
Congress responded to this recognition by including Section 110 into the 
River and Harbor Act of 1968,  which authorizes the Corps of Engineers 
to provide corrective measures at shorefront areas shown to be adversely 
affected by Federal inlet improvements 

In summary,  the coastal engineer should plan for all predictable 
factors,   but he should be prepared to modify his plans at any time to 
correct for the unpredictable 
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CHAPTER 75 

OFFSET COASTAL INLETS 

Miles 0 Hayes1 

Victor Goldsmith1 

Carl H Hobbs III1 

Abstract 

Offset coastal inlets are common on the coasts of New England 
and the northern Gulf of Alaska     In both areas, the dominant waves 
approach the shore at an oblique angle, resulting in a strong net 
littoral drift     The most common type of offset on these coasts is 
a downdnft offset (l e , the downdnft side of the inlet protrudes 
further seaward than the updnft side)     Wave refraction around the 
ebb-tidal deltas at the inlets is an important process in the for- 
mation of the downdnft offsets, inasmuch as it creates a local 
reversal in drift direction just downdnft of the inlet, and allows 
sediment to accumulate there     Associated with the offset appears 
to be a segregation of tidal current flow in the inlets, with the 
ebb flow being more channelized than the flood 

The type of inlet offset at any one location can vary through 
time     Studies of the changes at the Hampton Harbor, New Hampshire, 
inlet from 1776 to the present show two reversals from updnft to 
downdnft offsets during that interval 

INTRODUCTION 

An examination of coastal charts from almost any area in the 

world will reveal that coastal inlets are rarely symmetrical with 

respect to the placement of beaches on either side of the inlet 

They are usually offset, either updnft or downdnft  As yet, no 

satisfactory theory or model has been proposed to explain these 

offsets 2 inlets with barrier spits that overlap adjacent down- 

drift barrier beaches, such as those of Long Island, N Y , seem 

in accordance with what might be predicted  However, many of the 

1 Institute of Coastal Research, Department of Geology, University 
of Massachusetts, Amherst, Massachusetts 01002 

2 This problem is under study by Cyril J Galvin, Jr of the Coastal 
Engineering Research Center, who considers the ratio of net drift 
to gross drift significant 
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inlets of the New England and Alaskan coasts are offset in just the 

opposite direction, that is, the barrier beach downdnft from the 

inlet protrudes further seaward than the one on the updrift side 

In fact, our studies indicate that this is by far the most common 

type of offset inlet on both the Alaskan and the New England coasts 

NEW ENGLAND INLETS 

Over the period of the last five years, most of the sandy 

inlets on the New England coast have been studied by members of 

the Institute of Coastal Research, Department of Geology of the 

University of Massachusetts     With respect to coastal sedimentation, 

northeasterly storms, which generate waves that approach most of 

the shoreline obliquely from the northeast, have a dominant in- 

fluence on the New England coast     These waves set up a net littoral 

drift to the south in most areas     At almost every inlet in New Eng- 

land, the barrier beach downdnft of the inlet (I e , on the south 

side) protrudes further seaward than the one on the updrift side 

One of the most important porcesses in the accumulation of 

sand on the downdnft side of these inlets is wave refraction around 

ebb-tidal deltas     In the case of the Mernmack River Inlet, Massa- 

chusetts, the refraction of the dominant northeast waves causes 

waves to approach from the southeast, resulting in a northerly 

littoral drift at the south side of the inlet (Figs    1, 2, and 3) 

This reversal in drift direction on the downdnft side of the in- 

let serves to promote accumulation of sand to such an extent that 

the beach builds seaward at that point     A wave refraction diagram 

constructed for the inlet of the Mernmack River illustrates this 

principle (Fig    1) 

ALASKAN INLETS 

The depositional portion of the coastline of southeastern 

Alaska is similar in many respects to the New England coast     Im- 

portant to the theme of this paper is the fact that most of the 

coastal  inlets on this part of the Alaskan coast have downdnft 
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BATHYMETRY 
OFF 

MERRIMACK  RIVER 

INLET.  MASS 

Fig. 1 Wave refraction diagram at the mouth of the Merrimack 
inlet, Massachusetts. Note that the refraction of the 
dominant northeast waves around the ebb-tidal delta 
has resulted in waves approaching from the southeast 
and thus in accretion at the south (i.e., downdrift) 
side of the inlet. Compare diagram with photographs 
in Figures 2 and 3. Wave fronts are approaching from 
the northeast with a period of 9 seconds. 
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Fig. 2 View looking south along the Plum Island beach, Massachusetts, 
just south of the Merrimack inlet. Coast Guard station in fore- 
ground is located on the wave refraction diagram of Figure 1. 
Note accumulation of sand on the south side of the groins and 
the oblique approach of the wave crests from the southeast. The 
groin field is located inside the ebb-tidal delta and is in an 
area of local reversal of longshore drift which results from 
wave refraction around the ebb-tidal delta (Fig. 1). In the far 
background of the photograph, drift resumes its normal southerly 
trend. Photograph taken June 1968. 
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offsets  Net littoral drift is from east to west, as determined 

by geomorphologic evidence  Figure 4 shows the lineation of coastal 

sand dunes in response to strong southeast winds  These southeast 

winds are the result of low pressure centers that pass up the 

Aleutian Island chain and strike the Alaskan coast in the apex of 

the Gulf of Alaska 

The coastal inlets off the Copper River Delta show pronounced 

downdrift offsets  The barrier beaches on the west sides of the 

inlets have developed large seaward protrusions (Figs 5 and 6) 

Wave refraction appears to play an important role in the formation 

of downdrift offsets in this area (Fig 6) 

DOWNDRIFT-OFFSET MODEL 

From the study of approximately 15 offset coastal inlets, we 

have derived a simple model that we feel is representative of in- 

lets with downdrift offset  The model is given in Figure 7  Waves 

approaching the shore at an oblique angle produce a strong net 

littoral drift  The supratidal portion of the beach on the down- 

drift side of the inlet usually protrudes seaward with the beach 

face of that portion of the barrier beach facing the oncoming 

waves  The barrier beach on the updrift side is usually composed 

of multiple recurved spits, indicating strong transportation of 

sediment into the inlet  Commonly, the intertidal portion of the 

inlet is also offset, in that large accumulations of sand on the 

ebb-tidal delta (usually swash bars) protrude further seaward on 

the downdrift side than on the updrift side  The Barnstable inlet 

in Massachusetts is an excellent example of this type of offset 

Another common feature of these coastal inlets is the segre- 

gation of ebb and flood flow  Each inlet usually has a main 

channel that is oriented perpendicular to the shoreline and carries 

a large portion of the ebb flow  The flood flow, on the other hand, 

tends to be distributed as a sheet with several individual flood 

channels developed in some cases  Usually, the flood channels hug 

both beaches, flanking the main ebb channel  A similar segregation 
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Fig. 7 A simple model for coastal inlets with down- 
drift offsets on the New England and Alaskan 
coasts. The downdrift side of the inlet, which 
is offset seaward, usually has a straight beach 
face perpendicular to the dominant wave approach 
direction. The ebb flow is channelized, whereas 
the flood current tends to develop as sheet flow 
across the intertidal swash bars and through minor 
flood channels. 
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of flow has been observed in model studies by Henry Simmons and 

his associates at Vicksburg (personal communication, September 1970) 

We feel that the reason for this segregation of flow is the 

occurrence of time-velocity asymmetry of the tidal currents     Maxi- 

mum flood velocities are usually late in the flood-tidal  cycle, be- 

tween mid-tide and high-tide     Similarly, the maximum ebb flow is 

between mid-tide and low-tide, usually quite close to low-tide 

Thus, the ebb flow tends to be much more channelized than the flood, 

which flows in as a sheet     The exact relationship of this segre- 

gation of flow to inlet offset is unknown 

A spectacular example of a flood channel  located on the down- 

drift side of an inlet, flanking the main channel, is shown in 

Figure 8     This figure, a photograph looking downdnft, shows large 

sand waves in this shallow flood channel which indicate transport 

toward the inlet     An inspection of the bedforms in the channel  (on 

the ground) shows a complete predominance of flood flow in this 

channel 

HISTORIC CHANGES IN INLET OFFSET 

Our studies of historical changes on the New England coast 

indicate that inlet offsets can change through time     A study of 

the inlet at Hampton Harbor, New Hampshire, shows that the offset 

of the inlet has passed through two cycles since 1776 (Fig   9)      In 

1776, the northern beach overlapped the southern beach     By 1885 

this pattern had reversed with the southern beach protruding further 

seaward than the northern beach     This cycle repeated again, with 

the inlet attaining its present configuration, with a southern 

protrusion, in 1931      The Mernmack River entrance, the next in- 

let to the south, shows a similar pattern of migration     This long 

term variation in inlet offset needs to be investigated in much 

greater detail 
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SUMMARY 

Coastal inlets of the shoreline of New England and the 

northern Gulf of Alaska show some striking similarities     Both 

of these areas are characterized by dominant waves that approach 

the shoreline obliquely, producing a large net littoral drift 

Offset coastal inlets are common in both areas, the prevalent 

type being inlets with downdrift offset     We have presented a 

simple downdnft-offset model that we feel is typical of most of 

the inlets studied 

Associated with the downdrift offsets is a segregation of 

tidal  current flow in the inlets, with the ebb flow being more 

channelized than the flood     How the flow segregation relates to 

inlet migration is one of the most important questions raised by 

our study 

In this paper we have dwelt on what we consider to be the 

most common type of offset in the area of study     The type of 

offset can and does vary from inlet to inlet, and, as indicated 

by our historic studies, can vary even at the same inlet through 

time 
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CHAPTER 76 

FIELD STUDY OF A TIDAL INLET, BIMINI, BAHAMAS1 

W HARRISON, R J BYRNE, J D BOON, III, and R W MONCURE 
Division of Physical, Chemical, and Geological Oceanography 

Virginia Institute of Marine Science, Gloucester Point, Virginia 23062 

ABSTRACT 

The inlet bathymetry was mapped by standard photogrammetric techniques 
after photographing the bottom directly through the water column  The 
channel bottom is bare beachrock or is floored with bioclastic sands and 
gravels (S G = 2 84) 

A nine-day time series of observations of current speed and direction, 
and water temperature and salinity was obtained at two depths at each of 
eight stations using tripod-mounted, telemetering sensor packages 
Twelve-to-l8-mmute pulsations in the flow were often observed  Spectral 
analysis of near-surface current speeds shows significant peaks at 2 h, 
3 2, k  3, 67, and 12 3 hrs 

Evolution of sand ripples and dunes was monitored over a 200-ft 
distance during one tidal cycle  The pattern of growth illustrates the 
differences m bedform geometry which may be expected to influence 
friction coefficients  Evidence is presented for a bottom jet that is 
induced by flow over the crests of sand waves 

Tracer sand, sorted into two size groups and color-coded for 
identification, was released on a flood current  Sampling of color-coded 
tracer sand was conducted by divers using strips of grease-coated plastic 
tape  Spatial distribution of tracers m relation to the bedforms, 
and the importance to gram erosion of a natural mucoid coating, are noted 

INTRODUCTION 

This study was designed to examine the hydrography and the fluid- 
sediment interactions in an inlet floored with carbonate sand  The 
approach adopted involved l) describing the basic inlet geometry and the 
semi-permanent bedforms, 2) documenting the general flow field, 
3) documenting the response of relatively small-scale bedforms to ebb and 
flood currents, and h)  conducting specific sand-tracer experiments 

Morphologically speaking, the inlet studied is a specialized tidal 
channel that connects waters of the Florida Straits with a shallow lagoon 
about eight square miles in area (Fig 1)  The lagoon is not enclosed, 
but opens to the Great Bahama Bank across a broad area of flats 

-'-Contribution No 359 of the Virginia Institute of Marine Science 

1201 



1202 COASTAL ENGINEERING 

LARGER DUNES TRANSVERSE TO FLOW 

DUNES TRANSVERSE TO FLOW 

ROCK THINLY COVERED BY SAND 

SUBMERGED ROCK SURFACE 

J   SAND 

100 MO FEET 

ISO METERS 

Figure 1.- Location, generalized bathymetry, and geology of Bimini Inlet channel. 
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Turekxan (1957) felt that the lagoon was "host to three distinct water 
masses  1) an indigenous mass that moves in and out of the North Sound 
with the tides, 2) a mass entering from the Florida Straits through 
Entrance Point, and 3) a mass entering from the Bank" to the east 

The tide range at Bimmi varies between about 2 5 to 3 0 ft and sea 
level tends to rise or fall together at both Bimini and Miami (Wunsch, 
et al , 1969)  Tides are of the semidiurnal type with a slight diurnal 
inequality  Propagation of the tide wave through the open lagoon is such 
that the ebb flow (to the southwest) through the inlet is about 30 percent 
longer than the flood 

Current speeds in the northern, constricted part of the inlet channel 
(Fig 1) are high enough to sweep sediment from the beachrock floor 
Some of the larger dunes in the central portion are composed of fragmented 
shell gravel  This gives way to sand with median gram diameters of 0 6 
to 0 8 mm in the southern portion of the channel  Most of the gram 
surfaces m sand samples of shell hash taken from the central and southern 
portions of the inlet exhibit a glazed appearance when viewed under the 
binocular microscope  Sand-gram surfaces become more chalky, however, as 
one moves lagoonward (Bathurst, I967)  The specific gravity of sand giams 
from eight samples in the area of "dunes transverse to flow" (Fig l) was 
2 84 

During the period of study, November 5-13, 19°7, water temperature in 
the inlet channel varied between 20° and 27°C, salinity between 34 and 38 %„, 
and density between 1 0201 and 1 0267 g/citP  In May, 1955, Turekian (1957) 
found that salinity in the inlet varied between 36 0 and 37 0 %  and 
temperature ranged between 26 3 and 28 6°C over one tidal cycle 

DETERMINATION OF INLET GEOMETRY 

Existing nautical charts of the Bimini Islands (British Admiralty 
Surveys of the l84o's) inadequately define the inlet geometry  Considering 
the general clarity of water at the inlet, it was decided to attempt 
bottom contouring by standard photogrammetnc techniques 

To provide horizontal control for aerotriangulation, a base line 2319 
ft m length was established by electrotape  Each end of the base line 
was pre-marked with a 4-x-4-ft , red plywood panel, the north end of the 
base being on North B11m.n1 and the south end on South Bimmi 

Five vertical control points on land were also established and 
pre-marked in the same manner  The levels were run with a Zeiss Opton 
level and were based on a tidal bench mark on North Bimmi 

The photography as planned placed some photo centers over water with 
land areas on only one side  To facilitate the clearing of models during 
both aerotriangulation and compilation, seven floating targets (4-x-4-ft 
plywood) were anchored offshore to provide photographic images 
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DEPTH   CONTOURS   IN 
FEET   BELOW    MEAN 

HIGH    WATER 

Figure 2 - Detailed bathymetry of inlet, locations of bottom-mounted sensor packages, and 
position of reference tape 
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A Wild RC-8 camera with a focal length of 152 29 mm, mounted in an 
Aerocommander aircraft, was used to obtain the photography on September 8, 
1967  Film was Anscochrome D-200 with an ASA rating of 165  The flying 
height was 2000 ft above mean sea level, resulting m a photograph scale 
of approximately 1 k,000 

Aerotriangulation was by stereoplanigraphic methods using drilled 
glass plates  The contouring of the bottom (Pig 2) was accomplished on 
a Wild B-8 Plotter at 1 2,U00 scale with a contour interval of one ft 
The average correction for the refraction index of water for the models 
contoured was 1 k 

Hydrographic check lines run lj-5 days later indicated that the depth 
contours (Fig 2) were within ±0 25 to 0 5-ft for the shallow-water areas 
of the inlet  The "larger dunes transverse to flow" (Fig l) were 
adequately brought out m the bathymetric contours and the hydrographic 
check lines showed them to be essentially stationary over the ^5 days 
that had elapsed since they were photographed 

DOCUMENTATION OF FLUID PROPERTIES, WATER LEVEL, AMD FLOW 

Two tripod-mounted, "Geodyne" sensor packages were installed at each 
of the eight stations (A-H) shown on Figure 2  Each sensor package 
contained a platinum thermometer for measuring temperature, a torroidal 
cell for conductivity, a Savonius rotor for current speed, and a vane for 
current direction  A given pair of instrument packages were mounted m 
the tripod so that the Savonius rotor of one was one ft above the bottom 
while that of its companion was eight ft above the bottom  The mounting 
configuration was such that the flow pattern around a given rotor or vane 
was unaffected by the tripod legs or by the adjacent sensor package 

Each tripod was placed on a level part of the bottom and the sensor 
packages were hardlmed to one of four shore-based stations  Each shore 
station contained a magnetic tape recorder and a radio transmitter  A 
given sensor was interrogated every six minutes, each interrogation 
involving five separate readings of current direction and speed and one 
each of temperature, conductivity, and reference 

Data from the four shore-based transmitters were sent by an RF link 
to a master station at the Lerner Marine Laboratory on North Bimini  At 
the master station, all data from the l6 sensor packages were recorded 
sequentially on computer-compatible magnetic tape  The entire system of 
sensors was continuously operated from 5 November through 13 November, I967 

A bubbler-type tide gage was installed on North Bimini, the orifice 
was attached to the tripod at Station B 
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EBB 

NORTH 
BIMINI 

12  NOV    1967 
FLOOD 
1306      TO 
1736    HRS 

SOUTH 
BIMINI 

Figure 3  - Tidal-current vectors for a neap-tidal cycle (in hours after high-slack 
or low-slack water) 
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Data on maximum flow eight ft above the bottom are presented in 
Table 1  The absolute peak speed measured does not appear in Table 1 
because it occurred prior to having all eight stations operational  This 
peak speed was h  1 knots and was measured eight ft above the bottom at 
Station A  The time of measurement was during a maximum ebb flow that 
coincided with spring tides and a strong wind from the northeast that had 
been blowing for several hours 

TABLE 1 - NEAR-SURFACE VELOCITIES AT SELECTED STATIONS (5 Wov 6j,   through 
13 Hov 67)  (F = flood current, toward HE into lagoon, 
E = ebb current) 

SENSOR         MAXIMUM TIME 
STATION       VELOCITY        (date) 
(fig 2)  (kts , flood or ebb)  (hours, 
 (direction, true) EST) 

AVERAGE MAXIMUM AVERAGE DEPTH BELOW 
VELOCITY (kts ) SURFACE TO ROTOR (ft ) 

(All rotors eight 
flood   ebb ft above bottom) 

A 2 3 F 
31° 

5 XI 
21*42 

67 
hrs 1 7 1 7 10 5 

2 8 E 
190° 

11 XI 
0824 

67 
hrs 1 7 l 9 k 0 

2 1 F 
oi+° 

6 xi 
0936 

67 
hrs 1 3 1 5 2 7 

2 2 E 
213° 

11 XI 
0618 

67 
hrs 1 3 1 7 3 3 

3 3 E 
195° 

11 XI 
0821+ 

67 
hrs 1 0 2 0 5 7 

2  6 E 
2340 

6 xi 
oite 

67 
hrs 1 6 1 k it 0 

An idea of tidal-current speeds and directions during a neap-tide flood 
and ebb cycle may be obtained from the vectors of Figure 3  It is 
interesting to note that the directional spread is less than 21° (Station D, 
ebb) at all stations during relatively strong flows 

An example of pulsations in the flow, for the upper rotor at Station E, 
is shown in Figure it  Pulsations of this type were observed at all sensors 
and generally were of 12 or l8-minute frequency  Spectral analysis with a 
boxcar window failed to reveal any obvious power at these relatively high 
frequencies  Significant power was found at the tidal frequencies (6 7 and 
12 3 hours) and at the sub-tidal frequency of it 3 hours  Power peaks of 
possible significance were also noted at all stations at frequencies of 2 it 
and 3 2 hours 
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Figure 5 - Variation m salinity, temperature, and density (<jt) at Station C 
(Fig 2),  and water level at Station B,   for 33 consecutive hours 



TIDAL INLET, BIMINI 1209 

A portion of the curves for variations in temperature, salinity, and 
sigma-tee at Station C and water level at Station B are plotted in Figure 5 
The inverse relationship between sigma-tee and water level is due to the 
fact that in November, cooler, more-saline, high-density water flows out 
of the lagoon on ebb tide  This water is completely replaced at high tide 
by warmer, lower-salinity, less-dense Gulf Stream water  Ho density 
stratification was observed m this shallow channel of well-mixed waters 

BEDFOEM MORPHOLOGY 

Measurement Procedures 

The goal of the bedform monitoring program was to measure changes in 
geometry and position of the various forms through the reversing flow of 
one tidal cycle  A fairly complete run was made on 13 November 19^7 
It started near the beginning of ebb flow and continued through one-half 
of the flood 

Photographic techniques were the prime tools in making the bedform 
measurements  Early in the survey a 200-ft , rigid tape measure 
(graduated in 1-ft intervals) was installed about one ft above the 
irregular bottom (Fig 2)  About 15 ft to the west of the tape, and 
parallel to it, a wire guide-line was installed five ft above the bottom 
The guide-line served to maintain the diver-photographer at a uniform 
distance from the tape and allowed him to control his progress in the 
rather swift flow  A second diver positioned himself behind the 200-ft 
tape  The second diver pushed a fork-like device into the sediment so that 
the elevation of the bed relative to the tape measure could be photographed 
The fork device was composed of a series of l/U-m rods welded at a 
0 5-ft spacing to a rigid cross-member  Each rod was graduated in 0 1-ft 
intervals  The rigid cross-member had a bubble level cemented to it so 
that the upper member was horizontal, which in turn insured that the rods 
were vertical  Two forks were used, each was six ft long and three ft 
high 

A typical run was executed as follows  Two divers would descend at 
the upstream end of the tape  One diver would take the two forks to the 
tape and insert them, end to end, into the bed  The photographer-diver 
then took a still picture from the guide-line position  The other diver 
would then remove the upstream fork and place it m the downstream 
position for another photo, and so on  A single-photograph sequence of 
the bedforms generally took thirty minutes  Immediately before or after 
the still-camera sequence a run was made with a l6-mm movie camera 
From the developed still-camera sequence, the configuration of sand bed 
relative to horizontal was reconstructed 
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Figure 6 - Fathometer profile from sensor Stations A to C to E to G and 
vertical position of current meters 
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Figure 7 - Flow history and sampling times at Station E, 13 Nov , IS 
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Field Setting 

At any given time during the study three bedform length scales could 
be observed sand waves dunes, and ripples  Inspection of Figure 1 shows 
that the sand waves exist only on the eastern side of the channel  The 
dunes were long crested, the crest length being 10 to 15 times the wave 
length  A fathometer run from stations A to C to E to G (Fig 2) is shown 
m Figure 6  There is a large rock outcrop at the northern end of the 
throat of the inlet, about 150 ft south of Station A  A series of five 
sand waves had an average wave length of approximately 90 feet  The 
fathometer profile shown was obtained during the slack water following a 
flood flow  The fact that the ebb flow asymmetry still remains suggests 
that these bedforms are not strongly influenced by the flood flow 
Superimposed on these larger features were dunes and ripples that were 
modified by the reversing flow  The position of the 200-ft tape is 
shown also, its northern end rests on the crest of the last sand wave 
Thus, the bedforms monitored included those in the lee of the sand wave 
crest, as well as those exposed to ebb flows of a converging nature 
Convergence was due to decreasing water depth in the direction of the 
southern end of the tape 

The water surface time history and the velocity history at Station E 
on 13 November are shown m Figure 7  Also shown are the times when 
photographic sequences of the bedforms were obtained  The velocity 
history illustrates the strong asymmetry m duration of the ebb relative 
to flood flow, which was found to be characteristic for this inlet  The 
velocity history is at a mean relative depth ( z/d ) of 0 66 (where z is 
the height of the rotor above the bottom and d is the mean water depth) 
The mean velocities (integrating over the flow duration) for the ebb and 
flood are, respectively, 1 66  ft/sec and 1 h8  ft/sec  In summary, we 
have a condition m which the ebb flow is generally stronger and of 
appreciably longer duration  Net sediment transport may then be expected 
to be seaward 

Evolution of Bedforms 

The sequence of events in bedform change is shown schematically in 
Figure 8 where, for descriptive purposes, the cycle is started at the end 
of flood (Fig 8a)  With the reversal of flow (Fig 8b), the bed 
sediment is transported up the steep gravity face of the dune to form 
what dimensionally might be considered the new dune crest  A train of 
ripples also occurs on the dune flank  These ripples are all of smaller 
amplitude than the one derived from the old edge of the dune crest  The 
dominant ripple length is approximately 1 to 1 5 ft 

With continued ebb flow the primary crest overtakes some of the other 
ripples in its lee  There is a consequent increase m amplitude and the 
growing ripple slowly becomes a dune (Fig 8c)  As the new dune crest 
advances (m the ebb flow direction, Fig 8d), the ripples in its lee become 
increasingly less active due to sheltering action  Other ripples are then 
observed translating up the upcurrent flank of the dime  These are of 
small amplitude and approximity 2 to 2 5-ft in length (Fig 8e, f) 
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Figure 8 - Schematic bedform evolution 
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Figure 9 - Example of observed bedform changes during a tidal cycle 
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As the velocity of the ebb flow diminishes the dune crest slows its 
advance until bed transport stops, at which point the bedforms become 
dormant until the new flood flow is intense enough for gram transport 
Some of the measured bedform changes are shown in Figure 9  The flow 
conditions for the various sampling times may be noted in Figure 7 

Throughout the study period visual observations indicated most of the 
sediment transport occurred via dune advance with no perceptible suspended 
load  Given the aforementioned asymmetry m strength and duration of the 
flow (Fig 7) it might be expected that the ebb flow dune advance would 
be greater than the flood flow dune retreat  This was observed to be the 
case over a three day period 10 November to 13 November  Successive 
measurements of ebb-flow, dune-crest positions indicated a mean net 
advance out of the inlet on the order of 1 foot per tidal cycle  This 
value is a very rough estimate as large variability was noted both m 
time and space 

o 
z 
LU 

O 

The evolving nature of the dunes presents some problems in deter- 
mining length characteristics, however, as a flow cycle starts a reversal, 
a distinctive crest is generated on each dune  This crest is the highest 
point above the downstream trough and it probably exerts a dominant 
influence on the gross wake characteristics for the dune  The dune wave 
length (L) IS defined as the distance between a given dominant crest and 
the next downstream crest  Dune height (H) IS defined as the vertical 
distance between the dominant crest elevation and the downstream trough 

© EBB CREST, I 90 % 

FLOOD    CREST   LIP,    I  44% 

©   GRAVITY    FACE,     I 41 % 

0   TROUGH,     26% 

FLOOD 

DUNE     CROSS       SECTION 

7 8 910 

FALL  VELOCITY 
cm/sec 

Figure 10 - Sediment fall velocity distributions 
weight of material larger than 2 mm 

Values represent 
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Inspection of the bedform profiles over the 200-ft distance indicated 
that the wave lengths and heights were significantly different for the 
northern half (115 ft ) of the tape as opposed to the southern half  This 
is perhaps to be expected, as the first half encompasses those dunes which 
are formed in the lee of the large sand wave (see Fig 6)  The results, 
cast as averages, are shown m Table 2  Two facts deserve specific comment 
First of all, it should be noted that during the ebb flow the dunes in the 
lee of the large sand wave have longer wave lengths and smaller heights 
than those beyond the direct influence of the sand wave  There is only 
scanty evidence for the flood flow, but that available (15^1-1604 hrs), 
suggests a uniformity in dune height  The second point of interest is the 
relative stability of wave length and height (and, therefore, steepness) 
during the various phases of the reversing flow 

TABLE 2 - SIZE PARAMETERS OF DUNES 

Position 
Parameter on Tape (Ft ) Time 

"0820- 
0848 hrs 

~nw-— 
1202 hrs 

15^1- 
160k hi" 

0955- 
1022 hrs. 

L (ft  ) 
Range of L 

0-110 l!+ 3 
9 5-18 5 

lk 0 
9 5-20 0 

1U3 
10 0-20 0 

15 6 
10 0-18 c 

110-200 
9 

10 7 
5-12 5 

10 9 
9 0-12 0 

11 3 
10 0-13 0 

10 5 
9 0-13 c 

H (ft  ) 
Range of H 

0-110 
0 

0 56 
27-1 10 

0 63 
0 25-1 k 

0 53 
0 25-1 20 

0 82 
0 25-1 : 

110-200 
0 

0 75 
50-1 00 

0 81 
0 60-1 00 

0 81 
0 5-1 00 

0 80 
0 50-1 c 

L/H 0-110 30 
8-lH 

33 
9-68 

32 
11-50 

25 
12-64 

110-200 16 
12-26 

11+ 
11-20 

lit 
10-23 

15 
11-25 

Dune Field Sediments 

Sediment samples were obtained on 13 November during flood flow, about 
one hour after flow reversal  Samples were taken of the upper half-inch 
of the bed material on the dune flanks, crests, and troughs  The trough 
samples are biased, as large fragments of the conch Strombis gigas were not 
collected  Laboratory treatment consisted of a wet separation of the 
material greater than 2-nm, followed by a settling analysis of the finer 
fraction 
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All of the gram-size distributions from the settling analyses closely 
approximated a log-normal distribution with very little variation in the 
geometric standard deviation, erg = Wgl^ j_ - WCQ, which had an average value 
of about 1 2  The average median fall velocity of the trough material was 
about 12 6 cm/sec and at least 25 percent of the material (by weight) is 
larger than 2 mm  The sediments composing the dune flank and crest had a 
somewhat smaller median settling speed (10-11 cm/sec) and were generally 
less than 7 percent greater than 2 mm in mean size 

An example of these results is shown m Figure 10  The sequence 
shown was obtained during the flood flow when the flood crest was becoming 
established  Diver observations suggest that the small flood-flow crest 
is composed of material swept up the ebb-flow gravity face 

Flow Profile—Station E 

In an attempt to obtain an estimate of the velocity profile over the 
dunes an auxiliary current-meter tripod containing two additional Savonius 
rotors was placed near Station E  Sampling of the rotors was synchronized 
with the two tripod-mounted Savonius-rotors and a sample of 46-seconds' 
duration was taken every six minutes  The relative positions of the four 
rotors are shown in Figure 6, the lowest rotor was about 1 5-ft above the 
sand interface, the remaining rotors were 2 1, 3 2, and 8 3 ft above the 
bottom 

During the ebb flow the rotor outputs indicated a larger speed near 
the bottom than that registered at the uppermost rotor (Fig 6)  This 
pattern persisted throughout the ebb flow until one-half hour before flow 
reversal at which time a normal profile was present  During the flood flow 
the enhancement of flow speed near the bottom was not present, instead, the 
flow was essentially uniform with depth 

It seems likely that the flow maximum near the bottom is a jet due to 
the sand wave field  The nature and development of jet flow over sand 
waves is being studied by J Dungan Smith (Umv of Washington)  Smith 
(personal communication) has formulated a model predicting the jet and has 
documented jet occurrences m tidal flows  His early results indicate that 
the jet amplitude is a maximum when the sand wave height is about 20$ of 
the water depth and that the jet is fully developed at the fifth wave in 
the field  The bedform conditions of the Bimini Inlet case described here 
are similar to those found by Smith  During flood flow the approach toward 
uniformity of velocity with depth is consistent with the fact the depth is 
then divergent downstream 

Discussion of Bedform Changes 

Although past studies have delineated the significant variables that 
control bedform characteristics in unidirectional flow, there is no 
satisfactory formulation to predict the length and amplitude of bedforms 
found in the field  It may be anticipated that the problem is even more 
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complex in the case of reversing tidal flow  There are two mam 
differences between the two cases  In the case of tidal flows the time 
variations m stage (and discharge) for a given flow direction occur in 
a few hours and bedforms may not come into equilibrium with the maximum 
flow speeds  Carey and Keller (1957 )> m a study of Mississippi River 
bedforms noted a bedform size dependence on discharge and postulate a lag 
between bedform change and change in stage  Secondly, with the change in 
flow direction the flow may encounter (as in this study) an established 
bedform morphology of reverse symmetry  The role of such initial conditions 
needs detailed attention 

Aside from flow-acceleration effects, it may be anticipated that 
friction factors during a flow cycle will be somewhat different for 
reversing flows as opposed to a unidirectional flow of equivalent 
maximum velocity, because the character and position of the separation 
zone in the lee of the crest changes m time  Model studies by Bayazit 
(1969) for ripples generated by reversing flows indicated friction factors 
less than those found for corresponding unidirectional flows  The 
difference between the two cases -was attributed to a possible lack of 
bedform equilibrium with the reversing flow  In order to avoid the effects 
of acceleration, Bayazit used the maximum velocity m formulating a friction 
factor 

In the absence of detailed studies it has frequently been assumed 
that bedform development m an inlet may not differ significantly from a 
corresponding steady flow (Bruun, 1966)  If such was the case one might 
expect to find a progression from ripples to dunes as the velocity 
increases and the reverse order as the velocity decreases  The present 
study indicates this view is probably oversimplified  For this case, the 
basic bedform sizes are stable through time with the major changes being 
simply a reversal of dune geometry  It is of interest to compare the dune 
lengths and heights observed here with those observed in unidirectional 
flow  Analysis of field data by Allen (1968) showed that the characteristic 
lengths of dunes were strongly correlated with flow depth although it was 
recognized that dune size is not a unique function of depth  Allen's 
relationships are, for lengths in meters 

1) HD = 0 086d 
x x9 and 

2) LD = 1 l6d 
1  55 

where ftp is dune height, d is flow depth and Lp is dune wave length 
Because there was relative stability in the average dune length and height 
during the observation period (Table 2), the mean depths over the two tape 
segments were used to calculate the expected values from equations 1 and 
2  For the lagoon side of the tape the computed wave length is 35 6 ft 
whereas the observed mean value is approximately 1^ 5 ft  The computed 
dune height is 1 6 ft and the observed mean is about 0 6 ft  For the 
oceanside segment of the tape the computed wave length is 28 2 ft and the 
observed is about 11 0 ft, for dune heights we find 1 32 ft versus an 
observed value of about 0 80 ft  The expected values from equations 1 
and 2 are thus significantly larger than the observed mean values 



TIDAL INLET, BIMINI 1217 

Generally it can be said that the resulting scour is strongly influenced by the pile and the wave 
characteristics In most of the runs, very little to no bed movement could be observed away from 
the pile lhe pile served as a catalyst to start the scorn activity and once started around the pile it 
spread over a large aiea and extended m some cases great distances from the pile Figs 9 and 10 
show somt typical scour patterns obtained from the expenments 

CONCLUSIONS AND REMARKS 

1 The critical velocity necessary to cause incipient motion in oscillatoiy flow appeals to be lowei 
thin that tor steady state flow 

2 The latio of the maximum velocity on the pile boundary and the initial free stream velocity, is 
less than the value of 2 0 for potential flow theory 

3 Incipient motion on the pile boundary appears to be independent of-r-and directly dependent 
, h . d 

on the parameters-^9 andT" 

4 -75-appears to be dnectly related to the sediment number Ns and the pile Reynolds Num 

bei NRP 

5 A maximum of only 6000 waves are required to reach an ultimate scour depth and in most 
cases 3000 waves are sufficient 

6 The relative ultimate significant scoui depth increases veiy rapidly at fust, reaching three 
fourths of its ultimate depth in the first 1000 waves, and increases more slowly after that until 
it reaches its ultimate depth 

7 Eddy toices, although initially influencing the scour patterns, do not appear to be ol signifi 
cance in the final scoui pattern 

8 The scour pattern resulting is piimanly influenced by the pile and the wive chaiactenstics 

9 In all the scoui experiments, the pile acted as a catalyst causing scour of the bed particles to be 
initiated whereas if the pile was not present little to no scour would have resulted 

lo try and predict scour depths foi a prototype case or relate these unconclusive results to a pro 
totype would be presumptuous To pi edict happenings or occunences of a phenomenon in a proto 
type icquircs that there be similitude, both geometric and dynamic, between the model and proto 
type This requites that similitude exists between the orbital velocities and orbital lengths (1 e wave 
chai icicnstics uc similar), giain size and gr un size distribution in the bed, roughness of the beds, 
and translation of the 01 bit due to drift Without these similitudes eiioneous conclusions could be 
leached in attempting to picdict piototype conditions The difficulties in acquiring similitude be 
twecn piototype and model were pointed out by Posey and, Sybert18 in then studies of scour 
aiound piles on olfshorc platlorms It required several years of study and cxpeiimentation before 
actual prototype conditions weie duplicated in the model 
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PATH       OF     STRIPS 

STEEL     TAPE- 

Fi<5ure 11 - Map View of Tracer Experiment Layout 

ROD  A 

20 30 
DISTANCE 

Figure 12 - Plot of Oolite Tracer Concentration versus Distance for Rods A, B, 
and C after the First Sampling Hun 
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Plastic bags containing the tracers were placed within the injection 
area (Fig 11) "by a diver who cut them open with a knife at the designated 
time of release  Recovery of released tracers was accomplished using 
0 15 x 18 m strips of K & E drafting film (Herculene) coated with Dow- 
Cornmg 103 compound  These strips were unrolled on the bottom in a 
northerly direction parallel to a graduated steel tape  Three strips, 
fixed at one end by steel rods were unrolled simultaneously by divers 
according to the configuration shown on Figure 11  Four sampling runs 
were made at 30-minute intervals beginning at 1307 hours 

The recovered sampling strips were examined m the laboratory under 
ultraviolet light  Tracers were counted within a 10 cm^ grid placed over 
the strips at 0 1 m increments for the full length of the tape  Tracer 
concentrations, expressed as the number of grains per cm% were then 
plotted against distance from the holding rods m meters  Figure 12 is 
a plot of the initial sampling run for rods A, B, and C  The dashed 
curves, intended for smoothing of the data, were obtained by dividing 
distance into 0 5m class intervals and averaging grain concentrations 
therein 

In examining the data, it was immediately apparent that the quartz 
grains (0 59-0 8k mm) were present in smaller amounts than the oolite 
(0 30-0 59 mm) and that their distribution was more limited  A few 
quartz grains traveled as far as 15 m downstream in the first 30 minutes 
after the first release  Most of the quartz tracers, however, assumed an 
almost normal distribution about a point less than 10m downstream from 
the release zone  The quartz tracers also appeared to be distributed 
uniformly in a lateral sense as evidenced by simultaneous comparisons 
between adjacent strips 

Oolite tracers were recovered in greater numbers and their distri- 
bution appears to have been more widespread than that of the quartz 
material  Following their release, significant concentrations of 
oolite (~ 1 gram/cur) were found at maximum distances from the release 
zone after 30 minutes, alao the greater mass of these tracers, while 
remaining some 1-2 m downstream from the release zone, showed markedly 
skewed distributions toward the downstream side (Fig 12, Rods A and B) 
with pronounced bi- or trimodality m many cases (Fig 12, Rod C) 
Moreover, the oolite tracers often showed great lateral variability, as 
seen through the simultaneous comparisons of adjacent strips, and temporal 
variability, as seen in time-sequential comparisons along each of the 
strip paths 

A bedform profile, obtained from photographs at the end of the flood 
current, is included in Figure 12 to show the relation of tracer concen- 
tration to bedforms 

In order to quantify the observed lateral and temporal variability in 
oolite tracer distribution, a two-way analysis of variance (Rods versus 
Runs) was conducted using the oolite data of the four runs for rods A, B, 
and C  The variable used m the analysis was tape distance in meters with 
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TABLE 3 - TWO-WAY ANALYSIS OF VARIANCE OF TRACER RECOVERY DATA  (Variable 
is Tape Distance m Meters  Tracer oolite) 

ROD SAMPLE RUN 
1 

HUM 
2 

ROT 
3  

ROT 
It 

Mean k 92 3 63 It 08 it 59 
Var 1 31 0 17 0 21 0 66 
Size 188 180 h& ^7 

Mean 3 83 3 90 h 59 it k3 
Var 0 52 0 18 1 12 0 55 
Size 302 81 k6l 155 

Mean 6 06 3 58 k 29 h 00 
Var k 6h 0 23 0 21 0 k8 
Size 200 55 21 91 

VARIATION 
SOURCE 

SUMS 
of 

SQUARES 

DEGREES 
of 

FREEDOM 

MEAN 
SQUARE 

F 
VALUE 

CONFIDENCE 
LEVEL 

(PERCENTAGE) 

TOTAL 2977 63 183 It 

INTERACTION it59 05 6 76 51 67  1+1 > 99 

ERROR 2074 00 1828 1 13 

ROD 178 52 2 89 26 

ROT 265 29 3 88 J+3 

the number of grains recovered at a particular distance serving as a 
frequency index for that distance  Each sample of tape distances was 
therefore an indicator of the distribution of the tracer population for 
which a mean and a variance could be estimated 

The object of the analysis was to determine whether or not tape 
distances could be pooled for all three rods and a separation of tape 
distance means effected between runs  After the analysis was run, 
significant interaction indicated that pooling could not be done and 
therefore separation of the means was not possible  Table 3 gives the 
results of this analysis 
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A similar analysis was attempted for the quartz tracers  However, 
by using a one-way analysis of variance initially, it was learned that 
none of the means for runs could "be separated due to their close 
similarity m value and the significant variance within each run  This 
result only confirmed the visual impression that the quartz tracers 
evidenced very little bulk movement 

DISCUSSIOW 

The results obtained suggest that the oolite tracer exhibited a 
greater tendency toward transport than did the quartz tracer  Probably 
the oolite tracer was "undersized" for the existing flow regime in the 
inlet while the quartz tracer was close to the prevailing gram sizes on 
dune crests  Compared with the greater ebb current speed obtained at 
Station E (Av 1 7 knots, max 2 2 knots) it is not surprising that the 
flood current seemed to transport only a few quartz grains and that the 
distributions of these were less skewed  Caution must be used in this 
interpretation, however, because the effect of burial of tracer grains is 
unknown due to the sampling method employed  It has been instructive to 
the authors that an inlet such as the one at Bimini represents an extremely 
complex environment and even detailed measurements are inadequate for 
a clear picture of the way m which sand is transported  For example, 
lateral variability of apparent gram motion was much more evident than 
anticipated, bottom transport is truly a three-dimensional problem 

Although the results of the experiment are not conclusive, it seems 
evident that dunes play a major role m the distribution of tracer sands, 
and the modes of the concentration curves indicate points of gram 
accumulation which move slowly downcurrent with time  In some cases, 
grains apparently travel very quickly over a succession of dunes, but a 
majority of samples indicate that most of them are fixed by the dune 
topography and therefore travel at much slower rates  This slow transport 
is in keeping with the fact that the dunes themselves migrate very little 
during any given tidal cycle 

The Bimini Inlet sediments appear to possess an organic coating 
(Bathurst, 1966) which did not allow most of them to adhere to the 
greased sampling strips  All tracer grains were thoroughly dried and 
rewetted with detergent before release, they adhered very well to the 
strips  Although mucoid coatings or gelatinous mats are not common to the 
active sands typical of the Bimini Inlet (Bathurst, 1966, p 90), there 
was clearly a difference m the surfaces of the m-situ and tracer grains 
This then leaves the question of whether or not the m-situ grains 
experience a binding effect that is not otherwise apparent 
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CHAPTER 77 

RECENT HISTORY OP EROSION AT CAROLINA BEACH, N C 

Limberios Valllanos, Chief, Coastal Engineering Studies Section, 
Department of the Army, Wilmington District, and Member ASCE 

ABSTRACT 

The reaction of shores adjacent to salient features which interrupt along- 
shore processes has long been recognized as an important consideration in con- 
nection with the investigation of engineering works to be undertaken on shores 
characterized by a littoral drift regimen  Particular emphasis has been placed 
on the evaluation of shore changes related to major control structures at navi- 
gation entrances, however, manmade interruptions of small scope, which initially 
appear innocuous, can produce costly damage to the adjacent shores located on 
the downdrlft side of the interruption 

The town of Carolina Beach, a seaside resort on the Atlantic Ocean in 
southeastern North Carolina, is a classic example of an area experiencing 
inordinate and costly erosion associated with an initially small manmade 
interruption on the updrift shore  In 1952, local boating interests exca- 
vated a channel through the updrift barrier beach to connect the Atlantic 
Ocean and a lagoonal area traversed by the Atlantic Intracoastal Waterway 
The channel, located 8,000 feet north of the Carolina Beach town limits, 
soon developed into a small, permanent coastal inlet having a width of ap- 
proximately 550 feet and a depth of 15 feet  In the ensuing 17-year period, 
1952-1969, this inlet entrapped over 4 million cubic yards of littoral mate- 
rial, resulting in a concomitant downdrift erosion which progressed southward 
to the town of Carolina Beach  A protective beach fill placed along the town's 
ocean front in 1965 has suffered considerable erosion damage 

This paper develops and quantifies the cause and effect relationships of 
the problem generally in terms of the alongshore processes and, in so doing, 
also furnishes basic information in regard to the performance of the large- 
scale artificial beach fill placed along the ocean front of Carolina Beach in 
1965 

INTRODUCTION 

In October 1962,  Congress authorized the construction of a beach fill, 
for the purpose of hurricane protection and beach erosion control,  to extend 
from the northern town limits of Carolina Beach,  N   C ,  to the southern town 
limits of Kure Beach,  N   C  ,  a distance of about 26,000 lineal feet      In 
April 1965.  a portion of the project was completed by the placement of approx- 
imately 2,632,000 cubic yards of fill material along the 14,000 lineal feet 
of shore fronting the town of Carolina Beach (see FIGURE I)       The geometric 
configuration of the fill consisted of a dune having a crest width of 25 feet, 
at an elevation of 15 feet above mean low water,  fronted by a 50-foot-wide 
storm berm at an elevation of 12 feet above mean low water (see FIGURE II) 
Along the northernmost 3,700 lineal feet of constructed project,  the storm 
berm was widened to 70 feet to provide an advanced beach-nourishment stock- 
pile      Construction of the authorized project south of the town limits of 
Carolina Beach was deferred due to the inability of local interests to fi- 
nance a portion of the non-Federal share of the project costs     Herein, 
reference to the authorized project applies only to the constructed section, 
specifically,  that portion of the project fronting the town of Carolina Beach, 
N    C 
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Immediately following the construction of the Carolina Beach project, 
rapid erosion was manifest along the entire length of the fill structure 
Though initial adjustments were expected,  the actual changes, particularly 
those evidenced along the onshore section of the project, were much greater 
than anticipated during the planning and design phases of the project     In 
the first 2 years of project operation, erosion was a persistent phenomenon 
along the entire length of fill, however,  the rate of erosion along the 
southern 10,000 feet of project was considerably smaller than that experienced 
along the northern 4,000 feet 

During the initial 2-year period, approximately 712,000 cubic yards of 
fill were lost from the entire profile,   to seaward depths beyond the 22-foot 
mean-low-water contour, within the southern section of the project     This 
volumetric loss represents about 43 percent of the total in-place fill ini- 
tially placed along that section of the project,  therefore,  in terms of fill, 
the degree of project protection was reduced by 43 percent     The attendant 
onshore changes resulted in an 82-foot recession of the high-water line in 
the initial 2-year period and the destruction of the horizontal storm berm 
of the design profile      By the end of the second year of operation,  the south- 
ern 10,000 lineal feet of project stabilized and have remained in more or less 
the same condition to the present 

In the first 2 years of project operation,  erosion along the northernmost 
4,000 lineal feet of project was even more extensive than that which had occured 
In the 10,000-foot southern section     Within the initial 2-year period,  approxi- 
mately 550,000 cubic yards of fill were lost from the active profile along this 
section of the project, which amounted to a 56-percent reduction in the total 
in-place fill     By March 1967. 2 years after initial construction,  the high- 
water line along this section of project receded 140 feet, resulting in the 
total destruction of 1,500 lineal feet of dune and storm berm and the severe 
deterioration of an additional 1,200 feet cf onshore fill section     This ero- 
sion was progressing rapidly in a southward direction and threatening the more 
stable southern section of the project     Therefore,  in March 1967, emergency 
measures were implemented to alleviate the problem     These emergency measures 
involved restoration of the north end of the project by the placement of approx- 
imately 360,000 cubic yards of beach fill and the construction of a 405-foot- 
long groin near the north .terminal of the project     The groin was considered 
necessary, as there appeared to be a reversal in the predominant direction of 
littoral transport at the north end of the project     In the year following the 
implementation of the emergency measures, approximately 203,000 cubic yards of 
emergency fill were lost to erosion and the major portion of the shoreline 
returned to about the same position it had prior to the emergency work     The 
shoreline immediately south of the groin, for a distance of about 400 feet, 
has remained relatively stable, and the rate of loss of emergency fill along 
this small segment of shore was about 42 percent less than that experienced 
along the remaining emergency section 

ENVIRONMENTAL FACTORS 

Beach-profile characteristics     Within the area of interest,  the qualities 
of the normal beach profile are characterized by conditions existing along the 
southern 10,000 lineal feet of project     Along this area,  sufficient time has 
now elapsed for the borrow material, placed in 1965.  to be sorted and to estab- 
lish itself on the profile in more or less a condition of dynamic equilibrium, 
as discussed below in connection with shore processes     Bottom-material charac- 
teristics are defined by the grain-size analysis of surficial sediment samples 
taken from two representative range lines along the active profile,  contained 
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between the baekshore and the 30-foot-depth contour (see TABLE 1)  It will be 
noted that the resulting composite phi mean diameter is 1 69 (0 31 mm ) and 
that the phi standard deviation is 0,91 

TABLE 1 

Characteristics of material on profile at Carolina Beach (May 1967) 

Phi standard 
Phi mean deviation Phi variance 

Station Sample 

Top of berm 

(M*) 

1 30 

(S*) (S*2) 

10+00 0 51 0 260 
Mean high water 0 85 0 58 0 336 
Mean sea level 1 46 0 40 0 160 
Mean low water 0 76 0 47 0 221 

-6 2 39 0 48 0 230 
-12 2 16 0 59 0 348 
-18 1 87 0 59 0 348 
-24 No sample - 
-30 1 57 0 61 0 372 

70+00 Top of berm 1 03 0 76 0 578 
Mean high water 1 00 0 54 0 292 
Mean sea level 1 25 0 39 0 152 
Mean low water 0 38 0 54 0 292 

-6 2 49 0 86 0.740 
-12 2 66 0 45 0 203 
-18 2 91 0 47 0 221 
-24 3 13 0 52 0 270 
-30 1 51 1 13 1 277 

M* = 1 69 S2 = 0 37 

S$ oomp = 0 91 (see TABLE 4 for definition of S 4 ccmp) 

The associated average profile configuration, in terms of slope, is as follows 

Depth range below mean low water 
4 feet 
to 

12 feet 

12 feet 
to 

18 feet 

18 feet 
to 

24 feet 

24 feet 
to 

30 feet 
Average slope 1 22 1 29 1 50 1 167 

The natural berm elevation is located at an elevation of about 8 feet above 
mean low water  The foreshore slope, extending from the berm crest to a depth 
of about -2 feet mean low water, averages 1 on 8  Between the -2 and -4-foot 
contours, the profile is characterized by an alongshore trough and submerged 
bar  Typical profiles are shown on FIGURE II 

Winds  On an annual basis, winds blow onshore 38 8 percent of the time 
and offshore 50 0 percent of the time, with 11 2 percent representing calm 
conditions  With reference to onshore winds, 50 7 percent occur from the 
northeast and east  Normal wind speeds range up to 20 knots 

Waves  During the fall and winter months, waves approach the area more 
frequently from the northeast and east, producing north to south littoral 
currents  During the spring (March, April, and May), a transition period is 
observed during which waves attack the shore with almost equal frequency from 
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all directions,  resulting in frequent reversals in the direction of littoral 
transport     During the summer, waves are more likely to come from the south- 
east and south and produce northward drift      On an annual basis,   the predomi- 
nant direction of wave attack,  in terms of energy level,  is from the northeast 
and east,  producing a net drift to the south      The most frequent waves affect- 
ing the area have heights ranging from 1 to 5 feet and periods of from 5 to 10 
seconds 

Littoral currents      Littoral current observations have indicated that 
during northeast and east wave attack,  littoral currents north of station 
140+00 are less than those south thereof      During southeasterly and southerly 
attack,  currents north of station 140+00 were observed to be stronger than 
those south of that location 

Tides     The normal tidal range in the vicinity of Carolina Beach is about 
4 0 feet     The average spring range is 4 7 feet     Storms,  particularly hurri- 
canes,  can cause considerable variation in these normal tides      For example 
Hurricane Hazel  (15 October 1954)  generated a tide of 12 7 feet above mean-low- 
water datum, which is the highest recorded tide in the study area 

SHORE PROCESSES  -   CAUSE AND EFFECT RELATIONSHIPS 

General     Prior to 1952,  the shoreline between Masonboro Inlet,  located 
11 miles north-northeast of Carolina Beach, and New Inlet,  located 9 miles 
south-southeast of Carolina Beach,  constituted a continuous physiographic 
unit      This shoreline reach was characteristic of the general coastline of 
North Carolina, being comprised of plain,  unobstructed sandy beach areas sub- 
ject to reversals In the direction of littoral transport, but with a predomi- 
nant southward movement of littoral material      The long-term average annual 
recession of the waterline was estimated to be of the order of magnitude of 1 
foot 

In September 1952,  local interests excavated a tidal inlet at a point 
approximately 7,500 feet north of the town limits of Carolina Beach,   thus pro- 
viding for the immediate area a direct connection between the Atlantic Intra- 
coastal waterway (AIWW)  and the Atlantic Ocean (see FIGURE I)      This inlet, 
later to be known as Carolina Beach Inlet,  rapidly developed as a permanent 
coastal feature having a low-waterline width of 55° feet and an associated 
cross-sectional area of 6,500 square feet     The ebb and flood flows are 300xl06 

and 450xl06 cubic feet,  respectively      Immediately following the development 
of this inlet,  severe erosion was evidenced at the south shoulder of the inlet 
and has,  over the 17-year period of the inlet's existence,  progressed southward 
to the extent of seriously affecting the performance of the beach-restoration 
and hurricane-protection project constructed in 1965 along the 14,000 lineal 
feet of shoreline fronting the town of Carolina Beach      Though the effects of 
the inlet on the downdrift shore have been recognized for some time,  in a broad 
qualitative sense,   the full assessment of the shore processes involved and the 
quantification of the phenomena required the detailed synthesis of data accu- 
mulated in the 17-year period, 1952-1969 (the bulk of which were obtained 
between 1965 an<i 19^9).  in connection with a survey monitoring program involv- 
ing the shores of Carolina Beach northward to and including the inlet complex 
It has been through the collection of these data,  as well as other recent in- 
formation related to nearby shores,  that a rational appraisal of the general 
problem can be made 

The total length of shoreline germane to this discussion extends 21,100 
lineal feet between Carolina Beach Inlet and station 0+00 at the southern 
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terminal  of the Carolina Beach project      This reach of shoreline can be divided 
into three units,  each of which has responded to shore processes in a distinctly- 
different manner,   though the causative factors are interrelated      These units are 
designated herein ab      (a)  Segment I -  the 10 000 lineal feet of shore northward 
from station 0+00 at the south end of the Carolina Beach project to project sta- 
tion 100+00,   (b)  Segment II -  the 4,000 lineal feet of shore extending northward 
from project station 100+00 to station 140+00 at the north end of the Carolina 
Beach project, and  (c)  Segment III -  the 7,100 lineal feet of undeveloped shore- 
line between the Carolina Beach town limits and Carolina Beach Inlet 

Segment I      Survey records for the 19-year period,   1938  to 1957.  reported 
in the original Carolina Beach project report show  that the average annual 
recession rate was approximately 1 foot per year    with a short-term maximum 
rate of 2 8 feet being observed in the period 19^2-1957,  during which the are-i 
had been exposed to four major hurricanes      The volumetric loss of material for 
the entire active beach profile was estimated to be approximately 4 cubic yards 
per lineal foot of beach annually 

Following the placement of artificial fill along Segment I,  in connection 
with the construction of the Carolina Beach project,   the effects of shore proc- 
esses in this area were radically different during the first 2 years of project 
operation than those determined from historical records      During these first 
and second years of project operation,  April 1965-April 1966 and April 1966- 
April 1967,   the shoreline receded at an average annual rate of 67 feet and 15 
feet,  respectively,  with corresponding volumetric losses of fill material 
amounting to 370,000 cubic yards and 342,000 cubic yards      In the third year 
of operation,  April 1967-April 1968,  a marked change occurred in the response 
of the artificial fill to shore processes,  as  the rate of shoreline recession 
decelerated to 5 feet per year and  the volumetric change of material amounted 
to a slight accretion of about 17,000 cubic yards      Shoreline movements and 
volumetric changes following project construction are given In FIGURE III and 
TABLE 2,  respectively      Surveys In 1969 indicate that the project is in essen- 
tially the same condition as observed in 1968      Full verification of the present 
project condition will  depend on  the  results  of  surveys  conducted in  the  summer 
of 1969 and winter period of 1970      However,  on the basis of existing informa- 
tion,  It can be assumed that the section of the Carolina Beach project within 
Segment I of the study area required 2 years of exposure  to reach a state of 
dynamic equilibrium with  the  prevailing environment 

The rapid recessions of the waterline in Segment I during the first 2 
years of project operation were a result of profile adjustment along the 
active profile which terminates at depths between -22 and -30 feet mean low 
water,  as well as net losses in material volume resulting from natural sorting 
action displacing fine material,  which was incompatible with energy levels on 
the active profile,   to depths seaward of the active profile      Reference is made 
to FIGURE II, which shows the typical beach profile in Segment I prior to con- 
struction of the Carolina Beach project and the original design project profile 
It will be noted that the foreshore and offshore design profile slope of 1 on 
20 terminates at a depth of 4 feet below mein low water and deviates from the 
natural profile by the exclusion of the offshore bar and  trough situated at a 
depth of 4 to 6 feet below mean low water      The adjusted project profile of 
April  1968    also given on FIGURE II,   shows  the actual  profile closing at a 
depth of about 22 feet below mean low water,  as well as  the characteristic bar 
and  trough      Thus,  displacement of the initial fill    with the concomitant reduc- 
tion of the onshore design section,  was an inevitable eventuality of normal 
sorting action and the reestabllshment of the normal profile configuration 
Note that the actual profiles shown on FIGURE II are for the month of April, 
during which average annual profile conditions obtain in the vicinity of 
Carolina Beach 
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TABLE 2 

Total volumetric change since construction of the project 
(SEGMENT I  -  station 0+00  to station 100+00) 

Volumetric change Cumulative volumetric 
during period change by end of period 

Period (cubic yards) (cubic yards) 

As built to June 1966 -455,300 -435,300 
June 1966 to September 1966 -143,800 -579,100 
September 1966 to December 1966 -7,100 -586,200 
December 1966 to May 1967 -172,000 -758,200 
May 1967 to June 1967 +257,800 -500,400 
June 1967 to October 1967 -29,000 -529,400 
October 1967 to February 1968 -326,400 -855,800 
February 1968 to April 1968 +156 700 -699,100 
April 1968 to August 1968 +75,400 -623,700 

NOTE accretion,  -  = erosion 

Two computations were made in an attempt  to determine  the degree  to which 
sorting of the original borrow material affected the rate of erosion of the 
project fill      The first computation consisted of a mathematical comparison 
of the size characteristics of the original borrow material to the size char- 
acteristics of the material composing the beach profile      The results of this 
computation indicated that for every cubic yard of borrow material remaining 
on the profile,  2 1 cubic yards of this material had to be sorted      The ratio 
of the total material sorted to the amount remaining on the profile after 
sorting action has occurred,  as defined by W    C    Krumbeln and W 
is referred to as the "critical ratio"   (Merit),  where 

R    James1 

R*crit 

in which 

Sfb 
s*n 

(M»n-M»b)2 

2(S*n2-S*b2] 

S*b standard deviation of borrow material,  in phi 
units  (1 28 in this case,   see TABLE 3) 

Sifin    = standard deviation of native material,  in phi 
units  (0 91 in this case,   see TABLE 1) 

Mf>b phi mean of borrow material  (0 
see TABLE 3) 

M$n    = phi mean of native material  (1 
see TABLE 1) 

in this case, 

in this case, 

•••See U    S    Army Coastal Engineering Research Center Technical Memorandum 
No    16,   "A Lognonral Size Distribution Model for Estimating Stability of 
Beach Fill Material " 
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TABLE 3 

Characteristics of original fill material 
placed between stations 0+00 and 100+00 - Segment I 

Sample Phi : 3 tandard 
elevation Phi mean deviation Phi variance 

Range (m 1 w ) 
11 0 52 

(S40 (S*2) 
10+00 1 27 1 61 

9 0 02 1 82 3 31 
7 0 62 1 43 2 04 
5 0 70 1 38 1 90 
3 1 30 1 25 1 56 

20+00 11 0 70 1 20 1 44 
9 0 45 1 27 1 6i 
7 0 70 1 20 1 44 
5 1 27 0 84 o 71 
3 1 50 0 80 0 64 

30+00 11 0 99 1 14 1 30 
9 0 77 1 07 1 14 
7 0 33 1 54 2 37 
5 0 84 1 24 1 5^ 
3 1 70 1 10 1 21 

40+00 11 1 67 o 72 0 52 
9 1 31 0 78 0 6i 
5 o 68 1 18 1 39 
3 1 00 1 19 1 42 

50+00 11 
9 
7 
5 
3 

0 53 1 33 
0 56 1 22 
1 33 1 13 
0 78 1 20 
1 74 0 75 
1 21 1 01 
0 66 1 86 
0 28 1 64 
0 39 1 41 
1 01 1 41 

1 20 1 40 
0 85 1 37 
0 37 1 13 
1 10 1 10 

1 77 
1 49 
1 28 
1 44 
0 56 

60+00 11 
9 
7 
5 
3 

1 02 
3 46 
2 69 
1 99 
1 99 

70+00 

90+00 

Average 

11 
9 
7 
3 

11 
9 
7 
5 

0 73 1 44 
0 70 1 50 
0 94 1 00 
1 04 1 06 

1 96 
1 88 
1 28 
1 21 

80+00 9 0 68 1 51 2 28 
7 0 77 1 31 1 72 
5 1 20 0 85 0 72 
3 1 05 0 97 0 94 

M<(> = 0 S2  = 

The composite phi variance (S(|>2comp) and standard deviation (S((>comp) are com- 
puted by 

S<|>2comp = S2 + <B-A> = 1 56 + (° 92P = 1 63 
12 IT 
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S*comp = 1 28 

Where      A Is  the average of the minimum phi-mean values 
obtained along the various ranges      The value B 
Is 

ainea along me  various ranges      Tne  value 
the average of the maximum phi-mean values 

The second computation consisted of a determination of the ratio of borrow 
material placed within Segment I,  which was subjected to sorting action,   to the 
amount of that material which remained on the profile at the end of approximately 
2 years  of project  operation      The ratio thus determined was  2 3,  which compares 
extremely favorably with the computed "critical ratio "    Since  the two independ- 
ent checks of this ratio resulted in essentially the same value,   the implication 
is that most of the material lost from the project in Segment I was  the result 
of sorting action displacing fine-grain material to depths seaward of the active 
profile      It is remarked that the entire artificial fill was not exposed to hy- 
draulic action during the 4- years of project operation    and  this fact was accounted 
for in the sorting computations      Had the artificial fill been exposed to a storm 
of hurricane intensity with the attendant severe churning of the beach profile 
cover,  larger   juantities of fill would have been exposed to sorting action and 
the net losses of material would have,  doubtless,  been greater      It is worthy 
of mention that the analytical procedure used in arriving at the value of the 
"critical ratio" was not developed during the design phase of the Carolina Beach 
project      Had  this procedure been available,   the material  losses experienced by 
the project in Segment I could have Deen predicted with a remarkably high degree 
of accuracy 

Insofar as the present conditions are concerned,   the relative stability of 
the project in Segment I is apparently due  to the balance of alongshore  trans- 
port into and out of Segment I,  as shown in Diagram 1 0 

s 

SEGMENT I 

S 

N 

WHERE S= TOTAL   SOUTHBOUND   LITTORAL   DRIFT 

N= TOTAL   NORTHBOUND  LITTORAL    DRIFT 

PRESENT     ALONGSHORE    PROCESSES   IN  SEGMENT      I 

P)A<?RAM   I 

Segment II and Segment III  Prior to the opening of Carolina Beach Inlet 
in 1952, the shorelines of Segments II and III were continuous with, and on the 
same alignment as, Segment I  Therefore, the behavior of the entire shore area 
was more or less uniform  However, immediately following the opening of the 
inlet, dramatic changes began occurring in Segment III and, with time, pro- 
gressed southward into Segment II  In the period 1952-1963, prior to the con- 
struction of the Carolina Beach project, the high-water line receded 1,135 feet 
at the shoulder of Carolina Beach Inlet, the north end of Segment III, and 37 
feet at station 100+00, the south end of Segment II  The difference in the 
extent of recession near the inlet and at station 100+00 resulted in a change 
of alignment of the combined shoreline of Segments II and III with respect to 
Segment I  This change of alignment, which was later to have a prominent role 
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in the behavoir of the artificial fill in Segment II, was a natural development 
resulting from a deficit of littoral drift from the north,  caused by material 
entrapment in the inlet shoal system      By way of a brief qualitative analysis 
of this phenomenon,   the following explanation is given      The alongshore move- 
ment of littoral materiaj, results from the existence  of an alongshore current 
generated by the obliquity of the wave crests attacking the  shore,  in other 
words,   it can be assumed that,  if the breaking-nave crests are parallel  to the 
shore,  little or no alongshore current exists and,  consequently,   there is no 
alongshore movement of beach material      When there is a substantial reduction 
in the quantity of littoral material to a segment of shore,   that shore will 
erode to the extent of reaching some new state of equilibrium with the eroding 
forces      This was accomplished in Segment III,  and  to a smaller degree in Seg- 
ment II,  by the shore retrograding to an alignment approaching parallelism with 
the general approach of wave crests from the northeast sector of attack      As 
any given section of shore attains near parallelism with the attacking wave 
crests,  it ceases  to supply large quantities of material to the adjacent down- 
drift section,  resulting in a downdrift progression of the erosion,  as shown 
in Diagram 2 
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t 
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Of course, wave attack along the area of interest is neither uniform nor 
unidirectional and, moreover,   there is some natural bypassing of material 
across Carolina Beach Inlet      However,   the generalization outlined above is 
not only rational,  in a theoretical sense,  but validated by the time -  space 
relationships of the erosion in Segments II and III,  presented in TABLE 4- 
PHOTOGRAPH 1 clearly shows the change of shore alignment 

Immediately following the placement of artificial fill along Segment II 
in March 1965,  severe erosion began and continued at an intense rate  to March 
1967      The cumulative shore recession in the 2-year period,  March 1965-March 
1967,  amounted to 140 feet, with an attendant loss of 550,000 cubic yards of 
material,  or an average annual loss in the 2-year period of 275,000 cubic yards 
As a result of this severe erosion,  emergency measures were implemented for 
Segment II in March 1967 by the construction of a groin at station 136+75 and 
the addition of 321,000 cubic yards of fill,  of which 281,000 cubic yards were 
placed south of the groin and approximately 37,000 cubic yards were placed 
north of the groin      The emergency work was completed in May 1967      By May 1968, 
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PHOTOGRAPH 1 • VIEW NORTHWARD OVER CAROLINA BEACH PROJECT IN 1965. NOTE CHANGE OF SHORE ALIGN- 

MENT CENTER BACKGROUND OF PHOTOGRAPH. 

PHOTOGRAPH 2 • VIEW OF CAROLINA BEACH INLET IN 19B9. NOTE OFFSET BETWEEN INLET SHOULDERS, AND WAVE 

REFRACTION PATTERN. 
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1 year after the placement of emergency fill,  the net loss of this material 
amounted to 203,000 cubic yards,  of which 175,600 were lost between stations 
100+00 and 132+50      It is noted that, notwithstanding the groin,   losses of 
emergency beach material in Segment II were extremely high,  particularly in 
view of the fact that conditions observed in Segment I showed that the general 
area was experiencing some natural accretion in 1968      The rates of shoreline 
movements in Segment II,  shown In comparison with shore-movement rates in Seg- 
ment I,  are presented on FIGURE III      Volumetric changes in Segment II are given 
in TABLE 5 

TABLE 4 

Rate of shoreline movement at specified stations within Segment II 
and Segment III (1952-1963) (rate in feet per year) 

Segment Time period 
and station 1952-55 1955-57 1957-63 1952-63 

SEGMENT II 
100+00 +3 0 -7 0 -5 3 -3 3 
110+00 -3 7 -3 5 -7 8 -5 8 
120+00 -9 7 -5 5 -9 0 -8 5 
130+00 -12 0 -6 0 -13 0 -10 5 
140+00 -14 0 -19 0 -43 0 -26 7 

SEGMENT III 
150+00 -13 6 -25 0 -57 0 -39 ^ 
160+00 -10 3 -60 0 -68 7 -51 0 
170+00 -10 0 -107 0 -76 5 -63 9 
180+00 -8 3 -139 0 -91 2 -77 2 
190+00 -6 7 -156 0 -80 3 -74 0 
200+00 -53 3 -100 0 -129 1 -103 2 

MOTE  + = accretion, - = erosion 

TABLE 5 

Total volumetric change since construction of the project 
(SEGMENT II - station 100+00 to station 140+00) 

Volumetric change Cumulative volumetric 
during period change by end of period 

Period (cubic yards) ( cubic yards) 

As built to June 1966 -412,200 -412,200 
June 1966 to September 1966 -64,300 -476,500 
September 1966 to December 1966 -58,300 -534,800 
December 1966 to March 1967 -15,200 -550,000 
March 1967 to May I967 1+284,000 (Fill) 
May I967 to June 1967 -54,400 -604,400 
June 1967 to October 1967 -60,100 -664,500 
October 1967 to February 1968 -158,000 -822,500 
February 1968 to April 1968 +67,100 -755,400 
April 1968 to August 1968 -9,300 -746,100 

-'•Not included in cumulative total 
NOTE  + = accretion, - = erosion 
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The quality of fill material placed in Segment II with the initial con- 
struction of the Carolina Beach project and later as part of the emergency 
measures was compared with the quality of borrow material used in Segment I, 
and it was found that all of the material was essentially of the same quality 
Therefore,  it can be assumed that the "critical ratio" for all the material 
placed in Segment II was of the order of magnitude of 2      Considering that the 
total loss of material in Segment II during the 3-year period,  May 1965-May 1968, 
amounted to 753,000 cubic yards,  the average annual loss of material from this 
area can be  taken as 251,000 cubic yards      Of the total annual loss,  a portion 
is allocated to sorting-action displacement to depths seaward of the active pro- 
file and the remaining portion is allocated to a deficit in the alongshore trans- 
port into Segment II      This deficit in alongshore transport,  which in fact is 
the deficit in material transport Imposed by Carolina Beach Inlet,  is easily 
computed by applying the "critical ratio"  to the total average annual loss of 
material experienced in Segment II,  that is 

Alongshore deficit 
in material transport =    ^  '        = 125,500 cubic yards 

(littoral drift) 2 

(say 130,000 cubic yards) 

The shore processes in terms of annual alongshore movements in Segment II are 
represented schematically in Diagram 3      It is evident from Diagram 3  that the 
total annual alongshore transport phenomenon cannot be described without the 
development of two other conditions through which the values of B and N can be 
computed      Such conditions can be developed,  as demonstrated below,  by making 
certain assumptions,  one of which is that all observed annual values of littoral 
transport represent average annual values over a relatively long period,  specif- 
ically,   the 17-year period,  1952-1969,  in which Carolina Beach Inlet has been in 
existence 

M S = I30.000 CV. + B 

SEGMENT n 

B 

N „ N 

S = TOTAL   SOUTHBOUND     DRIFT   OUT OF      SEGMENT       IT 

N = TOTAL   NORTHBOUND     DRIFT     INTO   AND     OUT   OF    SEGMENT    H 

8= MATERIAL       BYPASSING       INLET    AND    TRANSPORTED    ALONG 
SEGMENT    HI    TO    SEGMENT   IE 

ALONGSHORE     MOVEMENTS    IN   SEGMENT     H 

DIAGRAM    3 
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In order to obtain a relatively accurate value of B,  it is necessary to 
have a measured value of S,  the total southbound drift     Such a value is avail- 
able for the period June 1966-June 1967 for the shore of Wrightsville Beach, 
located 9 miles north of Carolina Beach  (see FIGURE I)      It is remarked that 
Wrightsville and Carolina Beaches are exposed to the same wave climate and 
are composed of essentially the same material      in June 1966, a 3,600-foot- 
long weir-type jetty was constructed on the south end of Wrightsville Beach, 
at Masonboro Inlet     During the period June 1966-June 1967, approximately 
150,000 cubic yards of littoral material were transported by natural forces 
across the weir section of the jetty and deposited in the lee-side deposition 
basin      In addition,  an estimated 70,000 cubic yards of material accumulated 
on the updrift side of the jetty in the form of an accretion fillet     There- 
fore,   the total southbound drift,  S,  was approximately 220,000 cubic yards, 
presuming that the accretion fillet, being small during the first year of 
jetty operation and in the shadow zone of the jetty,  was not exposed to attack 
by waves from the southeast sector     Referring to Diagram 3, B = 220,000 cubic 
yards minus 130,000 cubic yards,  or B = 90,000 cubic yards 

At this point,   only the value of the northbound drift,   N,  remains to be 
computed      For the determination of this value,  conditions at Carolina Beach 
Inlet are used to develop a continuity relationship for the total alongshore 
movement of material      Here,   the assumption is made that,  contrary to the 
natural southward bypassing of 90,000 cubic yards of material at Carolina 
Beach Inlet,   there has been no significant northward bypassing at the inlet 
The rationale on which this assumption is based is as follows      First,  bypass- 
ing of material at an inlet is highly dependent on storm activity,  as wave 
crests,  encroaching on the sea shoal during normal sea conditions,  are re- 
fracted to such an extent that they split and approach the inlet throat from 
both the updrift and downdrift directions, making bypassing difficult      This 
phenomenon is easily observed in the field or from aerial photographs and,  in 
fact,  is the reason for the multiple,  confused chop existing on shoals      More- 
over,   the refraction phenomenon can,  as at Carolina Beach Inlet,  create perma- 
nent,  but shifting,  nodal zones on the shores near and adjacent to the inlet 
However,  during storm activity with attendant storm tides, high-energy levels, 
and short-period waves which are not too susceptible to refraction,  natural 
bypassing can be accomplished      Therefore,  since most storm activity to which 
Carolina Beach Inlet is subjected comes from the northeast sector of exposure, 
it can be assumed that the largest proportion of natural bypassing is in a 
southward direction     The second reason that bypassing in a northward direction 
is assumed small relative to southward bypassing is that the ocean shoreline on 
the north shoulder of the inlet is offset seaward from the shoreline on the south 
side by a distance of approximately 1,500 feet (see PHOTOGRAPH 2)      This offset 
doubtless restrains the northward movement of material across the inlet     The 
phenomenon discussed above,  insofar as normal sea conditions are concerned,  is 
schematized in Diagram 4     Rote that there would be no change in the general 
refraction pattern for normal conditions if the deepwater wave crest approached 
from the northeast quandrant under normal sea conditions      The actual refraction 
phenomenon is readily discernible in PHOTOGRAPH 2 
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With acceptance of the assumption that northward bypassing at the inlet 
is insignificant, the value of the total northbound drift, N, can be computed 
by determining the total volume of material accumulated in the inlet complex 
during its 17 years (1952-1969) of existence  The total accumulation was 
determined from hydrographic surveys, dredging records in the AIWW, at the 
inlet throat, and from aerial photographs  This accumulation amounted to 
4,l6o,000 cubic yards, of which 3,250,000 cubic yards were stored on the sea 
shoal, 680,000 cubic yards were deposited and removed from the AIWW, at the 
throat of the inlet, and 230,000 cubic yards were flushed into the marshes of 
Masonboro Beach at a point approximately 2,000 feet north of Carolina Beach 
Inlet as a result of a breakthrough which occurred during Hurricane Hazel in 
195t-  This breakthrough remained open as a small inlet for approximately 4 
years, and was closed by natural forces  With a total storage of 4,160,000 
cubic yards in a 17-year period, the average annual accumulation rate is 
24-5,000 cubic yards  The value of N is determined from the continuity rela- 
tionship 

N + S - B = Accumulation in the inlet 
or 

N + 220,000 -  90,000 = 245,000 

N = 115,000 cubic yards 
(say     N » 120,000 cubic yards) 
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A schematic flow diagram of the computed average annual littoral process at 
the inlet is given in Diagram 5 
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To formulate a complete shore-processes scenario for the Carolina Beach 

area,  conditions along Segment III of the study area were also investigated 
Surveys indicate that the total quantity of material eroded from Segment III 
during the 17-year period,  1952-1969, amounted to approximately 3,670,000 cubic 
yards, which results in an average annual loss of about 220,000 cubic yards, 
however,  it was shown previously that the average annual deficit of material 
imposed by the inlet amounted to only 130,000 cubic yards      Thus,   the remain- 
ing 90,000 cubic yards must be accounted for      These losses can, with reason- 
able assurance,  be attributed to material lost from the beach profile through 
wave and/or tidal overtopping of Segment III and the quantity of material dis- 
placed seaward of the active beach profile as a result of sorting action     In 
connection with wave and tidal overtopping, Segment III is a low barrier ridge 
with a general maximum elevation between 4 and 5 feet above mean sea level 
Therefore, wave and/or tidal overtopping Is a frequent occurrence in this area 
during any given year, however, major overtopping losses are associated with 
hurricane events      Prom aerial photographs and existing topography,  it was 
determined that the landward side of Segment III accreted westward into the 
adjacent marsh at a rate of approximately 20,000 cubic yards per year      Thus, 
there remains a value of 70,000 cubic yards lost through sorting action      In 
view of the severe erosion of the landmass in Segment III,  it can be assumed 
that sorting losses were substantial      The assumed sorting action loss of 
70,000 cubic yards results in a "critical ratio"  of /2"20,000/(220,000 - 70,000)7 = 
1 47, which is not at all an unreasonable value      It Is also noted that the quan- 
tity of material attributed to sorting losses beyond the active profile represents 
approximately 32 percent of the total loss      This corresponds closely to the 
"rule-of-thumb" value of 30 percent used,  in the vicinity of Segment III,  in 
determining the quantities of fine silt,  peat,  and clay lost in the placement 
of dredged fill     It is remarked that exposed peat laminae are found along much 
of the Segment III shoreline     The shore-processes scheme for Segment III Is 
illustrated schematically in Diagram 6     it should be noted that the shore proc- 
esses described above for Segment III relate to average conditions prevailing 
over the 17-year period that this section of shore was adjusting to a new 
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equilibrium condition as a result of changes produced in the littoral regime 
by Carolina Beach Inlet  As mentioned above, Segment III has generally attained 
a state of equilibrium through erosion and a reorientation of the shoreline  At 
present, the major effects of the littoral material deficit imposed by the inlet 
have been transferred to Segment II 

S= 220.000   C Y 

N= L20.000   C Y, 

20,000    C Y 
OVERTOPPING  LOSS 

SEGMENT    TEE B=90.000     CY 

H = 120. 000     C.Y., 

70,000   CY     SORTING      LOSS 

TO    DEEP   WATER 

AVERAGE      ANNUAL     PROCESSES     1952   TO   1969 

DIAGRAM      6(0) 

OVERTOPPING     LOSSES     DEPENDENT   ON 
OCCURRENCE    OF   MAJOR   STORMS 

,90.000     CY. 

SEGMENT 

B= 90,000    C Y 

120.000    CY. N= 120.000         m 

PRESENT     CONDITIONS 

DIAGRAM  6(b) 
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Verification of computed values      A condition used to verify the computed 
values,  specifically N and S,  is taken at Masonboro Inlet,  which Is exposed to 
the same gross littoral drift as Carolina Beach Inlet      In the 4-year interval, 
1965-1969,  two hydrographic surveys show that approximately 900,000 cubic yards 
of material have been deposited on the outer and inner shoals of Masonboro Inlet 
In addition,  approximately 170,000 cubic yards were removed from the inlet by 
hopper dredges in the period 1965-1969      Therefore,   the total accumulation within 
the inlet during a 4-year period amounted to approximately 1,070,000 cubic yards, 
resulting from the intrusion of southbound and northbound drift      On an average 
annual basis,   the deposition rate is about 270,000 cubic yards      Furthermore, 
the growth of the accretion fillet along Wrlghtsvllle Beach,  updrift of the 
Masonboro Inlet Jetty,  has an accretion rate of about 60,000 cubic yards per 
year for the 2-year period 1966 to 1968      Construction of the Jetty began August 
1965 and was completed June 1966      If it is assumed that the average of the 2- 
year fillet growth rate is representative of an average annual growth rate for 
the 4-year period of 1965-1969<  the gross drift toward the inlet would be 
270,000 cubic yards + 60,000 cubic yards = 330,000 cubic yards,  which compares 
extremely well with the value N + S = 340,000 cubic yards      Note that natural 
inlet bypassing was not considered,  as  the inlet shoals are well shadowed by 
the jetty,  also,   the 1965-1969 period was free of major storm activity 

Conclusion The analysis presented above results in a rational understand- 
ing of shore processes in the study area from 1952 to the present It is remarked 
that the quantitative values determined in the analysis represent only the aver- 
age annual conditions for the data period of record used, and, moreover, insofar 
as shore processes are extremely nonuniform, wide variations from average annual 
values can occur in any given short-term period 

In closing,  it is remarked that detailed plans for solving the erosion 
problem described herein have been formulated and are presently under review 
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Abstract 

Rio Grande harbour is situated inside the 
outlet of Lagoa dos Patos (9 910 km2) and La- 
goa Mirim (3 770 km2). Most of the rivers in 
the State of Rio Grande do Sul, that are not 
tributaries of river Uruguay, flow into the 
two lagoons and the latter discharge through 
Canal do Norte into a tideless sea. Flood flows 
can exceed 20 000 cumecs. The outlet is on a 
sandy coast with littoral drift in both 
shoreline directions. 

The time history of the outlet can be 
divided into three periods. Before breakwater 
construction, the bar was extremely unstable 
in lay-out, position and controlling depth. The 
latter ranged from 2.5 to 7 m. From 1911 to 
1916 two 4 km long rubble mound breakwaters 
were built. They deepened the entrance channel 
to 8 - 10 m but a new bar came about further 
offshore entailing objectionable navigation 
conditions in the approach channel. No previous 
dredging was carried out as the breakwater 
construction proceeded out to sea, and as 
result a total of Ik million cubic metres was 
scoured out between the two breakwaters and 
discharged offshore to build up the new bar. 
Some improvement by dredging was not achieved 
until 1962. 

The improvement of the approach channel 
lay-out as well as deepening the entrance to 
14 m below datum are under consideration. Field 
and model investigations have been designed for 
this purpose. 

I) The  Coastal  Environment  and Hydraulic  Conditions, 
Rio Grande harbour is situated inside the outlet of Patos Lagoon 
(9 910 km2) and Mirim Lagoon (3 770 km2). The key map of Fig.l shows 
the area discussed m this paper.  It lies  near the southern border 
of Brazil, Rio Grande being the main port in the State of Rio Grande 
do Sul. 

1243 
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The coast of this State is a long barrier beach dividing 
several lagoons from the sea. patos and Mirim lagoons are the two 
most important bodies of water. They are connected by a 70 km long 
channel, Canal Sao Goncalo, and they discharge into the sea through 
a common outlet (Canal do Norte) on whose western bank the port of 
Rio Grande has been built. Most of the rivers in the State of Rio 
Grande do Sul, that are not tributaries of River Uruguay, flow into 
these two lagoons. As a result, the upland flow in Canal do Norte 
drains a basin with an area of X6Z 000 kra2, and peak flows can 
exceed 20 000 cumecs. Canal do Norte is quite stable in position, 
width, depth and length. Its width varies from 1.5 km at the mouth 
to about 3 km at the northern end, a major portion of its shipping 
channel being over 15 m deep. 

The lagoon outlet is on a sandy coast with littoral drift 
in both shoreline directions. The coast is fairly straight, flat, 
and uniform in profile, the offshore slope from the -1 to the -15 m 
contour being about 1$. The beach material is fine sand, a 
representative mean diameter being about 0.20 mm. The shoreline runs 
on a SW to NE alignment but the axis of Canal do Norte nearly 
coincides with a meridian, which accounts for its name the Portuguese 
for Northerly Channel. 

According to |l| the main characteristics of the deep-water 
wave climate are the same from Punta del Este (in Uruguay) to 
Tramandai, some 320 km north of Rio Grande,where wave characteristics 
were recorded at a 20 m depth for more than a year, in 1962-63, in 
connection with the design of an offshore oil terminal. The main 
characteristic of this wave climate is that swell comes mostly from 
SE whereas the dominant and prevailing winds blow from NE. As a 
result, there is a marked correlation between wave periods and 
directions as shown is Fig. 2. The waves with the greatest energy 
(Fig. 3) a*»d least steepness - therefore with the greatest transport 
capacity - come from SE which causes the northwestward littoral drift 
to be dominant over the southwestward drift. The latter is induced by 
the waves, mostly locally generated sea, from the NE quadrant. 

The only indication available as to the intensities of this 
two-way littoral drift is that the average dominant littoral drift 
would be 1.5 times as great as the secondary drift. The average total 
annual volume of the dominant littoral drift would amount to some 
100 000 m3 per year. These figures were arrived at from the results 
of a mobile-bed model investigation into the control of Tramandai 
inlet which was carried out in 1964 at the Hydraulics Research 
Institute of the Federal University of Rio Grande do Sul |2|. A time 
scale for bed movement was worked out by comparing model and 
prototype durations of the northward inlet migration when Tramandai 
inlet was uncontrolled, and the transport capacity of the waves 
reproduced in the model was measured by trapping sand at the downdrift 
end of the model. The total volume of littoral drift in a model year 
was then scaled up. The amount of 100 000 m3/year for the dominant 
drift seems rather lower than values reported for similar conditions 
in other parts of the world and may be due to the model improperly 
simulating suspended transport in the surf zone. On the other hand, 
it should be noted that the angle of attack of the dominant waves 
is usually small   about 10 at a 20 ra depth. Whatever the  accuracy 
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of the above estimate for littoral drift on the coast of Rio Grande 
do Sul may be, what is actually known is that the most frequent 
significant wave height is 1.5 m at the 20 m depth, and the most 
frequent significant wave period is 9 s. Wave heights of 4 ra at the 
20 m depth occur at least once in a year. 

The most striking feature of Rio Grande harbour entrance is 
that fresh-water flow largely dominates over tidal flow in determining 
its hydraulic and morphological characteristics. This is the reason 
why the present paper refers to Canal do Norte as a "lagoon outlet" 
instead of adapting the usual expression "coastal inlet". While six 
sizable rivers flow into Patos Lagoon and five into Mirim Lagoon 
the sea off the harbour entrance is practically tideless. The area 
of Patos Lagoon alone is about three times as large as that of the 
Ijsselmeer, the dammed Zuiderzee, in the Netherlands. On the other 
hand, the mean monthly tidal range is usually below half a metre. 
The overall result is that waterlevels as well as velocities, 
directions and durations of flow through Canal do Norte are mainly 
determined by a complex interaction between wind effects at sea and 
in the lagoon system, and fresh-water flow in the latter. Instead 
of periodical reversals of ebb and flood in Canal do Norte,the flow 
may be out to sea for several days on end in the rainy season if no 
strong winds blow from Hie south whereas strong winds from the south 
can bring about flow from the sea into the lagoons for several days 
in the dry season. 

Increase in upland flow or northerly to northeasterly winds 
tend to cause ebb flow in Canal do Norte. Decrease in upland flow 
or winds from the south (SE to w) tend to cause flood flow. The 
greatest ebb discharges obviously take place when upland floods 
occur together with winds from N to NE. The greatest flood 
discharges are brought about by wind action from the south in the 
dry season. 

The values of the upland discharges as well as the pattern 
of seasonal changes of rainfall and wind characteristics are such 
as to make ebb flows in Canal do Norte largely dominant over floods 
both in discharge values and durations throughout the year. Rainfall 
reaches a maximum in late winter, August and September, the southern 
Hemisphere winter and spring being the seasons with greater rainfall 
Summer, December to March, is the dry season. Although northeasterly 
winds prevail over the year, they are more frequent from September 
to March. Winds from the southern quadrant are more frequent during 
the winter, from June to September. As a result, the greater upland 
discharges in winter counteract the flood-producing effect of the 
southerly winds. In the summer the effects of the northeasterly 
winds offset the decrease in upland flow to some extent. 

One of the French engineers who built the breakwaters at 
the entrance in 1908-1916, M. B. Malaval |3|, made an analysis of 
discharge values and durations of ebb and flood in Canal do Norte 
for six years(l908, 1911, 1912, 1913, 1914, 1915). The water surface 
profile was determined by two water level recorders 8 250 m apart, 
one near the port and the other near the entrance. Discharges were 
calculated with the aid of the Chezy formula, the assumptions on the 
value of the Chezy coefficient being controlled by some velocity 
measurements. The average results of Malaval's analysis for the six 
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years under consideration were as follows! 

l)2 60k hours of flood per year, or 108 days in a year, with 
a mean discharge of 6 767 m3/s,ga mean velocity of 0.8 m/s, 
and an annual volume of 63 x 10 /m3, 

2) h 925 hours of ebb per year, or 205 days in a year, with 
a mean discharge of 8 650 m3/s, a„mean velocity of 1.0 m/s, 
and an annual volume of 149 x  10 m3> 

3) 1 239 hours of slack water, or 52 days m a year, for 
which no flow was assumed. 

Malaval*s analysis did not take salinity effects into account. 
Malaval  also  drew a  list  of  ebb and flood periods with 

durations from 18 to Zk    consecutive hours.  He found an ebb period 
lasting for 19 consecutive days in July  1915  and a  flood  perjod 
lasting for 9 days in December 1915.  On  the  average  in a year he 
found for the ebb 

2 periods lasting for 10 to 19 consecutive days 

X& " H      H2H4       n        " 
21    "       n     it   1 whole day 

and for the flood 

1 period lasting for 5 to 9 consecutive days 
6 periods lasting for 2 to 4 consecutive days 

21    "       »     "1 whole day 

Analysis  of  flood and ebb durations in Canal do Norte more  refined 
than Malaval*s were not carried out to this day. 

The two lagoons act both as large storage basins for the 
upland flow and sediment traps for the bed load brought down by the 
rivers. As a result, the sand in and around the harbour entrance is 
brought in by wave action on the continental shelf. The bed material 
is sand at the entrance and in the outer stretch of Canal do Norte. 
The inner stretch and the harbour basin have a muddy bed. Coastal 
currents are wind induced and can only cause sand transport in 
conjunction with waves. 

II) The Uncontrolled  Outlet  and the  Effects of Breakwater 
Construction. 

The main object of this paper is the time history of the 
bar that came into being off the entrance to the lagoon outlet as a 
result of the interaction between the transport capacity of the waves 
and the flushing action of the upland flow. This time history can be 
divided into three periods 

1) The situation of uncontrolled outlet, before breakwater 
construction in 1908-1916, 

2) the changes which breakwater construction brought about, 
3) the present situation that prevails since the bar, the 

shoreline and the outer stretch of Canal do Norte  adapted 
themselves to the new conditions. 

The time history of the bar is  fairly well  known  as  from 
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I883, annual surveys being available from that year to 1956 |4|. 
Surveys have been less frequent since 1956. Prxor to I883 the 
information available is poor. 

Before breakwater construction the bar was extremely unstable 
in controlling depth, distance to the shoreline and pattern of the 
channels, Between 1883 - when the first comprehensive, reliable 
survey was carried out - and 1914 - when the influence of the 
breakwaters then under construction was brought to bear for the first 
time - the controlling depth varied in an erractic manner from a 
minimum of 2,5 m (I883) to a maximum of 7 m (1894). However, the most 
frequent values ranged from 4 to 5 m. 

Figs, 4, 5 and 6 show the time history of the bar as taken 
from |4|. In Fig. 4 the annual values of the controlling depth are 
plotted from 1883 to 1956. Fig. 5 correlates the controlling depth 
to distances to a reference alignement joining two triangulation 
vertices on the shore. Fig. 6 is a plot of the variation in time of 
the least depths over the bar outside the shipping channel. 

The distances from the reference alignement to the contour 
standing for the controlling depth ranged from a minimum of 2.8 km 
(in 1885, I898 and I899) to a maximum of 5.0 km (in 1892). The 
average distance of the controlling depth to the reference alignement 
was therefore 3.9 km (actual positions in 1886 and 1894). Very 
different values of controlling depth could be associated to a given 
value of distance to the reference alignement. For instance, the 
4.0 km distance was associated to a controlling depth of 2.5 ra 
(1883), 5.0 m (1902) and 6.0 m (1893). The 3.9 km distance was 
associated with values of 4.0 m (1886) and 7.0 m (l894). The minimum 
2.8 km distance was associated with 3.0 m (1885) and 6.0 m (1898 
and I899). The maximum 5.0 km distance, which occurred only once 
(1892), was associated with 5.0 m. 

Lack of reliable data for rainfall or upland discharges at 
the time under consideration in all the river basins involved 
precludes any attempt at correlating bar characteristics with upland 
flow values. 

The lay-out of the main channel accross the bar used to 
swing from SW to S and SE, although a SW alignement was most 
frequent. The instability of natural-channel pattern can also be seen 
in the different breakwater lay-outs proposed by different engineers 
at different times. Bach proposed design was based on the most recent 
available survey. 

While the bar underwent the changes discussed above the 
outlet itself, Canal do Norte, remained remarkably stable in 
position, width and depth. It is interesting to point out that the 
other lagoon outlet (Tramandai) and the mouths of small rivers(Chui, 
Mampituba and Ararangua) on the same stretch of the Brazilian coast 
migrate northwards, in the direction of the dominant littoral drift. 
It appears that the stability of Canal do Norte was due to its much 
greater upland flow which flushed to considerable distances out to 
sea the sand brought in by the waves from the sides and in frontal 
action. At the other lagoon outlet and river mouths mentioned above 
the bar builds up much nearer the shoreline, and the interaction 
between littoral drift and the transport capacity of the upland flow 
in this tideless sea cause inlet migration. 
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On the other hand, the great instability of Rio Grande bar 
seems to be largely accounted for by the fact that upland flow, and 
not tidal flow, is the natural agent whose flushing action tends to 
preserve depths over the bar. Upland flow discharges are much less 
repeatable from year to year than would be tidal flow discharges in 
a place with a regular tide. 

As far as it can be ascertained from the available surveys 
the shorelines on both sides of the lagoon outlet were fairly stable 
as long as it remained uncontrolled. 

The earliest proposal for breakwater construction at Rio 
Grande was put forward by a British engineer, sir John Hawkshaw, who 
was commissioned by the Brazilian Imperial Government in 1872 to 
report on methods to provide for a safe shipping channel accross 
the bar. However, in his report |5| Hawkshaw pointed out that the 
size and cost of the required breakwaters would be such as to make 
the construction of a shoreline harbour at Torres,near the northern 
boundary of the State of Rio Grande do Sul, more advisable. 

In 1883 the Brazilian Imperial Government entrusted a 
Brazilian engineer, H. Bicalho, with the task of carrying out the 
field surveys and design work to improve Rio Grande entrance. 
Bicalho |6| proposed the construction of two h km long breakwaters 
and requested the Government to seek the advice of a European or 
American engineer with a great experience in harbour entrance 
training to pass judgement on his proposal. The Government choice 
fell on the Dutch engineer, P.Caland, who had been in charge of the 
works for Rotterdam harbour entrance. Caland |7| approved of 
Bicalho*s proposal with some minor changes in lay-out. 

Hawkshav, Bicalho and Caland were the first men to grasp the 
behaviour of Rio Grande bar and lay down rules for its improvement 
although the lack of the sea and swell concept in their time misled 
them as to the direction of the dominant littoral drift on the coast 
of Rio Grande do Sul because of the prevailing and dominant winds 
from NE. 

Caland was prophetical in his recommendation that, when the 
breakwaters would be built, previous dredging should be carried out 
as the construction work proceeded out to sea in order to forestall 
scour caused by the increased transport capacity of the upland flow 
between the breakwaters, of which the formation of a new bar further 
offshore would be the inevitable result. 

Breakwater construction was not started until 1908 when a 
French company was awarded a concession to build the breakwaters 
and dock facilities. Work in the breakwaters themselves was carried 
out from 1911 to late 1915, and major effects on the bar came about 
in 1914 which was a year with great rainfall and long, strong ebb 
flows in Canal do Norte. The Rio Grande breakwaters were the biggest 
hydraulic-engineering structures built in Brazil until some fifteen 
years ago, and at the time they ranked among the largest coastal 
works in the world. From 1922 to 1928, already under Brazilian 
administration, the outer 288 m of the eastern breakwater, which 
had been left in 1916 as a submerged dyke, were brought to the same 
top level (+ 3,00 m) as the remainder of the structure. 

M. B. Malaval, one of the French engineers in charge of the 
construction work, left a detailed account |3| of its progress  and 
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effects on tlie bed  configuration,  Malaval's  paper followed up  of 
deepening process from 1913 to 1919 in great detail. 

Pig. 4, 5 and 6 bring out the effects of the breakwaters on 
the bar. Fig. 5 shows that the deepening of the former bar was quite 
sudden- from 1914 to 1915 the plot jumps from 5 to 8 m. Ever since 
that occasion 

1) the least controlling depth has always been above 7 m and 
this minimum only occurred in two years (1918 and 1921) in 
the time interval from 1915 to 1956, the most frequent 
value being 9 m (which occurred in 23 years), a value of 
8 m occurring in 11 years, and the maximum between 9 and 
10 m occurring in 4 years (1935. 1936, 1937 and 1940), 

2) the range of the controlling-depth variation has decreased 
from 2.5 - 7.0 m before breakwater construction to 8-10 m 
as from 1922. 

Pig. 5 proves that, in addition to increasing the controlling 
depth, breakwater  construction  increased  its  distance  to  the 
shoreline. 

However, it can be seen from Pig. 6 that, although the 
breakwaters did increase the depths at the harbour entrance, the 
scheme was not entirely successful. The former bar was destroyed but 
a new bar built up further offshore. This fact entailed objectionable 
conditions for navigation at the entrance because the ships had to 
follow tight S - curves between the breakwater tips and the new bar. 
The radius of curvature did not exceed 500 m. 

The obvious reason for this unhappy outcome was the fact 
that Caland's recommendation for previous dredging as breakwater 
construction proceeded out to sea went unheeded. No previous dredging 
was carried out, and as much as 14 million cubic metres of sand was 
scoured out between the breakwaters from January 1913 to January 
1919 of which 10 million in 19l4 alone. Such a huge volume was 
discharged offshore, and since it far exceeded the transport capacity 
of waves and currents offshore, a new bar came into being. The bed 
levels were irreversibly raised off the breakwater tips, and the 
interaction between the transport capacity of waves and upland flow 
has tone on ever since over the submarine mound thus created. 
Previous dredging has proved successful in forestalling the formation 
of a new bar at other harbour entrances |8|, 

The first approach channel to deepen was the one leading to 
the seaward end of the eastern breakwater. This channel was the main 
route to negotiate the entrance until 1962. The eastern channel was 
the first to deepen because construction of the eastern breakwater 
went ahead of that of the western breakwater. Another unfortunate 
featuie of the construction work was the fact that advance of both 
breakwaters was not kept at the same distance to the shoreline. This 
seems to have been mainly due to difficulties in access to the 
western breakwater as a result of the 19l4 upland floods which caused 
damage in a railway bridge. The western channel did not deepen 
completely until 1917 but in 1919 it was nearly 10 m deep. Adaptation 
of the bar and  channels  to the  new  conditions went on until 1922 
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when the new configuration became stable in its main features. Fig.7 
reproduces the 1922 survey and shows the shipping lanes to negotiate 
the entrance. 

Breakwater  construction at Rio Grande harbour entrance  had 
two other noteworthy effects. A deep scour hole developed around the 
eastern breakwater tip which eventually reached depths above 20 m. 
At the same time a shoal  came  about  in the middle of the entrance 
which considerably  reduced  the  available  width between  the 
breakwaters for shipping. The shoal developed in step with the scour 
hole, and it is believed to be formed by material from the latter. 
Velocity measurements carried out with floats  in  the late twenties 
sketched out the flow pattern and showed that, whereas ebb flows use 
the full width between the breakwaters, flood flows  separate   from 
the  seaward  end of the western breakwater and hug the eastern one. 
This flow concentration along the  seaward  end  of  the  eastern 
breakwater is believed to be  the  mam  cause  of  the  scour hole 
However, both the scour hole and the middle shoal eventually reached 
equilibrium.  To this  day  the  shipping lane in the shelter of the 
breakwaters runs between the middle shoal and the western breakwater 

The other outstanding effect was beach accretion on both 
sides of the breakwaters although accretion on the western side was 
much greater than on the eastern side. Accretion on the western side 
was very fast shortly after breakwater construction. It amounted to 
a 200 m shoreline advance over a great length and went as far as 
Cassmo beach some 6 km west of the western breakwater. Later on,the 
accretion slowed down and the shoreline on both sides seems to have 
reached a new equilibrium. Fig. 8 shows the shoreline position on 
both sides of the breakwaters in 1911, 1919, 1922, 1950 and 1956. 
Lack of adequate data on beach profiles and boundaries in plan and 
elevation precludes a cubature of this accretion 

The outer portion of Canal do Norte was also considerably 
deepened by breakwater construction. 

Ill) The Situation after Breakwater Construction. 

The main outlines of the bed configuration that came 
about as a result of breakwater construction are fairly stable since 
the early twenties. The main features are the outer bar, the two 8 
to 10 m deep approach channels between the bar and the breakwater 
tips compelling the ships to follow tight curves around the latter, 
the scour hole around the eastern breakwater seaward end, the middle 
shoal and the deep, wide Canal dp Norte. 

As already seen the controlling depth in the two outer 
approach channels fluctuates between 8 and 10 m. The depth over the 
top of the outer bar fluctuates between 5 and 6 m. However, in terms 
of volume the outer bar is far from stable, annual fluctuations of 
over 1 million cubic metres in a year having been detected There is 
evidence to the effect that the volume of the bar is very sensitive 
to yearly changes of the natural forces at play. On the other hand, 
no correlation can be found between the volume of the bar and the 
controlling depth in either of the two approach channels. 

The annual changes in volume of the  bar have ranged  from 
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2.000 nO (1952-53) and 1 264 000 m3  (1929-1930)  for accretion, and 
from 58 000 mj   (1931-32) to 1 238 000 m3 (1926-27) for erosion. 

An important  event  that  took place  after breakwater 
construction was the great upland flow in April-May 1941,   the 
greatest on record.  The  table  below  lists estimated mean monthly 
discharges in Canal do Norte for several months in 194l |9|« 

Mean discharges 
Month (m3A) 

January 3 100 
February 7 800 
March 1 600 
April 21 600 
May 22 700 
June 6 000 
July 6 800 

Surveys of Canal do Norte and the outer bar were made before 
and after the peak flows. Therefore, the effects of the high upland 
flow in April and May on the bed configuration could be readily 
assessed. The outer bar was displaced offshore, the -6m contour 
having moved nearly 500 m out to sea, the middle shoal was topped 
off, and the scour hole around the seaward end of the eastern 
breakwater filled up to some extent, the 18 m depth being reduced to 
12 m. However, the effects of this powerful flushing action vanished 
in a few months. 

Endless discussions were held in Brazil during the twenties 
and the thirties about remedial measures to improve shipping 
conditions at Rio Grande entrance but no action was taken. Several 
proposals were put forward with a view to extending the breakwaters 
or changing their top levels. Many modern coastal engineering 
concepts were not available at the time, and knowledge of the wave 
characteristics at the site was poor. As a result, in the light of 
modern ideas several of those proposals now seem ill-founded. One 
particular proposal |10| was bound to have disastrous effects, had 
it been implemented, because it was still implicitly based on the 
wrong assumption that, if the prevailing and dominant winds blow 
from NE, the dominant sand transport must be towards SW.It consisted 
of keeping the western breakwater as it is and extending the eastern 
breakwater in a curved shape. 

No improvement was achieved until 1961-62 when a 12 m deep 
eastern approach channel was dredged in the outer bar in order to 
eliminate the S - shaped curves in the entrance route and provide 
for a greater radius of curvature which was increased to 1 400 m. No 
maintenance dredging was done but the total deposit in the dredged 
channel from January 1963 to October 19b7 did not exceed 120 000 m3. 
In the most recent available survey (1965) the 12 m dredged depth 
had been reduced to 10.5 m The maximum draught presently allowed by 
the harbour authority is 8,8 m (29 ft). Maintenance dredging in this 
channel is under way at the time of writing. 
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The Federal and State harbour authorities now contemplate 
improving Rio Grande harbour entrance and deepening it to Ik in. The 
Coastal Division of the Hydraulics Research Institute of the Federal 
University of Rio Grande do Sul (IPH da UFRGS) has acted as 
consulting engineer to the State dock and harbour authority by 
giving advice as to the problems to be solved and by making 
recommendations. In the light of the progress in dredging technology 
extension of the two 4 km long breakwaters is not deemed an 
economical solution. A new approach channel must be set up and 
maintained by dredging. The radius of curvature of the eastern 
approach channel is to be increased to 2.500 m, and the width at the 
bottom to 250 m, IPH da UFRGS has proposed to carry out a fixed-bed 
model investigation using radio-controlled model ships to determine 
the most suitable lay-out of the approach channel to be dredged 
outside the breakwaters. However, the State dock and harbour 
authority has preferred not to increase the 2.500 m value so as to 
keep the amount of capital dredging to a minimum. 

In addition to dealing with the outer-bar problems the 
improvement of Rio Grande harbour entrance has to cope with the 
middle shoal between the breakwaters. A l4 m deep shipping channel 
with a 250 m width at the bottom cannot be accomodated between the 
middle shoal and the western breakwater. A mobile-bed model 
investigation is to be carried out into the means to eliminate the 
middle shoal or reduce the amount of maintenance dredging in a 
channel that cuts into it. 

Dredged spoils in Canal do Norte are to be pumped ashore or 
dumped in dyked-in disposal areas. A radioactive tracer experiment 
is to be carried out to check on the suitability of the dumping 
grounds of the material presently dredged in the harbour basin. 

Deepening the approach channel to Rio Grande is inseparable 
from building new dock facilities on the west bank of Canal do Norte. 
Depths along the quays of the present port to not exceed 10 m and 
cannot be increased because of structural reasons. 
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CHAPTER 79 

SCOUR AROUND A CIRCULAR CYLINDER 
DUE   TO WAVE MOTION 
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and 

Robert M   SORENSEN, Associate Professor of Civil Engineering, Texas A&M University, College 
Station, Texas 

ABSTRACT 

A vertical circular cylinder to simulate a pile was installed in the Texas A&M Hydrodynamics Lab 
two dimensional wave tank along with a built up section containing a horizontal bed of fine sand 
This was subjected to monochromatic waves of differing characteristics and conditions for mcipi 
ent motion were observed for each of three sands Also, the magnitude and pattern of ultimate 
scour and the time interval required to reach this state were measured for six different conditions of 
wave steepness and relative depth 

These results were related to influential parameters, including wave, pile and sediment character 
istics, and developed by dimensional analysis with consideration of the literature pertaining to past 
work on the movement of sediment by oscillatory flow Conclusions regarding the critical flow 
velocity for incipient motion, the effect of the above parameters on incipient motion and ultimate 
scour depth, the time required tor maximum scour, the significance of eddies generated by the pile, 
and the catalytic action of the pile in causing the initiation of scour are presented 

The above conclusions are also generally discussed in light of the difficulties involved in extend 
ing the results to prototype conditions 

INTRODUCTION 

The scour of bed particles adjacent to an obstacle begins when the velocities and accelerations of 
the water particles cause hydrodynamic forces sufficient to overcome gravity and cause the bed 
particles to move When the bed particles begin to tip from their angle of lepose is defined as incipi 
ent motion and is the point where any study of scour must begin 

Incipient motion and scour have been studied extensively with regard to steady open channel 
flow but it has only been in the last two decades that research has been carried out in oscillatory 
motion It is extremely difficult to formulate mathematical equations that represent accurately the 
phenomena of incipient motion, scour, and ultimate scour depth Because of this difficulty no 
formulation of mathematical equations was attempted However, the interrelationships and inter 
dependency f the parameters were experimentally studied using terms derived by dimensional 
analysis 

1263 
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The studies were conducted in a two dimensional wave tank using three uniformly gr ided com 
meicial sands and monochromatic waves of various steepness and relative depth to produce the 
incipient motion and scoui results 

BACKGROUND 

Incipient Motion It becomes obvious when reading the literature that theie is no umveisally 
excepted definition for incipient motion Because of this it is sometimes difficult to compare the re 
suits obtained by various authors For the purposes of this study the definition put forth by 
Eagleson and Dean,1 is best suited They defined incipient motion as an instantaneous condition 
reached when the resultant of all the active forces on the particle intersects the line connecting the 
bed particle contact points " The term "active" means all the forces due to water particle motion 
and gravity 

The fust major work on incipient motion caused by osullatoiy flow was done in 1954 by Li 2 

Using a oscillating bed in a still fluid, he found that the transition point from a laminar to a tuibu 
lent boundary layei occurred at a Reynolds number of 800 for a hydrodynamically smooth bound 
aiy Several years later Vincent3 carried out similar expenments using a wave flume and found the 
Reynolds number for the transition point to be much less than that leported by Li Both concluded 
that the transition point was a function of roughness and would vaiy depending on the character 
istics of the bed material 

Eagleson and Dean1 continuing work initiated by Ippen and Eagleson4 made a rigorous mathe 
matical analyses of incipient motion and sediment transport and piesented equations for both 
Several other authors have presented equations for incipient motion notably Ko5, Vincent3, and 
Chepil 6 All of the equations presented are accurate within certain limits but none of them will 
piedict the exact occurrence of incipient motion This is pnmaiily due to the inability to evaluate 
the coefficients of drag and lift and the influences of the angle of repose and bed particle geometry 
Raudkivi7 presents a very good discussion of these problems 

Coleman8 recently has developed relationships between the drag coefficient, CQ, the lift factoi, 
K, which is similar to the lift coefficient, CL, and the Reynolds numbei His equations although foi 
steady state conditions, do give a representation for the lift on a bed particle Reference 9 presents 
an excellent discussion on incipient motion including an analysis and comparisons of the lesults of 
several authors It also presents equations for incipient motion from various authors 

Scour Very little experiment work has been done on scour due to oscillatoiy wave motion 
However, theie exists a wealth of knowledge on scour m open channel flow Since the forces that 
cause scour are somewhat similar for oscillatory flow as for open channel (steady state) flow, the 
knowledge gained from experiments in open channel flow can be applied with leservttions to oscil 
latory motion The majority of the work done on scour in oscillatory motion has been concerned 
primarily with scour of beacht s and littoral sediment transport 

Murphy,10 Van Weele11 and Ko5 studied scour in front of seawalls of various angles, and their 
results are summarized by Herbich et al 12 They found that the ultimate depth of scour is \ func 
tion of wave characteristics as well as the number of waves passing a given point where scour occurs 
and scour approaches its maximum value asymptotically after initially increasing veiy rapidly 
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Roper, Schneidei and Shen1** have shown that for steady state conditions in open channel flow the 
depth of scour is a function of the pier Reynolds number, defined as 

NRP =   1 

where 

U = hoiizontal free stream velocity, 
D = pile diameter, and 
v ~ kinematic viscosity 

They have tuither shown that the scoui is influenced by the type of vortex system caused by the 
pier Toi a circular piei a horseshoe vortex system is most generally formed For nonsteady state 
conditions (oscillatoiy motion) this hoiseshoe vortex system may not have time to build up to such 
an intensity that it is shed and therefore the vortex system formed by oscillatory wave motion may 
not influence the scour The influence of the bed paiticle size on scoui is not generally known, how 
ever, studies conducted by Roper, Schneidei and Shen13 show that when the bed particle size is 
greatei than 0 52 millimeter, the particle size influences scour depth and when the particle size is 
less than 0 52 millimeter scour depth is independent ol particle size 

Carstens14 has made extensive studies of the scour associated with different types of obstacles 
From his study he has shown that the rate of scoui caused by an object in the flow path is a func 
tion of the sediment number Ns sediment grain geometry, and the ratio of the scoui depth to the 
obstacle size The sediment number is defined as 

7<s
s 

(2) 

where 

U = free stream velocity, 
Ss = specific gravity of sediment, 
g = acceleration of gravity, and 
d = mean sediment particle diametei 

His studies were primarily conducted in steady flow He piesents equations foi the ultimate scoui 
depth associated with a vertical cylinder and for the relative scour depth as a function of the sedi 
ment number However, all his equations are based on the supposition that the scoui hole formed 
will have the appearance and form of an inverted frustum of a right circulai cone having a base di 
ameter equal to the pile diameter and a side slope equal to the angle of repose 

THEORETICAL CONSIDERATIONS 

In this investigation the watei particle motions, velocities and accelerations, and the forces they 
m turn produce were calculated using Stokes third older wave theoiy This theory was chosen to be 
used after studying papers by Dean15 and Le Mehaute, Divoky and Lin16 and companng the wave 
charactenstics with the results published by these authors 

The forces causing bed particle motion are hydiodynamic and consist of the forces of drag lift 
and inertia However, since the force due to inertia is a function of d3 whereas the force due to diag 
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is a function of d2 and thus mcitii fotces will nc\ci picdominitc due to the sm ill puticlc si/c, the 
force of inertia will be neglected The totil hydiodynunic loicc will thcieloie be tht combinition 
of the lift force and the drag foice The hydiodvnamic toices lie opposed b) the lorce ol gi ivity 
and influenced by bed paiticle geometiy 

Drag The drag force is the combination oi the ioim diag due to piessuie dilierentnl md the 
viscous drag due to skin function The point through which the di ig toice tcts is not neeess inly the 
center of gravity of the bed particle but depends on the lelatnc m ignitudc oi the hit ind di ig ioiee 
components which aie functions of bed particle geometi), loc ition md locil Reynolds numbei 
The steady force due to drag as de\eloped in an} element u> iluid mech mics text c in be shown to 
be 

CD FD   =—PAU2 (3) 

where 

p       =  fluid density, 
A      = piojected area oi object noimal to flow dnection, and 
Crj   = drag coetficient 

The coefficient of diag is a function of Reynolds numbei and bed particle geometry and is also in 
fluenced to some unknown extent by adjacent particles cmsmg anomalies in the flow patterns 

Lift    T'le relationship for the ioice due to hit is similar to that for form drag and is given by 

CT 
• p A U2 (4) 

2 

where 

Cj^   = coefficient of lift and 

A'     = projected area peipendicular to flow direction 

The lift force is the resultant due to the piessuie difleicntial above and below the particle The pies 
sure diffeiential is caused when the fluid velocity is mcieased as it passes over the top of the particle 
thereby decreasing the pressure Since the pressuie below the particle lemains fanly static theie is a 
pressure differential or lift force A significant numbei of the studies conducted on forces related to 
particle movement have neglected the lift force, however, the proot that it does exist and is signifi 
cant has been reported s & 9 

The coefficient of lift has not been studied as extensnely as the coefficient of di ig pnmaiily due 
to the difficulty in evaluating it  Coleman's8 work appears to give the best indications of its value 

Gravity The hydrodynamic forces are opposed b) the weight of the particle, friction and the in 
tergranular reactions The friction and mtergranular leaction are difficult to evaluate but the gravity 
force can be represented by the equation 

Fg    = ^ (TS    Tf) (5) 
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where 
7S     = specific weight of the sand, and 

Yf     = specific weight of the fluid 

Mechanics of Motion It is very difficult to study the motion of sand grains pnmaiily due to 
their vaiymg sizes, angularity, and distribution in a bed Therefore, the problem must be simplified 
This can be done by considering the sand grains to be spheres of uniform size Referring to Fig 1, it 
can be seen that the total hydrodynamic force Ff, is the combination of the lift \nd drag force 

For motion to occur the sum of the moments about point R must be zero or in other words, F-p 
times its moment arm, d, must equal F„ times its moment arm, d sm0 When this condition exists 
incipient motion can occur As pointed out by Coleman8, the lift force car be negative if the Reyn 
olds number is below 100 It is therefore possible for the particle to be pushed into the bed rather 
than be lifted out or rolled along it 

The velocity, U, used in evaluating the results of these experiments will be the maximum water 
particle velocity that occurs at the bed and is the velocity associated with the wave crest for shallow 
water waves 

Flow around the pile and its relationship to scour Any obstacle inserted into the region of flow 
will cause the flow to be diverted around the obstacle The flow velocity will increase as the flow 
deflects around the obstacle with a consequential reduction of pressure Depending on surface 
roughness on the boundary, local Reynolds number, boundary shape and boundary layer character 
istics, the flow can separate from the boundary ciusing a wake to occur behind the pile 

From potential flow theory, it can be shown that for flow around a cylinder the velocity of the 
flow at points on the cylinder ninety degrees from the initial direction of flow will be twice the mi 
tial velocity of flow Because of the periodic dnection changes of the flow and boundary layer de 
velopment it is doubtful that the velocity of flow at the ninety degree points will become twice the 
initial velocity In oscillatory flow the separation condition might not occui unless the distance the 
water particle moves is several pile diameters long From observations it is felt that if the distance 
the water paiticle moves is approximately five or more pile diameters then separation should occur 
and eddies should form and be shed periodically from the pile 

In studies conducted by Roper Schneider, and Shen13, it was shown that the vortex system 
formed by flow around an obstacle was related to the shape and size of the obstacle They con 
eluded that the eddy structure formed is the basic mechanism of scour and that the depth of scour 
was a function of the pier or pile Reynolds number, NRP 

Because of the difficulties in evalu ition lift and drag coefficients and intergranular leactions, a 
mathematical malysis of scour is beyond achievement 

Dimensional Analysis. The significant variables influencing incipient motion are still watei depth, 
h wive height, H, wave pcnod, T viscosity, ft, acceleration of giavity g, densities of fluid and bed 
particles P ^nd ps respectively, mean bed p irticlc diameter, d, and angle of repose 0 Using the 
Buckingham pi theorem  the functional equation for incipient motion can be derived as 
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Since these experiments will use sand as a bed material the density of sand ps will not change, 
h2 

also the density and viscosity of water will remain constant  Therefore  the parameter —— (ps    p) 
h2 h h2 MT 

will vary as—rvanes  Since h and T are included m the      2 parameter the—rr(ps   p) parameter can 
1 g 1 /Xl 

be dropped  Also it is doubtful that the angle of repose will be a significant parameter in these ex 
penments, therefore, it will be discarded That leaves the function relationship 

x= F {W2'^] (7) 

which is to say that for incipient motion the relative particle size is a function of relative depth and 
relative wave height 

The variables considered to be significant foi scour contain those considered for incipient motion 
and the additional variables of pile diameter, D, U, ultimate significant scour depth Su and elapsed 
time t 

The orbital particle velocity, U, although not independent of those listed above was included so 
that the parameter Ns could be defined in its normally accepted form 

Again using the Buckingham pi theorem, the functional equation defining scour around a circu 
lar pile in oscillatory motion is 

"u    -  it H       h     M M   ~u H    '    A.\ ta\ 
it ' ^'iT2'^' N-T'T?T' ^ (8) 

EXPERIMENTAL APPARATUS AND EQUIPMENT 

The experiments on incipient motion and scour were conducted in a 120 foot long, 3 foot deep 
and 2 foot wide two dimensional wave channel (Fig 2) A false bottom 6 inches deep and 16 feet 
long was constructed in the channel At each end of the false bottom was a gradual slope to bring 
the wave up to the new depth at the top of the false bottom The false bottom was split into three 
sections, two 6 foot sections at each end with 4 feet of the test sand in the center between the 6 
loot sections The IV2 inch diameter steel pile was placed in the center of the 4 foot sand test sec 
tion and anchored to an aluminum frame above the wave tank to keep the pile vertical and stable 

Scour depth measurements were m ide using a depth probe that was attached to a device that 
could be rotated around the pile 360 degrees and extended up to 8 inches from the outer edge of 
the pile The rotating ring was marked m degrees and the extended arm was maiked in inches so 
that any scour measurement could be identified in polar coordinates 

The wave generator was an oscillating pendulum type whose stroke and consequently wave height 
c 111 be varied by adjusting the excentncity of the paddle arm on the flywheel Ihc period was varied 
through a variable rheostat that controls the speed of the flywheel Wave heights and periods were 
measured by 1 capacitance wave gage connected to a Hewlett Packard Dual Channel Carrier amphfi 
tr rccordei (Model No 321) A mechanical counter was attached to the wave generator so that the 
number ol waves generated could be determined 
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EXPERIMENTAL PROCEDURES 

Incipient Motion Prior to the start of each incipient motion run, the sand bed was leveled The 
wave generator, set for a particular wave height and penod, was started and the sand along the 
boundary of the pile was observed The wave period was adjusted until seveial sand grains weie 
observed to tip out of their position of rest and the wave characteristics weie then recorded for that 
run The wave period was then further adjusted to attempt to observe incipient motion on the bed 
far enough away from the pile so that the pile had no influence on the sand grains These expen 
ments were run foi all three sands at depths of 15 inches and 8 inches and for approximately 15 
runs per sand Several paddle positions were used in making the runs m older to observe incipient 
motion for intermediate and shallow water waves The bottom water panicle velocity for each run 
was calculated using Stokes third order wave theory The incipient motion data can be found tab 
ulated m Appendix I of reference 17 

Scour For the experiments on scour, three experimental waves were selected of varying charac 
tenstics for each experimental wave at each depth are shown in Table 1 Runs were made for each 
sand at each depth for each wave for a total of 18 runs At the start of each run the sand bed was 
leveled and measurements were made to ascertain the level of the bed 

The wave generator adjusted for a particular experimental wave, was then started and the wave 
period and height were recorded Measurements of scour depth weie made after each 200, 400 800, 
1200, 2000, 3000, etc waves until there appeared to be no inciease in scour depth aftei two succes 
sive measurements This procedure was adjusted occasionally when it was felt that the run should be 
continued to observe scour pattern changes although there was no increase m scour depth The 
scour depth measurements were made on a random basis, measuring the deepest scour holes and 
trying to use the same holes for each measurement as a control basis This could not always be done 
because when ripples formed on the bed a scour hole would occasionally be filled in The lelative 
significant scour depth and the relative ultimate significant scour depth were calculated by aver 
aging the scour depths for the deepest one third scour measurements and the latter being divided by 
the wave height For each sequence point in a particular run, a collection of at least six data points 
was attempted but occasionally this could not be done due to the lack of scoui holes For each data 
point, the angle, distance from the pile and scour depth were recorded At the completion of each 
run a number of data points were taken so as to be able to construct a contour map of the scour 
pattern The data for the scour runs are tabulated in Appendix lot reference 17 

Three sands were selected for use m the experiments The sands were all standaid Ottawa sands 
that are produced with a controlled size distribution Each sand was subjected to a standard ASTM 
sieve analysis to determine mean particle diameters The data are shown m Table 2 
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TABLE 1      EXPERIMENTAL WAVE CHARACTERISTICS 

Average Average Average Relative Wave 

Test 
Wave 

Depth, 
h in 
feet 

wave 
height, 
H,in 
feet 

wave 
period, 
T,in 

seconds 

wave 
length, 
L, in 
feet 

depth 
h 
L 

steepness 
H 
L 

(1) (2) (3) (4) (5) (6) (7) 

1 
1 25 0 16 38 24 74 0 0506 0 00647 

0 666 0 19 3 8 20 01 0 0333 0 00950 

2 
1 25 0 187 3 08 19 42 0 0644 0 00963 

0 666 0 13 3 08 15 14 0 0440 0 00858 

3 
1 25 0 275 1 875 10 85 0 1152 0 02530 

0 666 0 22 1 875 9 23 0 0721 0 02380 

TABLE 2     EXPERIMENTAL SAND CHARACTERISTICS 

Test 
Sand 

Manufacture 
trade name 

Mean grain 
diameter, 

din 
millimeters 

Average weight 
per grain 
in grams 

Density in grams 
per cubic 
centimeter 

(1) (2) (3) (4) (5) 

1 Sawing sand 0 62 2 314 x 10 4 2 67 

2 Ciystal sand 0 325 1 310x 104 2 66 

3 Bond sand 0 30 6 854 K 10 5 2 665 
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PRESEN TATION AND DISCUSSION OF RESULTS 

Incipient Motion The occurrence of incipient motion w is obseived at the pile and on the btd 
and the maximum undistuibed bottom velocity foi each case was calculated from the measured 
wave height and period These were compaied with the theoietical potential flow of two The aver 
age velocity ntio foi 11 experimental runs was 1 69 Furthei expei mentation should be done for 
various pile sizes and roughnesses before any conclusions can be made is to what the velocity ratio 
will be ind how it is influenced by roughness and pile size 

It was assumed that incipient motion was a function of the relative depth, the relative wave 
height, and the dimensionless particle size These parameters were plotted on a log log plot and are 
shown in Fig  3 for incipient motion occurring at the pile boundary   Referring to Fig 3, it can be 

seen that incipient motion appears to be influenced only slightly by the parameter— and appears to 

be duectly related by the parameters -^ and— However  in the case of incipient motion on the 

bed, it appears to be independent of——and —^   Moie data collection will be necessaiy before any 

conclusion can be diawn regarding incipient motion on a pile boundary except to s ty that the ml 
tiation of motion appears to a function of the relative depth and dimensionless particle size This, of 
course, is only true for sands since these experiments did not investigate non cohesive mateiials of 
other specific gravities 

Refeience 9 presents a collection of data regaidmg the incipient velocities for various matenals 
for steady state conditions A plot of these data along with the velocities calculated foi incipient 
motion on the bed for the three experimental sands is shown in Fig 4 As can be seen from the 
graph, the incipient velocities for the three sands fall on the lower boundary and below the region 
of data piesented by reference 9 The leason for the lower values is not known except to say that 
for oscillatory motion, incipient motion appears to occur at a lower velocity Howevei as pointed 
out by Vanoni9 in his discussion of the incipient velocity data, the curve foi Shields (1936) data 
gave substantially higher incipient velocities than did that of Mwis and Laushey (1949) md the 
data of Hjulstrom (1935) did not compire to either of the other two curves Because of the incon 
sistencies m the data for incipient velocities Vanoni therefore tecommends that critical shear stress 
be used as the parameter for comparing incipient motion rather than incipient velocity 

SCOUR 

The dimensionless parameters developed for scour were calculated and their interdependency was 

studied by plotting the parameters  The parameter —-- was plotted against the wave steepness -—r; 
H * 

for various values of relative steepness"^- however no conclusive relationship could be diawn fiom a 
study of the plot  It is, howevei, telt that as the wave steepness increases from a point of incipient 
motion the relative ultimate significant scour depth incieases until a point is leiched wheie foi fur 
thei increases in wave steepness a rapid decrease in scour depth occurs The rapid decrease in scoui 
depth is associated with the phenomena of ripple formation  It is conjectured that after the npple 
formation becomes stable or well defined there will be no further significant inciease oi deciease in 
scour depth for further increases in wave steepness 
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c h 
The parameters —r and —^> were graphically studied to determine their relationship to each 

other It was found that the relative ultimate significant scour depth is a function of relative depth 
and bed particle size As the relative depth decreases for each bed particle sue the relative scout 
depth increases slowly at first until a relative depth of approximately 1 5 x 10 3 is reached where 
the relative scour depth increases rapidly for decreases in bed particle size Although relative ulti 
mate significant scour depth is a function of relative depth and possibly a function of wave steep 
ness, it appears to be primarily influenced by the sediment number Ns and the pile Reynold's 
Number NRP 

Figs   5 and 6 show the functional relationship between the lelative ultimate significant scour 
depth and the sediment number, Ns, and pile Reynold's number, NRP, respectively   The incipient 
values of Ns and NRP for each of the sands were calculated and included on Figs 5 and 6 to show 

Su 
that the curves actually have a rapid initial increase in— The functional idationship appears to be 

similar in both cases m that relative scour depth increases very rapidly from the point where incip 
lent motion occurs to a maximum relative scour depth Any furthei increase in Ns or NRP results in 
a rapid decrease m ultimate scour depth reaching a point wheie the relative ultimate significant 
scour depth becomes independent of Ns and NRP but not of bed particle size It is unknown why 
the number 2 sand, which has a smaller mean diameter than the number 1 sand, has the maximum 
ultimate scour depth and also levels oif at a highei relative scour depth than the number 1 sand 
One possible answer could be, as was pointed out by Roper, Schneidei, and Sheai1^, that when the 
bed paiticle size is less than 0 52 millimeter, the scour depth is independent of the bed particle size 

Figs 7 and 8 show the relationship between the lelative significant scour depth and the paia 
meter t/T which is the number of waves These are typical cuives and the remainder of the plots for 

all the runs can be found m Reference 17  The parameter TT- for each of the three sands is plotted 

versus the number of waves for a particular experimental wave so as to compare the relative sigmfi 
cant scour for the three sands The majority of the curves have a characteristic initial lapid increase 
in the relatively significant scoui depth Most of the curves reach their approximate ultimate condi 
tion after 2000 waves Also the majority of curves reach characteristic plateaus where the scour 
activity is dormant for a period of time and then it starts to increase again For the luns where 
ripple activity was dominant (Fig 8), the curves seem to reach a peak value lapidly followed by a 
deciease in relative scour depth for further increases in number of waves and then finally level off at 
the ultimate scour depth 

Intuitively one would think that Sand number 1 would have the laigest relative significant scour 
followed by Sands number 2 and 3 However, this is not always the case and the reasons for it are 
unexplamable except for the reason pointed out by Roper, Schneider and Shen For all the runs, 
the ultimate scour conditions are reached after 6000 waves 

SCOUR PATTERN OBSFRVATIONS 

The resulting scour patterns for each run were studied to determine the similarities or diffei ences 
that might be attributed to wave characteristics or sand sizes In almost all cases, scour initially 
started around the pile penfery and when eddies were foimed, two relatively deep scour holes 
formed at the rear of the pile approximately 1 to 2 inches from the pile and 30 to 40 degrees from a 
normal to the wave direction The two eddy influenced scour holes normally conveiged toward each 
other forming a ripple front The rapidity of the formation of the ripples is dependent on the water 
depth, the wave characteristics and the mean particle diameter 
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Fig 7 RELATIVE DEPTH OF SCOUR AS A FUNCTION 
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Generally it can be said that the resulting scour is strongly influenced by the pile and the wave 
characteristics In most of the runs, very little to no bed movement could be observed away from 
the pile The pile served as a catalyst to start the scour activity and once started around the pile it 
spread over a large area and extended in some cases great distances from the pile Figs 9 and 10 
show some typical scour patterns obtained from the experiments 

CONCLUSIONS AND REMARKS 

1 The critical velocity necessary to cause incipient motion in oscillatory flow appears to be lower 
than that for steady state flow 

2 The latio of the maximum velocity on the pile boundary and the initial tree stream velocity, is 
less than the value of 2 0 for potential flow theoiy 

3 Incipient motion on the pile boundary appears to be independent of -r- and directly dependent 
h        jd 

on the parameters -^5 anaTT 

4 -tr-appears to be directly related to the sediment number Ns and the pile Reynold's Num 

ber NRP 

5 A maximum of only 6000 waves are required to reach an ultimate scour depth and m most 
cases 3000 waves are sufficient 

6 The relative ultimate significant scour depth increases very rapidly at first, reaching three 
fourths of its ultimate depth m the first 1000 waves, and increases more slowly after that until 
it reaches its ultimate depth 

7 Eddy forces, although initially influencing the scour patterns, do not appear to be of sigmfi 
cance in the final scour pattern 

8 The scour pattern resulting is primarily influenced by the pile and the wave characteristics 

9 In all the scour experiments, the pile acted as a catalyst causing scoui of the bed particles to be 
initiated whereas if the pile was not present little to no scour would have resulted 

To try and predict scour depths foi a prototype case or relate these unconclusive results to a pro 
totype would be presumptuous To predict happenings or occurrences of a phenomenon in a proto 
type requires that there be similitude, both geometric and dynamic, between the model and proto 
type This requires that similitude exists between the orbital velocities and orbital lengths (I e , wave 
characteristics are similar), gram size and gram size distribution m the bed, roughness of the beds, 
and translation of the orbit due to drift Without these similitudes, erroneous conclusions could be 
reached m attempting to predict prototype conditions The difficulties in acquiring similitude be 
tween prototype and model were pointed out by Posey and Sybert18 in their studies of scour 
around piles on offshore platforms It required several years of study and experimentation before 
actual prototype conditions were duplicated m the model 
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* i 

Fig. 9.  SCOUR PATTERN WAVE NO. 1 - 8 inch depth, Sand No. 2 

Fig. 10.  SCOUR PATTERN WAVE NO. 1 - 8 inch depth, Sand No. 3 
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However from the experiments conducted on scour it is iclt that cert un conjectures on proto 
type conditions can be m ide The maximum scour measured in the experiments w is ipproxim itely 
one pile diameter It, therefore, is conjectuicd that the maximum scour observ tble in a prototype 
would be approximately equal to one pile diameter, which loi a typical offshore pile of 4 to 6 icet 
would be appioxim itely 5 feet Krcig19 has reported obseivcd scour depths on ollshore pi itlorms 
in the Gulf oi Mexico of 8 to 10 feet ind Poscy and Sybcrt18 me isured m iximum scour depths ol 
13 feet with average scour depths ol 8 to 10 lect lot ofishoie pi itforms in line s mds oil Pidie 
Island, Texas Ihc average pile diameter associ ited with the scour measurements made by Posey and 
Sybcrt18 was approximately 3 feet and there was a iairly significant httonl current present It is 
important to note from the above discussion that exact similitude is very import int Without every 
condition duplicated between model and prototype (l c , the littoral current) erroneous results will 
be had The scour patterns for the Padre Isl ind platforms had a dish oi s mccr dppe ir ince, that w is 
much larger in shape than the pi ttform Scour patterns such as these would not normally be 
expected 

The conclusion that the scour is very i ipid at first and decicases thcicaltcr h is been verified by 
Poscy and Sybert18 who observed th it the scoui rite is high during the first ye ir oi two, and dc 
ci eases thcrcaftei 
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ABSTRACT 

Artificial or natural barriers may be divided into two  classes,  those 
from which waves  are  reflected and those on which waves break      In general, 
any  intermediate type that gives  a  combination of reflection  and breaking 
may  set  up severe  erosive  action of  the beach m  front   of barriers       When 
the reflected waves  are superimposed on the incident waves  a stationary 
spatial envelope of   the   combined incident  and reflected waves   is  produced 
Previous  laboratory studies  indicated that the crests  of the sand bed appear 
fairly  closely under the nodes  of the envelope and troughs of the scoured 
sand bed under the loops  of the envelope      The predominant scouring pattern 
had a spacing between  crests  equal to one-half the wave  length 

Other studies by Keulegan and Shepard established characteristic 
parameters  for bar and trough depth  for laboratory conditions  and for several 
field locations      Their studies were compared with beach profiles   taken along 
the Texas  Gulf Coast 

Relationships  between   (a)   scour depth and  sand  crest wave  length, 
(b) between trough depth and sand bar depth and between wave characteristics 
and beach scour were established  for selected locations  along  the Texas  Coast 

1281 
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INTRODUCTION 

Natural or artificial barriers may be divided in two classes, those 
from which waves are reflected and those on which waves break  In general, 
any intermediate type that gives a combination of reflection and breaking 
may cause excessive erosive action seaward from the barrier 

One laboratory study was confined to non-breaking waves at the sea- 
wall and the main objective was to investigate the nature of scour of a 
flat, horizontal sand beach in front of a seawall due to wave action 
Some of the results were presented at the Eleventh Conference on Coastal 
Engineering (I)*  Since then field data were acquired and analyzed for 
several locations along the Gulf of Mexico Texas coast  Another study 
by Sato et al, also in laboratory, principally dealt with waves breaking 
at the seawall  The principal objective of that investigation was to 
determine the basic characteristics and to determine possible measures 
to prevent erosion around coastal structures (2)  The study was followed 
up by field investigations which indicated that beach scour depends not 
only on wave characteristics just in front of structures and wave re- 
flection from the structures but also on the currents set up by waves 
around the structures 

Studies by Otto (3), Hartnack (4), Keulegan (5) and Shepard (6) 
dealt with laboratory or field studies on characteristics of offshore 
sand bars formed by waves 

In recent years a beach profile and jetty condition survey along 
the Texas Gulf Coast was undertaken (J)   and preliminary analysis indi- 
cates that scour patterns and other characteristics resemble those ob- 
tained in laboratories and at other field locations 

Unfortunately data for waves which produced these patterns are very 
scarce, if at all available, so that any comparisons between laboratory 
and field conditions can only be very approximate 

LITERATURE REVIEW 

Underwater sand bars are found m all parts of the world along the 
coastlines of lakes, seas and oceans  There may be only one distinct 
bar consisting of a crest, or ridge on the seaward side and a trough 
on the landward side, or there may be a series of bars with related 
crests and troughs 

The bar formations have been studied by geologists and geographers 
for over a century and considerable field data of the form, number of 
bars and dimensions are available  However, only a few laboratory 

* Numbers in parenthesis refer to references at the end of paper 
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studies were made and only limited explanations of the hydromechanics 
process have been put forward 

Field observations of form and dimensions of natural, underwater 
beach profiles were made along the Baltic Coast, Lake Michigan, California 
and the Texas Coast 

Otto and Hartnack (3, 4) reported on measurements along the Pomeranian 
Baltic Coast, while Evans (8) reported field measurements of the bars 
along Lake Michigan  There were essentially three distinct bars measured 
on the Eastern shore of Lake Michigan 

Keulegan (5) indicated that the form of experimental bars varies 
considerably from that of the natural bars  In general the natural bars 
are flatter and longer than the bars formed in a laboratory wave channel 
This may be due in large part to the fact that one cannot scale down the 
size of sand used, as most of the laboratory investigations employed 
natural sands of approximately the same size as the prototype sands  It 
should also be noted that the laboratory beach profiles are usually 
subject to monochromatic waves while the prototype waves are usually 
irregular and contain a spectrum of wave heights and wave lengths 
However, Keulegan also noted that the ratio of depth of crest (hc) to 
the depth of the bar (h ) was similar in the model and prototype 

DISTANCE   FROM   SHORELINE 

Q. 
UJ 
a 

UJ 

FIG DEFINITION    SKETCH 

Shepard  (6)   examined thousands of beach profiles  taken along the 
ocean piers  in California and indicated that the troughs which  lie be- 
tween the shoreline and the submerged beach bars  are  formed by the 
plunging breakers  and by the longshore currents which feed the rip 
currents      He  also  found that  there  is  a relationship between the depth 
of the bars  and troughs  and the wave height 
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SAND SCOUR ON SLOPING SURFACES 

Pnzv4.ou& InveAtcgatcom 

Both Keulegan  (5)   and Shepard  (6)   conducted investigations  concern- 
ing the characteristics of beach scour patterns in response to breaking 
waves      Keulegan conducted a series of laboratory  experiments  and found 
that  the scour trough forms at the breaker plunge point, with a 
corresponding accumulation of sand,  or the sand bar,   forming ]ust sea- 
ward of this  location      It was  found that  after initiation of uniform 
wave patterns over the sloping bottom,  a trough-bar complex developed 
rapidly, migrating onshore until an equilibrium position was  reached 
Thereafter only small changes  in the scour pattern occurred      Similar 
results were reported by Herbich and Ko   (1),  indicating that  the  scour 
depth limit is  approached asymptotically 

Shepard (6) summarized the results of three hundred and fifty three 
beach profiles taken at Scripps Pier at La Jolla,  California 

Both Keulegan and Shepard stress the importance of wave characteristics 
as influencing the scour pattern      Keulegan's  results show that  the ratio 
of H/hB 

where    H    - wave/height,  and 

distance froi 
(see  Fig    1) 

increases with wave steepness   (H/L)  up to a steepness of 0 04      For 
greater values  of steepness the ratio of H/hg is  independent  of wave 
steepness  and remains  constant  at about  0  83      This  relationship was 
found to be independent of beach slopes  for slopes between 1  15  to 1  70 

Keulegan and Shepard also examined the ratio of h  /h    where 

h    = trough depth from still water level,   and 

h    = sand crest  depth  from still water level 
c       (see Fig    1) 

Keulegan noted that the hT/hc ratio was practically independent of 
wave steepness and beach slope and computed an average value of 1 69 for 
his  laboratory experiments 

Shepard also determined a relatively uniform relationship of hT/hc 

with an average value  of 1 16  at Scripps Pier  (using mean sea level as 
datum) 

Cuviznt ln.vutcgaXA.oni 

A survey report prepared by U    S    Army Corps  of Engineers   (7)   presents 
beach profiles  taken at selected locations  along the Texas  Gulf Coast 
during the past several years      Analysis  of these profiles was made to 
determine the  characteristics  of natural scour pattern along the coast, 
and to compare with previous  laboratory and  field studies      The data 
were analyzed for the  following locations 
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(1) East Beach,  Galveston,  Texas   (Fig    2) 

(2) Groxn Area,  Galveston,  Texas 

(3) West Beach,   Galveston,  Texas 

(4) Panther Point,  Matagorda - Port Aransas, Texas 

(5) Yarborough Pass,  Padre Island, Texas 

Since space  limitation prevents  reproduction of all tabulated data, 
only  average values  and selected sample data are  given 

Table I  gives  the  average values  of distances between sand  crests 
(sand wave  lengths)   and average depth of scour for East Beach  at Galveston 
Tables  II through V gives similar information for Groin Area- Galveston, 
West Beach - Galveston, Panther Point-Matagorda - Port Aransas  and 
Yarborough Pass, Padre Island 

Fig    3 presents  sample beach profile for East Beach at Galveston 
The crests  of bars were joined to indicate the  crest  pattern along the 
beach section      Fig    4 is  for Panther Point  and Fig    5 is  for Yarborough 
Pass  location 

HeJtatLoniktp Between Scoan. Vtpth and Sand CtteAt Wave. Length 

Scour depth readings  as well as scour wave length measurements were 
taken  for all locations  and a sample  location is  given in Fig    6      Al- 
though the scatter is  considerable  (as may be expected)  the relationship 
may be  approximated by  a straight line having a slope of 0 004 

Pzlattonikcp Between Tn.ou.gh Depth and Sand Ban. V&pth 

Values  of trough depth to sand bar depth  (hj/hc) were determined at 
each  location along the  Texas  Coast  for various  times  of the year 

The ratio of trough depth to sand bar depth was  plotted for three 
locations along the Texas  Coast  as  a function of time  (Figure  7)       It 
will be noted that there is some annual variation in this ratio which, 
of course, may be  caused by major storms,  or hurricanes,  but  the 
variation is within fairly narrow limits  of foj/hc      For example  for 
Matagorda Bay  the variation is between 1 15 and 1 42, with an average 
value of  about  1 25 

Figure 8 shows  the relationship  for other locations  in addition to 
locations shown in Figure  7      The data indicate  that this  ratio tends 
toward an equilibrium value characteristic of each  location,  but  at 
times  a significant deviation from this value may occur 

Depth of trough is plotted m Figure 9,  against  the depth of bar 
for several field locations  along the Texas  Coast      Field data from 
Washington and Oregon coast  and data from California are also plotted 
as well as  Keulegan's  laboratory data      Remarkably consistent  results 
are obtained  for all  locations with  field data ranging between h^/hc 
values  of  1 16  and 1 60      The  laboratory data gives  a value of 1 69 
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EAST 1 BEACH 

GALVESTON,  TEXAS 

Section Period Average  Distance i Between Average Depth  of 
Sand Crests (ft) Scour  (ft) 

1 1934-68 301 76 
2 1934-68 257 68 
3 1934-68 354 99 
4 1934-68 327 93 
5 1934-68 298 97 
6 1934-68 354 87 
7 1934-68 277 1  23 
8 1934-68 310 1 04 
9 1934-68 272 73 

10 1949-68 240 1 07 
11 1949-69 314 70 
12 1949-69 345 77 
13 1949-69 252 89 

Average 300 89 

TABLE  I 
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GROIN AREA 

GALVESTON,  TEXAS 

Section Period Average Distance : Between Average  Depth of 
Sand Cres ts (ft) Scour   (ft) 

14 1949-69 280 70 
15 1949-69 202 48 
16 1949-69 180 45 
17 1949-69 286 88 
18 1949-69 232 87 
19 1949-69 247 67 
20 1949-69 227 48 
21 1949-68 305 1  38 
22 1949-69 192 45 
23 1949-69 206 44 
24 1949-69 230 1  18 
25 1949-69 207 26 
26 1949-69 212 35 
27 1949-69 187 49 
28 1949-69 178 36 
29 1949-69 165 48 
30 1949-69 202 91 
31 1949-69 242 35 
32 1949-69 189 43 
33 1949-69 186 37 
34 1949-69 178 46 
35 1949-69 178 68 
36 1949-69 227 48 
37 1949-69 181 58 
38 1949-69 276 61 
39 1949-69 221 47 
40 1949-69 194 64 
41 1949-69 220 77 
42 1949-69 262 61 
43 1949-69 279 62 
44 1949-69 209 50 
45 1949-69 195 37 
46 1949-69 341 60 
47 1949-69 230 61 

Average 222 59 

TABLE  II 
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WEST BEACH 

GALVESTON, TEXAS 

Section Period Average Distance Between 
Sand Crests (ft) 

Average Depth of 
Scour (ft) 

0 + 00 1949-69 231 70 
20 + 00 1949-68 200 80 
40 + 00 1949-68 210 1 0 
60 + 00 1949-68 215 95 
80 + 00 1949-68 181 1 03 

100 + 00 1949-68 304 75 
120 + 00 1949-68 273 1  17 
140 + 00 1949-68 178 1 3 
160 + 00 1949-68 198 1 0 
180 + 00 1949-68 363 78 
200 + 00 1949-68 231 73 
220 + 00 1949-68 244 83 
240 + 00 1961-68 187 83 
260 + 00 1961-68 218 1 07 
280 + 00 1961-68 373 77 
300 + 00 1961-68 311 87 
320 + 00 1961-68 423 1 03 
340 + 00 1961-68 184 70 
360 + 00 1961-68 221 73 
380 + 00 1961-68 184 67 
400 + 00 1961-68 226 90 
420 + 00 1961-68 202 60 
440 + 00 1961-68 310 73 
460 + 00 1961-68 333 67 
470 + 00 1961-68 279 60 

Average 251 84 

TABLE III 
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PANTHER POINT 

MATAGORDA - PORT ARANSAS, TEXAS 

Section Date Distance Between Sand Crests* Avg Depth of Avg 
(In Feet) Scour, Ft 

0 + 00 5/23/1967 85; • 40, , 50, 100, 70, 140, 100. , 65 81 
0 + 00 11/5/1967 45, 100, 150, 150, 110 >, 85 107 
0 + 00 7/26/1968 104, 160 132 0 2, 0 5 0 35 
0 + 00 10/10/1968 47, 57 52 0 4, 0 0 2 
0 + 00 1/9/1969 150 150 0 3 0 3 
0 + 00 3/10/1969 80 80 0 25 0 25 
0 + 00 7/15/1969 165 165 0 8 0 8 
0 + 00 1/21/1970 100 100 0 3 0 3 

10 + 00 5/23/1967 45, , 85, i 70, 115, 95, 100, 70, 70 81 
10 + 00 11/5/1967 60, 90, 140, 160, 90, 100 107 
10 + 00 7/26/1968 152, 95 123 0 4, 0 6 0 5 
10 + 00 3/10/1969 110, 40 75 0, 0 0 
10 + 00 7/15/1969 95, 105, 90 97 0 4,0 2,0 15 0 25 

20 + 00 5/23/1967 165, 7C ), 9C 1, 100, 75, 95, 65, 125 98 
20 + 00 11/5/1967 70, 105, 180, 125, 45, 140 111 
20 + 00 7/25/1968 165 165 0 9 0 9 
20 + 00 7/9/1969 283 283 0 8 0 8 
20 + 00 3/10/1969 95 95 0 2 0 2 
20 + 00 7/15/1969 190, 97 143 0 3, 0 8 0 55 
20 + 00 1/21/1970 300 300 0 5 0 5 

30 + 00 5/23/1967 100, 7C I, 6C l, 165, 75, 85, 80, 125 95 
30 + 00 11/5/1967 50, 115, 195, 125, 40, 180 118 
30 + 00 7/26/1968 235 235 0 6 0 6 
30 + 00 1/9/1969 210 210 0 7 0 7 
30 + 00 3/10/1969 95, 45, 75 72 0 4,0 2,0 1 0 22 
30 + 00 7/15/1969 115, 207 161 0 4, 0 5 0 45 
30 + 00 1/21/1970 153, 45 100 0 5, 0 4 0 45 

All Sections 5/23/1967 Average 89 
All Sections 11/5/1967 Average 111 
All Sections 7/26/1968 152 0 33 
All Sections 10/10/1968 52 0 20 
All Sections 1/9/1969 214 0 6 
All Sections 3/10/1969 77 16 
All Sections 7/15/1969 133 44 
All Sections 1/21/1970 150 43 

0 + 00 Average 121 Average 46 
10 + 00 97 25 
20 + 00 171 59 
30 + 00 142 48 

* Some of the data relate to sand bars  formed 
during the hurricanes which  are now above 
water surface 

TABLE  IV 
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YARBOROUGH PASS 

PADRE ISLAND, TEXAS 

Section Date Distance Between Sand Crests* 
(In Feet) 

Avg Depth of 
Scour, Ft 

Avg 

0 + 00 5/19/1967 160 160 
0 + 00 11/9/1967 160 160 
0 + 00 6/19/1968 160, 190 175 
0 + 00 1/7/1969 140 140 1 2 
0 + 00 3/5/1969 110, 100 105 0 2, 1 0 6 
0 + 00 7/11/1969 225 225 1 9 1 9 
0 + 00 1/20/1970 125, 132 128 1 1, 1 5 1 3 

10 + 00 5/19/1967 165 165 
10 + 00 11/9/1967 135 135 
10 + 00 6/19/1968 120, 210 165 
10 + 00 1/7/1969 115 115 2 5 2 5 
10 + 00 7/11/1969 118 188 2 75 2 75 
10 + 00 1/20/1970 110, 150 130 1 1, 1 5 1 3 

20 + 00 5/19/1967 145 145 
20 + 00 11/9/1967 135 135 
20 + 00 6/19/1968 85, 250 168 
20 + 00 1/7/1969 125 125 1 8 1 8 
20 + 00 3/5/1969 110 110 2 65 2 65 
20 + 00 7/11/1969 215 215 2 0 2 0 
20 + 00 1/20/1970 105, 110 107 1 0, 1 0 1 0 

30 + 00 5/19/1967 175 175 
30 + 00 11/9/1967 110 110 
30 + 00 6/19/1968 145, 240 193 
30 + 00 7/11/1969 160 160 2 0 2 0 
30 + 00 1/20/1970 210 210 2 4 2 4 

All Sections 5/19/1967 Average 161 
All Sections 11/9/1967 Average 135 
All Sections 6/19/1968 Average 175 
All Sections 1/7/1969 127 2 25 
All Sections 3/5/1969 108 0 88 
All Sections 7/11/1969 197 2 16 
All Sections 1/20/1970 135 1 37 

0 + 00 Average 156 Average 1 5 
10 + 00 150 2 2 
20 + 00 159 2 1 
30 + 00 170 2 2 

* Some of the data relate to sand bars 
formed during the hurricanes which are 
now above water surface 

TABLE V 
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EAST     BEACH 
DISTANCE     IN      FEET 

O tOO        400       600        OOP       IQOO      HOP      1400      1600       1000      tOOO      MOO     2400 

o 

—      SCC  6    0 

LEGEND 

BEACH  PROFILE 
SAND CRESTS, 

, APRIL 1934 
APRIL 1934 

FIG 3    BEACH   PROFILE   AND SAND  CRESTS   AT 
EAST  BEACH,  GALVESTON (FROM  REF7) 
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M     ATAGOR     DA 

ISLAND 

?L*H 
SCALE     I     OOO 

-2+00 _j   -1*90 0*00 1*00   ,      2*00 3*00 4 + 00 5 + 00 6+ 00 

LEGEND 
BEACH   PROFILE,    5 NOV    1967 
SAND   CREST,   5  NOV    1967 

FIG 4   BEACH   PROFILE   AND  SAND CRESTS 
AT PANTHER   POINT (FROM  REF 7) 
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20+00 

30+00 

LEGEND 
BEACH  PROFILE ,    19 JUNE 1968 
SAND   CREST,     19  JUNE   1968 

FIG 5    BEACH PROFILE  AND SAND CRESTS 
AT  YARBOROUGH  PASS(FROM REF 7) 
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Re.lcutcomktp Between Waves, and Be.ach SCOUA 

Analyses  of Texas beach profiles indicate that  In most  cases more  than 
one bar-trough complex  formation was  created by wave action      Laboratory 
experiments by Herbich  and Ko   (1)   and by Sato et  al  (2)  have  revealed that 
the distance between suceeding bar crests  Is  a  function of wave length, 
and was  generally equal  to one half the wave  length generated,   for several 
sand sizes employed 

In  general wave data for locations where beach profiles are measured are 
very scarce,  or difficult to  obtain      For the purpose of this  analysis wave 
data taken during hurricane Beulah  (October 1967)  at  Galveston were obtain- 
ed  from the  Coastal Engineering Research  Center  (9)       The wave data were 
analyzed,  using spectral methods,  and  equivalent wave height  and period at 
maximum spectral density were obtained 

Beach profiles  taken in January,   1968 were also analyzed      The results 
of the  analyses  are as  follows 

Location      Average Length    Average  Deep** Average* Average Equivalent** 
Between Crests    Water Wave Wave Length Scour Depth Wave Height 

(ft)                   Length at  18'   Depth            (ft) (ft) 
 (ft) 

East Beach 330 261 159 0  86 5  36 

Groin Area 312 261 159 0  76 5  36 

* Wave  gauge was  located at  18 ft  depth 
**Analyzed using power spectrum method 

Comparison of  the beach profiles at  Galveston indicates  that the average spacing 
between  crests was  greater than the  deep water wave  length and about  twice 
as  long as the average wave length at  18 ft depth, which does not agree with 
laboratory studies      The relationship between average scour depth and the 
average wave height is     approximately equal  to 0  160  for the  East Beach area 
and equal   to  0  142   for the Groin area 

CONCLUSIONS 

Definite relationship exist between 

(1) trough depth and sand crest depth 

(2) average length between sand crests and the average wave length 

(3) average scour depth and average wave height 

(4) additional studies, Particularly in the field, should be conducted 



1300 COASTAL ENGINEERING 

ACKNOWLEDGEMENT 

Cooperation of Galveston District of U    S    Army Engineers  m  providing 
beach profile  data along the Texas  Coast  is  appreciated      Assistance of 
Miss Rosella Duke,  a civil engineering student and Messrs  Ch    Chestnutt, 
C    McClenan and C    Mason,  graduate students  in coastal and ocean engineering 
in data reduction is  acknowledged 

REFFRENCES 

Herbich,  J    B    and S    C    Ko,   "Scour of Sand Beaches  m Front of Seawalls", 
Proceedings of the Eleventh  Conference on Coastal Engineering,  London, 
England,  Chapter 40,  pp    622-643,  September 1968 

Sato,  S   ,  M   Tanaka and I    Irie,  "Study on Scouring at  the Feet  of 
Coastal Structures", Proceedings of the Eleventh Conference on Coastal 
Engineering,  London,   England,   Chapter 37,  pp    579-598,  September 1968 

Otto, T   ,   "Der Darss  und Zingst",  Jahresber    Geogr    Ges    Greisswald, 
Vol    12,  1911-12 

Hartnack, W  ,   "Uber Sandriffe", Jahresber    Geogr    Ges    Greisswald, 
Vol    40-42,   1924 

Keulegan,  G    H  ,   "An Experimental Study of Submarine Sand Bars",  Technical 
Report No    3, Beach Erosion Board,  Corps  of Engineers,   U    S    Army, 
40 pp  ,  1948 

Shepard,  F    P   ,   "Longshore-Bars  and Longshore-Troughs",   Technical 
Memorandum No    15,  Beach Erosion Board,  Corps  of Engineers,  U    S    Army, 
31 pp  ,  January 1950 

"Texas  Coast Inlet Studies",  Galveston District,  Corps of Engineers, 
U    S    Army,  1968,  1969 

Evans, 0    F  ,  "The Low and Ball of the Eastern Shore  of Lake Michigan", 
Journal of Geology, Vol    48, p    476,  1940 

Personal communication from Dr    Harris,   Coastal Engineering Research Center, 
U    S    Army Corps  of Engineers,  August  1970 



CHAPTER 81 

VARIATION OF TOPOGRAPHY OF SEA-BED CAUSED BY THE 
CONSTRUCTION OF BREAKWATERS 

Shoji Sato and Isao Irie 
Hydraulics Division, Port and Harbour Research Institute 

Ministry of Transport 
1-1, 3 Chome, Nagase, Yokosuka, Japan 

INTRODUCTION 

In Japan, many breakwaters or jetties have been constructed in 
the sandy beach from the past decade for new ports to cope with the 
development of industry  It is needless to say that the construction 
and prolongation of breakwaters or jetties cause the change of bottom- 
topography in their vicinity, but many points remain indistinct on this 
change of bottom-topography 

In this paper, some general properties on the change of the 
topography of sea-bed caused by the construction of breakwaters are 
discussed on the basis of the hydraulic sounding maps of several ports 
and the results of model tests  The terminology used in this paper is 
given in Figure 1 

VARIATION OF SEA-BED TOPOGRAPHY AT KASHIMA PORT 

Port Kashima is located on the coast of Kashimanada facing the 
Pacific Ocean, as shown in Figure 2  Waves of the coast of Port 
Kashima approach from the direction almost perpendicular to the shore 
line, though the southerly waves exceed a little than the northerly 
waves  The maximum significant wave observed in the period from 1961 
to 1968 is 5 m in height and 10 3 sec m period  The mean diameter of 
bottom material is about 0 15 mm in the offshore and 0 6-0 2 mm in the 
inshore  The alongshore littoral transport per year is estimated to 
be the order of 600,000 cubic meters both in the southerly and northerly 
directions on the basis of the hydraulic sounding data and the calcula- 
tion of wave energy, though the littoral transport from the south 
exceeds a little that from the north in the sum of several years 

Figure 3 and 4 shows the position of equi-depth lines for each 
summer from 1963 to 1968 

In July 1963, the down-side breakwater and the jetty of the 
working basin were constructed as far as the alongshore bar  The 
shore line advanced upside of the jetty and severe scouring was seen 
in the vicinity of the tip of the jetty 

In July 1964, the working basin was completed and the up-side 
breakwater was constructed for nearly 200 m  These parts of the 
breakwater was constructed with rouble stones  The equi-depth lines 
of 0 to 3 m advanced near the jetty of the working basin on the up-side, 

1301 
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Direction of Littoral   Transport 

©  OBLIQUE   PART """ 

© BEND-POINT 

© RECTANGULAR PART 

@ PARALLEL BREAKWATER 

(5) JETTY 

INNER   BASIN 

Fipnre 1    Terminology of each part. 

4 

JAPAN    SEA 

PORT NIGATA-HIGASH 

PORT   HIMEKAWA       V,* 

PORT KANAZAWA PORT OAR AI 

PORT  KASHIMA 

PACIFIC  OCEAN 

500 km 

Iigure 2    Position of ports 
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and alongshore bars advanced up-side of both jetty and breakwater and 
became indistinct down-side of them 

In July 1965, the equi-depth lines shallower than 5 m in the outer 
basin move landward, especially at the center, near to the datum point 
BP  The longshore bar remained distinct on the out-side of the up-side 
breakwater, but is indistinct in the outer basin and on the down-side 
of the down-side breakwater  The advancement of shoreline out-side of 
the down-side breakwater is due to the discharge of materials dredged 
in the working basin 

In August 1966, the portion between the tip in July 1965 and the 
bend point of the up-side breakwater was constructed with concrete 
blocks  Thick dotted lines indicate the portion where only the rubble 
mound base of caissons is constructed  Scour along this rubble mound 
was more severe on the inside than on the out-side of it  Especially, 
the inside portion along that of the down-side breakwater is scoured 
remarkably and remarkable shoaling is seen within this scoured portion 
The central portion of the outer-basin was shoaled and the equi-depth 
lines shallower than 5 m moved further landward than in 1965  The 
remarkable shoaling out-side of the up-side breakwater is due to the 
discharge of the materials 
dredged from the inner basin 
The dredging of inner basin 
started in June 1965 by 
dredgers which entered in the 
part of the inner basin 
dredging from the working 
basin through the broken line 
shown in Figure 6  Therefore, 
the shoreline between the 
jetty and downside breakwater 
(between datum points S3 and 
N3) was not disturbed by the 
dredging 

INNER BASIN 

FIG  6 

In August 1967 and May - June 1968, the equi-depth lines of 6 
meters and less became still more landward-convex in shape and that of 
7 m and more became seaward-convex in shape with the prolongation of 
the breakwaters   Morever, he most receded point of shoreline was 
shifting towards the working basin  The equi-depth lines deeper than 
7 meters outside of the up-side breakwater bulged offshoreward, on the 
offshore of the oblique part of the breakwater  The remarkable shoaling 
outside of the rectangular part of the up-side breakwater was mainly 
due to the discharged materials mentioned above, but some part of them 
passed through the breakwater into the basin and deposited m the 
vicinity of datum points SI to S3 

Figure 5 shows time change of the distances of 0 m, 4m, 8m and 
other depth-lines from the datum line S6 to N6 at the points S4, S3, 
S2, N2, N5 and N6  The time change graph serves to make more clear 
the characteristics of the bottom changes described above  For 
example, at S2, the line of 0 m receded in July 1964 when the up-side 
breakwater was about 200 m in length and then advanced steadily and 
remarkably until 1968, the depth-lines of 4 and 6 m 
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continuing to advance through this period except for 6 m line in August 
1966  These advances are remarkable in 1967 and 1968 when the oblique 
part of the up-side breakwater was being extended  Also, at N2, the 
depth lines of 0 and 4 m advanced in 1964 and then continued to recede, 
especially remarkably in 1967 and 1968  On the other hand, the line of 
8 m at the same datum point advanced steadily except in 1968 

VARIATION OF SEA-BED TOPOGRAPHY AT KANAZAWA PORT 

Port Kanazawa is located on the coast of Japan Sea as shown in 
Figure 2  The wave approach in a direction almost perpendicular to 
the shoreline, though the southerly waves exceed the northerly waves 
a littile similar to Port Kashima  "Waves of 3 to 5 m in significant 
wave height and 7-10 sec in period very often attack during winter 
But the sea is very calm in summer  The mean diameter of bottom 
materials is 0 15 - 0 3 mm in offshore zone  The littoral transport 
from the south is slightly more than that from the north 

Figure 7 shows the position of equi-depth lines in May 1965 and 
October 1969, and Figure 8 shows the time change of the distances of 
some equi-depth lines at the datum points Nos  50, 60 and 67 from the 
datum line  The construction of the up-side breakwater began with 
prolonging the jetty which had existed at the mouth of River Ono, as 
shown in the sounding map of May 1965 of Figure 7 

From these figures, the pattern of change of bottom topography 
is found to be similar to that of Port Kashima except the severe 
recession of the shoreline outside of the up-side breakwater  This 
recession appeared in 1967 and 1968, as can be seen from the time 
change of 0 m at No  50 in Figure 8, and hence a sea wall was 
constructed along the shore-line between the datum points 50 and 44 
in the summer of 1968  The recession seems to be caused by the 
extension of the up-side breakwater in the direction oblique to the 
shoreline 

The line of BC of No  50 in figure 8 shows the time change of 
the longshore bar which existed about 630 m seaward of the datum line 
in May 1965  This longshore bar advanced with the prolongation of 
the breakwater though it became indistinct since 1968  The down-side 
breakwater began to be constructed in the spring of 1968, which caused 
the recession of shoreline near and inside of that breakwater as seen 
from the time change of 0 m line on the datum point No 67 in Figure 8 
The bottom material dredged in the channel extending from the mouth of 
River Ono were discharged on the outside of the down-side breakwater, 
which advanced the equi-depth lines there as seen in Figure 7 

VARIATION OF SEA-BED TOPOGRAPHY AT NIIGATA-HIGASHI 

Port Nugata-higashi is located on the coast of Japan Sea, a^ 
shown in Figure 2  The predominant wave direction is NNW, almost 
perpendicular to the shoreline, but the westerly waves are slightly 
predominant than the easterly waves, and hence the direction of the 
net alongshore transport is from west to east along the shore  The 
other wave condition and the mean diameter of bottom materials are 
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nearly the same as those at Port Kanazawa  The construction works of 
breakwaters is stopped in winter due to severe waves similar to Port 
Kanazawa  Figure 9 shows the sounding maps of March 1963 and March 
1967 and Figure 10 the time change of the distance from the datum line 
of a few equi-depth lines at the datum point Nos 8-0, 6-16 and 7-6 

The above figures show the same tendency as Port Kashima on the 
bottom-change due to the construction of breakwater, though the deeper 
equi-depth lines did not become seaward-convex in shape in the map of 
March 1967  This is due to the down-side breakwater being still short 
The down-side breakwater began to be constructed in 1966 

The inner basin was dredged by dredgers which entered from the 
working basin similarly to Port Kashima, and the dredged material was 
discharged on the outside of the up and down-side breakwaters   It 
caused the abrupt advancement of shoreline out-side of the breakwaters 
since 1964, as seen in the time change of 0 m line on No 6-16 in 
Figure 10  As seen also in Figure 10, the alongshore bar advanced 
until October 1965, receded till March 1967, and then disappeared due 
to the above-mentioned discharged materials  0, 4 and 8 m lines on 
No 8-0 receded abruptly from 1966 when the down-side breakwater began 
to be constructed 

TOPOGRAPHY OF PORT OARAI AND HIMEKAWA 

Port Oarai is located near to Port Kashima, and Port Himekawa 
between Port Kanazawa and Nugata-higashi as shown m Figure 2 

Figure 11 shows the sounding maps of Port Oarai in 1967  In 
this case, the bulge of equi-depth lines is not seen offshore of the 
oblique part of the up-side breakwater, but the shoaling is remarkable 
inside of the tip of breakwater  This seems to be due to the extension 
of the oblique part of the up-side breakwater at a small angle to the 
shoreline 

Figure 12 is for Port Himekawa in 1969  In this case, the 
rectangular part of the up-side breakwater is very short, and so the 
shoreline has advanced remarkably on the down-side to form a tombolo 
and has receded on the up-side of the breakwater 

MODEL TEST ON CHANGE OF SEA-BED TOPOGRAPHY CAUSED BY A JETTY 

Some model tests were conducted on the change of sea-bed topography 
caused by a jetty in a basin, 30 m wide, 50 m long and 0 8 m deep  At 
first, a model beach of 18 m long in the direction of shoreline and of 
1   15 bed slope was made with fine sand of about 0 2 mm in mean 
diameter  The model beach was attacked by waves which were 8 cm in 
height, 1 2 sec in period and 15 degree against the shoreline in wave 
direction  Morever,  sand was fed in the shoreline of up-side end 
so that the shore line there did not change during the wave action 

Change of bed-topography caused by a long jetty 

Figure 13(a) shows the bed topography after two hours of wave 
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Fipure 11 Port Oarai in 1967 

Jipnre 12 Port Hinekawa in 1969 
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(a) BED   TOPOGRAPHY IN TWO HOURS OF WAVE ACTION 

No4 5 6 7 8 9 10 

(b) BED TOPOGRAPHY IN MORE TWO HOURS OF WAVE ACTION AFTER A LONGE  GETTY WAS INSGT  IN   fa) 

VELOCITY SCALE 
O   10 20 3040 50 cm/sec 

Figure 13    Chmpes  of equi-denth lines and bottoir currents  oy a long 
jetty (model testj 
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action on the above-mentioned initial model beach and Figure 13(b) shows 
the bed after an additional two hours of wave action, after a jetty 
was inset in the bed of (a)  The arrow marks show bottom currents 
measured using a plastic ball of 1 5 cm in diameter filled with water, 
which moves along the bottom  The jetty was made with a plastic plate 
having smooth surfaces 

The longshore bar is. seen between the equi-depth lines of 6 to 10 
cm m (a), and it advances offshoreward m front of the datum point 
No 3 to 6 and 8 to 11  The bottom currents are flowing nearly parallel 
with the shoreline mostly, except that they go obliquely offshoreward 
on the up-side of the advancing part of the longshore bar 

In (b) with a jetty, there are seen severe scouring at the tip 
of jetty, scour along the jetty and erosion of the shoreline on the 
up-side of the jetty  The alongshore currents on the up-side of the 
jetty change their direction towards the tip of the jetty as they 
approach the jetty  Morever, seaward currents exist along the up-side 
of the jetty from the foreshore  These alongshore currents and seaward 
currents join to become a strong current in the vicinity of the tip of 
the jetty, which cause the above-mentioned severe scouring there, 
together with the breaking wave along the jetty  The wave height is 
higher along the jetty than in the area away from the jetty, because 
the wave comes obliquely to the jetty, which results in the increase 
of disturbance of bottom materials and the rise of the water level at 
the foreshore near to the jetty  The rise of the water level causes 
the above-mentioned seaward bottom currents  The other hand, on the 
down-side of jetty, the area near to the jetty is by some degree 
sheltered by the jetty from waves, which results m the advancement 
of shoreline and the disappearance of alongshore bars 

Relation between length of a jetty and erosion of up-side foreshore 

Figure 14 shows the change of bed topography for jetties of 2 0, 
1 5 and 1 25 m long from the datum line with the same surface as the 
above-mentioned jetty of figure 13 and also for a jetty of 2 5 m long 
with the surface of rouble stones  In the figure, equi-depth lines 
are drawn by dotted lines for after two hours of wave action on the 
initial model beach of 1 15 in bed slope and by full lines for after 
an additional two hours of wave action after a jetty was inset 

The up-side foreshore near the jetty was eroded in (a) of 2 m 
long jetty as well as in Figure 13, changing little m (b) of 1 5 m 
long jetty and being accreted in (c) of 1 25 m long jetty  In (d) of 
2 5m long and rough surface jetty, the up-side foreshore was accreted 
The rough surface, as well as the decrease of length, of the jetty 
serves in the decrease of wave height and the decrease of the off- 
shoreward current velocity along the jetty, which results in the 
decrease of erosion and scour along the up-side of the jetty 

MODEL TEST ON CHANGE OF SEA-BED TOPOGRAPHY CAUSED BY TWO BREAKWATERS 

Prior to the prolongation of the oblique part of the up-side break- 
water at Port Kashima, model tests were conducted for different stages 
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(a) 20m  LONG WITH  SMOOTH   SURFACE (b)l5m   LONG WITH   SMOOTH   SURFACE 

6 7 8 

(c)  125m   LONG  WITH  SMOOTH  SURFACE 

6 7 8 

(d)2 5m   LONG  WITH  ROUGH   SURFACE 

JETTY  WITH 
SMOOTH 

SURFACE 

Figure 14    Relation  between lenpth of a jetty and erosion of 
up-side foreshore (model test) 
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of the construction of breakwaters in the same basin as the above- 
mentioned test  Figure 15 shows a part of the model tests  The up 
and down-side breakwaters were prolonged from the state m upper figure 
(a) to the state m the lower figure (b) and then waves were acted for 
four hours  The result by the wave action is shown in the lower figure 
In this case, model waves in the offshore were 14 cm in height, 1 4 sec 
in period and INE m direction  Model bed materials were sand of 0 22 
mm in mean diameter and model scale was 1   200 m horizontal and 
1  40 m vertical  Also, the model of breakwater was made by concrete 
blocks which was impermeable against water  Figure 16 shows the condi- 
tions of bottom currents and wave-heights for the bed condition in 
Figure 15(b) 

Comparison of change of bottom topography between model and prototype 

The length of breakwaters is not so much different between Figure 
15(a) and Figure 3(d) though the latter has a little more extended 
breakwater than the former, and so also between Figure 15(b) and 
Figure 4(f)   Therefore, the change of bottom topography from the 
above (a) to (b) of the model is compared with that from the above 
(d) to (f) of the prototype 

The offshoreward bulge of equi-depth lines near the oblique part 
of the up-side breakwater on the out-side, the advancement of all 
equi-depth lines near the up-side breakwater on the m-side, the shift 
of the most receded point of the shoreline towards the jetty of working 
basin and the shoaling of the center part in the outer basin are seen 
both in the model and the prototype  It is seen also in the model the 
tendency for equi-depth lines to become of landward-convex shape in 
the shallower area and of offshoreward-convex shape in the deeper area 
m the outer basin  The tendency of change of bed-topography coincides 
between the model and the prototype, though there is some difference 
on the intensity or rate of the change 

Distribution of waves and bottom currents 

It is seen from (a) of Figure 16 that the wave height in the 
outer basin is larger in the portion extending from the mouth to the 
datum points Nl to N2 and smaller in the portion near the up-side 
breakwater  It is also seen from (b) of Figure 16 that there is 
currents circulating in the anti-clockwise direction in the outer 
basin  The velocity of the circulating current is smaller in the 
center of the outer basin and in the portion near the up-side break- 
water  This indicates that the pre-described most eroded point of 
the shoreline have the higher wave and more rapid bottom current, and 
the pre-discribed shoaling portion m the center of the basin has the 
slower current  Also, the accumulation seen in the area near the 
up-side breakwater seems to be caused by the condition of current 
velocity and wave height which are smaller in the area near the up- 
side breakwater than in the area near the down-side breakwater 

CONCLUSION 

The general characteristics of bottom topography change caused by 
the construction of breakwaters on a sandy beach are concluded from the 
foregoing chapters as follows  Figure 17 is the illustration of the 
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(o)   FOR  JANUARY 1967 'cm 
-36 
-34 

-32-30. 

N7   N6   NS   N4   N3   N2   Nl    SP   SI    S2   S3 S5        S6        S7 

(D)   FOR    MAY-JUN  1968 

N7 N6 N5 N4 N3 N2 N I        BP SI S2 S3 S4 S5        S6        S7 

Figure 15     Change of  Dottoc; tcoopraphy caused  by the   orolonfation 
ot   oreaicwaters  (   model test  of Port Kashima  ) 
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(a)EQUI-UNES 
OF WAVE   HEIGHT 

& o- 
N5      N6        N5 N4       N3        N2 Nl        BP SI S2        S3 S4        S5 S6 S7 

(t»    BOTTOM   CURRENT 

\-~~4-f 
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VELOCITY   OF 
CURRENT 

0      20     40 cm/sec 

N6   N5   N4   N3   N2   Nl    BP   SI   S2   S3   S4   S5   S6   S7 

lig-ure 16    Distribution of waves and  botton currents for ilgure  15(b) 
(model test). 
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Out-side of the up-side breakwater 

(1) The shore-line near to the breakwater advances offshoreward 
first and then stops or recedes according to the prolongation of the 
breakwater  In this case, the more oblique the direction of a 
breakwater is, the more severe the recession of shoreline is  Such 
recession of shoreline is less in the breakwater with rough side- 
surface than that with smooth surface as shown in the model test 

(2) The alongshore bar near to the breakwater advances offshore- 
ward becoming distinct in shape with the prolongation of the rectangular 
part of the breakwater and stops or recedes becoming indistinct with 
the construction of the oblique part of the breakwater 

(3) The equi-depth lines near to the oblique part of the breakwater 
bulge offshoreward, as most of littoral drift carried along the shore 
moved seaward along the rectangular part to deposit offshore of the 
bend-point without moving directly along the oblique part of the 
breakwater  However, m the case where the rectangular part is short 
and the bending angle of the oblique part is large, such bulge of 
equi-depth lines does not occour but the shoaling tends to be re- 
markable inside the tip of the breakwater, as in Port Oarai. 

Inside of breakwater (outer basin) 

(1) According to the construction of an up-side breakwater, the 
shoreline advances in the part near to the breakwater and recedes in 
its down-side, namely, having a shape of landward-convex  The most 
receded point in this case moves towards the down-side with the increase 
of length of the breakwater   Such advancement of a shore line near to 
an up-side breakwater becomes larger when the direction of breakwater 
is oblique to the shoreline and is closely related to the diffraction 
of waves by the breakwater 

(2) The alongshore bar in the outer basin becomes indistinct or 
disappears with the prolongation of breakwaters 

(3) The scouring at the toe of the rouble mound is more severe 
inside of it than outside of it during the period before caisons are 
set on it  This seems to be due to the swirl formed inside the rouble 
mound by waves passing over it 

(4) When both up and down-side breakwaters are prolonged, equi- 
depth lines move landwards in the shallower zone and offshorewards in 
the deeper zone, namely, having a shape of landward-convex in the 
former and a shape of offshoreward-convex in the latter 

(5) Waves entering from the mouth progress near the down-side 
breakwater so that they erode the foreshore near to the down-side 
breakwater and produce circulating currents flowing from the down- 
side breakwater to the up-side breakwater and then to the center of 
the outer basin 

(6) In the shallower area, the bottom is eroded or scoured where 
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OUTSIDE   OF   THE   UP-SIDE   BREAKWATER 
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waves and bottom currents are more severe than its surroundings and 
is shoaled where they become weak and slow down  On the other hand, 
in the deeper area, the shoaling of bottom happens where bottom 
currents slow down rather than waves 

Outside of the down-side breakwater 

The change of a shoreline to landward-convex m shape, the 
disappearance of alongshore bars, and the scour of bottom along the 
breakwater are seen often in the area near to the breakwater 





CHAPTER 82 

EQUILIBRIUM PROFILES   OF  MODEL B^ACHLS 

By  Trvathur Vasudeva Nayak      A.M.  ASCE. 

ABSTRACT 

The investigation reported herein covers two aspects 

of equilibrium beach profiles, namely, (a) the criterion 

governing their type and (b) their reflection characteris- 

tics  The problems are first analysed from dimensional 

considerations and then studied experimentally in labora- 

tory wave flumes using different sizes of quartz, ground 

walnut shell and ground plastic as movable bed material. 

Empirical relations between pertinent parameters governing 

the beach process are given. 

Introduction* 

The wave and hydrologic climate at a beach location 

is everchanging and the coastal engineers have always been 

interested m the deformation of the natural beach caused 

by wave action over a short or long interval of time.  The 

resulting changes in beach characteristics, such as the 

type of profile, beach width, berm level, location and size 

of offshore bars, height of run-up, the rate and mode of 

sediment transport, areas of deposition and scour and the 

amount of energy absorbed or reflected from the beach, are 

often rapid.  Coastal management requires a knowledge of 

the fundamental principles involved in the behaviour of the 

Professor and Head of Department of Applied Mechanics, 
&  Hydraulics, K.R. Angmeenng College, Surathkal, INDIA 
Formerly Graduate student, University of California, 
Berkeley, California. 
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beach material ana  research  attempts have,   long since, 
been directed  to  obtain analytical and  empirical  relations 

between  the different  pertinent  variables*  involved  in  the 
extremely complicated  beach process. 

The study reported herein covers two aspects of 
equilibrium beach profiles, namely, criterion governing 
their type and reflection characteristics. The experi- 
ments relating to the criterion for the type of profile 
have been performed as series A and those of the latter 
as series B in two separate experimental units in the 

laboratory. 

Part  4*     Criterion for  type of profile. 

Almost  all  the  investigations   that  have been con- 
ducted   to date have  indicated   that  deep-water wave 
steepness  is  an  important  parameter  related   to  the beach 
nrocess  and  a critical value of this  parameter  charac- 

terises  various  elements  of  the  phenomenon like  the  type 
of profile, mode  and  rate of transport and   the  type of 
breakers etc.     Tn  this  part  of the  study an attempt  is 
made  to  relate  the variation in  the critical value of 
deep-water wave steepness  concerning  the   type of beach 
profile,   "storm"  or  "summer", to the characteristic size 
and specific gravity of the beach material. 

The type  of  equilibrium profile,   storm or summer, 

that  results  from  the  action of waves  in a two dimen- 
sional  flume can be  assumed  to be  governed by  the 
following variables. 

(1) deep-water wave height,    HQ 

(11)  wave period,    T 

(111)  specific gravity  of sediment  in water,  S 

(IV) median diameter of sediment,    D 
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(v) depth of water  in  the channel,     d 
(vi) acceleration due  to gravity,     g 

(vn) initial slope of beach,    1 

(vm) standard deviation of   gram size,   flP" 

1   e       type of profile  =    f 1   (HQ   ,   T   ,  S   ,  1)   , <J~,  iQ,g   ,d) 

=    f2  (Ho   •  Lo'  °   »  D   »   1o'  6.  d) 

The role ot viscosity of the fluid is of minor 

importance if we assume that the Reynolds number is 

sufficiently high and the entire phenomenon takes place 

well with in the turbulent range.  If the zone of sand 

movement is limited on the beach slope, the effect of 

depth of water can be neglected.  The gravitational 

acceleration is constant.  The standard deviation of 

grain size is of minor importance and from earlier studies 

one can find that the initial beach slope plays no major 

role in the phenomena  Thus considering the equilibrium 

condition which is independent of duration, 

Type of profile = fj (HQ/L0 , HQ/D , S) 

or       = f4 (HQ/Lo , HQ/SD , l>) 

The problem can be also viewed as 

Type of profile = f (HQ, LQ, S, L) 

"  f <H0. V V 
considering that the fall velocity in water, V-, 

characterises the sediment, . 

i.e., type of profile = f (HQ/L0 , ^H£_ ) 

The fall velocity can be taken to be proportional 

to the quantity ( §-B-l )s 

the effect of CD. 

Ss g2 D"~ 
= tb  (H0/L0, HQ/SD), disregarding 
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The parameter H0/SD can also be taken as   the ratio 
of a  typical unit  force  exerted by  the  wave   to unit 
rt-sistance offered by the beach sediment,  because  the 
former is proportional to 

If x  (a characteristic velocity of flow pattern)^xD2 

and  the latter to the submerged weight of the grain of 
bea materiel,  i.e.,    g ( f& - ff) D3.     If the characteris- 
tic velocity is taken as VgH~   ,  the ratio becomes 

4  •  »c   •  P2 ff    "c /g H0 

6(/s-/f)D
3"       (fa-ft)J>    =SS 

The  ratio H /SD is  also comparable  to  the  ratio 
1/ty   where \tf is  the intensity of flow given by  the 
expression        ...    /s - ' f Da 

an important quantity used in sediment flow problems. 

Thus   the   ratio of wave  height  to  the product  of 
specific gravity  in water and  the median diameter of  the 
sediment can be  taken to be  a very  important  parameter 
in  the beach  process. 

The importance of the size of the beach material 
has been pointed  out  by Hector  (1954)   and   the ratio of 
wave height  to median diameter by  Twagaki   (1962)   (l'ig.1). 
The present  experiments were  carried out m a wave  flume 
shown in tig.2.     The wave height  was  noted with the help 
of a point gau6e placed just oifshore from the toe of 
the beach  and  was   taKen as   twice  the distance  recorded 
between the crest  of  the  wave and   the still water level. 
This   is   correct  in deep water.     The beach  profile was 
recorded by measuring the  horizontal  and vertical 
coordinates on a rectangular grid  fixed   to  the  side of  the 
flume.     The first  four materials  whose  size distribution 
is  given in Fig.4,  were used  as  beach material  in 
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series   A.     In   the   case of each material,   the  depths  of 

water used  were  0 30,   0 35,  0.40,   0  45 and 0 50 ft.     For 
each depth  the  following  wave ptrious were used       1.86, 

1   60,   1.26,   101,0 845 and  0.72  sees.     At   the  beginning 
of each  group of experiments  just  enough material  was 
placed  in  the flume such  that   the  beach  crest  was 
generally located   1   to 2. ft.   from  the  end of  the  flume. 
No  particular  initial  slope was  used.     The beach was 

llowed to shape  itself under wave  action until 
equilibrium conditions  were  reached. 

The criterion for  tne   type   of profile,   summer or 
winter,   based  on this  study has been shown  in Fig.5  in 
terms  of  two  parameters,   namely,  atep-water wave steep- 
ness,  H /L_t   and  the   ratio of deep-water wave height   to 
the product  of specific gravity of  the beach material   in 
water  pnd  its median diameter,  H /SD.     Tn  this plot   the 

results of  experiments with the  two sizes of quartz 
sands   ind   the walnut shell  have been used. 

The behaviour of   the ground   plastic  was  quite 
different       Tn none  of  the   runs  with   this material  were 
ripples  observed  or were   the waves  found   to  break.     The 
material appeared   "soupy"  and  proved  a very  efficient 
absorber of energy      Under wave  action most of the 
material  went  into thick suspension and  oscillated  to 
the  entire depth of  the movable bea.     ior   this  reason  the 
results  of  the  ground   plastic were not  included  in  the 
plot  of Fig.5       Tt  is  also   to be  noted  that no   correction 
has been applied  to the observed  wave heights   to   take 
into  account   the   reflected wave  component. 

The curve separating  the  region of summer profiles 

from  that  of winter  profiles  in Fig.5    is  a rising 
straight  line   in  the   range of wave  steepnesses  from 
C.008  to  0.02.     For  the  higher values  of wave steepness, 
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the curve  is  a curved  line   from Ho/LQ» .05   to   .05,   the 

value  oi   the parameter h /ol) increasing from 2o  to  abuut 
220,   where   it   turns   rouna   to  join  the straight line  from 
the lower range.     The  curved  line separating  the  two 
regions  is,  at   the beginning,   nearly horizontal for  the 
range HQ/SD *t 20  to   100.     i'or  the  range  of ri /uL - bO  to 
2C0  it was possible   to get  a storm profile for high 
values  of wave oteepness  as well  as  low values  with an 
intermediate  range  in which the profiles  were  of summer 
type without  any bar      When compared with Fig.1,   the 
critical wave steepnesses obtained  in this s>tudy are 
slightly higher probably due  to  the reflected energy not 
being  taken  into account.     The  results,  indicate  that with 
certain combination of size  and specific gravity it   is 
possible  to get   "winter"  profiles  at  low wave steepnesses 
as  well  as  high ones with  an intermediate  range  for which 
the profiles will be  of  "summer"  type.     This  fact  can be 
taken  advantage of   in  achieving similarity m the  type  of 
profile  in model studies. 

Fig.  6 shows the aimensionless wave run-up observed 
for different materials plotted  again&t   the  deep-water 
wave steepness       In each case  the wave  run-up decreases 
with increase  in wave steepness because   the  steeper waves 
break farther oifshjre  in greater depths.     Plastic 
material gave the least uprush and   the quartz  sands   the 
maximum while  for walnut shell  the value  was  intermediate 
to   the  other  two.     Irrespective  of  the  size difference 
the value of  the uprush was   almost  same  for   the quartz 

sands . 

Part  B    Keflection characteristics 

Tn this second part of the article the reflection 
characteristics of two-dimensional equilibrium profiles 

are  considered      Tt  is   assumed  that   the action of a 
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given wave  condition on a certain sediment  results  m  a 

unique  equilibrium profile when the  waves  are  allowed   to 

shape  the beach  for  a sufficiently long  time.     The 

variables  involved  in  the  reflection pnenomenon in that 

case will be 

(1)  percentage  oi   energy reflected  from the 

profile , h 

(11) wave height,  H o 
(m) wave period, T 

(IV) median size of grains, D 

(v) mass density of sediment, f 

(vi) mass density of fluid, [^ 
(vn) depth of water, d 

One can, then, write 

lr = f (Ho, T, D, fs,   ff,  d) 

the  assumptions   regarding viscosity of the  fluid   and 

standard  deviation of the  grain size being same  as  in 

Part  i\       Tf  the fall velocity,  Vf,   of  the sediment  is 

taken  to  chsracterise   the sediment  size  and   its aensity 

ana   the density  of   the   fluid,   then one  Cd.n write 

r 
Now 

or 

f,   (Ho,  T, Vf, a) 

,2 
Kr 

'*•   Kr =    fi   ^Ho'   l'  Vf  Q) 

f    tv        Ho d       » 
J3  UV   V^. T       ' V, T     ; 

'f x "f 

in which V~  and  T  are   -aktn as   repeating variables. 

This  can also  be written as 
f
4   (Kr   '  v2-"!—  »  d/hQ)  = 0  if Vf  and HQ  are   taken 

as   the  repeating variables.     The  third  parameter in  the&e 

relations is  important   if  the  reflection  coefficient,   K   , 

is measured   in shallow water.    Otherwise,   the   relation 

¥   (T'     ,  HVVf T)   = 0 should  apply  and   it  is   this   relation 
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which  is  empirically determined. 

The experiments   related   to  the second   part  of   the 
study were   conducted  in a wave  flume   (ixg.3)  2'  wide, 
60'   long and   1'  deep.     With  the help of  a longitudinal 
partition^only  a narrow 6" wi$e section ol   the tlume was 
used  in  the  experiments.     This  ensured   that   the results 
were very  little  influenced by  the secondary  reflection 
taking  place frcm  the wave generator.     Five different 
materials,   i.e.,   all excepting  the first  and  the third 
one  in  the list given m Fig.4,  were used  in  this 
series of  runs.    The  following depths of water and  wave 
periods  were utilised 

d 
ft. 

T 
sees. 

d/LQ 

0.50 1.2C C 0678 

0.45 1.20 0 0610 

0.45 1.00 0 0878 
C 40 1.00 0.0543 
0.40 1.20 0.0781 
0.30 1.00 0.0586 

For each depth three aifferent wave heights were 

applied by changing the stroke of  the wave generator. 
The duration of  each  run was  on an  average  two  hours  so 
that  the  beach attained substantial equilibrium betore 
observations  were made.     The  coefficient  of  reflection, 
K  ,  was  then found by recording  the  envelope of  the wave 

system in front  of  the  beach by a movable parallel - wire 
resistance  type wave gauge  and  noting  the wave heights 

at  the node and anti-node of the wave system and  using 

these values  in  the Keulegan  formula.     Tf Hfi  and H^  are 
the wave heights  registered  at  the ncde  ana  anti  node 
respectively,   then according  to   the linear wave  theory 
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K l    -    n 

r~K1+Hn 

The resulting error in using this expression tor 

shallow water waves in tht calculation of the reflection 

coefficient is considered negligible. 

The empirical relationship between the reflection 

coefficient, K , and the parameter, H /V~T, as developed 

from dimensional considerations above is shown in Fig.9, 

This plot using ordinary scales along the two axes was 

found to be the bt-st form of representing this relation. 

The reflection coefficient reduces sharply from a high 

value of approximately 0.55 to about 0.10 as H ,AfT 

increases from 0.1 to 0.5 and thereafter K shows little 

variation ev^n when F .AfT is increased up to 2.0   The 

results of the two quartz sands fell in the range of 

H  /VfT - 0.10 to C.37 and those of walnut shell and 

plastic m the range - 0 2 to 2.0 

Pigs.7 and 8 show the same relation for the bed 

material of gram size 1 an and CJj mm respectively, 

the results for these diagrams being taken from those of 

Jig.9.  These figures have been arawn to observe the 

effect of size ana specific gravity on the reflection 

coefficient.  Within the same type of sediment, the 

smaller size showed a higher trend of values of jir. 

This is due to the reduced permeability and roughness 

magnitude.  However opposing this tendency is the fact 

that a larger quantity of the smaller size should be in 

movement and suspension for the same wave condition and 

this should lead to a reduction in the value of Rf 

indicating increased absorption of energy.  The resulting 

trend noticed in the experiments shows, however, that the 

effect on reflection of the latter factor is not so 

significant at least in the range involved, fi  change in 
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specific gravity, however, markedly effects the value of 

Kf.  If one assumes that the median diameter characterises 

the roughness magnitude as well as permeability, the 

effect of absorption of energy by the particlts in motion 

at the bottom and those in suopension can be estimatea 

by looking at the variation of Lp with h ,AfT for nearly 

the same size but different type of material.  Ihis can 

be done with the help of Figs. 7 and 8. 

Figure 10 shows the variation of the slope of the 

profile at the still water level, 8 ,   with the dimensionless 

parameter H^/V^T and Fig. 11, the variation of K.f with 6. 

The use of a less dense artificial sand leads to a 

lowering of the slope, 0.    If the slope at still water 

levpl is taken to represent the slope of the profile, the 

effect of greater ouantity of material being in motion 

and suspension at higier values of H Aj.T is enhanced 

by that due to the reduction in slope.  The slope decreases 

regularly from about 22° to 2.5° as H xAfT is increased 

from 0.1 to about 2.C. For the plastic material, however, 

the slope remains nearly the satoe with an average value 

of about 6.5°. The behaviour of this material was 

characteristically different from the rest as in 

series '. 

Fig. \t  is a logarithmic plot of slope at still 

water level versus incident wave steepness for all the 

materials.  In all cases except the plastic the slope 

is found to increase as the steepness is decreased. 

Fig. 13 is a comparison plot of the results of 

this study using a movable bed with Miche's theoretical 

values as well as those of Greslou and Mahe, empirically 

obtained , for smooth impermeable slopes at constant values 

of deep-water wave steepness.  The ran^e of values for 

wave steepness in all cases is .005 to .03  Although 
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the   total  spread   of the results  agreed  very closely  with 
Hche's  and  Greslou's  curves,  no  clear pattern of distri- 
bution of wave steepness  as  a third  parameter  could be 
noticed   in  the  case  of  the  movable bed  which includes 
the  effects of roughness,   permeability and  suspension. 

lig.14 gives   the  values  of Miche's  intrinsic 
coefficient, /   ,  plotted  as  a function of  the deep-water 
v»ave  steepness  for  the  two sizes of  quartz  sands.     lhe 

average value of  f   was found   to be 0.54 and 0.49  for 
the  larger   and  smaller  size of sand  respectively.     The 
values  of the   intrinsic  coefficient  for walnut shell ana 
plastic  were  found   to be higher than  1.00 on an average 
as   the sloDe, Q ,  produced  by   these materials were much 
lower  than  10°   and Miche's   theory was  not  applicable 
ihe variation of f with HQ1/l    follows  the same pattern 
a"   that   found   in the studies  at Minnesota for artificial 
wave  absorbers. 

Conclusions 

1.       The  criterion for   generation of a longshore bar  can 
be described   in  terms  of deep-Wcter wave  steepness  and 
the  term H /ST)      Certain combination of size  ana  specific 

fravity may  produce storm-type  profiles  at  high wave 
steepnesses  as well  as  low ones with an intermediate 

lange where   the  profiles are of summer  type. 

2 Ihe parameter H    AfT  is  very  significant  in 
determining  the   reflection coefficient of model  beaches 

formed  of noncohtsive,  movable bed material  of  fairly 

uniform  given  size  and density 

3.       The  reflection coefficient  rapidly decreases  as   the 

parameter H    /V^T  increases   and   appears   to attain a 
constant  value  of about  0.07  over   the  range  of  the 
present  experiments       It does   not  appear to  have  any 
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distinct  relationship with deep-water wave steepness. 

4. The slope  at  still-water level  is  related   to   the   term 
HQl/VfT  in a well defined  fashion.     The slope  is  affected 
to  a greater extent  by specific gravity than grain size of 
sediment.     It  is also  influenced by  the  incident wave 
steepness. 

5. The value of Hiche's  intrinsic  coefficient for 
beaches  composed  of natural  quartz  is  found   to be 0.5 
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CHAPTER 83 

STOCHASTIC ANALYSIS OF BEACH PROFILE DATA 

By Choule J Sonu and Myron H Young 
Coastal Studies Institute 
Louisiana State University 

Baton Rouge, Louisiana 

ABSTRACT 

Stochastic prediction of beach changes by means of a linear least- 
squares transfer function requires a knowledge of power spectra  Since 
most field data are too short to ensure stable analysis, an attempt was 
made to generate data artifically by a Monte Carlo simulation  A beach 
profile transition model which considers the beach profile as a dynamic 
system allows beach width, sediment storage, and surface configuration 
to be determined m successive profiles and simulates beach cycles 
associated with random waves which are in sufficient agreement with the 
actual observation  The simulated data are amenable to standard sto- 
chastic analysis to yield power spectra, cross spectra, coherence func- 
tions , and phase lags  Comparison of the results with those derived from 
actual data shows reasonable agreement  It appears that the process of 
beach sediment storage involves a combination of classes of Markov 
Gaussian random processes, whereas that of beach width resembles a white 
noise  Coupling between these two parameters occurs in the lower fre- 
quency range with periodicities longer than about 8 days  Moreover, 
the beach width shows phase advance before sediment storage  Although 
the beach profile transition model requires further refinement, especially 
m regard to quantitative response to waves of various magnitudes and 
characteristics, the basic concept of the model is sound and will probably 
explain beach changes in various types of world coasts 

INTRODUCTION 

The process of beach change is stochastic m nature  It is also 
a Markovian process m the sense that the resulting beach profile is 
partly a function of the preceding profile  Stochastic analysis is a 
well-established method in many areas of geophysics (see, e g , Blackman 
and Tukey, 1958) but has seldom been applied to the study of beach changes 
An attractive feature of this approach is the possible design of an opti- 
mum transfer kernel function which will allow linear prediction of beach 
changes as extrapolated time series (Wiener, 1956, Lee, 1960) 

A difficulty in the application of stochastic analysis to the 
process of beach change is the need for data with sufficient length 
To illustrate the length of time required to gather a meaningful data 
set, consider semidiurnal sampling intervals and let the normalized 
standard error in a power spectrum be E  This is calculated by (see, 

1341 
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e g , Bendat and Piersol, 1966) 

e = /m/N (1) 

in which m is the maximum correlation lag value and N is the total sample 
size  The relationship between the sampling interval, At, the maximum 
correlation lag, m, and the equivalent resolution band width, Be, is 

At = l/(Bg  m) (2) 

Assuming a modest 20 percent for e  and 2 x 10  cycles per hour (CPH) for 
Be, the required total sample length is 

At x N = 12 x 103 hours 

= 500 days (3) 

= 1 year 4 months 

A continuous field operation requiring such a long period of time is 
impractical, if not impossible 

To the writers' knowledge, the longest available beach profile data 
set is one representing 180 days of successive measurements by the Coastal 
Studies Institute, Louisiana State University, on an Outer Banks beach, 
North Carolina (Dolan et_ al , 1969)  However, it is evident that the data 
are still far short of the desired length 

The purpose of this paper is to explore the possibility of generating 
beach profile data of desired length by means of stochastic simulation  In 
the first step, a beach profile transition model is established which 
describes the sequence of profile changes under accretive or erosional wave 
excitation  The beach profile is defined as a system which essentially 
incorporates three parameters  beach width, sediment storage (or profile 
cross section), and surface configuration  The pathways of transition of 
the surface configuration are dictated by the accretive and erosional wave 
actions, which are simulated by random numbers  The actual values for the 
remaining two variables to assume are determined by the Monte Carlo method 
Time series of beach profiles thus generated are subjected to stochastic 
analysis  The resulting power spectrum, cross spectrum, coherence function, 
and phase lag between the beach width and the sediment storage are then 
compared with the results obtained with actual data 

DATA ACQUISITION 

The field site was located at Nags Head, the Outer Banks, North 
Carolina (Fig 1)  The coastline was relatively smooth, trended in the 
north-south direction, and faced the Atlantic Ocean on the east  Rhythmic 
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Fig 1  Location of Nags 
Head, site of field inves- 
tigation 

beach features such as lunate bars and 
cuspate shorelines occurring on this 
coast have already been discussed (Sonu 
and Russell, 1966, Sonu et al , 1966) 

Five traverses perpendicular to the 
shoreline were set up 30 feet apart 
Stakes were set at 10-foot intervals on 
each traverse over the entire length of 
approximately 200 feet between the dune 
and the shoreline  The crests of the 
stakes were initially surveyed m reference 
to a permanent datum, so that the succes- 
sive profile surveys read in rapid sequence 
the exposed lengths of the stakes  The 
accuracy of measurement of beach elevation 
was on the order of 0 01 foot 

The field investigation was conducted 
between October 1963 and May 1964  The 
profiles were measured at successive semi- 
diurnal low tides at intervals of approxi- 
mately 12 hours 25 minutes  A step- 
resistance wave gage of the Coastal Engi- 
neering Research Center, placed 400 feet 
from the shore alongside a fishing pier, 
provided data 

Figure 2 shows the cumulative distribution of these wave data, which 
were processed from 2-minute strip chart records at 4-hour intervals for 
about 6 months  Waves higher than about 4 5 feet, representing a 25 percent 
probability of occurrence, broke over the outer bar, while those higher 
than about 2 5 feet, representing a 65 percent probability of occurrence, 
broke only over the inner bar  The median wave height was slightly above 
3 feet, and the standard deviation was 1 8 feet  Wave periods occurred 
m a wide range, between 4 and 20 seconds 

Figure 3 shows the mean profile and histograms of semidiurnal ele- 
vation changes  Though there was an indication of net erosion on the 
upper beach level and of net accretion on the lower beach level, net 
equilibrium of sediment load was maintained over the entire profile  The 
higher intensity of elevation changes closer to the shoreline is indicated 
by the increase m the standard deviation with proximity to the shoreline 
Elevation changes were particularly active in an 80-foot width immediately 
next to the shoreline where the beach was washed by most of the ordinary 
waves  Only storm waves coinciding with the flood tides sent swashes 
beyond this limit 

DERIVATION OF PROFILE TRANSITION MODEL 

In many of the past studies on beach change, it was customary to 
represent the beach profile by single parameters  Thus, such parameters 
as beach width (or shoreline position relative to a fixed base line), 
beach face slope, and elevations at selected stations were singled out 
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and dealt with independently  However, such an approach fails to treat the 
beach profile as a dynamic system 

Sonu and van Beek (in press) introduced the idea that the beach profile 
may be represented as a system in which varying amounts of sediment would 
assume varying distribution patterns within the varying subaerial spaces 
To describe this system, obviously, three parameters were needed  the 
beach width (X), which represented the subaerial space m a two-dimensional 
profile, the profile cross section (Q), which represented the amount of 
sediment accommodated in the subaerial beach space, and the surface con- 
figuration (£2) , which represented the manner by which the sediment was 
distributed  For brevity, Q may be referred to as "sediment storage " 

The predominant occurrence of six major profile configurations (ft) 
was noted, as follows (see Fig 4) 
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A smooth concave profile, 
A' concave profile having a berm at the lower beach elevation, 
B smooth linear profile, 
B' linear profile having a berm at the intermediate beach elevation, 
C smooth convex profile, 
C convex profile having a berm at the upper beach elevation 

The relationship among the three beach profile parameters is illus- 
trated schematically in Figure 4  According to this diagram, accretion of 
the profile (e g , increase in sediment storage Q) is accomplished through 
either growth m beach width (X) or transformation of surface configuration 
from concave to linear or from linear to convex profiles, in either case 
involving a profile with a berm  The pathways of profile transition are 
indicated by arrows  Since the profile C' represents the maximum state of 
accretion, no further climb of a berm, hence no further accretion, would 
occur once this profile was realized 

On the other hand, erosion of the profile (e g , decrease in sedi- 
ment storage Q) is accomplished through either decrease in beach width (X) 
or transformation of surface configurations from C to B or from B to A, 
the process involving only the smooth profiles  Note that profile A rep- 
resents the maximum state of erosion, therefore, no further erosion would 
occur once this profile was formed 

*"^k 

Another interesting characteristic of the profile transition model 
herein described is that it explains the occurrence of beach cycles by 
random wave excitation, e g , without considering cyclic energy input such 
as tides  Because of the unidirectional accretive transitions through A', 
B', C', and also because of the unidirectional erosional transitions through 

C, B, and A, the beach changes in 
the long run are bound to produce a 
net loop of pathways connecting A, 
A', B', C', C, B, and back to A 
A simulated analysis to test this 
cyclic characteristic was performed 
Uniformly distributed random numbers 
were used to simulate random wave 
excitation, and the number of tran- 
sition steps needed to complete a 
cycle at each trial was counted 
Random numbers between 0 and 0 5 
were considered to represent accre- 
tive excitation, those between 0 5 
and 1 were considered to represent 
erosional excitation  A total of 
3,000,000 trials were carried out 
on an IBM 360 Model 65 computer, and 
the result is presented as a histo- 

X    gram in Figure 5  The mode, which 
represented the most frequent number 
of steps required to complete a cycle 
was located at 18  The actual ob- 
served cycle had 20 steps, showing 
close agreement with the experiment 

•  ~~Z 

"•*    Accretive change 
— -——»-   Erosional change 

Fig 4  Beach profile tran- 
sition model 
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Fig 5  Histogram of the number of transition steps to complete a 
beach cycle upon 3,000,000 trials 

DATA GENERATION 

Each of the surface configurations, A, A', B, B', C, and C', was 
represented by a linear regression relationship between Q and X, as 
follows (see Fig 6) 

For profiles A and A' 

Q = 0 45 X 

A   32 < X < 46,    29 < Q < 41 

A'  46 < X < 55,    41 < Q < 49 

For profiles B and B' 

Q =  1 00 X 

B   32 < X < 43,    32 < Q < 43 

(4) 

(5) 
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42 48 

Beach   width    X  (m) 

Fig 6  Representation of the beach profile transition model 
through linear regression relationships 

B'  43 < X < 51, 

For profiles C and C 

Q = 1 22 X 

C   32 < X < 37, 

C  37 < X < 45, 

43 < Q < 51 

39 < Q < 46 

46 < Q < 55 

The derivation of these relationships has been given elsewhere 
(Sonu and van Beek, in press) 

The first step of data generation by the Monte Carlo technique is 
to draw a random number to induce a profile transition  A number less 
than 0 5 meant accretive transition, and those larger than 0 5, erosional 
transition  In the next step, another random number was drawn to deter- 
mine quantitative measures of the resulting profile, e g , beach width X 
and sediment storage Q 

The quantitative profile was determined by using a random number 
as the proportional length in the corresponding regressive curve  A 
point thus located in the curve yielded a beach width (X) and sediment 
storage (Q) pair in accordance with Figure 6  The random number genera- 
tor was provided by the "RANDU" subroutine of the IBM scientific sub- 
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routine package  A uniform distribution-type generator was used in view 
of the nature of the problem  These steps were repeated to generate a 
succession of data in regard to X and Q  The total sample size was 
6,000, it was limited by the computer storage capacity when spectral 
analysis was performed at the same time  Figures 7 and 8 show part of 
the generated data 

It was necessary to filter out low-frequency oscillations in order 
to eliminate the underlying trend  This was done by smoothing with weighted 
running means 

n 
x (k) = i  x (k + i)  wk+i (y) 

in which 1 = -n, -n + 1,    n-1, n 

(X (j)}, j = k + i = 1, 2,    N (8) 

are the original data, and 

{X (k)}, k = n + 1, n + 2,    N-n (9) 

are the smoothed data  The weighting function W.. serves as a low-pass 
filter  Therefore, the desired time series after removal of low fre- 
quencies is obtained as 

X' (k) = X(k) - X(k) (10) 

k = n + 1, n + 2,    N-n 

Note that the sample size has now reduced to N - 2n 

Figure 9 shows the response characteristics of the weighting func- 
tions  An equal-weight smoothing function is a constant for all j's, e g , 

W = l/(2n + 1) (11) 

j=n+l,n+2,    N-n 

However, the range of summing, n, may vary, e g , n = 10 and 30  As shown 
in Figure 9, the equal-weight filter with a larger range of summation n = 
30 gives a cutoff at lower frequencies, thus saving a greater portion of 
the higher frequencies for analysis than the filter using n = 10  This 
advantage is gained only at the expense of a larger amount of data, lost 
because the data length is reduced to N - 2n (N - 60)  Note also the 
prominent peaks, which exceed unity, followed by rippling effects, which 
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Fig 9  Frequency response characteristics of various high-pass 
(smoothing) filters 

may produce corresponding false peaks in the power spectrum  It is also 
known that the equal-weight function produces polarity reversal in the 
filtered data (Holloway, 1958)  These problems may be overcome by using 
a binomial weighting function  But, as seen in Figure 9, a cutoff at a 
sufficiently low frequency cannot be expected without a large n, hence a 
considerable reduction m the data size  After repeated trial-and-error 
calculations it was decided to use an equal-weight filter with n = 10 and 
a binomial filter with n = 61  Figures 10 and 11 show the real data and 
the filtered data, respectively, using the binomial filter for sediment 
storage 

DATA ANALYSIS 

Table 1 shows the frequency resolution fe and the Nyquist frequency 
fc for the real and the simulated data 

Table 1  Frequency Resolution F and Nyquist Frequency fc 
for the Real and Simulated Data 

f 
e 

f 
c 

Real data 0 0156 0 0402 

Simulated  data 0 0003 0 0402 

The power spectrum, cross spectrum, coherence function, and phase 
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80 160 240 
x     Semidiurnal     period     {12   4 5     hours) 

320 360 

Fig 10  Original real data, the beach sediment storage Q, 
shown with the binomial low-pass filtered data m thick line 

lag calculations in the present study are essentially the same as des- 
cribed by Blackman and Tukey (1958) and Bendat and Piersol (1966) 
However, the Fast Fourier Transform (FFT) program by Cooley and Tukey 
(1965) is used to improve the accuracy of calculation as well as to 
reduce computational time (see also Rothman, 1968) 

The autocovariance function at the k-th lag is given as 

R (k) 
N-k 

Z       X(i)   X(i + k) / R(0) 
1=1 

(12) 

The one-side power spectrum can be calculated as a Fourier transform 
of the autocovariance function, 

kf        r       m-1 , -i 
G (—-) = 2 At  R(0) + 2  Z R(k) cos (—) - (-1)K R(m)        (13) m        L       x=1 

m J 

The FFT subroutine  computes  the values within  the brackets       For 
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Fig 11  Real data upon subtraction of the binomial 
low-pass filtered data from the original data (n = 61) 

stochastic representation, the final estimates are smoothed by Hannmg's 
equation (see Blackman and Tukey, 1958) 

The coherence function and phase lag of beach width and sediment 
storage are calculated by first obtaining the cross covariance functions 
between the time series data of X and Q 

*XQ  (k "> " F^k   Z ,  XnQn + k 
n = 1 

(U) 

V (k 4t) = FH N Z ,  Vn + k n = 1 
(15) 

The cross spectral function GXQ(f) is then obtained from the 
cospectrum and quadrature spectrum, which are the Fourier transform of 
the modified functions of the above cross covariance functions Ryn and 
RQX  These relations are given in equations (18) through (22) 

•XQ 

GXQ(f) CXQ(f> JDXQ(f) (16) 
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in which CxQ(f) is the cospectrum, D^nCf) is the quadrature spectrum, 

and j = /-l  They are related to the cross covariance functions as 

k f . 

W m   " 2 At A + 2 F A cos (—) + (-l)k A 
o      ,1      m m 

1=1 
(17) 

k f        m-1 
D
YO(^T^> 

= 4 At E B-, Sln ^> (18> XQ m _  l      m 

where A and B are the modified cross covariance functions 
l     l 

Ai  = 1/2 (^ (i At) + R  (lAt)) (19) 

Bi = 1/2 (1^(1 At) - RQX(i At)) (20) 

2 
Finally, the coherence function y^ and the phase angle <jv can 

be obtained 

2 
k fc     2 fc fc 

2  CXQ ( m } + DXQ ( m ) ,„,.. 
Yk =     If  kf  (21) 

k f 

•k = tan"1 (XQk
m
f ) (22) 

The Monte Carlo method requires repeated trials of data generation 
and analysis so that the end product may be evaluated through the central 
limit theorem  In the present study, the results of the initial several 
trials were so similar to each other that no further calculation was 
pursued 

INTERPRETATION 

Figure 12 shows the power spectrum for Q  The real-data spectrum 
using an equal-weight filter and one using a binomial filter show peaks 
in the spectral density at 0 003 and 0 008 CPH, respectively  A gross 
peak is also located near 0 010 CPH in the simulated power spectrum 
using a binomial filter  However, all these peaks are spurious since 
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Frequency xlO 3, hour ' 

Fig  12  Power spectrum of Q (sediment storage) 
Data smoothed with equal-weight filter (n = 10), 
with binomial filter (n = 61), simulated data using 
binomial filter, and simulated data with no smoothing 

they represent the effect of low-frequency cutoff by the high-pass filter 
used (see Fig 9)  The true spectrum for the actual sediment storage Q 
is very likely to be a smooth curve which has no prominent peak but 
attenuates monotonically toward high frequencies (see Fig  17, case 1) 
This type power spectrum was indeed obtained from the simulated data m 
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which no high-pass filter was applied  (The ripples are probably the 
result of intrinsic noise in the simulation process ) 

The minimum number of transition steps necessary to complete a beach 
cycle is six, representing a frequency of 0 013 CPH  The majority of beach 
cycles take more steps than six, which corresponds to frequencies shorter 
than 0 013 CPH  The most probable number of steps is 18, which gives a 
frequency of 0 0067 CPH  In Figure 12 beach cycles shorter than 0 013 CPH 
indeed constitute the major part of the simulated power density  Note 
particularly that a peak appears at 0 005 CPH, which is equivalent to a 
16-step simulated beach cycle and hence approximates the observed 20-step 
beach cycle of the Teal data reasonably well  This peak is especially 
noteworthy because of its occurrence in the frequency range where the 
response has been considerably reduced by the high-pass filter 

There are smaller beach cycles in the analysis  For example, the 
four-step cycles through A, A', B', B, and A or through B, B', C', C, and 
B represent a frequency of 0 0201 CPH  The two-step cycles through A, 
A', and A, through B, B', and B, or through C, C, and C represent a fre- 
quency of 0 040 CPH  However, they fail to comprise a significant level 
of power spectral density 

The discrepancy between the actual and the simulated power spectra 
of Q is due mainly to the fact that in the simulation the profile transi- 
tion was only allowed to take either erosional or accretive pathways, 
disregarding the third possibility, in which the profiles would remain 
unchanged  As a result, the variability was exaggerated in the simulation, 
leading to a larger value of power density (CJ2)  This discrepancy may be 
adjusted as the interaction between the profile and wave characteristics 
is better established 

Power spectra for the real-data beach width X are shown in Figure 
13  Both an equal-weight filter and a binomial filter are used in the 
analysis  The density concentration is found in the frequencies below 
0 015 CPH, which corresponds to a period of 60 hours or a five-step 
transition period  Although the binomial filter allows only 40 percent 
or less response for this frequency range, the filtered spectra reveal 
peaks at 0 012 CPH as well as at 0 005 CPH  The 0 012 CPH frequency 
corresponds to a period of about 83 hours or a 6 7-step transition period 

The simulated power spectrum for X, on the other hand, is quite 
inconsistent  Repeated calculations using different random numbers showed 
that individual peaks in this power spectrum were fortuitous Therefore, 
they may average out only if a long record can be simulated in the analy- 
sis  The general trend of the simulated power spectrum for X strongly 
suggests a similarity to a white noise spectrum, which characterizes a 
consistent power density level for all frequencies  It is not immediately 
clear why the beach width should behave so differently from the sediment 
storage 

Figure 14 shows coherence functions between the beach width X and 
the sediment storage Q  The real-data coherence functions are obtained 
by using both equal-weight filter and binomial filter  Both curves show 
a high level of coherence  About 50 percent coherence is found for 
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Fig 13  Power spectrum of X (beach width)  Data smoothed 
with equal-weight filter (n = 10), data smoothed with bi- 
nomial filter (n = 61), and simulated data 

frequencies below about 0 005 CPH, which is a region where the beach 
width power spectrum displays a peak density  The coherence drops 
sharply to less than 20 percent at higher frequencies, which means that 
the coupling between the beach width and the sediment storage is basic- 
ally a low-frequency phenomenon with periodicities of 8 days or longer 

A discrepancy with the above results is noted m the simulated 
coherence function  Here, the coherence is low at low frequencies and 
high at high frequencies  A probable explanation for this may be 
revealed from the following considerations  The beach process is 
basically a response to a weather regime which will change gradually 
with periodicities of several days  Consequently, following "persis- 
tence" m natural processes, the beach width change will essentially 
be a gradual process in which the effect of the preceding profiles 
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Fig  14  Coherence function for X and Q  Data smoothed 
with equal-weight filter (n » 10), smoothed with binomial 
filter (n = 61), and simulated data 

will persist for some time  In the data simulation, the effect of per- 
sistence was taken into consideration in the transition of surface 
configurations but not in the successive values of beach width and 
sediment storage  These parameters were determined by random numbers 
not influenced by their preceding values  Consequently, the coupling 
effect with periodicities on the order of the weather influence may not 
be expected  The high coherence at high frequencies in the simulated 
coherence function is not important because the power density In the 
corresponding frequency range is extremely low 

Figure 15 shows phase lags m the correlation between the beach 
width and the sediment storage  In the real data, the sediment storage 
lags behind the beach width m the low-frequency region, where a coher- 
ence coupling between the two parameters exists  At somewhat higher 
frequencies, however, this relationship is reversed, and eventually the 
phase difference disappears at frequencies higher than about 0 020 CPH, 
which corresponds to 2 days or less m period  In the simulated data, 
the phase lag of the sediment storage also lags behind the beach width 
However, it appears at a much lower frequency than that of the real data 
It is then followed by a reversed relationship and eventually reduces to 
a zero phase difference at frequencies higher than 0 020 CPH 

DISCUSSION 

Dynamic beach transitions are Gaussian processes in nature  There- 
fore, these random processes deserve special attention for two reasons 

1  They approximate reasonably well a number of experimental 
data involving noise and random phenomena 
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Fig 15 Phase lag for X and Q Data smoothed with 
equal-weight filter (n = 10), smoothed with binomial 
filter (n = 61), and simulated data 

2  They arise from "multidimensional central limit theorem and, 
therefore, [are] of theoretical significance as an idealiza- 
tion of the superposition of small effects" (Bendat, 1958) 

In the present case, a Markovian feature must also be considered, 
since according to the profile transition model the successive profiles 
are products not only of either accretive or erosional wave excitation 
but also of the preceding profile  Thus, a Markov Gaussian random process 
may possibly explain beach profile changes  According to Doob (1953), the 
stationary Markov Gaussian random process requires an exponential auto- 
covariance function and hence necessarily a power spectrum of the form 

G(f) 
2k   
¥ f4 + 2(k2 

2     2    2 
f + (k + c ) 

2, ,2 , .. 2 ,  2,2 
c)f +(k +c) 

(23) 

in which parameters k and c are obtained by a curve fitting the auto- 
covariance function in the low lag region, e g , 
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R (x) = 
-k T (24) 

Figure 16 shows the approximation of the real data autocovariance function 
fitted by equation (24), m which c = 0 048 CPH and k = 0 024 CPH  Accord- 
ing to Bendat (1958), two types of power spectrum may result, depending 
on the relative size of 3c2 and k.2 (see Fig 17)  With the above values 
for c and k, it is obvious that 3c2 > k2 for the sediment storage, hence 
the power spectrum of Q must have a peak density, contrary to the actual 
case  Moreover, for the theoretical power spectrum the power density is 
inversely proportional to f2, e g , 

G(f) (25) 

whereas m the present case 

G(f) <* f -1/3 (26) 

Real   data   covanance    binomial   smoothing   Q 

 R = e-kw cos c 
k=0 024 
c = 0 048 

Fig 16  Autocovariance function of the real data Q compared 
with the theoretical covanance function for Markov Gaussian 
random process 
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Case 2 

3c!>k! 

Fig  17  Two cases of power spectrum for Markov 
Gaussian random process (after Bendat, 1958) 

The reason for this discrepancy is not immediately clear, but it seems 
possible that the actual example represents the superposition of two or 
more case 1 and/or case 2 situations 

The time series simulation by means of a Monte Carlo technique, 
as demonstrated m this paper, appears to be reasonably successful 
Areas of needed improvement are the interactions between waves and 
beach profiles   "Accretive" and "erosional" wave excitations, which 
are simulated by random numbers m the present study, need further 
clarification  According to Sonu and van Beek (in press), erosion of 
the beach profile is associated with a period of growth of waves, while 
accretion is associated with a period of wave decay  This relationship 
is more pronounced than the generally acknowledged effect of wave steep- 
ness  In fact, it is noted that waves of the same steepness could cause 
either erosion or accretion, depending on whether they occurred during 
growth or decay of a wave field  The basic mechanism controlling this 
relationship is not known  Also unknown is the extent of beach change 
as a function of wave energy  In the simulation study, it is assumed 
that each wave excitation would cause only one step of profile transi- 
tion  More precisely, the number of steps per semidiurnal period (the 
speed of beach change) should vary by types of profiles as well as by 
waves 

The beach profile transition model, while requiring further 
refinement, appears to be basically sound  It is likely that various 
regional coasts may be represented by different regression areas in the 
Q-X plane  As indicated schematically in Figure 18, a type I coast may 
be found in an embayed coastline with a flat slope receiving little 
lateral supply of sediment, a small change m sediment balance may 
seriously affect the shoreline positions  A type III coast may be, on 
the other hand, a steep beach sufficiently close to the source of sedi- 
ment supply so that it requires a large amount of sediment movement to 
cause appreciable dislocation of the shoreline  A type II coast is a 
typical ocean-exposed sandy coast, while type II' is exposed to limited 
fetch, such as on a lake or an inland sea  With accumulation of data, 
it is hoped that a generalized picture of beach profile transition model 
for various regions may be constructed in the entire Q-X plane 
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Type! 

Type II 

Sediment  storage 

Fig 18  Suggestion for a  generalized beach pro- 
file transition model for different types of 
coasts 
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CHAPTER 84 

FIELD STUDY OP SURATHKAL BEACH 

P.  Suryaprakasa Rao*    & P. Kassim ** 

ABSTRACT 

Beach profile observations and sediment sampling were 

carried out for six months at frequent intervals to study 

the seasonal changes of the beach.  Iht study is helpful in 

bringing out the qualitative and quantitative changes of the 

beach under varying wave and tide conditions. Useful in- 

formation is obtained and presented regarding i) the 

maximum rate of erosion 11) the total quantity of material 

eroded iii) the critical wave steepness values which 

changed from depositing to eroding nature and iv) the 

sediment characteristics of the beach. 

INTRODUCTION 

This paper presents the results of a six month 

(February to August 1969) field study of the seasonal 

profile changes and sediment characteristics of a natural 

sand beach at Surathkal. 

*  Assistant Professor of Civil Engineering, Kamataka 
Regional Engineering College, Surathkal (India) 

** Lecturer, T.K.M. College of Engineering, Quilon (India) 
Formerly post graduate student at Karnataka Regional 
Engineering College, Surathkal (India) 
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Surathkal beach is on a straight reach of the West 

Coast of India facing the Arabian sea at a distance of 20 Km 

north of Mangalore.  The beach material is well sorted sand 

having median diameters in the range of 0.2 to 0.4 mm. The 

climatic conditions on the coast repeat annually with 

remarkable regularity and uniformity. The beach is exposed 

to relatively uniform swells of low steepness arriving with 

crests parallel or nearly parallel to shore during fair 

weather season when the beach is built up.  During the 

monsoon period, the wave height and the wave steepness are 

increased and the beach is eroded.  The average tidal range 

is about 1 metre. 

Beach erosion problems exist along some stretches of 

West Coast of India and the information obtained from this 

study could be useful in planning shore protection measures. 

FIELD MEASUREMENTS AND OBSERVATIONS 

i) Beach profiles:- 

A stretch of beach of 200 metres length was selected 

for study and observation. Three cross sections, 100 metres 

apart, were marked by constructing two pillars for each 

section.  The pillars were constructed on the storm berm 

where the waves do not normally reach. The line joining 

the three pillars nearer the water line was taken as the 

base line. 

Levelling was done using a precise level along the 

three cross sections on the portion of the beach exposed at 
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low tide between the base line and the water line.    Ihe 

beach elevations given in the various figures are with 

respect  to an arbitrary datum.    Profile measurements were 

done at intervals of 3 to 9 days,  the interval depending 

on the magnitude of the changes that occured.    A total of 

33 measurements were made during six months.    Surface 

sediment samples at various points along the profiles were 

collected during some of the observations. 

li) Wave and Tide datat 

Wave data was obtained from the wave records of the 

offshore subsurface pressure type wave  recorder installed 

by the Mangalore Harbour Project authorities at Panambur 

about  10 Km.  south of Surathkal beach.    The waves were 

recorded for 15 minutes at 3 hour intervals during fair 

weather season and at closer intervals during monsoon 

period. 

Ihe maximum recorded wave heights and  the correspond- 

ing periods for each day were available from the records. 

Ihe maximum surface wave heights for each day were 

computed by using the corresponding pressure response 

factors. 

For the periods of considerable changes in the beach 

profiles,  the continuous wave records for the days were 

studied and representative strips, each of 15 minute 

duration, were analysed to find out the mean wave heights 

and  the average periods.    Ihe surface mean wave height was 

computed and the corresponding deepwater mean wave height 
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had the same value as this because the shoaling and 

refraction coefficients were both nearly equal to unity 

for the prevailing conditions.  The deepwater mean wave 

steepness was computed using the deepwater mean wave 

height and the deepwater wave length corresponding to the 

average period. Visual observations were also made to 

study the type and location of the breakers and width of 

surf zone. 

the tide data was obtained from the tide recorder 

installed by the Mangalore Port authorities at Mangalore. 

The tidal range can be taken to be the same at Mangalore 

and Surathkal. 

RESULTS OF STUDY 

i) Seasonal beach profile changes:- 

The period of study covered two distinct portions of 

the year. One was the premonsoon fair weather season upto 

middle of May when the beach was still being built up by 

processes of deposition which commenced at the end of the 

previous year's monsoon. The second one was the monsoon 

period from middle of May to August when the beach was 

eroded. After August the beach would again slowly start 

building up. The climatic conditions on the Coast repeat 

annually with remarkable regularity and hence the 

corresponding beach processes are also more or less 

repetitive in nature. Thus the study included the period 

when the beach process changed from depositioual to 

eroding nature and the period when the total erosion 
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occured. 

Typical beach profile changes at one of the three 

cross sections are shown in figure 1. upto about the middle 

of May, the beach was subjected to long period waves of 

low steepness and was being built up. The maximum wave 

height was less than one metre and the mean wave steepness 

was less than 0.002. The height and width of the summer 

berm increased to a maximum and the berm had a slope 

towards the land. 

Fig.2 shows the beach profile changes during the 

period of erosion from middle of May to August. It is not 

as if there was continuous erosion during the period. 

There were periods of deposition in between but the net 

effect was one of erosion. The complete summer berm was 

progressively eroded. 

During the latter half of May there was a graaual 

increase in the maximum wave height from less than one 

metre to about 1.75 metres. The mean wave steepness also 

increased from about 0.002 to 0.003 and above as shown in 

fig.4. This is the period when the beach erosion has set 

in as can be seen from the beach profiles on 20th and 28th 

May in fig.2. Therefore the critical deepwater mean wave 

steepness value which changed the wave action on the beach 

from depositing to eroding nature lies between 0.002 and 

0.003. 

The maximum rate of erosion occured during the 

period 28th May to 5th June. The beach profiles at one 
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of the sections are shown in fig.3.    Similar profile 

changes occured at all the three cross sections.    During 

this period the maximum wave height increased to about 2 

metres;   the mean wave steepness increased to 0.004$  and 

this happened to be the spring tide period with an 

increased tidal range.    It was computed from the three 

cross sections that,  on an average,   15.8 metres width of 

berm was removed and  18.65 cu. metres of material per 

metre length of beach was eroded during this period.    Ihis 

gives a maximum rate of erosion of 1.18 cu.metres of 

material per sq.metre change in beach surface area in one 

week (i.e. 0.143 cu yds/ft2/*eek) 

Fig.5 shows two profiles at one of the cross sections. 

One profile corresponds to the stage of maximum deposition 

and the other one  to that of maximum erosion.    From 

similar profile changes at the three sections,  the total 

quantity of material eroded during the season was an 

average of 74 cu. metres per metre length of the beach and 

the average width of beach eroded was 31 metres.     One 

sq.metre of change in beach surface area equals 2.39 cu. 

metres of beach material eroded (i.e.     1 sq.ft.  of change in 

beach area equals 0.3 cu.yds.of material eroded).    This, 

it may be observed,  is a much smaller value compared to 

other exposed beaches in the world. 

From such profile changes as shown in fig.5 it was 

also found that the active zone of the beach,  the material 

of which partook in the beach processes, was confined to 
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a depth of about 3 metres. 

Figs.6 and 6(a) show the profile changes at two of the 

cross sections.  The beach profiles appeared to oscillate 

in response to a tidal cycle of about a month's duration. 

The profiles did not repeat exactly as the wave characteris- 

tics had not remained the same throughout the period. 

Cusps were found to form on the beach during periods of 

deposition as well as erosion. Ihey always formed during 

the neap tide periods and disappeared during the subsequent 

spring tides.  The spacing of the cusps along the beach was 

regular and varied from 27 to 45 metres.  The spacing of the 

cusps and the level difference between the valley and the 

ridge of the cusp formation increased with increase in wave 

height, 

ii) Sediment Characteristics: 

The median diameter of the beach sand was between 0.2 

and 0.4 mm. The dune sand was finer than that on the berm. 

The sands on the duties, berms and the foreshore were all 

well sorted with the sorting coefficient lying between 1.1 

and 1.4. The grain size distributions were nearly 

symmetric with the skewness values lying between 0.9 and 

1.1. There was no regular variation of median diameter with 

depth at a point on the beach and also along the beach at 

various points. 

Relationship between grain size (median diameter in mm) 

and the foreshore slope on which it was resting is shown in 

fig.7. The curve is inserted in a similar plot given in 
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reference number 1 for comparison with other coasts. Sand 

of a given size within the range of 0.2 to 0.4 mm stands on 

a steeper slope on this beach. 
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CHAPTER 85 

SEASONAL BOTTOM CHANGES 

BOLINAS BAY, CALIFORNIA 

J W Johnson 
University of California 

Berkeley, California 

ABSTRACT 

Five bottom surveys over a period of a year were made in the north 
portion of Bolmas Bay, California  Comparisons between successive sur- 
veys permitted an evaluation of the areas and depths of scour and fill 
with the seasons and were correlated with littoral current measurements 
Data for a 22-year period also were available on the position of the 
mean high-tide line over a limited length of beach  These data showed 
a cyclic variation of the position of the high-tide line with the season 
with the most variation from year to year occurring during the spring 
months 

INTRODUCTION 

In connection with a comprehensive study of the environment of a tidal 
lagoon, the inlet, and the adjacent ocean area at Bolinas, California (1)* 
numerous beach and bottom surveys were made at various times m the north- 
ern part of Bolinas Bay  The portion of Bolinas Bay in which repeat sur- 
veys of the bottom were made is shown in Figure 1  These surveys covering 
a year were made m May, August, and December in 1968, and in April and 
May in 1969  Five beach ranges were established along Stinson Beach by 
the Corps of Engineers m 1961 and profiles were determined in March and 
August of that year (Fig 1)  They were resurveyed in March and April 
of 1969 by the California State Lands Commission  The State also estab- 
lished the location of the mean high tide line and several beach profiles 
along a 600 ft length of the beach on numerous occasions since 1948 
(Fig 1)  Twenty-seven surveys which were made during the years 1948- 
1970, inclusive, provide important information on seasonal profile 
changes on this semi-exposed beach  Wave data, observed simultaneously 
with the bottom and beach surveys, were obtained from a bottom pressure- 
type wave gage as well as visual observations of wave height and period, 
littoral currents, and beach characteristics at Bolinas and Stinson 
Beach 

WAVE CONDITIONS 

The most important factors in the movement of sand in the nearshore 
area are wave action and tidal currents  Information on these factors 

*See References 
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Figure 1  Location map, Bolinas Bay 

m Bolinas Bay is provided by data obtained from a wave gage operated by 
the Bolinas Harbor District and visual surf observations made at the 
Stmson Beach State Park and at Bolinas for the Coastal Engineering 
Research Center (2)  Figure 1 shows the locations of these stations 
The visual observations are of course not as accurate as the wave gage 
data on height and period, but there is considerable additional informa- 
tion such as wave direction, wave type, wind data, direction and strength 
of littoral current, beach-face characteristics, tide conditions, etc 
These data are of importance in the discussion below on the character 
and extent of sediment movement in the nearshore area of Bolinas Bay 
For ready accessibility, the available data from the Coastal Engineering 
Research Center on wave period and the direction and strength of the 
littoral current have been plotted m Figures 2 and 3 for the Stmson 
Beach and Bolinas stations, respectively  It is evident from these two 
figures that there are extended periods of time when the littoral cur- 
rent prevailed in one direction  For example, during the period of 
February to June, inclusive, m 1969 the littoral current at Stinson 
Beach was generally in a southeast direction with a reversal in direc- 
tion occurring only on about 15 days 

BOTTOM SURVEYS 

To obtain a measure of the seasonal bottom changes in the offshore 
area each survey made between May 17, 1968 and May 16, 1969, inclusive, 
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was compared with the next following survey and the depth of scour or 
fill was noted on an overlay  These overlays were then contoured to 
give areas and depth of scour and fill occurring between the two dates 
These comparison maps are shown in Figures 4-7, inclusive  Thus, 
Figure 4 is the result of comparing a survey made toward the end of the 
winter season (May 17, 1968) and a survey well into the summer season 
(August 21, 1968)  The differences in depths between surveys are all 
minus, that is, depths m August were all deeper than in May  As will 
be shown below in connection with beach changes this indicates that sand 
is moved generally from the offshore area to create a fill on the beach 
face during the summer  This onshore movement is also illustrated by 
the fact that the 30 ft depth contour is closer inshore m August than 
in May 

Figure 5 shows a comparison between the summer survey of August 21, 
1968 and the survey of December 19, 1968 which is at the beginning of 
the winter season  An area of scour occurred near the entrance of 
Bolmas Lagoon, but a general fill occurred over the remainder of the 
area surveyed, with the largest fill occurring near the surf zone— 
probably such material was removed from the beach face and deposited 
immediately offshore by early winter storms  As a result of this general 
fill the position of the 30 ft depth contour in December was further off- 
shore than in August 

Figure 6 shows a comparison between the winter survey of December 19, 
1968 with a survey taken on April 15, 1969 which was toward the end of 
the winter season  This map shows a general scour of one to two feet 
in April compared with December  A deep area of scour occurred immedi- 
ately offshore of the lagoon entrance  Areas of fill occurred on the 
west and northeast sides of the area mapped  As a result of the general 
scour the position of the 30 ft contour m April is slightly further 
inshore than in December 

Figure 7 shows a comparison between two surveys taken a month apart 
(April 15 and May 16, 1969) in the transition period from winter to 
summer conditions  A slight filling occurs m the offshore area, a con- 
siderable fill at the lagoon entrance, and a scour area on the westerly 
part of the area surveyed  Because of the limited coverage by the April 
survey, it is not possible to determine the source of the sand which 
filled much of the area represented by this map, however, it is possible 
that this sand has been shifted laterally from the west to the east as 
a result of the change in wave direction from the southwesterly direc- 
tion in winter (April) to the more northwesterly direction at the begin- 
ning of summer (May) 

That sand may be shifted laterally within Bolmas Bay is evident in 
Figure 8 which shows a comparison of the positions of several depth con- 
tours as they existed on May 17, 1968 and on May 16, 1969  Examination 
of this figure shows that the area opposite the entrance to Bolmas 
Lagoon has been filled generally by May 1969 compared with the May 1968, 
that is, over most of the area the May 1969 contours are seaward of the 
positions of the contours in 1968  On the other hand, at the easterly 
end of the map shown in Figure 8, a region of scour has occurred, that 
is, the 1969 contours are generally shoreward of the 1968 positions 
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This indicates that, between the 1968 and 1969 surveys, sand appears to 
have been shifted northward from Stinson Beach into the north end of 
Bolinas Bay  Wave conditions and tidal currents in the coming year could 
possibly be of a character that the material would be shifted back m an 
east and southerly direction  It should be recognized in the compari- 
son maps discussed above (Figs 4-8) that the actual depths of scour and 
fill are subject to some sounding error, but the areas of scour and fill 
show no randomness and are consistent with seasonal changes as generally 
observed elsewhere 

Other data which provide information on the general movement of 
sediment in the entire Bolinas Bay are presented in the following chap- 
ter by Wilde and Yancey in which heavy minerals are utilized as tracers 
The reader is referred to that paper for details on procedures and con- 
clusions  Other supplementary data on sediment movement in Bolinas Bay 
resulted from sand tracing studies along the beach face as obtained by 
the U  S Geological Survey in connection with investigations of sedi- 
mentation and hydrology in Bolinas Lagoon (3)  This study involved the 
placement of fluorescent-dyed sand on the beach at both the town of 
Bolinas (Brighton Avenue) and the Stinson Beach State Park and then 
periodically detecting the direction of movement away from the source 
by use of an ultraviolet lamp  Placement of sand at both localities was 
made on July 23-24, 1968 and then periodically sampled until late October 
1968 when the dyed material either was completely scattered and buried 
or the dye strength had been greatly reduced 

The results of these limited and qualitative tests showed that at 
Bolinas the movement of sand was always eastward toward the entrance of 
Bolinas Lagoon, but no material ever crossed the lagoon entrance to the 
Stinson spit  Although the surf observations summarized by the Coastal 
Engineering Research Center showed a general westerly littoral current 
in this same locality during the period of the sand tracing studies 
(Fig 2), it is possible that the tidal currents into Bolinas Lagoon 
rather than wave generated littoral currents were instrumental in gen- 
erally moving sand eastward along the beach at Bolinas 

In the case of the Stinson Beach State Park studies it was found 
that the dyed sands were moved in both the southeasterly and northwest- 
erly directions, with some material being detected about one and one- 
half miles northwesterly up the beach two months after initial placement 
of the dyed sand  This might be expected upon examination of Figure 2 
which shows that a northwesterly littoral current prevailed over most 
of the period, (August and September), following the start of the tracer 
tests 

BEACH CHANGES 

It has long been established that beaches exposed to wave action 
undergo changes to their profiles throughout the year because of the 
seasonal changes in wave characteristics (4,5, and 6)  One of the most 
important factors in determining the character of a beach profile is 
the ratio of wave height to wave length—a factor commonly referred to 
as the "wave steepness " During extended periods of low wave steepness, 
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low berms usually are built on the foreshore with very steep profiles on 
the beach face, and bars and underwater berms immediately offshore tend 
to disappear or become discontinuous  During periods of high wave steep- 
ness (storm or winter conditions) the beach face becomes less steep and 
the offshore underwater bars become more pronounced 

In the case of the beaches along Bolinas Bay the seasonal changes 
in their characteristics are less well defined than in the offshore area 
This lack of beach data is primarily due to the difficulties and hazards 
of making accurate bottom surveys in the surf zone—especially during 
winter storms  It is to be noted that the hydrographic surveys used in 
preparing Figures 4-7, inclusive, were not made closer to shore than 
about the 8 ft depth contour  The data on seasonal beach changes are 
therefore confined to the beach profiles made by (a) the University of 
California (6) and (b) the Corps of Engineers in 1961 (7) and repeat 
surveys of these ranges by the California State Lands Commission in 1969 
The location of the Corps' ranges is shown in Figure 1  Surveys by the 
State Lands Commission to determine the position of the mean high-tide 
lines over a limited length of the Stinson spit for the period 1948 to 
1970 are of importance in evaluating beach changes in Bolinas Bay 

To provide an accurate measure of the seasonal fluctuations of the 
width of the beach at Stinson spit the data on the position of the mean 
high-tide line, as determined by the State Lands Commission and other 
sources on twenty-seven occasions from 1948 to 1970, are of considerable 
value  To obtain information on the position of the mean high-tide line 
the distance from a base line to the high-tide line was measured and 
plotted as shown in Figure 9 for the appropriate day of the month 
There is an obvious cyclic pattern with the seasons as to the position 
of the high-tide line, but no precise relationship obviously exists 
because of the variation of intensity of wave attack that undoubtedly 
occurred from year to year  An upper and lower envelope has been drawn 
on Figure 9 to enclose the plotted points  Inspection of this plot 
shows that the position of the mean high-tide lines is more variable 
from year to year during the spring months than during late summer and 
fall  The distance between envelopes, during the spring may amount to 
as much as 50 ft, and the beach at the mean high-tide line is approxi- 
mately 150 ft wider in summer than in winter  The surveys of the five 
Corps of Engineers ranges showed an average difference in width of about 
100 feet between winter and summer conditions at the mean high-tide 
level (7) 

Of importance in connection with Figure 9 is the magnitude of the 
mean monthly wave height for the California coast as shown in Figure 10 
This figure, plotted from data compiled by Galvin et al  (1969), shows 
that the time of occurrence of the lowest mean monthly wave height 
occurs at about the same time (August) as does the time when the beach 
on Stinson spit (Fig 9) is the widest, that is, the beach is widest 
when the wave steepness is the lowest 
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Figure 10  Mean monthly wave heights for the California 
coast  From data for 31 station years com- 
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SUMMARY 

1 Five bottom surveys made in 1968-69 of the northern part of 
Bolinas Bay show an offshore-onshore movement in the depths between 8 ft 
and 35 ft below MSL as a result of varying wave conditions with the 
seasons  A survey in May 1969, when compared with a survey one year 
earlier in May 1968, shows an accretion in the northern part of Bolinas 
Bay and a scouring of the shoreline southward along the Stinson spit 

2 Repeat surveys at five ranges located along the Stinson spit 
show a seasonal change with the seasons, that is, the beach averages 
about 100 ft greater in width during the summer compared with the winter 
Repeat surveys of the location of the mean high-tide line at one location 
on Stinson spit over a period of several years (1948-1970) shows a cyclic 
position of the high-tide line with the season with the most variation 
from year to year occurring during the spring months 
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CHAPTER 86 

SEDIMENT DISTRIBUTION AND   ITS   RELATIONS 
TO CIRCULATION PATTERNS   IN  BOLINAS   BAY,   CALIFORNIA 

1 2 
P    Wilde     and  T    Yancey 

ABSTRACT 

Grain size and heavy mineral analyses of 6 cliff, 12 beach, and 44 
marine sediment and rock samples from Bolmas Bay and its surrounding 
drainage area were done as part of a long term study of sediment trans- 
port on the continental shelf off Central California 

Sediments in the bay are predominately very fine sands  Some 
samples, particularly adjacent to Duxbury Reef on the west, have a coarse 
sand to pebble component  The primary mode of the marine samples is in 
the range 088 to  125 mm, whereas, the primary mode for beach material 

is from 175 to 25 mm  The range of median diameters of the marine 
samples is from 07 to  14 mm  The median diameters show a trend of de- 
creasing grain size seaward parallel to the depth contours except opposite 
the entrance to Bolmas Lagoon where a tongue of relatively coarser ma- 
terial cuts across the depth contours  The range of other statistical 
parameters are (1) sorting coefficient 1 10 to 1 41, (2) skewness 0 83 
to 1 18, and (3) kurtosis 0 15 to 0 32 

Our sediment studies indicate 

(1) The heavy mineral assemblage is predominantly green hornblende 
with secondary amounts of hypersthene and augite  Glaucophane and 
jadeite occur in locally high concentrations near shore 

(2) The pattern of distribution of the heavy minerals shows (a) a 
tongue of high concentrations of minerals with a granitic source extend- 
ing northwest from the San Francisco Bar, (b) flanked on the north and 
northeast by increasing landward concentrations of Franciscan metamorphic 
minerals 

(3) The major source of heavy minerals is the San Francisco Bar 
Secondary contributions come from Bolmas Lagoon and the adjacent cliffs 

(4) The circulation in the Bay is primarily counterclockwise, 

produced by a combination of wave refraction around Duxbury Reef and the 
tidal Coast Eddy Current  The tidal influence, however, of Bolmas Lagoon 
is restricted to about one mile from the lagoon mouth  Circulation 

1 P Wilde, Department of Civil Engineering, University of California, 
Berkeley, California 

2 T Yancey, Department of Paleontology, University of California, 
Be.keley, California 
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patterns in the Bay greatly influence the sediment distribution 

(5)  The annual sediment flux m Bolmas Bay is about 300,000 cubic 
yards  The bottom sediments in the Bay are apparently in quasiequilib- 
rium 
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This report summarizes a comprehensive study of Bolinas Bay sedi- 
ments given m Isselhardt and others, 1968, 1969, and Wilde and others, 
1969  Bolmas Bay is a parabolic shaped embayment of the Pacific Ocean 
at the southern tip of the Point Reyes Peninsula, ten miles north of 
the entrance to San Francisco Bay (Fig 1)  Bolinas Bay is bounded 
(1) on the north by the Bolmas Cliffs, (2) on the northeast by Sea Drift 
Spit, the barrier bar at the entrance to Bolinas Lagoon, (3) on the east 
by the Mann County Coast Ranges, (4) on the south by the Pacific Ocean, 
and (5) on the west by the shoals of Duxbury Reef  The long axis of the 
bay points towards Bolinas Lagoon and is oriented about N 40°W along the 
submarine trace of the San Andreas Fault 

FIG   I 
INDEX   NAP 

Samplo   La il « i 
P ettnt   to voy   H**lh« dt C I960 

*    Moo o DB  1903 
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The land area in the drainage adjacent to Bolinas Bay can be divided, 
east to west, respectively, into three topographic regions, (1) Bolinas 
Ridge which extends northeastward from Mount Tamalpais to Tomales Bay, 
(2) the San Andreas rift zone of rolling hills, sag ponds, and Bolinas 
Lagoon, and (3) the Bolinas Plateau with Duxbury Reef, a wave cut bench 
at the base of the western edge of the plateau (U S G S 7§ minute quad- 
rangle Bolinas sheet)   The mam feature of the Bolinas region is the 
conspicuous rift valley of the San Andreas Fault, which is prominently 
expressed by Bolinas Lagoon   In Bolinas Bay it can be traced, less con- 
spicuously, in the submarine contours  This rift separates structural 
blocks of greatly different geological composition, as well as acting as 
a focus for drainage within the region 

Depth contours in Bolinas Bay generally are sub-parallel to the 
shore line (Fig 1)   Bay bottom gradients are steepest on the eastern 
side near Rocky Point where the 10 fathom line lies one-half mile off- 
shore   The contours diverge to the west where adjacent to Duxbury Reef 
the 10 fathom line is one and three-quarters miles offshore 

Two submarine channels heading southeast downslope can be traced 
seaward of 7 fathoms  These channels are aligned with the northwest- 
southeast trend of the San Andreas Fault  The channels empty into a 
depression lying between Bolinas Bay and the north rim of the San Fran- 
cisco Bar (Potato Patch Shoal) 

Changes in bathymetry with tidal fluctuations apparently are limited 
to a small region with an offshore bar just seaward of the entrance to 
Bolinas Lagoon (Ritter, 1969)   Seasonal depth changes are being studied 
now by comparison of various precision depth surveys of the bay  Pre- 
liminary results (Johnson, 1969) indicate that seasonal depth changes 
also are limited to shallow nearshore regions near the entrance to the 
lagoon 

Tides 

The Bolinas area has a mixed tide like San Francisco Bay, with a 
maximum range of 8 feet from higher high water to lower low water 
(Ritter, 1969, p  13) 

Currents 

Open Ocean Currents  The major offshore current off the central 
California coast is the southwesterly flowing California Current which 
is the eastern return gyre of the clockwise circulation pattern of the 
North Pacific (Reid and others, 1958, U S Hydro, 1947)   During the 
winter months a coastal northward flowing current called the Davidson 
Current (Reid and Schwartzlose, 1962) interposes itself between the coast 
and the California Current  The Davidson Current flows during the peri- 
ods of maximum water runoff and erosion (Hendricks, 1964) on the adjacent 
land areas  Thus, the Davidson current probably carries a significant 
load of suspended sediment in a northward direction along the coast 
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Tidal Currents  The most apparent water movements m Bolinas Bay 
are tidal, complicated by the configuration of the coastline and the 
inputs of the tidal prisms of both Bolmas Lagoon and San Francisco Bay 
Strong non-surging currents have been encountered by scuba divers near 
station 1627 (R Zelwer, 1968, personal communication) in about 70 feet 
of water, which indicates tidal rather than wave produced currents  The 
Coast Eddy Current (U S Coast Pilot, no 7, 1968, p 152), a feature 
of the San Francisco Bay tide, flows north and counterclockwise north of 
the San Fiancisco Bar into Bolmas Bay 

Longshore Currents  Longshore curients develop in response to the 
prevailing west northwest swell (Fig 2)   Refraction of the waves about 
Duxbury Reef would produce a northerly drift north of the Golden Gate 
Northwesterly longshore currents within Bolinas Bay is suggested by the 
orientation of Sea Drift Spit across the mouth of Bolinas Lagoon  Drift 
measurements by dye drops (rhodamine B) and floating rubber balls by the 
U S Geological Survey (Ritter, 1969, p 30), and by milk bottle caps 
(Brown and Caldwell Consulting Eng , 1961) indicate counterclockwise drift 
in the eastern portion of Bolmas Bay 

Geology 

The Bolinas Bay drainage area is at the southern edge of the Northern 
Coast Ranges and is divided by the San Andreas rift zone into two distinct 
geological provinces (Fig 3)   The eastern section noted topographically 
as Bolmas Ridge consists entirely of Franciscan Formation rocks except 
for recent alluvium in stream valleys   In the Bolmas Bay drainage area 
the Franciscan consists of undifferentiated sandstones, chert, serpentine, 
and diabases  Feldspathic sandstone is the most abundant rock type 
(Gluskoter, 1962) 

The area to the west of the San Andreas fault is in the Salmian 
Quartz Diorite province, although no granitic type rocks crop out in the 
Bolinas Bay drainage, such rocks are found nearby at Point Reyes, Tomales 
Point, and Bodega, and presumably are the basement rocks in the Bolinas 
area  Two Cenozoic formations, the Monterey and the Merced, form the sur- 
face exposures, except for patches of recent alluvium, over the entire 
Bolinas Peninsula  The Merced Formation, found as a thin band parallel 
to the fault, consists of fine grained, friable sandstones and siltstones 
with small amounts of fossiliferous sandstone and pebble conglomerates 
The Monterey Formation is the most extensive unit found on the Bolinas 
Peninsula and forms the rapidly eroding cliffs extending from Duxbury 
Reef almost to the Bolinas Lagoon entrance  The Monterey rocks are pre- 
dominately tan to gray mudstones, silty mudstones, and siltstones with 
occasional lenses of sandstones 

The San Andreas rift zone is a jumbled mass of rock composed of 
slivers from formations on both sides of the zone  The fault is active 
and displacements of one foot veitically and 8-14 feet horizontally were 
recorded in the Bolinas area from the 1906 earthquake (Lawson, 1908, 
p 70, 84)   In fact, the epicenter of the 1906 earthquake was located 
near Bolinas Bay on the Pt  Reyes Peninsula 
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GEOLOGY OF THE  BOLINAS BAY REGION 
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For more detailed information on the geology of the Bolmas area, 
see Weaver (1949), Gluskoter (1962, 1969), Galloway (1966), and Bailey 
(1964) 

Grain Size Properties 

The statistical parameters, median grain size, and sorting coeffi- 
cient are derived from data presented in Isselhardt and others, 1968 
The average of median gram size for the bay sediments is about 0 10 mm 
or fine sand, with extremes at 0 40 mm medium sand to 0 07 mm very fine 
sand  The median gram size generally decreases seaward paralleling the 
depth contours  Figure 4 shows variations of this trend as two lobes of 
coarser sediment extending (1) seaward from Rocky Point and (2) from the 
mouth of Bolmas Lagoon, and a band of finer grained sediment on the 
western margin of the bay next to Duxbury Reef  Topographic and bathy- 
metric irregularities produce the Rocky Point and Duxbury Reef anomalies 
Wave agitation around Rocky Point prevents fine material from depositing 
While on the protected lee side of Duxbury Reef, finer particles may 
settle out  The lobe of coarser material near the mouth of Bolmas 
Lagoon presumably is a product of tidal action  Coarser sediment is 
carried seaward by the strong tidal currents measured by Ritter (1969) 
exiting the lagoon  Winnowing by tidal reversals prevents settling of 
finer material here 

(hard, C IW8 

WjjN\ 
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Values of the sorting coefficient indicate all the samples are well 
sorted, with the expected gradient of poorer sorting seaward  The gra- 
dient is greatly masked by sample to sample variation, but deep samples 
have values of 1 20 or greater while shallow samples have values usually 
less than 1 20  The best sorting m the bay is associated as expected 
with the entrance to Bolmas Lagoon and with Hocky Point  The sorting 
roughly shows the same pattern as the median gram size, but much less 
clearly  In Bolmas Bay the sorting of the sediments is primarily a 
function of the gram size of the sediments, m both deep and shallow 

water 

Contours of weight percent heavy minerals (Fig 5) also gives strong 
indication of bottom currents flowing between the lagoon entrance and 
deeper water  The major trend is a linear concentration of heavy miner- 
als aligned from the entrance to Bolmas Lagoon to the center of the bay 
It extends between and connects the two tongues of coarse sediment noted 
on the median gram size chart, and apparently is caused by tidal currents 

i $  mp|«   L tali 
\ P «>*nt  i  r «y   l«»elh   dt C 1768 

*    M D.B  1963 
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Mineralogy 

The heavy mineral assemblages reveal two discrete suites   (1) m a 
mid-bay tongue typified by green hornblende and hypersthene, and (2) 
along the shore characterized by glaucophane and jadeite  Figure 6 shows 
the relative proportion of the two mineral suites m each sample plotted 
as a function of distance from shore  These data plotted on a map 
(Fig 7) describe three zones   (1) off shore, for sediments of the 
hornblende + hypersthene suite, (2) near shore, for samples with a glauco- 
phane + jadeite assemblage, and (3) at intermediate distance from shore 
where the two suites are mixed 

Provenance 

Potential sources for the sediments of Bolmas Bay are 

(1) Webb Creek drainage, which empties directly into Bolmas Bay, 

(2) drainage area of Bolinas Lagoon, with sediment transported 
from the lagoon into Bolinas Bay by tidal action, 

(3) sea cliff erosion of cliffs between Duxbury Reef and the town 
of Bolinas, 

(4) San Francisco Bar, with sediments transported into Bolinas Bay 
by northward flowing bottom currents, 

(5) rocks north and south of Bolinas Bay - sediments brought into 
the bay by longshore drift 

Webb Creek, draining Franciscan terrain, is the only stream that 
empties directly into Bolinas Bay  Sediments in Bolmas Bay adjacent to 
the mouth of Webb Creek contain high concentrations of glaucophane and 
jadeite, a typical Franciscan mineralogy, indicating a flow of Webb Creek 
sediments into the bay 

The mineralogy of bottom sediments in the lagoon (Helley, in Ritter, 
1969) indicates that Pine Gulch Creek, the largest creek, principally 
contributes Monterey shale sediments to the lagoon, which is mixed with 
the contribution from the smaller streams with exclusively Franciscan 
drainage  As a result, Bolinas Lagoon sediments are dommantly of 
Monterey shale fragments, while containing a heavy mineralogy character- 
istic of Franciscan Formation sediments 

The Bolinas Cliffs are actively eroding and supply large amounts of 
sediment to Bolmas Bay annually  Helley (in Ritter, 1969) cites an 
annual rate of cliff erosion of 2 3 feet per year (determined by A J 
Galloway)   The sea cliffs fronting on Bolinas Bay are 7000 feet long 
and are at least 120 feet high, and would give an annual yield of sedi- 
ment of 72,000 cubic yards  The cliffs are composed mostly of Monterey 
shale, with lesser exposures of Merced Formation near the town of 

Bolinas 
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The San Francisco Bar, to the south of Bolinas Bay, contains a very 
large reservoir of uncon&olidated sediment, part of which is brought 
into Bolinas Bay by tidal currents  Sediments of the San Francisco Bar 
are characterized by higher concentrations of augite and hypeisthene 
than are found in marine sediments to the northwest or south (Moore, 
1965)   The source of the hypersthene is the volcanic rocks and volcanic 
sediment of the Central Valley drainage area (Hall, 1965)   Part of the 
sediments in Bolinas Bay are characterized by similar high concentra- 
tions of augite and hypeisthene and thus are probably derived directly 
from the San Francisco Bar, carried by the northward flowing Coast Eddy 
Current (U S Coast Pilot, No  7, 1968, p 152) 

The San Francisco Bar is formed of sediment brought to the Pacific 
through the Golden Gate from the Central Valley drainage area  U S 
Geological Survey estimates (in Hoimn and Schultz, 1963, p 4) of the 
sediment entering San Francisco Bay are from 7 2 to 9 6 million cubic 
yards per year  Table 1 shows the rates of sedimentation of San Fran- 
cisco Bay and Bar for the past 101 years (Homan and Schultz, 1963) 
With the present rate of sedimentation, 2 9 to 5 3 million cubic yards 
of sediment per year passes through the bay and off the Bar  A portion 
of this volume must move north into Bolinas Bay by northward flowing 
currents 

The sea cliffs south of Bolinas Bay, between Rocky Point and Point 
Bonita, are a possible source for sediments in Bolinas Bay  However, 
sediment entering Bolinas Bay from this source would be carried northward 
by longshore drift,which would be blocked or directed seaward by the 
irregular shoreline, and its character would be masked by mixing with 
the San Francisco Bar sediments  Duxbury Reef acts as a barrier to 
sediment movement into the bay from sources north of Bolinas Bay  The 
reef forms a continuous barrier on the sea floor extending about two 
miles out into the ocean and acts as a baffle which traps sediment, or 
as a barrier to deflect it to the south  The reef completely blocks 
sediment movement into the shallow part of Bolinas Bay from the coastline 
to the northwest, and probably keeps it out of the bay entirely 
Figure 7 shows these mineralogic trends 

Sediment Regime 

Sediment Sources  The data from mmeralogical studies presented in 
this report permit us to distinguish two major and one minor source (s) 
of sediment for Bolinas Bay  A fourth source, of nondiagnostic mineral 
composition, is known from studies of sea cliff erosion  The first source 
is Bolinas Lagoon, which supplies sediment of a distinctive heavy mineral 
composition characterized by glaucophane and jadeite  Bolinas Bay sedi- 
ments near the entrance to Bolinas Lagoon are of this composition, and 
there is a limited eastward dispersal of sediment from this source 

The other major source is the unconsolidated sediments of San Fran- 
cisco Bar, south of Bolinas Bay, characterized by hornblende and hyper- 
sthene  Sediments derived from this source cover a large area in the 
southeast and central portions of the bay, m areas of the bay closest 
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to the bar  Sediment from the bar enters Bolinas Bay from the southeast, 
and is mixed with sediment from other sources  This sediment is moved 
into the bay by bottom currents in the deeper parts of the bay, in depths 
probably of 50-80 feet, where topographic gradients are low  This sedi- 
ment does not enter the bay by longshore drift, and does not enter depths 
that lie within the regime of the surf zone (approx 0-30 feet) 

A third, and minor, source of sediment is Webb Creek near Rocky 
Point  Sediment with a Franciscan glaucophane-jadeite mineral composi- 
tion enters Bolinas Bay at this place, and is spread a short distance to 
the north, west, and south of the point  The limited and equal distribu- 
tion of sediment from Webb Creek shows that sediment bypassing around 
Rocky Point, from either the north or the south, is relatively unimpor- 
tant  As a result, longshore drift on a long term basis is unimportant 
in sediment movement in the vicinity of Rocky Point  This supplies fur- 
ther evidence that sediment transported into Bolinas Bay from the San 
Francisco Bar enters through the deeper portions of the bay, outside the 
surf zone 

A fourth source of sediment, although indistinguishable by heavy 
mineral content, is present m the northwest corner of the bay  The sea 
cliffs between the town of Bolinas and Duxbury Reef are rapidly eroding 
at the present and deliver sediment directly into the bay  The relative 
importance of this source cannot be determined on the basis of heavy 
mineral data, but estimates of 72,000 cubic yards of erosion per year 
indicate that this is a major source of sediment 

Sediment Transport  The sedimentary budget of Bolinas Bay is a 
function of (1) the volume, size distribution, and entry point of 
material introduced into the bay, and (2) the volume, size distribution, 
and exit areas for material leaving the bay  Within the bay these sedi- 
ment fluxes are governed by (3) bottom currents which distribute the 
sediment, and (4) the bottom configuration which modifies the hydraulic 
regime causing transportation or deposition of sediment m a given area 
The above four factors also, at least in part, are time dependent, some 
seasonal like the volume of stream discharge, or semi-diurnal like tidal 
fluctuations of the bottom currents  However, Johnson (1969) has shown 
that the changes m bottom configuration are limited to shallow areas 
near the mouth of the lagoon  Therefore, the mmeralogic distributions 
shown in this report probably are valid for the generalized annual pic- 
ture for the entire bay 

Sediment Budget  As noted in the section on provenance, the major 
source of the sedimentary cover is San Francisco Bar  Secondary to this 
is the sediment from Bolinas Lagoon, and of least importance is Webb 
Creek  For the Bolinas Cliffs the rate of retreat of the cliffs is 
known, and volumes of sediment can be roughly determined 

As cited earlier in this report, the Bolinas Cliffs are presently 
eroding at a rate of 2 3 feet per year  Computing the area of cliff 
face subject to erosion, the resultant sediment yield to the ocean is 
determined to be approximately 72,000 cubic yards per year 
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Ritter (1969) made measurements of the amount of sediment trans- 
ported through the mouth of Bolmas Lagoon for one complete tidal day, 
a period of 25 hours, on October 24-25, 1967  Most of the sediment was 
moved during the major ebbtide, and the resultant of all portions of the 
tidal cycle was a net removal of about 330 tons of sediment from the 
lagoon for a 25 hour period  Projecting this over a full year, and using 
a density of 79 pounds per cubic foot, which Ritter (1969) determined to 
be the average density of sediments in Bolmas Lagoon, the resultant is 
a sediment yield of about 32,500 cubic yards per year  This figure is 
used as a minimum value of yearly sediment yield  The measurements were 
made at the end of the California dry summer season, when sediment yield 
is low  High sediment yields are associated with periods of high water 
runoff during the winter, which our calculations do not allow for, al- 
though it may be counterbalanced to a small degree by dry summer months 
with a lower sediment yield  A safe estimate would be an average of about 
50,000 cubic yards per year 

No data on the amount of water flow, or suspended sediment content 
is available for Webb Creek, so an estimate of the sediment yield is 
made on the basis of the areal distribution of sediments derived from 
this source in the sediment cover of Bolinas Bay  A rough estimate of 
between 1,000-10,000 cubic yards per year can be made on this basis 
Sediment yield of Webb Creek is augmented by sea cliff erosion of Rocky 
Point, which may provide as much, or more, sediment as Webb Creek proper 
In any event, this source is not a major source of sediment to Bolinas 
Bay 

An estimate of the volume of sediment entering Bolinas Bay from 
San Francisco Bar can be made from the computed volume of sediment 
passing over San Francisco Bar  Sediment is transported over the bar 
at a rate of 2 9-5 3 million cubic yards per year  Assuming a fairly 
even radial dispersal off the bar, about 20% of this total will move 
towards Bolinas Bay, or about 800,000 cubic yards per year  Assuming 
that 25% of this amount will actually reach Bolinas Bay, with the re- 
mainder moving into deeper water, the resultant total is 200,000 cubic 
yards of sediment per year  Comparing the relative areal distribution 
of sediment in Bolmas Bay from each source, with a standard of about 
50,000 cubic yards of sediment per year from Bolmas Lagoon, 200,000 
cubic yards per year is a reasonable estimate of sediment yield to 
Bolmas Bay from San Francisco Bar 

Estimates of sedimentary inputs into Bolinas Bay are summarized 
in Table 1 

Figure 8 shows postulated sediment flux and non-tidal currents 
for the end of the winter season in Bolmas Bay  As seen m Fig 7, 
the orientation of the heavy mineral provinces is not adequately ex- 
plained by the non-tidal currents m Bolinas Bay  This is particularly 
true for the lobe of high hornblende-hypersthene emanating from the 
Potato Patch Shoals of the San Francisco Bar  The influence of the 
tides m governing the sediment distribution in Bolinas Bay is postu- 
lated as a two step process 
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Table 1  Estimated Annual Sediment 
Influx into Bolinas Bay 

Source 

Bolinas Cliffs 
Bo 1 mas Lagoon 
Webb Creek 
San Francisco Bay 

TOTAL 

Volume 

72 , ,000 cu yards 
32 ,500 cu yards 

1-10 ,000 cu yards 
200 ,000 cu yards 

Authority 

rate from Galloway 
Ritter 
this report 
estimation Holman & Schutz 

314,500 
315,000 cubic yards/year 

ANNUAL SEDIMENT FLUX 

• y   l*« lh» dt C I9A8 
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I  During flood tide in the lagoon (Fig  9) , the How of water 
and entrained sediment to the northwest is at a maximum as (a) the 
Coast Eddy Current, (b) the Davidson Current, (c) longshore drift by 
wave refraction around Duxbury Reef, all act in consort with the in- 
coming tide m the lagoon  Apparently the axis of transport is directed 
approximately along the 50 foot (8-9 fathom) line as shown by the orien- 
tation of the hornblende-hypersthene lobe 

II  During ebb tide in the lagoon (Fig 10), the outflow from the 
lagoon combines with or produces the southwest return gyre of the Coast 
Eddy Current, which is reinforced to the southwest off the tip of 
Duxbury Reef by the California Current  The leading edge of the counter- 
clockwise gyre, (a) entrains material from local sources which mixes with 
lagoonal material from the ebb tide on the southwest side, but (b) main- 
tains on the inner side of the gyre the compositional integrity of the 
sediment brought from the San Francisco Bar  The gyre thus produces a 
northwest oriented lobe of San Francisco Bar material surrounded on three 
sides by sediments from local source areas 

The above models are based on an input from various sources of 
315,000 cubic yards annually to Bolmas Bay (Table 1)   Johnson (1969) 
has shown that the bottom configuration in deeper water does not change 
throughout the year  Thus, theie is no net aggradation-degradation in 
Bolmas Bay  This implies quasi-equilibnum with a balancing outflow 
of approximately 315,000 cubic yards annually  With sediment added 
along the counterclockwise gyre (a) from the southeast from the San 
Francisco Bar, (b) from the northeast from Webb Creek, and (c) from 
the northwest from the lagoon and cliff eiosion, the logical exit is 
to the southwest to deeper water on the shelf  This is indicated on 
the bathymetry map by (1) the steep seaward gradients in the channel 
adjacent to Duxbury Reef, and (2) two small channels emptying into the 
embayment which separates the bay from Potato Patch Shoals 
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ABSTRACT 

In order to establish the mechanics of sand transport in an air or water 
stream, the mechanics of saltation of sand grains should first be considered 
In sand storms, most of the saltating sand grains on a granular bed have suc- 
cessively continued the saltation motion  In this paper, such a saltation motion 
is defined as successive saltation  A theoretical approach to the saltation of 
a single sand grain on a fixed granular bed is proposed on the basis of the 
equations of motion for the saltation and the dynamic characteristics of collision 
between a saltating sand grain and bed sand grains  Some experiments of the suc- 
cessive saltation of a single sand gram on a fixed granular bed were carried 
out to compare with the theoretical relationships  It was verified from the 
comparison that the theoretical relationships of the height and distance of sal- 
tation of a sand gram are in fairly good agreement m substance with the results 
of experiment 

INTRODUCTION 

One of the crucial problems in the mechanics of sediment transport by 
wind is to establish the mechanics of the motion of sand grains near the bed 
In 1941, Bagnold published a famous book entitled "The physics of blown sand 
and desert dunes", and investigated the motion of sand by wind defined as sal- 
tation and surface creep  Although many investigations have been conducted 
since then, the mechanics of the motion of sand grains have not yet been es- 
tablished completely  In 1951, Kawamura proposed an excellent theory of sand 
movement by wind based on the equation of motion of a sand grain by applying the 
drag force acting on the sand gram to the equation of motion but neglecting the 
virtual mass force since the force is usually very small compared with the drag 
force  Recently, Owen studied the mechanism of saltation of sand grains by wind 
to discover the velocity profile m a saltation layer and the rate of sediment 
transport 

On the other hand, in the case of water streams, m 1964 Yalin first es- 
tablished a theory of saltation of a sand gram by taking into consideration the 
uplift force acting on a sand grain, as measured by Einstein and Sammi and by 
Chepil and proposed a formula for the rate of sediment transport  And after 
that Kishi and Fukuoka recently carried out a basic experiment on the first sal- 
tation of a single spherical particle from the beginning of movement in a tur- 
bulent stream and modified Xalm's theory of saltation by taking into consider- 
ation the virtual mass force  The authors also conducted the same experiments 
as those done by Kishi and Fukuoka to make clear the mechanism of successive 
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saltation of a single sand grain from the beginning of motion and other basic ex- 
periments on the motion of sand grains in bed load  In addition the authors pro- 
posed a theoretical approach to the motion of sand grains, namely the sliding or 
rolling motion and the saltation motion, based on a different concept of the 
motion of a sand grain from the theories of Talin and of Kishi and Fukuoka  In 
the theory there are two types of motion of a sand gram which has begun to move 
from the rest condition  The first one is defined as the rolling motion includ- 
ing the sliding one and the second the so-called saltation motion which the gram 
skips for a distance  With regard to the transition from the rolling motion to 
saltation it was pointed out from the photographs and the direct observations of 
motion that the gram always begins saltation after rolling for a certain distance 
And it was concluded from the theory that the rolling distance is a function of 
the flow intensity and the ratio of the density of gram to that of fluid and that 
the distance dereases rapidly with the increase of flow intensity and of the 
density ratio  With regard to the hydrodynamic forces acting on a sand gram of 
which the size is large, both the drag and virtual mass forces were applied to 
the establishment of the equation of motion of a sand grain, because the so-call- 
ed uplift force is considered to be very small compared with the drag force as 
measured by Chepil and calculated by Iwagaki 

In this paper, a modification of the theory is made based on the fact that 
the rolling and sliding motion do not exist m the case where sand grains are 
transported by wind and an application of the theory to the saltation of sand 
grams by wind is presented in comparison with some results of experiments on the 
successive saltation of a sand grain on a fixed granular bed 

THEORT OF THE SALTATION OF A SAND GRAIN 

(l) Equation of Motion 

Since the Reynolds number becomes very high in the motion of a sand grain 
in general, the quadratic law for drag forces is applicable to the equation of 
motion  It is assumed that the size of the grain is so large that the effect of 
turbulence on the motion is not taken into consideration  Although the hodograph 
space can be used in establishing the equation of motion, the equations are as- 
sumed to be established m the vertical and horizontal directions respectively, 
because the saltation height is assumed not to be very high compared with the 
saltation distance  Neglecting the Basset term which is one of the virtual mass 
forces, the equation of motion of a sand grain can be written as 

dW/dt- T (3/4)CD W'l(»//>+M2)d-(.alp-\)g/(alp+1/2) 

(1) 
dU/dt=(.3/4)CD (.u~UY/(a/p+\/Z)d 

in the vertical and horizontal directions respectively, m which W is the verti- 
cal velocity component of the sand(grain, U the horizontal component, C_ the 
drag coefficient, d the diameter of the gram, g the acceleration of gravity, t 
the time and o" and f   the densities of the gram and fluid respectively  And 
u in Eq (l) denotes the velocity in a saltation layer which is a function of the 
ordinate 

Let the following dimensionless quantities be introduced into Eq (l) 
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r -{CD/(«/IO + 1/2)}(»**/<0 
(2) 

in which u    is the shear velocity and the  solution under the initial condition 
that f = V    and 0 = U    at   <C = 0 becomes 

If -K{(W0/K) -frinAr }/{l + (Wa/K)tanKr 

(3) 

in the upward motion of the sand gram  And the solution for ¥ in the downward 
motion under the initial condition that ¥ = 0 at T' - 0 becomes 

-Xtan(/f- ) (4) 

in which fC '  is the same expression as <c   Therefore, the velocity components ^ 
and U just before arriving at the bed can approximately 

(5) 

In the case where the velocity in a saltation layer u is assumed to be con- 
stant because the saltation height is very small,  further integration of Eq    (3) 
under the initial condition that   $(= x/d) = % (= z/d) = 0 at <C = 0 yields 

#=-(2/3H(<r/p + l/2)/Gi.}log{l + (Jiy.K') > -Q/Z)«o/p + l/2)/Cr,}{Wt/K)   . 
I (6) 

Z. = (4/3){(<r/p + l/2)/Cz,K2air„//f -\og\2(.u-0,)W,/K'+\\} j 

in which H is the saltation height, h  the distance, H = H/d and h = L/d 

(2) Collision and Rebound of a Saltatmg Sand Grain on Bed Grains 

Fig 1 shows a schematic diagram for the collision and rebound of a sand 
gram in which V and V denote the velocity vectors of saltatmg sand gram and 
the other notations are shown m the figure  Making some assumptions, the con- 
servation law of momentum m the vertical and horizontal directions yields 

— eViCosCy — a) = V cos(ff — /3 — f) 

} 
(7) 

in which e is the coefficient of rebound 
of a saltatmg sand gram  Introducing 
the quantities 

ViCosa~U)    Vr
1sma = Wi    Kco^—tt 

Ksiiy-fP„  y, = -»',cota = (,,Jfr,(ai<0) 
W-ffoCotjS   5»',(3>0) 

JP, = »7»*   P, = £/,/»»    m = »Va», 

(8) 

the relationships between the velocity 
components just before and after the 

Fig 1 Schematic diagram for collision 
of sand gram 
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(9) 

collision can be expressed approximately as 

0,-eO, ) 

I^o-*(*iPj+J1B
f,}/[»,+»I(^1/i71)) i 

m which j,=(i+c)tanr 6j-(l-etan!r) and J,-=(tanV-<0 

(3) First Saltation 

In this paper the first jumping motion of a sand gram from the rest con- 

dition is defined as first saltation  In the sand movement by wind the rolling 
or sliding motion scarcely ever occurs  The friction force in the equation of 
motion can be neglected because the sand grain always begins to saltate just 
after the collision on a neighboring sand gram  Therefore the equation of motion 
of a sand grain for the motion from the rest condition to the saltation can be 
written as 

dV/dt-CVmCs/Wp+irndKu -U Y (10) 

m which IT' is the horizontal velocity of the gram and u' the velocity near the 
grain which may be affected by the velocity of fluctuation and assumed to be u = 
u'/u#  The integration of Kq (lo) wi~Kh  "the initial condition that U' = 0 at t = 
0 yields 

U /«* = (3/4)»»r/fH (3/4>r) (11) 

tany=30,e=05,k=42 

From Eq (ll) the relationship for the change of velocity with the distance under 
the assumption that <c is very small can be expressed approximately as 

V /«*-n/2(*A0W/U +l/2(*A0iV) (12) 

m which N-(3H){Ci>/(,a/p+i/Z)) 

As described already, making the assumption that the sand gram begins to 
saltate just after the collision on a neighboring sand gram from the rest con- 

dition, the value of x/d m Eq 
(12) is assumed to be that x/d 
se 1  Since the initial velocity 
of the gram for the first sal- 
tation can be estimated, putting 
the velocity into an approximate 
expression of Eq (6) for (V0/K)

2 

« 1, the saltation height can be 
expressed approximately as 

#s (1/2)|S>A.!( O/p H/2)) 

|2W/(1 VViNYWW'Kc/p-Dgd} 

(13) 

m which  ft = W0/U0 and A    = u 
By the  same means the calculation 
for the  saltation distance can 
also be made 

(4)     Successive Saltation 

Although the successive 
Fig    2   Changes of initial velocity 0f 
sand gram in successive  saltation 
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saltation can be calculated by Eqs (5), (6) and (9) as seen in Fig 2, the veloc- 
ity components of the saltating sand gram become constant after several salta- 
tions  Such a saltation is defined as the stationary saltation of which the veloc- 
ity components in the vertical and horizontal directions are expressed by Vg and 
U respectively 

Assuming that the sand gram has alternately taken saltation and rebound 
keeps the stationary velocity at the k-th step in saltation, the relationship can 
be obtained as 

Ut0 = Pu   Wt, = Qu    Ux ,,-Utn-Pu   Wt it-Wtt-Qu (14) 

Transformation of Eq    (14)  using Eqs     (5),   (6)  and  (9) yields approximately 

ir,-;[Ci+<!)-V(r=e)!+2(i-«)/ [i(u/io )]«/2 

£/,=•[(!+«)-v'(i-«)'+2a-«)/f;i.«/iO>) W2       J 
(15) 

According to Eq (15), it is seen that the values of V and Us are real, 
since e = 1 in general, and then the roots in the equation also are real  As 
seen from Eq (15), the condition that ¥g = Us = 0 can be written as 

ut'A«/o-l)gd-(,2/3Xl/Cs')i(X-e)/eiu'i (16) 

which is generally different from the so-called critical flow intensity 

It is concluded from the above description that the sand gram moving 
downstream, repeating saltation and rebound alternately, reaches a certain sta- 
tionary velocity after several steps of successive saltation in the case where the 
flow intensity is larger than the critical one expressed by Eq (16) and that the 
initial velocity components m the vertical and horizontal directions in station- 
ary saltation are expressed by Eq (15) 

Although the height and distance of saltation of a sand grain are formu- 
lated by Eq (6) m connection with the initial velocities, without loss of gener- 
ality, for simplicity, the following relationships can be used under the assump- 
tions that (¥0/K)2«l and 2(u-U0)W0/K

2 « 1 

H- (2/3)t(a/P + i/2}/cD KW,/Ky 

L-(8/3){{alp + l/2)/Cz, !(tWo/ifO 
(17) 

Putting Eq (15) into Eq (16), the relationship of the height and distance 
of saltation with the flow intensity and the condition of the granular bed can be 
written approximately as 

Hm-0-/e){(.a/p + \/2)/CD)X lil+t) -V(i-«)!+2U-«)/«»/tf) \V(M/K1 

L„-(2/3) {(»/,>+ 1/2VC;, ]«(!+«) -V(l-ey+20-e)/V(u/IO*iy(u/Ky 
(18) 

in which H denotes the mean values of saltation height and 1^ the mean values of 
saltation distance  From Eq (18), the value of a can be expressed as 

i-4  (Hm/Lm) (19) 
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which is an empirical constant to be determined by the experimental results for 
the mean values of height and distance of saltation 

(5) Distributions of Height and Distance of Saltation 

Although the distribution characteristics of the saltation height and dis- 
tance of a sand gram generally depend upon the characteristics of the velocity 
fluctuation of a sand gram just before and after its collision with bed grains, 
the dispersion characteristics of the angle of collision and the effect of turbu- 
lence on the motion of the grain, it is assumed that the distribution of height 
and distance of saltation is affected only by the characteristics of the velocity 
fluctuation 

From this point of view, assuming that the density functions of the hori- 
zontal velocity of a sand grain both in first and stationary saltations f,(u) and 
f^(U) can be expressed respectively by the Gaussian distribution m the form 

/•(») -(l/v'2;<'»)exp{-(<,-,,„)V2».,l (20) 

for first  saltation and 

/.(0) - (l/v2rXlAOexp (- «?- U,y/2aL'} ( 2l) 

for stationary saltation, in which g-   and <Tjj are the standard deviations of the 
dimensionless horizontal velocities u and U respectively and are assumed to be 

"'"•    01 =M    f-const (22) 

and iL is the mean value of 11, assuming that the relation between the horizontal 
and vertical velocities can be expressed generally by ¥ =>U, the density function 
of the saltation height can finally be written after some transformations as 

/tff;-(i/2V2r)(iA VJffi;>*p(-( VB- V8~D*/2l'«~) (23) 

for both first and stationary saltation  Similarly the density function of the 
saltation distance can finally be expressed as 

/(r)-a/2V2r)OA vz£„expf-( V£- Vt»)'/2t'r»1 (24) 

EXPERIMENTS OP SUCCESSIVE SALTATION OF A SAND GRAIN 

(l) Experimental Apparatus and Procedure 

A wind tunnel, 21 6 m long, 0 75 m wide and 10m deep was used in order to 
make clear the characteristics of successive saltation of a sand gram on a fixed 
granular bed  Properties of grains used in the experiments are shown in Table 1, 
m which f0  is the density of water  Paths of saltation of a gram from the 
rest condition were photographed with a 16 mm high speed camera under various con- 
ditions of wind and the film was analyzed with a film motion analyzer  Wind velo- 
city profiles in the wind tunnel were measured with a hot wire anemometer and the 
shear velocity was estimated by the wind velocity profiles measured based on the 
logarithmic law of velocity profile 
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Table 1 Properties of grains used m the experiment 

1423 

Kind of grains Diameter d cm Specific gravity or/j>0 

sand 0 225 
0 184 
0 144 

2 624 
2 523 
2 474 

seed 0 184 
0 144 

1 155 
1 155 

(2) Results of Experiments 

Fig 3 shows some examples of the successive saltation of sand grains and 
seeds respectively obtained in the experiment  From the results of the experi- 
ment the saltation angle /? shown in Fig 1 were measured  Fig 4 describes the 
relationship between the angles in each step of saltation and the flow intensity 
in which f),,   (3„  and /9-j are the saltation angles in the first, second and third 
saltations respectively  It can be found that the angle of the first saltation is 
mostly independent of the flow intensity and is approximately 40 degrees 

<f=0225cm 
Hr 979 cm/sec 

„ Scale „„ 
y . yc 

(a) In the case where sand grains were used 

(b) In the case where seeds were used 

Fig 3 Some examples of paths of saltating grains in 
successive saltation 

Fig 5 shows a comparison between the experimental values of the height of 
first saltation and the theoretical relationship for the first saltation obtained 
by Eq (13) m which Ar is assumed to be 10 5 including the effect of turbulence 
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and (3 is determined by the best fit to the values of experiment which is estimat- 
ed to be nearly 0 8  It is concluded from the comparison that the theoretical 
relationship for the first saltation is in good agreement with the experimental 
values though theie is a large scatter 

Fig 6 describes the variation of the value of fr   which is the ratio of 
the saltation height to the distance with the increase of flow intensity  It is 
seen that the value of ^ is nearly constant and is estimated to be 0 23  The 
value is different from that in a water stream because of the difference of col- 
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l Fig 6 Variation of value of ^ with flow intensity 

lision characteristics 

Figs 7 and 8 show the comparisons between the theoretical curves of the 
saltation height and distance in stationary saltation and the experimental values 
for the first, second and third saltations  Experiments of more successive sal- 
tation than the third saltation could not be conducted due to the limitation of 
the experimental apparatus  Therefore a complete comparison between the theory 
for the stationary successive saltation and the experiment cannot be made  It is 
seen from the comparisons however that the experimental values m successive sal- 
tation tend to approach the theoretical curves for stationary saltation in which 
the value of A is assumed to be the value corresponding to H = 100 because the 
saltation height is not small and the effect of velocity profile on the saltation 
should be taken into consideration  It is concluded that this theoretical ap- 
proach to the saltation of a single sand grain by wind is in fairly good agree- 
ment with the results of experiments 

CONCLUSION 

Although the phenomena of saltation of a sand gram by wind are very com- 
plicated, there generally exists some kinds of saltation such as first saltation, 
successive saltation and stationary saltation as defined m this paper 

A theory of successive saltation is established, based on the pquations of 
motion of a sand gram and the dynamic relationship of the collision of a saltat- 
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ing sand gram with bed grains  It is concluded that the theoretical relation- 
ships for the saltation are in fairly good agreement with the results of the 
experiment although further comparisons should be made 

Further investigations on the saltation of sand grains will be conducted 
studying the saltation characteristics of sand grains in a water stream and com- 
paring the results with the data of field observations in sand storms 
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ABSTRACT 

In the recent decade, very wide areas of sea where the depths of water 
are from several meters to ten meters or more during storms have been 
reclaimed for industrial firms and port facilities in many places in Japan 
As the incident wave energy in such cases is very large at the sea-walls, 
the protection of the reclaimed lands from wave overtopping by the conven- 
tional sea-walls of vertical type or composite-slope«and-berai type is 
generally impossible from an economical point of view  In Japan a special 
type of sea-wall, which is of such a type that a rubble-mound covered with 
specially shaped precast concrete armor blocks is built in front of the 
sea-wall to absorb most of the incident wave energy, has been constructed 
to protect the reclaimed lands from wave overtopping  Most of the sea- 
walls have been proved satisfactory after passing of typhoons over or near 
the sea-walls  The design of the sea-walls is presented here in by show- 
ing the comparisons between the experiments and prototypes during typhoons 

INTRODUCTION 

Until about fifteen years ago most of sea-walls had been built on the 
shore line or in shallow water for the protection of low lands or coastal 
areas from the attack of high tides and storm waves  In such cases incom- 
ing wave energy is generally not large and the sea-walls can be designed 
only with the estimations of the change of the incoming wave characteris- 
tics before the waves reach the sea-walls and of the wave run-up on the 
sea-walls  In a recent decade, however, very wide areas of sea where the 
depths of water are several meters to ten meters or more during typhoons 
or storms have been forced to reclaim at many place in Japan, because of 
rapid expanding industries and increasing population  In the latter 
cases the incident wave energy at the sea-walls is much larger than that 
in the former cases, and the protection of the reclaimed land from wave 
overtopping during typhoons is so difficult that a conventional sea-wall 
of vertical type would need very high crowns with heights of two to 
several times the design wave height above the design sea level or a sea- 
wall 6f composite-slope and berm type would require a very large cross- 
section  Therefore the sea-walls of these two types are seldom possible 
to be designed from an economical point of view 

In Japan a special type of sea-wall has been constructed since around 
1961 to protect reclaimed lands and coastal areas from wave overtopping 
It is of such a type that a rubble-mound covered with specially shaped 
precast concrete armor blocks is built in front of the sea-wall in order 
to absorb most of the incoming wave energy 

The comprehensive experiments of the sea-walls of this type have been 
performed since 1960 in wind channels with a wind blower in Osaka City 
University, and numerous sea-walls have been designed and constructed in 
seas since 1961 by the use of the experimental results  MOst of the 

1431 



1432 COASTAL ENGINEERING 

sea-walls have proved after attacks of storm waves during typhoons that 
the results obtained in the experiments were in a good agreement with 
prototype 

PARAMETERS RELATED WITH WAVE OVERTOPPING 
AND CLASSIFICATION OF OVERTOPPING 

In the investigation to determine the quantity of wave overtopping from 
the sea-walls of special type mentioned above the following variables 
should be considered 

q = quantity of overtopping over the unit length of the sea-wall for 
a period, 

H = height of the incoming wave, 
L = length of the incoming wave, 
hi = depth of water at the toe of the rubble-mound. 
He = height of the crown of the sea-wall above the design sea level, 
Hr = height of the crown of the rubble-mound above the design sea level, 
i = slope of the sea bottom 
tana = slope of the rubble-mound, 
B = width of the crown of the rubble-mound, 

and 
V = wind velocity 

These symbols are shown in Fig 1 
If q,-, defines the volume of water transported shoreward by a shallow 

water wave for a period, it is given by the small amplitude wave theory 

_ ,T/2 ,0 
90  6   ihi u dzdt 

fT/2 ,0   H   2*       COSh — (hl+Z)    / 2TT     2*  \  ^ 
A   J,. — ~ —  sin I -r— x — t ) dzdt b   -hi 2  T      v air u    

BJ-" \ L     T, 
smh —— hi 

_ HL 

2Tf 

If q/q0 is used as a dimensionless parameter of wave overtopping, it is 
a function of the following dimensionless parameters 

q/qo = f ( hi/H, hi/L, Hc/H, Hr/H, B/H, l, V/v^H, tana ) (1) 

when the permeability and roughness of the rubble-mound are kept constant 
The dissipation of the energy of a wave striking the sea-wall with a 

rubble-mound covered with specially shaped precast concrete armors depends, 
to a considerable extent, on the characteristics of the armor blocks, that 
is, the permeability, the distribution of the voids of the armor lasers 
and the roughness of the armors, as well as the slope of the rubble-mound, 
tana, and the crown width, B  In practical designs the value of tana has 
mostly been taken 1 1 5 or 1 2 from an economical point of view and the 
stability of the armor blocks used on the slope  The crown width, B, of 
the rubble-mound also has usually been taken the width of two to three 
rows of the armor blocks from the same reasons as mentioned above 
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Therefore tana was kept 1 1 5 xn our experiments, and most of B were taken 
four to six meters xn prototype-scale  The velocxty of wind has a great 
effect on the quantxty of overtopping of a sea-wall when xt exceeds about 
ten meters per second, but xt was kept constant V = 20 to 25 meters per 
second xn the experiments  According to the results of the experiments, 
in which B/H ranged from 1 Oto 4 0, and V/^gff were proved to have a neg- 
lxgxbly small effect on overtopping  Finally the relative overtopping was 
shown as a function of the following five major dxmensxonless parameters 

qAfo = f ( hl/H, H/L, HC/H, Hr/H, X ) , '(2) 

when the shape and hydraulxc characterxstics of the rubble-mound is kept 
constant 

When the depth of water at the toe of the rubble-mound, hi, is so 
small that the incoming wave breaks offshore the rubble-mound, it is rather 
easy to construct a sea-wall which can completely prevent the overtopping 
even during windy storms  However, when hi is equal to or larger than the 
depth of breaking of the incoming wave, xt is generally seldom possible 
from am economical point of view to design a sea-wall of no-overtopping 
As hi increases compared with H, the difficulty increases much more, and 
it cannot be helped to permit some quantxty of overtopping from the sea- 
wall  The quantity of overtopping to be allowed depends upon the economi- 
cal value of the land to be protected, the purpose of use of the area, the 
stability of the sea-wall and the scale of the drainage channel,* According 
to the results of the experxments, the state and quantxty of the overtopp- 
xng can be classified into the four cases shown in Table 1 by the value of 
q/qo 

TABLE 1   CLASSIFICATION OF BEHAVIORS OF OVERTOPPING 

Classxfx- 

catxon 
Behavxor of overtoppxng q/qo 

Proprx- 

ety 

I 
Only spray overtops 

(very well absorptxon of wave) 
0 to 
10"* 

Ade- 

quate 

for a 

sea-wall II 
Lumps of water overtop (hxgher 
lxmxt applxcable to a sea-wall) 

10""to 
5X10 3 

III 
A substantxal part of wave over- 
tops (xmperfect absorptxon of wave) 

5 x 10-3 

to 10-2 
Inad- 

equate 

for a 

sea-wall IV 
Large volume of wave overflows 
(poor absorptxon of wave) 

10_2to 
10" » 
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EXPERIMENTAL EQUIPMENT AND PROCEDURES 

The experiments were performed by dividing into two groups, one was 
concerned with sea-walls constructed in comparatively shallow waters 
with depths less than several meters, and the other concerned with sea- 
walls built in deeper waters with depths from about 8 meters to 14 meters 
The former group of the experiments were conducted in 1963 and 1964, and 
the latter in 1966 and 1967  The wave channel used for both groups of 
the experiments is 50 m long, 1 m wide, and 1 65 m high, and has a wind 
blower by which winds of velocities up to 6 0 m per sec can be blown 
over the water waves generated by a wave-generator of flutter-type  The 
scale of the experiments used m both the groups is 1/20 horizontally 
and vertically  The characteristics of the waves tested and other con- 
ditions used in the experiments are summerized in Table 2  The 10 m- 
length of the bottom in front of the sea-wall has a slope of l, and 
the remaining part of the bottom is flat 

TABLE 2   CONDITIONS USED IN EXPERIMENTS 

Group 

of 

exper- 

iment 

Water depth 
Wave 

characteristics 
Slope 

of 

bottom 

Wind velocity 

model 
proto- 

type 
model 

proto- 

type model 
proto- 

type 

(hi)m 
cm 

(hx)p 
m 

Hm 
cm 

Tm 
sec 

Hp 
m 

Tp 
sec 

I 
Vm 

cm/sec 
Vp 

m/sec 

Shal- 
lower 
waters 

2 
to 
33 

0 4 
to 
6 6 

3 
to 
22 

1 4 
to 
3 0 

0 6 
to 
4 4 

6 3 
to 
13 4 

1/10 
and 
1/40 

4 5 20 

Deeper 
waters 

40 
to 
70 

8 0 
to 
14 0 

10 
to 
25 

1 12 
to 
2 8 

2 0 
to 
5 0 

5 0 
to 
13 0 

1/100 4 5 20 

The rubble-mound was made of quarry stones with diameters of about 
2 cm to 3 5 cm (40 cm to 70 cm in prototype), and covered with two layers 
of precast concrete armor blocks such as hollow square, hollow tetrahedron, 
and N-shape blocks with dead weights of 250 grams and 750 grams (2 tons 
and 6 tons in prototype)  The slope of the rubble-mound was kept 115 
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as shown in Fig 1  The characteristics of the armor blocks used in the 
experiments are summerized in Table 3 

TABLE 3   CHARACTERISTICS OF ARMOR BLOCKS USED IN EXPERIMENTS 

Armor 

block 

Weight 

in 

ton 

Placing 

NO of 
blocks 
per 100 
m2 

Void 

ratio 

Kft for no damage 
condition 

Reg placing Pell-mell 

Hollow 
square 

2 2 layers 80 49 20 13 

Hollow 
tetrahedron 

6 2 layers 42 66 11 7 6 

Hollow Nj 6 2 layers 45 53 20 - 

Hollow N3 6 2 layers 49 61 20 - 

The crown width of the rubble-mound, B, was taken the width required 
for placing 2 5 or 3 rows of the armor blocks used, from the experiences 
in seas of the stability and absorption of wave energy of the armor blocks 

EXPERIMENTAL RESULTS 

Effect of Water Depth at the Toe of the Rubble-Mound of the Sea-Wall 

The volume of wave overtopping is greatly affected by the point of 
breaking of the incident wave, which can be divided into the following 
three cases 
1 When the incident wave breaks offshore from the toe of the rubble- 
mound This case may be termed "Offshore Breaking", in which the overs- 
tepping is the minimum of the three cases 
2 When the incident wave breaks at or near the toe of the rubble-mound 
This case may be termed "Breaking at Toe"  The relative overtopping and 
relative run-up are the maximum of the three cases as seen in Fig 3 
3 When the incident wave breaks on the slope of the rubble-mound 
This case is termed "Breaking on Slope"  This case occurs when the rubble- 
mound is located in larger depth of water than the depth of breaking of 
the incident wave 
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The effect of hj/L on q/qo is shown in Fig 3 m the cases when the 
relative crown heights of the sea-wall and rubble-mound, Hc/H and Hr/H, 
as well as the steepness of the incident wave, H/L, are kept constant 
Fig 3 shows that q/qo is the maximum when the toe of the rubble-mound 
is located at a little larger depth of water than or near the point of 
breaking, l e hb = 1 28 Hjj which is the breaking depth of solitary wave 
The reason is attributed to the fact that the point of breaking of the 
incident wave somewhat moves toward offshore due to the existence of the 
rubble-mound 

However, when hj/H >1 ?, in which the incident wave always breaks 
on the slope of the rubble-mound, the parameters of h]/H and h]/L have 
little effect of overtopping and run-up  The experimental results 
obtained at the Waterways Experiment Station (1) and Coastal Engineering 
Research Center (2) also showed roughly the fact that when the ratio of 
hi/H is between 2 18 and 3 12 or as long as the waves break on the slope 
of a structure, hi/H had little effect on wave run-up 

Effect of the Steepness of the Incident Wave 

Fig 4 shows the effect of H/L of the incident wave on q/qo when 
Hc/H, Hr/H, and hi/H are kept constant  Though the relative overtopping 
seems the maximum near H/L of about 0.025, sea-walls in general are 
designed by the characteristics of design waves decided from storm con- 
ditions at the site 

Effect of the Bottom Slope 

According to comparisons of the results of the experiments, Figs 5 
and 6, in which the bottom slope of ihe wave channel was changed 1/10 
and 1/40, it was noted that the cases of l = 1/10 generally caused larger 
overtopping than those of i = 1/40, but the effect of the bottom slope 
on the overtopping was smaller than that of the other parameters 

Effects of the Relative Crown Heights of the Sea-Wail and Rubble-Mound 

The effect of the relative crown height of the sea-wall, Hc/H, is 
shown in Figs 7 and 8 for the various values of the relative crown 
heights of the rubble-mound, Hr/H  It may be seen in Figs 7 and 8 that 
the value of Hc/H must be taken larger than 1 0 at least m order to be 
q/qo less than 5 x 10 3 which will be the higher limit applicable to the 
sea-walls  Figs 9 and 10 show the effect of Hr/H on q/qo for the scope 
of 1 0 < Hc/H < 1 3, and also the effect of the bottom slope on q/qo 
It may be understood in Figs 9 and 10 that in order to be q/q0 less 
than 5 x 10"3, Hr/H must be taken larger than 0 7 for the scope of the 
"Breaking at Toe" and I = 1/40, and Hr/H > 1 1 for the same scope of 
i = 1/10 

Relationships among q/qo, Hc/H and Hr/H for the Case of "Breaking on 

Slope" 

As has been mentioned, when the value of hj/H exceeds 1 7 the effect 
of hi/H or hi/L on q/qo iS negligibly smaller than the other parameters, 
and in the scope of the "Breaking on Slope" the following relationship 
was found 
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He 
H 

=  C (3) 

in which C is a constant for a value of q/qo and a kind of armor block 
used on the slope of the rubble-mound  Figs 11 and 12 show the rela- 
tionships in the scope of h/L = 0 090 to 0 450 for the various values 
of q/q0 and the two kinds of armor block such as Ni- and N2- blocks 
Tables 4 and 5 show the values of C 

TABLE 4   VALUES OF C FOR l^-BLOCK 

q/qo io- 10" 3 5  x  10-S 10"2 

c 2  5 2  0 1  75 1 6 

TABLE 5  VALUES OF C FOR N3-BLOCK 

q/qo io~* 10"9 5  x 10-3 10-2 

c 2 3 1  8 1  55 1  4 

Effect of the Permeability of the Rubble-Mound 

It has been well realized that the permeability and the shape of 
voids of rubble-mounds play a great role of the absorption of waves 
ruaning up the slope of the rubble-mound  In order to prove the effect 
of the permeability and the shape of voids of the rubble-mound on the 
overtopping of sea-wall, the three kinds of N-shape armor block, shown 
in Fig 13, which have a same shape but different void ratioes of 53 
per cent for Ni, 55 per cent for N2, and 61 per cent for N3, were used 
as the armor block of the rubble-mound, and tetrahedron blocks which 
have a different shape of voids and a void ratio of 66 per cent were 
also used  The experimental results are shown in Fig 14  Fig 14 
shows that for a same shape of voids of armor layers the capacity to 
absorb waves increases as the void ratio increases, but for different 
shapes of voids of armor layers the capacity to absorb wave energy is 
not always proportional to the void ratio 
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EFFECT OF RECURVATURE OF A SEA-WALL AND SIMILARITY ON OVERTOPPING 

Taking the origin of the rectangular co-ordinates at the top of 
the recurvature of a sea-wall, as shown in Fig 15, the x-axis as posi- 
tive toward the offshore direction, and the z-axis vertically upward, 
the equation of motion of a water mass, m, exerted by wind force are 
given by 

d2x 
df* 

d2z 
rO-2 

(4) 

- mg + Pu   (5) 

in which P denotes the horizontal component of the wind pressure act- 
ing from the offshore side, Pu is the vertical component of the wind 
pressure, and g defines the acceleration of gravity  P is given by 

V2 
P = ? • wa • A • —-    (6) 

2g 

in which V denotes the wind velocity, A is the area of the water mass 
exerted by P, wa = pa • g = unit weight of air, and t,  defines the co- 
efficient of drag which is a function of Reynolds number and the 
shape of the water mass 

(1) A water mass of sphere 
Letting the water mass be a sphere with a diameter of d, and let 

us calculate Reynolds number for d = 0 01 to 0 10 m, a wind velocity 
of 20 meters per second and at temperature of 20 degrees in Centigrade 

Rfe = — = 1 33 x lo-1* to 1 33 x 10-5 

The drag coefficient is nearly constant for the Reynolds number, 
ie,? = 04to05 

Taking t,  = 0 5, and m = (4/3) pirr3 in which p is the density of 
water, and r is the radius of the water sphere, 

A JL* 2 Pa. . _Zl 
dtz      16    p 

(7) 

Let the velocity of the water mass be v0 at t = 0 and x = 0, and 
the angle between the direction and the x-axis be 6Q, 

dx 
dt 

3 
16 

Pa    V —ca- •   t + Vo cos p    r 

and 

x = - 
3 

32 
. _£a 

P 
V2  2 •   t + Vot cos 60 

(8) 

(9) 
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The time, t0, which a water mass spends until it comes back again 
on the z-axis after leaving the top, O, of the sea-wall, is obtained 
from Eq 9 

,.       Vp cos 6p        ... 
^ 3  .  pa . ^F^ U0) 

32 " p   r 

If Vu represents the upward component of wind velocity at the top 
of the sea-wall, Pu is given by 

Pu = C ' Pa * 9 * A • -f^ 1- Pa ' Tr2 • Vu
2    (11) 

Assuming Vu = —— V, 

PU = •—- Pa ' TO2 • V2      (12) 

Substituting Eq 12 into Eq 5, 

d2z = _   _^_ _£a _V 
dtz     9  48   p   r 
d2z      . 1   Pa  V

2      ,.,,, 

as 

dz 
. • = v0 sin 90» f°

r t = 0 

Integrating 

z = v0t sin 90 + -i- ( - g + -±-  • -|3. . JL.  ) t
2    (14) 

If the third term of the right hand side of Eq 14 is neglected, since 
it is approximately 20 per cent of the second term, 

z = v0t sin 6o y- gt2    (15) 

If tz represents the time which a water mass spends until it falls 
again onto the x-axis by the gravity force after leaving the top of 
the sea-wall, 

tz _ 2 vo sin 90     {16) 

Denoting by t the time which the water mass spends until it falls 
down into the land over the sea-wall after leaving the top of the sea- 
wall, 

tz > t > t0    (17) 
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The values of to, t2, and(1/2)t0 v0 cos 90, which represents the 
horizontal flying distance of the water mass in the time of t0 are 
tabulated in Table 6 for V = 10, 15 and 20 m/sec, VQ = 4 meters per 

second, r = 0 5, 10 and 5 0 cm, and = 50* and 60* 

TABLE 6  VALUES OF to, tz, and -y t0v0 COS 8Q (Pa/P = 1/827)) 

V 

(m/sec) 
e0 

r = 0 5 cm r = 1 cm r = 5 cm 

to 

(sec) 

tz 

(sec) 

1. 
•Jtovo 

Xcos6o 
<m) 

to 

(sec) 

tz 

(sec) 

1. 

xcos6o 
Cm) 

to 

(sec) 

to 

(sec) 

jtoVQ 

xcos60 
(m) 

10 50- 
60 

1 14 
0 88 

0 63 
0 71 

1 47 
0 88 

2 27 
1 76 

0 63 
0 71 

2 93 
1 76 

11 4 
8 80 

0 63 
0 71 

14 7 
8 80 

15 
50 
60 

0 50 
0 39 

0 63 
0 71 

0 65 
0 39 

1 01 
Q 78 

0 63 
0 71 

1 30 
0 78 

5 04 
3 92 

0 63 
0 71 

6 48 
3 92 

20 50 
60 

0 28 
0 22 

0 63 
0 71 

0 36 
0 22 

0 57 
0 44 

0 63 
0 71 

0 72 
0 44 

2 85 
2 20 

0 63 
0.71 

3 68 
2 20 

Since to is larger than tz in the scope surrounded by a thick line, 
the water mass does not jump into the land over the sea-wall  This 
means that if the water mass is assumed a sphere with a diameter of d, 
the water mass with d <^ 1 cm will jump into the land over the sea-wall 
when y 5^ 15 m/sec, the water mass with d <_  2 cm will jump into the land 
when y >^ 20 m/sec 

(2) A wall of water 
Let us consider that the water spray over the top of the sea-wall 

is a wall of water with a thickness of b  Since the drag coefficient 
of the water wall is taken S = 2 for Reynolds numbers Re = 5 x io3 to 
10" the horizontal component of the wind pressure per unit area is 

P = Pa * V" (18) 

Since m = p • b, Eq 4 may be written 

dt2 
= _ _£a. . JJ1 

P    b 
(19) 
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Using the boundary conditions dx/dt = v0 cos 60 and x = 0 for t = 0, 

  (20) 
V2  2 -j— t + v0t cos 80 

t = t0 for x = 0 is given by 

_   vo cos 8p 

b 

(21) 

If Pu is neglected, tz is given by Eq 16  As previously mentioned, 
only when the condition tz >_ t > t0 is satisfied, the water wall can fall 
into the land over the sea-wall  Table 7 is shown the values of t0, tz, 

and (1/2) t0v0 cos 8Q 

TABLE 7  VALUES OF t0, tz, and -r— t0v0 cos 60 

V 

(m/sec) 
e0 

b = 1 cm b = 5 cm b = 10 cm 

to 

(sec) 

tz 

(sec) 

ft0v0 
xcos60 

(m) 

to 

(sec) 

t2 

(sec) 
xcos60 

(m) 

to 

(sec) 

tZ 
(sec) 

2*°V° 
xcosBo 

(m) 

10 50*1 

60 
0 43 
0 33 

0 63 
0 71 

0 55 
0 33 

2 13 
1 65 

0 63 
0 71 

2 88 
1 65 

4 25 
3 31 

0 63 
0 71 

5 46 
3 31 

15 
50 
60 

0 19 
0 15 

0 63 
0 71 

0 24 
0 15 

0 95 
0 74 

0 63 
0 71 

1 22 
0 74 

1 89 
1 47 

0 63 
0 71 

2 43 
1 47 

20 
50 
60 

0 11 
0 08 

0 63 
0 71 

0 14 
0 08 

0 53 
0 41 

0 63 
0 71 

0 68 
0 41 

1 06 
0 83 

0 63 
0 71 

1 36 
0 83 

In Table 7 the scope  enclosed by a thick line shows the cases 
of to > tz  According to Table 7, it may be known that a wall of over- 
topping with a thicknessof one cm is blown down within one second into 
the land over the sea-wall by winds with velocities equal to or larger 
than 10 m/sec, and a wall of overtopping with a thickness of 5 cm by 
winds with velocities equal to or larger than 20 m/sec 



1442 COASTAL ENGINEERING 

Similarity on Overtopping 

(1) A water mass of sphere 
Let us consider of a water mass of sphere with a diameter d over- 

topping a sea-wall  Assuming dp, the diameter in prototype, is 3 cm 
to 10 cm, dm, the diameter in model, the scale of which is 1 20 to 
prototype, is 1 5 to 5 mm 

Reynolds number pRe for a wind velocity in prototype of Vp = 20 
m/sec is 

Re = 
VP * dP  = 4 0 x lo" to 1 33 x 105 

f v 

In the model 

mRe = VH • dm  = 4 5 x 102 to 1 47 x 10S 

Drag coefficients for the spheres are 

5p •» ^ 0 45 to 0 5 in prototype, 

and 

U = ^ 0 60 to 0 45 in model, 

thus, it may be assumed approximately Cp = £m 
This means that if a mass of water overtopping a sea-wall is a 

sphere with a diameter d £ 3 cm, the motion of the water mass exerted 
by a wind of Vp = 20 m/sec may be stated to be approximately followed 
by Froude law of similarity, l e the results of the model experiment 
may be stated to ne approximately similar to the results of the nature 

However, if the diameter of the water mass, dp, is smaller than 
about 3 cm, ?p = ^ 0 4 to 0 5 for pRe = >v< lo"1, as against Cm = <v 0 6 to 
0 9 for mRe = *>  102  Therefore we cannot expect a good similitude be*- 
tween model and prototype  But from a practical point of view on the 
water quantity of wave overtopping, the volume of such spray of water 
would be considered to be negligible small 

(2) A wall of water 
Let us consider the overtopping as a wall of water  This may be 

the case when large overtopping is seen in prototype and model, as seen 
in Figs 17, 18 and 19, therefore, this case would be the most important 
in wave overtopping over sea-walls 

If the overtopping of wave is assumed as a wall of water, the drag 
coefficient of the wall, £, is constantly two for all Reynolds numbers 
larger than 102  It, therefore, may be stated that the results of exper- 
iments conducted by Froude law are similar to the results in the nature 
Field observations of overtopping at sea-walls during typhoons have 
proved that this assumption is correct 

It may be concluded from the theoretical considerations described 
above that the recurvature of a sea-wall would have little effect on 
wave overtopping when wind velocity exceeds about 15 m/sec 



SEA-WALLS 1443 

APPLICATION TO DESIGN OF SEA-WALLS AND VERIFICATION BY TYPHOONS 

The results studied in our laboratory have been applied to the design 
of sea-walls m Japan since 1960 and those sea-walls have been tested by 
severe typhoons  All of the sea-walls which have ungone the natural tests 
have proved that the designs were satisfactory and there were generally a 
fairly good agreement between the experiments and prototypes  Some 

examples are presented herein 

(1) Sea-wall in the Port of Wakayama 
This sea-wall was constructed in 1958 at a water depth of 7 m to 8 m 

below the Datum Line offshore a long sandy beach exposed to an open sea 
in the North Harbor of the Port of Wakayama, Wakayama Prefecture, which 
is one of the biggest industrial harbors for steel firms in Japan  This 
was the first big sea-wall that harbor engineers in Japan constructed 
to protect a reclaimed industrial land located offshore from wave over- 
topping  Fig 16 shows a cross-section of the sea-wall 

After completion it was severely hit three times consecutively in 
September of 1959, 1960 and 1961  Figs 17 and 18 show huge overtoppings 
of waves which were taken when the typhoon was located still far offshore 
from the harbor 

After calculations and experiments, it was recommended that the sea- 
wall should have a rubble-mound covered with precast concrete armors in 
front of the wall and a large drainage channel with a width of 20 m at 
the land-side of the sea-wall, as shown in Fig 19 

(2) Another Sea-Wall m the Port of Wakayama 
The sea-wall, the cross-section of which is shown in Fig 20, was 

constructed in 1965 and 1966 to protect the industrial area of 1 8 million 
m reclaimed at the northern part of the Wakayama North Harbor 
(a) When the height and period of the design wave are taken Hp = 5 0 m 
and Tp = 9 0 sec 

Since hi/H = 8 74/5 = 1 75 > 1 7, this case is "Breaking on Slope" 
For Hc/H = 4 76/5 = 0 95 = <v 1 0 and Hr/H = 3 76/5 = 0 75, we obtain 
q/q0 = 5 x 10"

3 from Fig 11 

(b) When Hp = 5 5 m and Tp = 13 0 sec 
Since H/L = 0 041 and h]/L = 0 065 , this case is on the critical 

condition between "Breaking at Toe" and "Breaking on Slope" 
Using Hc/H = 0 87 and Hr/H = 3 76/5 5 = 0 68, we obtain q/q0 = 5 x 

10"3 for "Breaking at Toe", and from Fig 11 q/q0 = 8 x 10~
3 for "Break- 

ing on Slope", which necessitate a large drainage channel as shown in 
Fig 20 

Decision of the Width and Depth of the Drainage Channel 

The design conditions of the drainage channel 
Az = height from the bottom of the drainage channel to the x-axis 

= (D L + 6 70 m) - (D L + 4 00 m) = 2 70 m 

9Q = angle of the parapet wall to the x-axis = 70*, 
V = wind velocity = 20 m/sec, 
The wave run-ups, Ru, for the design waves with heights of 5 0 m 

and 5 5m and periods of 9 sec and 13 sec, respectively, were approxi- 
mately 1 2 H according to the experiments carried out by using the model 
of the sea-wall shown in Fig 21 
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Let us consider about the design wave with a height of 5 m and a 
period of 9 sec, and take the design sea level D L + 2 24 m  The veloc- 
ity of a water mass of sphere with a diameter of d at the origin of the 
co-ordinates, 0, is obtained by v0 = V  2 x 9 8 (60-4 46) =55 m/sec 

tz which denotes the time that the water mass spends until it falls 
down on the bottom of the drainage channel over the sea-wall after leav- 
ing the origin 0 is given by 

.    v0 sin 8p + /vp
2 sin2 6P + 2g Az ,_„, 

tz "z   (22) 

By substitution of Eq 22 into Eq 9, the horizontal distance lx 
which the water mass reaches at the time t2 from the origin 0 onto the 
channel bottom is obtained by 

lx = 3^ * -J53- ' ~Z~ *z " vot cos 0O   •  •• (23) 

From Eqs 22 and 23 tz = 1 44 sec and lx = 16 0 m for d = 0 01 m, lx = 
6 7m for d = 0 02 m 

Considering a wall of water with a thickness of b, the horizontal 
distance lx is obtained by substitution of Eq  22 into Eq 20, lx = 
47 4 m for b = 0 01 m, lx = 22 4 m for b = 0 02 m, lx = 14 0 m for b = 
0 03 m, and lx = 9 8 m for b = 0 04 m 

The loci of those walls of water are shown in Fig 21 According 
to Fig 21, if the side wall with a height of 2 m from the bottom of the 
channel is constructed at a distance of lx = 17 5 m from the origin 0, 
the walls of water with thicknesses of more than b = 2 cm and the spheres 
of water with diameters more than one cm could be taken into the drainage 
channel 

The length of the sea-wall over which the design wave overtops 
simultaneously was decided about 350 m by the experiments, and the factor 
of safety for the maximum relative overtopping was taken two, therefore 
the maximum discharge of water for the drainage channel, Qmax» was 

88/27T = 0 56 m3/9sec/m q = 8 x 10" 3qo = 8 x 10 
3 x 5 x ; 

Qmax = = 2q x 350 = 393 1 m
3/9sec 

= 43 7 m /sec = *>  45 m /sec 

If the slope of the channel bottom is taken 1/1000, the width 20 m, 
and the depth 2 m, the channel can discharge Qmax safely 

After completion of the drainage channel, the sea-wall has undergone 
severe typhoons several times, and it has been reported due to the visual 
observations during the typhoons that the behaviors of the overtopping 
were quite similar to those of the experiments and almost all overtoppmgs 
were assembled into the channels and flowed down safely into the harbor 
basin 
(3) Sea-Wail of the Kansai Electric Power Co Ltd 

The sea-wall was constructed in an open sea with a water depth of 
D L - 2 50 m to 3 00 m to protect a reclaimed land of about 38 acres 
which was used for an electric power plant of the Kansai Electric Power 
Co Ltd  The sea-wall was requested to be designed no-overtopping even 
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during the heaviest typhoon ever experienced there  After the calcula- 
tions shown here and model experiments carried out on a scale of 1 20 in 
the wave channel shown in Fig 2, the sea-wall shown in Figs 22 and 23 
was designed 

Estimation of the Overtopping during the Heaviest Typhoon 

The significant wave height and period of the design wave were taken 
H1/3 = 2 50 m, and TJH = 63 sec  The highest high tide averaged for 
two hours including the highest tide ever recorded in the harbor was esti- 
mated D L + 3 80 m  Since hl/H = 5 80/2 5 = 2 3 > 1 7, the case is 
"Breaking on Slope"  Using Hc/H = 3 95/2 50 = 1 58 and Hr/H = 1 75/2 5 
= 0 70, we obtain from Figs 11 and 12 , q/qo = 5 x io_1* and 2 x lO-1*, 
respectively 

Since the tetrahedron blocks of two tons were used as the armor 
block of the rubble-mound, q/qo is estimated approximately 3 x lO-1* from 
Fig 14  According to the experiments in which two high tides of D L + 
3 80 m and D L + 3 30 m were used and the wind velocity used was always 
20 m/sec, a few overtopping was seen for a tide of D L + 3 80 m and 
only a few spray was observed for a tide of D L + 3 30 m 

Shortly after the completion of the sea-wall, it was hit by one of 
the most severe typhoons ever observed in the harbor, the Second Muroto 
typhoon, which passed near over the location of the sea-wall on September 
16, 1961  The highest tide during the typhoon was D L + 4 00 m and the 
average highest high tide for two hours was estimated approximately D L 
+ 3 60 m  The maximum wave height was assumed 2 50 m or 3 0m, and strong 
winds of from 20 m/sec to 35 m/sec blew from offshore for about 3 hr 

Pictures taken with the 8-mm movie camera near the top of the sea- 
wall during the typhoon showed that comparatively small volume of wave 
overtopping occurced sometimes over the top of the rubble-mound covered 
with the two layers of the hollow tetrahedron armors  However, there was 
no overtopping over the top of the sea-wall, as seen in Fig 23  It was 
proved that there was a good agreement between the experiment and proto- 
type 
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CHAPTER 89 

PRESSURE OF WAVES AGAINST VERTICAL WALLS 

by M.E.Plakida'0 M.So. 

Decent, Chief of Wave Laboratory of Moscow 

Branch of Water Transport Institute 

Moscow, U.S.S.R. 

SUMMARY 

This paper is concerned with the study of the break- 

ing wave pressure exerted upon the breakwater of the ver- 

tical type. The method of calculation of the wave pressure, 

named the quasistatical method, is based with the theory 

of the impact of the water jet en the vertical plane and 
some new results of the experimental data. 

The formulas for the calculation of the pressure dis- 

tribution of the breaking wave and the surf wave on the 

vertical wall are given. 

INTRODUCTION 

The following symbols are used in this paper. 

h - wave height; 
X - wave length; 
t - wave period, 
c - wave celerity; 

») U.S.S.R. Moscow. K-l, Sadovokudrinskaya Street 14-16, 
Ap.ll. 
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v      --orbital velocity, 

p  - pressure intensity, 
H  - depth of water measured from SWL, 

Hcr - critical depth of water corresponding to the 

point of breaking wave, 

H,, - depth of water at the wall, 

ff  - unit weight of water, 

g  - 9.81 m/„„2 •* gravitation acceleration. 
8«C 

Up to the present time evaluation of the breaking 

wave force upon a breakwater of the vertical type presents 

a complex problem. For many decads this problem has request- 

ed very much attention from the harbour engineer, who has 

to deal with design and construction of breakwaters of the 

vertical type at a shallow sea. 

There are several solutions of this problem, one of 
them makes use of the conception of the theory of the im- 

pact of a water jet upon a vertical plane. However, in spite 

of the fact that these investigations have been carried out 

during a long time the possibility of the conception of the 
impact of a water jet upon a vertical plane in full measure 

is not used. 

This expression is given 

P - *t~T£- (l> 

where 
u - velocity of the water jet at the crest of 

a breaking wave, 

k - experimental coefficient equal to 1.7 ( by 

Gaillard). 

In their time B. Gaillard, D. Molitor and V. Trenuhin 

developed this direction suggesting to take into account 
u m  c *• v. 
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In 1940 N.Djounkovskiy[l ]corrected this to u=0.75c<-v. 

In 1958 M.Plakida [ 2 | suggested the new corrections to the 

distribution of the surf wave pressure exerted upon the 

vertical wall, based upon the experimental investigation. 

As a consequence the resultant value of the wave pressure 

on the vertical wall could be decreased up to 20 per cent 

in comparison with the value given by N.Djounkovskiy [ 3 ]. 

It is necessary to note that summing up c and v makes 

no physical sense, this is explained by the absence of suf- 

ficient information about the kinematics of the breaking 

wave structure. 

In this paper we have given as far as it was possible 

the development of the calculation method of the pressure 

distribution from the breaking wave and the surf wave on 

the vertical wall. Remaining at the conception of the im- 

pact of the water jet for the calculation of the wave pres- 

sure at the still water surface, we have used the standing 

wave theory ef the first approximation and some experiment- 

al data for the calculation of the wave pressure at the 

foot of the vertical wall. 
This expression is given 

* " -***•»• <2> 

where 

Pb - wave pressure (above hydrostatic) at the 

foot of the vertical wall. 

We note that it was about twenty years ago, when the 

method of calculation of the breaking wave pressure, based 

on the use of the impact impulse of the breaking wave, was 

suggested. It is the second direction in the solution of 

this problem. However, the experimental data is unsufficlmnt 
for the full solution at the present time. 
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KINEMATICS AND DYNAMICS OF BREAKING WAVES 

The breaking wave or the surf wave is developed when 

the deep water wave comes up to a shallow water and reaches 

the critical depth. The value of the critical depth varies 

in a very wide range (1.0 * 2.5)h. The critical depth within 

the Units (1.5 * 1.8)h are accepted for the steepness of 

the deep water waves within 1:9 -» 1:25. 

When the water depth in front of the vertical wall is 
1 

H>-j- or at least H>3h and the depth on the berme at the 
foot of the wall is Hw^. Hcr then the deep water, wave  is 

broken on the berme at the wall surface; in this case the 
vertical wall is subjected to by the breaking wave action. 

When in front of the vertical wall the sea bed is ho- 

rizontal or gently sloping at least within 7 before the 

wall and the water depth is H^4 Hcr tnen tne deep water 
wave is broken before the wall, in this case the vertical 

wall is subjected to the action of the surf wave. 

It is seen that from the oondition of development of 

the breaking wave and the surf wave the former exerts a 
greater wave pressure on the vertical wall than the latter 

for the same height and length of the deep water wave. 

The experimental data show that the velocity of the 

water particles at the crest of the breaking and surf waves 

may be nearly equal to the wave celerity and even exceed it. 

The value of this velocity is given as 

/si (3) 

The formation of the front steep slope of the wave, 

which is near to breaking, is the result of dragging of the 

foot of the wave, while the crest of the wave passes ahead 

because of different wave velocities of the particles in the 

crest and in the trough. The velocities of the water par- 
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tides in the crest of the wave are greater and the velo- 
cities of the water partieles in the trough of the wave 
are less than the average velocity of the wave at the still 
water surface. The kinematics of this phenomenon in detail 
is described by V.Shuleykin \A "J based on the classical hy- 
drodynamics formula 

_|1 tn -i^JL ,        (4) 

taking in (4) H • B^ • 0,5h for the wave crest,  and 
H » % - 0,5h for the wave trough (where Hj - water depth 
from the sea-bed to the still water surface). 

From the energetical point of view in the wave near 
to breaking the concentration of the potential energy oc- 
curs, as the deep water wave approching shallow water de- 
creases in length. In addition the wave energy is carried 
into shallow water with the full wave velocity as can be 
seen from the formula (5), when at H <^X the second 
item  > to 1. 

"• - -*" <  1 * -affair > <5> 
where 

u0 - velocity of the transportation of the wave 

a 
energy; 
23T 

Phenomenon of the breaking of the wave proceeds very 
rapidly and during very short time. It is accompanied by 
the transition of the potential energy of the dragged wave 
into the kinetic energy of the transitional movement of 
the water stream. When this stream reaches the vertical 
wall the phenomenon of the impact of the water jet direct- 
ed to the wall and the wave reflection from the wall are 
observed. 
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The maximum waves pressure on the wall appears earlier 

than the maximum slevstion of the water level at the wall. 

When the uplift of the water level is maximum the wave 

pressure decreases. The wave pressure does not exceed the 

value (0.6 - 1.0) % h at the still water surface. 

EQUIPMENT AND EXPERIMENTS 

The laboratory study of the action of the breaking 

and the surf waves en the vertical wall has been carried 

oat in a flume of rectangular cross-section 23 m in length, 

0,50 m wide. The water depth was 75 cm in the flume and 

the water depth at the foot of the wall was 15 cm. The ver- 

tical wall model was placed on the top of the prism, which 

was 60 oa above the flume bottom. The prism slope was 1:2. 

The positions of the vertical plane of the wall were 

25 em and 82 cm from the prism edge ( Fig.l ). In the first; 

case the wall is exposed to the action of the breaking wave 

and in the second case - to the aetion of the surf wave. 

The waves were reproduced by the wave generator of the 

type of the flat paddle. 

The wavw pressures were measured by tensemetric gauges. 

The wave heights were measured by electrical gauges. A 
sample of the oscillograph record is given on fig.2. 

Phases of breaking, wave deformation details and the 
moment of small ball indicators (prepared with bitumen and 

paraffin, their specific weight is equal to that of water) 

were recorded on 35 mm film at 24 frames per sec. A sample 

of film record is shown on Fig.3. It is seen that the indi- 

cator I between frames 15-17 has moved to the wall with 

maximum velocity before the impact. 

Wave conditions of our experiments are given in 

table 1. 
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Table 1 

Wave Conditions 

Designation 

of wave 

conditions 

H - 75 CM 

b 
on cot sec 

H 
X 

b 
IT 

Hi • 15 CB 

en  ca 
Hi *»1 

K 

A-6-220-20 8.8 175 1.06 0.43 0.050 8.8 115 0.13 0.077 

A-7-220-20 11.5 177 1.07 0.42 0.067 v.8 115 0.13 0.085 

A-8-180-20 15.7 210 1.17 0.36 0.077 9.8 130 0.12 0.076 

A-8-220-20 17.7 177 1.07 0.42 0.10  9.8 115 0.13 0.085 

WAVE PRESSURE 

After giving a short description of the kineaaties and 

dynamics of the breaking wave and ear experiments, we can 
begin to evolve tbe formulas for the calculation of the 

breaking wave pressure and the surf wave pressure exerted 
upon the vertical wall. 

Our position is based on the formulas (1) - (3) and 

our experimental data. The following calculation method and 

formulas for the determination of the value of the pressure 

on the vertical wall from the breaking and surf waves is 

suggested. 

Pressure of breaking waves. It is a matter ©f some 

difficulty to assume the  value of the water depth H in for- 
mula <?>). As a solution this complex question attar som» 

considerations we suppose possible to take a safe value of 

H Her « 1.8h (6) 
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Substitutiog (6) and (3) in Eq. (1) we arrive at tbe 

expression for the maximum pressure of the breaking wave, 

whieh occurs at or in the vicinity of still water surface 

p0 - 1.5 If h (7) 

where 

p0 — the maximum pressure of the breaking wave 

at the still water surface. 

At the foot of the vertical wall rather calm wave con- 

ditions are observed (see  the pressure fluctuation on the 

record of DJO ©*» Fig.2). 

There are traced (see Fig.4) two curves showing the 

fluctuation of the relative wave pressure at the foot of 

the wall. One of them is the experimental curve indicating 

the pressure of the breaking wave and the second is the 

theoretical curve showing the pressure of the standing waw. 

It is seen by the comparison of these two curves that the 
maximum pressure of the breaking wave at the foot of the 
wall appears earlier than the maximum pressure of the stan- 

ding wave, calculated by the wave theory of the first ap- 

proximation. As a result of this comparison of the two 

curves, we propose to base the calculation of breaking wave 

pressure at the foot of the vertical wall upon the for- 

mula (2). 
P«      H 

The relationship between - — and ——  is given on 
•flh     h 

Fig.5 by the experimental data. This relationship is not 
linear as it may be expected. The greatest values of the re- 

lative wave pressure are found within ^*    m  (1.2 - 1.5). 
h 

The curve accepted by the construction rules acting in the 

USSR (SN -92-60) is also shown. 



PRESSURE OF WAVES 1459 

The maximum values of the breaking wave pressure 

measured and calculated are given in Table 2. These data 

were used for the experimental curve on Pig,5. 

Table 2 

Values of wave pressure at the bottom of a vertical 

wall ( gr/em2 ) 

h *w Calculated Measured 
»15 »?5 

cm h 
Pfs P?5 *?5 flu 

8.8 1.70 7.6 5.7 0.76 0.86 

11.5 1.30 9.9 10.9 1.10 0.94 
15.T 0.96 14.0 12.8 0.92 0.82 
17.7 0.85 14.6 13.0 0.93 0.74 

mean 0.93 0.84 

where; 

'15 

'15 

— significant wave pressure that for statis- 

tical purposes is defined as the average 

pressure of the highest one-third of all 

measured breaking wave pressures at the foot 

of the vertical wall; 

— wave pressure calculated by formula (2); 

H^ « 15 cm, — water depth at the wall. 

The elevation of water surface above the still water 
level at the vertical wall is observed within (0.5 — o.8)h 

when the wave pressure is maximum. Taking into considera- 

tion some fluctuation of this value we propose to take 

z - h (8) 
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The breaking wave pressure exerted upon the foundation 

of the vertical wall is given as 

W - 1/2/1% pn b (9) 

where. 
r\ * 0.9 - experimental coefficient; 

b - width of the wall. 

Pressure of surf waves. The breaking wave and the 

surf wave possess the same physios of the breaking pheno- 

menon. This allows us to use, in the case of the surf wave, 

the saae formulas, that were mentioned above in the case of 

the breaking wave with following replacements: 

1. h - the height of the deep water wave (which is 
equal to the breaking wave) is replaced by the 

height of the surf wave hj, calculated by the for- 

mula 

hx m  0.65H (10) 

where 

H « B^ - in the case when the sea-bed is horizontal 

in front of the wall,    and 
H • Eg *BV'» 0,5kj  i    -    in the case,  when the 

sea-bed is gently sloped; 

where i - sea-bed slope. 

2, \   - the length of the deep water wave is replaced 
by the length of the surf wave X j , calculated 

by the formula 

Xx- \ *w 2irH .... 
th  r » (11) 

Al 
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The maximum pressure of the surf wave exerted upon a 

vertical wall occurs at 1/3 hj above still water level ac- 

cording to our experiaental data. 

The elevation of water surface above the still water 

level in the case of the surf wave may be also taken as in 

the case of the breaking wave by the formula (3). 

The surf wave pressure exerted upon the foundation of 

the vertical wall is given as 

W « 1/2 /V»8Pbb (12) 

where: 
[ft- m  o.7 - experimental coefficient. 

The distribution of the pressure of the breaking and 

surf waves is shown en Pig.6. 

CONCLUSION 

1. The action of the breaking and surf waves upon the 
vertical wall was studied in the wave laboratory from the 

point of view of the kinematics and the dynamics.  It was 
found possible to advance somewhat a quasistatical method 

of the calculation of the wave pressure at the depth condi- 
tions 

h -4 H, < H9r « 1.8h 

This suggestion is based on the conception of the impact 

of a water jet upon a vertical plane. 

2. Our experimental data lies within of the following 
values: 

- the wave steepnessJL. from 0.05 to 0.10;  and 
A 

- the relative water depth at the wall Hw  from 
h 

0.85 to 1.71. 
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3. The list of the formulas is gives in the table 3. 

Table 3 

Formulas 

Breaking       Surf 
Denomination _«.„«        _»„- wave        wave 

1. Wave height and wave 
length         h, A. hj, At 

2. Maximum wave pressure p„       1.5 ^ h      1.5 ft hj 

3. Maximum wave pressure is 
found      At the S.W.L. At ^hj the 

S.W.L. above 
4. Maximum wave pressure at 

the foot of the wall p„ ..       t h *    1 
2JTHW 21fHw 

5* Elevation of the water 
surfaoe above the still 
water level s ..........        h h^ 

6. Wave pressure exerted upon 
the foundation of the p b b 

wall W      0.9        0.7 —-— 
2 2 



PRESSURE OF WAVES 1463 

REFERENCES 

1. M.3.ItaaKafla» HaBneHHe or npmSoHHux H pa3<JaTSX BOJIH Ha 
orpawaTejiBHue coopyaceHoa Tana BepTHKantHOw CTGHKH. 

rHflporexHK^ecKoe CTpoatenBCTBO W 8, 1965* 

M.E.Plakida.  Breaking wave and surf wave pressures 

against the vertical breakwaters. Hydreteehnieai Con- 

struction No.8, 1965. 

2. M.3.nnaKH«a. HccneflOBaHue npatfoKHoft BOJIHH a ee BoaseS- 
cTBHe Ha orpanateji&Hoe eoopyaceHae BepTaaan&aoro Tana. 
TpyHH UHHH3BT'a. Bonpocn raflpoTexHaica. Bun. XiT, 
MocKsa, 1958. 

M.E.Plakida.  Investigation of surf waves and its action 
on the vertical breakwaters.  Proe.  CNlEWT.Vol.XV, 
Moscow,   1958. 

3. n.K.BoacHi H H.H.flatyHKOBCKHw. MopcKoe BOJiHeHae a ero «e2- 
CTBHO Ha coopyxeHHH a Cepera. MaacTpoaasflaT.MocKBa, 1948. 

P.K.Bojiteh and N.N.Djounkovskiy. Sea waves and its ac- 

tion on tbe constructions and the shores.Machizdat. 
Moscow, 1948. 

4. B.B.myneKKHH. Teopaa UOPCKHX BOJIH. H3B. A.H. CCCP,  1936. 

V.V.Shuleykin. Sea wave theory. Izv. A.S. of U.S.S.R., 

1956. 



1464 
COASTAL ENGINEERING 



PRESSURE OF WAVES 1465 

a* 

II 



1466 COASTAL ENGINEERING 

5 

+ • X o 

K 
V 

CO 
«o 

t 

"k> 

ft) <J 

CD  Q> 

CO   Q 



PRESSURE OF WAVES 1467 

* 
^ 

/ 
/ 

*l£ 
/ 

/ 

i 

I 

\ 

\ 
1 

\ 
'   c 
\ 5: 

J \ 
\ 

Qi 

<£l£ 
«0 

^|u 
s 

5 <S > ^ 



1468 COASTAL ENGINEERING 



CHAPTER 90 

PLUNGING WAVE PRESSURES ON A SEMI-CYLINDRICAL TUBE 

by 

Yuan Jen, Assistant Professor 
Pang-Mou Lin, Graduate Student 

Department of Coastal and Oceanographic Engineering 
University of Florida-Gainesville, Florida 

USA 

ABSTRACT 

Laboratory tests were made on a 6-inch diameter semi-cylindrical tube 
simulating a prototype concrete structure designed to be placed parallel to the 
coastline in the surf zone to intercept offshore transport of beach materials 
and thus preserving the beach  The model beach was of fixed bed type with a 
slope of 1 to 15  The crest elevation of the tube was set at the still water 
level for most of the test runs and the sloping beach intersected a flat channel 
bottom at a depth of 20 75" 

The test parameters used may be summarized as follows 

H/L - 0 005 to 0 052 

d/L = 0 027 to 0 111 
o 

H/D = 0 26 to 1 18 

where H is the wave height measured at the toe of the beach, d is the water depth 
in the flat portion of the channel, D is the tube diameter, L is the wave length 
in the flat channel and L is the equivalent deep water wave length 

The above test conditions resulted in plunging breakers on the beach except 
for a few test cases 

Pressure measurements were made around the tube circumference, at an interval 
of 30 degrees azimuth angle, by using a high frequency response pressure transducer 
It was found that the pressure distribution could be treated in two parts 

Part I   During the wave uprush, an impact pressure of short 
duration was recorded at the front of the tube, followed 
by smoother pressure variations in time 

Part II  During the wave downrush, the volume of water transported 
across the tube flowed back under gravity  The pressure 
distribution on the beach side of the tube was relatively 
steady during the flow reversing process 

1469 
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Solitary wave theory was used to compute the breaking wave height and wave 
celerity  The validity of analytical treatments were evaluated by comparison 
of measured and observed data  The impact pressures at the front of the tube 
occurred in somewhat random nature  The average impact pressure in dimenslonless 
form PX/YH was found dependent upon wave steepness  The maximum impact pressure 
decreases as the plunging wave steepness increases  Waves with H/L < 0 01 exert 
little impact  The impulse-momentum theory was applied to investigate the behavio 
of impact pressures  The pressure distribution on the tube surface during the 
wave downrush was treated as quasi-steady case in which the Bernoulli principle 
for steady state condition applies 

INTRODUCTION 

The phenomenon of wave and structure interaction has long been a subject 
of vital interest to coastal engineers  Considerable information related to the 
forces acting on coastal structures due to the action of non-breaking waves can 
be found in the engineering literature, and dependable methods of predicting 
wave forces are available  However, despite the fact that a large number of 
published works also deal with breaking waves, few conclusions can be drawn in 
order to establish confidence in the design of coastal structures to be located 
in the surf zone  Analytical means of evaluating wave-structure interactions in 
the surf zone are difficult to derive because 

1 Presently available wave theories are inadequate m describing 
the wave characteristics in the surf zone 

2 Forces or pressures exerted by traveling breakers differ in 
magnitude from wave to wave, therefore the analysis of such 
forces must rely upon statistical means 

The Coastal Engineering Laboratory, University of Florida, conducted a 
two phase study on a semi-cylindrical concrete tube structure, designed to be 
placed parallel to the beach at or near the mean water line to intercept the 
offshore transport of beach materials  The study includes 

Phase I  -  Movable Bed Model Study - To evaluate the stability 
of the structure under wave action 

Phase II -  Fixed Bed Model Study - To measure the pressure 
distribution around the tube surface and to determin 
the wave loading 

Only the results of Phase II will be presented in this paper, since the results 
of Phase I are mainly qualitative m nature  The effectiveness of the structure 
in trapping beach materials is beyond the scope of this paper 

MODEL SET-UP AND INSTRUMENTATION 

The model study on wave pressures was performed in a 100 ft x 10 ft x 
2 5 ft wave channel  A semi-cylindrical tube, 6 inches in diameter, was mounted 
on a fixed slope of 1 to 15 at a distance of 85 feet from the wave generator 
(see Figure 1)  The water depths were 17 5 inches at low water and 20 75 inches a 
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high water  The high water represents a case when the tube is barely submerged 
and most test runs were conducted at this water level  Variable wave heights 
and periods were recorded by a parallel wire resistance-type wave gage located 
22 feet in front of the test structure at the point where the channel bottom 
starts to flatten out  A high sensitivity pressure transducer was mounted on a 
circular test section which was free to rotate about its center so that the 
pressure sensor could be moved to any desired location along the tube circumference 
When performing the tests, the transducer was rotated at every 30° interval and 
the same test condition was repeated for every transducer position  The records 
showed that the wave inputs could be accurately reproduced and the pressure 
response at each location could be synchronized by using the wave records as 
references  The calibration of the transducer was performed statically  This 
method of calibration was considered to be sufficiently accurate since the transducer 
has a natural frequency of 10,000 Hz which is much higher than the input frequencies, 
and the natural period of the transducer was much shorter than the duration of 
shock pressure impulse 

CHARACTERISTICS OF MODEL WAVES 

Referring to the model set-up as shown in Figure 1, the model wave 
characteristics are adequately described at the gage location as 

H/L = 0 005 to 0 052 

d/L = 0 027 to 0 111 
o 

H/D = 0 26 to 1 18 

where H is the wave height at the gage location, d is the water depth in the flat 
channel, D is the tube diameter, L is the wave length in the flat channel, and L 
is the equivalent deep water wave length  The measured wave heights range from 
0 131 to 0 589 feet and the wave periods range from 1 73 to 3 50 seconds  Wiegel 
(Ref 1) suggested that the waves in shoaling water just prior to breaking might 
be treated as a solitary wave as an approximation  Wilson, Webb and Hendrickson. 
(Ref 2) recommended the range of Ursell's parameter HL2/d^ within which the 
solitary wave theory is applicable  The calculated Ursell's parameters for this 
study are between 15 and 36, well within their recommended range of 10 to 40 
Therefore, in this study, the solitary wave theory will be used to describe the 
model waves measured at the wave gage  During the tests, most waves broke on the 
1 15 beach and the locations where white caps were first found as the wave advanced 
toward the tube were observed and recorded, so that the breaking depth dj,, measured 
from the still water level to the beach bottom, can be computed  Figure 2 shows 
the relationships between H/T2 and db/T

2 as compared to the usually referred 
breaking index curve  A surprising result of the wave breaking data was that 
H * HD, where H^ is the wave height at breaking (not measured)  Galvm (Ref 3) 
found that 

d, 
zj2- - 1 40 - 6 85 m (1) 
Hb 

where m is the beach slope 
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Using Eq (1), we obtain, for the present slope of 1/15 

db 

while Figure 2 suggests that H/d, =11, confirming the previous statement of 
H * H,   The wave forms fit the description of "plunging breakers" by observation 
Iversen (Ref 4) found that the plunging breakers occurred when H /T2 = 0 05 to 
0 30 for 1 10 beach slope and H /T2 = 0 02 to 0 20 for 1 20 beach°slope  Galvin 
(Ref 3) defined the occurrence of plunging breakers as 

H /L m2 = 09 to 4 8 
o o 

For this study, H /T2 = 0 01 to 0 22 and H /L m2 = 0 44 to 8 8  Reasonable 
agreement to suggestions by previous investigators was found in defining plunging 
breakers 

TEST RESULTS AND ANALYSIS 

Description of Pressure Time History 

The variation of pressure in time as the plunging breakers passed through the 
tube structure can best be described by referring to Figure 3 in which the 
pressure time histories around the tube circumference are shown for a typical 
test condition  "9" values shown in the figure are defined in Figure 7  During 
the wave uprush, as the wave front contacts the front face of the tube (6=0 
to 90°), pressures of high intensity and short duration were registered at the 
point of impact, this pressure will be referred to as "impact pressure", P^, 
throughout this paper  Immediately after the impact, the pressures acting 
upon the front of the tube undergo a smooth continuous variation, normally 
decreasing in intensity, as the uprushing waves gradually lose their momentum 
due to the counteracting gravitational force  The secondary peak pressure 
registered immediately after the impact will be designated as P 

As a result of wave uprush, a certain volume of water is transported across 
the crest of the tube  The maximum run-up is attained when all the available 
kinetic energy is converted into potential energy  Under the influence of gravity 
this volume of water flows back across the tube and the wave downrush begins 
The behavior of reversing flow resembles the case of flow across a spillway, excep 
that the available head decreases with time  The pressure time histories recorded 
on the beach side of the tube (8 - 90° to 180°) were quite steady during the flow 
reversing process  The reverse flow is suddenly interrupted by the impact 
accompanying the next oncoming wave, and the wave uprush is again repeated  In 
Fig 4, the pressure variation with respect to time is shown for two test cases 
The times t = 0 and t = T represent times of two consecutive impacts during which 
a high pressure intensities were found at the front of the tube for a short 
duration  Therefore, at t = 0 and t « T, the net resultant force on the tube is 
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definitely acting shoreward  At t = 3T/4, the tube is under the action of 
reversed flow, the front portion (6 < 90°) of the tube is subjected to pressures 
less than the hydrostatic pressure at still water level, while the back of the 
tube (6 > 90°) is subjected to some dynamic pressure in addition to the initial 
hydrostatic pressure  The net resultant force during the wave downrush is thus 
acting seaward  Repetitive wave actions will cause the tube to loosen on a beach 
Additional instantaneous pressure distributions during impact are shown in Fig 5 

The Impact Pressure Vj 

Test results showed that the impact pressure intensity varied with every wave, 
even though the wave form at the toe of the sloping beach appeared to be rather 
uniform and periodic  Therefore, an appropriate evaluation of the pressure 
intensity should be based upon a statistical analysis  However, the number of 
waves available to analysis was limited because, after a certain length of time, 
the wave form became distorted by the reflection from the wave generator  Because 
of this restriction, only eight pressure peaks were averaged, and the dimensionless 
parameter P^/yE is correlated with the wave steepness H/L in Fig 6  "Pj" was 
the pressure difference between the pressure peak measured during the impact and 
the pressure just prior to the moment of impact  The maximum impact occurred as 
T = 3 5 seconds and H = 0 282 feet when the waves broke right in front of the tube 
The wave steepness for this test case is 0 01  Fig 6 clearly indicates that 
steeper waves exert a relatively lower impact as expressed in dimensionless form, 
because they break at a distance from the tube  For the few cases when H/L < 0 01, 
no appreciable breaking of the waves was observed, therefore the impact is 
relatively low 

In the following, an impact-momentum model is postulated to gain further 
insight to the behavior of impact pressures 

Refer to Fig 7  As breaking waves impinge upon a portion of the tube surface, 
the normal force exerted on an element of the circumference Ail is equal to the 
rate of change of momentum in the radial direction  Thus we may write 

-d(Me Ur)/dt = P±AJl (3) 

where "M " is the effective mass of the portion of water causing the momentum 
reaction on the element A2. and "Ur" is the radial velocity of the mass M   The 
"-" sign is inserted here to represent a case of decreasing momentum  The 
effective mass Me is considered independent of time during the impact when the 
velocity of the mass is retarded, and may be expressed as 

M = pb*A£ cos o (4) 

providing that AJ. is small  It is apparently unrealistic to treat the whole 
horizontal element of width "b" as solid, therefore the effective width is defined 
as "b*" where b* is much less than b  Substituting Eq  (4) into (3), we obtain 
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dU 
P = - pb* cos a j^- (5) 

If the time variations of "Pj" and that of "Ur" are linear, as that assumed 
by Weggel (Ref 5), then Eq 5 can be integrated as 

\       Pdt - -I      pb*cos adUr (6) 
' o       MJ cosa 

o 

where t. is the duration of impact and UQ is the horizontal water particle 
velocity just before impact (see Figure 7)  After integration, we obtain 

P . pU (2b*cosia) 
1    °    'i (7) 

or P± = plMJ* 

where U* is a characteristic velocity which has an upper limit equal to the sonic 
speed in water 

Eq  (7) is reduced to dimensionless form through the following procedures 

(1) The celerity at breaking is computed from solitary wave theory as 

%  = M%  + V (8) 

where h, is the breaking depth measured to the trough of the waves and is related 
to the still water depth d, as 

\ • % ~  ChH (9) 

where C. = 0 2 to 0 4 from previous experimental studies 

(2) Recalling the previous discussion that 

H ! Hb and ^ = Y\  = ° 91» 

we may write 

P±/YH - (U0U*/C2)(1 - Ch + db/H) Cl0) 
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P M = (1 51 to 1 71) UU*/C2 (11) 

Referring again to Figure 6 which shows P./YH =19 when the waves break 
right in front of the tube (C, « U ), EquationTLl) implies 

U*/C, = 1 11 to 1 26 
D 

which shows U* and C, are in the same order of magnitude, much less than the 
sonic speed in water  The impact pressures shown in Figure 6 are much less 
than those observed by previous investigators who have dealt with wave pressure 
acting on vertical walls (Ref 6 to 10)  The curvature of the tube, which is 
not as conducive to "shock" as plane surfaces, is mainly responsible for the 
reduction of impact pressure 

The Secondary Pressure Ps 

After the initial impact, a sudden drop of pressure occurs and this pressure 
is termed "secondary" as was referred to previously  The concept of fixed 
hypothetical mass no longer applies here since there exists a continuous flux 
of mass toward the tube  The kinematics of flow around the tube surface are 
beyond a theoretical prediction, therefore an accurate estimate of P is difficult 
to obtain  Figure 8 shows the distribution of P„/YH with respect to 6 for 
different values of H/D  For simplicity, if one assumes that the horizontal 
velocity of water mass in front of the tube remains constant, then the mass flux 
in the radial direction is pU0A£cosa and the rate of change of momentum in the 
same direction becomes pUo

2A£cos20i, so the application of momentum principle gives 

P = pU 2cos2a 
s    o 

A similar analysis to that made on the impact pressure gives 

Ps/YH = (Uo/Cb)
2cos2ci(l - Ch + db/H) (13) 

P /yH - (1 51 - 1 71) (UQ/Cb)
2cos2a (14) 

The upper limit of P /YH must occur when U = C, , thus 

(Ps/YH)max = (1 51 - 1 71) cos2c (15) 
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Eq  (15) is plotted in. Figure 8, the curve is shown to fit the envelope of 
all data  PS/YH decreases as H/D increases  The trend is reasonable since 
Uo/^b values are smaller for large H/D values, and Eq (14) shows that "PS/YH" 
is proportional to (U0/Cb)

2 

Pressures due to Reversed Flow 

During the wave downrush, the flow reverses its direction under the influence 
of gravitational force  The flow patterns resemble those found across a spillway 
The pressure distribution at the beginning and the end of the reversing flow 
are shown for six test conditions in Fig 9  At the beginning of wave downrush, 
the pressure distribution is believed to be hydrostatic since the motion of water 
particles was negligible at that instant, while at the end of wave downrush, 
the flow over the tube approaches a steady state so that the pressure distribution 
on the beach side of the tube (6 > 90°) remains unchanged for a short period of 
time  The overflow along the ocean side of the tube (6 < 90°) is curvilinear 
with relatively high speed  Negative gage pressures were often recorded for 
9 = 30° and 8 = 60°  The total resultant force during the wave downrush is 
therefore acting seaward, in contrast to the case of wave uprush 

SUMMARY AMD CONCLUSIONS 

It is found in this study that the uprush of plunging breakers exert little 
impact on a semi-cylindrical tube as compared to the "shock" pressure caused by 
waves breaking on a vertical wall  The "P./yH" value as defined in the paper 
is at maximum when waves break right in front of the tube (H/L = 0 01)  Waves 
steeper than H/L (> 0 01) break at a distance away from the tube and the 
resulting P^/yH decrease as wave steepness increases  No noticeable impact was 
observed for waves with H/L < 0 01  An impulse momentum model gives 

Px - pUQU* 

where 

2b*cos2a 
U* = 

fci 

and 

P±/YH = (1 51 to 1 71) IMJK/Cjj 

The characteristic velocity U* is m the same order of magnitude as the 
wave celerity at breaking, C,  Therefore, the impact pressure is much lower 
than the pressure of the water hammer type  Detailed characteristics of U* could 
be studied by fast speed photography along with fast speed pressure recording 
systems  The "secondary pressure" as defined in the paper has a maximum value 

(P /yH) 
s ' max 

when U = C, 
o   b 
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The above equation represents the envelope of the data  P /yH becomes 
smaller as H/D increases  The validity of the equation 

P /YH = (1 51 to 1 71) (U /C.)
2cos2a 

S O  D 

could be evaluated by measuring U0  During the wave downrush, wave pressures 
on the beach side of the tube seldomly exceed the net hydrostatic pressure caused 
by the wave run-up  The high speed curvilinear overflow on the ocean side of 
the tube results in some negative gage pressures so that the resultant force 
during the wave downrush is acting seaward, in contrast to the case of wave uprush 
during which the impact force is acting shoreward  The oscillatory behavior 
of the net resultant force creates a stability problem on the structure  When 
designing this type of structure, cut-off walls extending downward into the soil 
must be provided to resist sliding and overturning of the structure, and also, 
reducing the uplift pressure on the tube foundation 
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NOTATION 

The following symbols are used in this paper 

b = the width of a horizontal wave element 

b* = effective width of a horizontal wave element during impact 

C, = wave celerity at breaking 

C, = a coefficient n 

D = diameter of the semi-cylindrical tube 

d = water depth measured to mean water level 

d, = water depth at breaking 

H = wave height 

H = deep water wave height 

H, = breaking wave height 

h, = breaking depth measured to the wave trough 

L = wave length 

L « deep water wave length 

ML = length of an element on the tube surface 

M = effective mass of a horizontal wave element e 

m = beach slope 

P = impact pressure 

P = secondary pressure 

T = wave period 

t = time 

t = duration of impact 

U = approaching water particle velocity 

U* = a characteristic velocity defined by Eq  (7) 
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U = radial velocity component 

p - mass density of water 

8,a = as defined m Fig 7 

Y = specific density of water 
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CHAPTER 91 

LOADINGS ON LARGE PIERS IN WAVES AND CURRENTS 

by 

Hsiang Wang 

University of Delaware, Newark, Delaware 

Abstract 

Through scale-model tests, the forces, moments, and the pressure 
distributions, including impact pressures, were determined for large 
diameter piers extending through large-amplitude wave system in which 
current strengths vary  Tests were performed at 1/100 scale, simulating 
piers of the bridge for the Northumberland Strait Crossing, Canada 
These piers are partially cylindrical with a base diameter of 100 feet 
Close to the surface, where the wave action is greatest, they are conical 
Waves up to 25 feet and current up to 4 knots have been reproduced m 
the laboratory, according to Froude similitude  The tests results fully 
support the known concept that, when the pier diameter is large in com- 
parison with the wave length, mertial force becomes dominant  Gener- 
ally, the presence of current, either with or against the wave tram, re- 
sults in a decreasing wave force  Semiempirical relations were devel- 
oped for force predictions that require the experimental determination 
of a singular coefficient 

Introduction 

The problems of predicting wave forces on a cylindrical-shaped 
structure are often categorized according to the magnitude of the linear 
dimensions of the object and of the wave field  Past advancement had 
been concerned mainly with the category of small-diameter cylinder under 
the action of small-amplitude waves (Morison et al , 1949, Goda, 1964, 
Bretschneider, 1955, 1957)   Some attention has been given to the ana- 
lytical treatment of the problem of a large-diameter pile (in comparison 
to the wave length) with small-amplitude wave (McCamy and Fuchs, 1954, 
Bonnefille and Germame, 1963)   These theories still remain to be 
verified by experiment  When it comes to the problem of determining 
forces on a large-diameter cylinder protruding through a large-amplitude 
wave system, one quickly finds the lack of adequate information and re- 
liable guidance  The difficulty lay in general the lack of an adequate 
mathematical model on the one hand and the scarcity of experimental data 
on the other  Therefore, the design of such a marine structure often 
presents a unique task of its own 

The present study dealt with the prediction of wave forces on the 
piers of the bridge for the Northumberland Strait Crossing  These piers 
are partially cylindrical with base diameter equal to 100 feet, close 
to the surface, where the wave action is greatest they are conical  Ac- 
cording to the information provided by the Northumberland Consultants, 

1491 
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Ltd , the design storm is based on a 1 percent risk of occurrence once 
in 100 years resulting in wind of 95 mph on the northwest and southeast 
side of the crossing, respectively  Significant wave of 14 foot height 
and 7 0 to 7 7 seconds is to be expected  The extreme wave can be as 
high as 25 feet  The design problem becomes unconventional  Actually, 
this problem is further complicated because tidal current ranging from 
0 to 4 knots is expected in the Strait  This alters the wave kinematics 
and hence wave-induced forces  Therefore, to obtain an engineering so- 
lution of this problem, once has little choice but to rely on the out- 
come of a scaled model test 

This experimental investigation is intended to provide sufficient 
information to meet the immediate need of the specific design problem 
in hand and at the same time to serve as foundation and verification 
for the development of a possible theory  It is realized that few model 
setups portray perfect dynamic similarity with their prototypes, and 
that, for all practical purposes, only the pertinent part of the phenom- 
enon need be closely approximated  As a result of dimensional analysis, 
it is not the viscous action, but wave inertia that is to be evaluated 
in the present instance  Therefore, in addition to the absolute magni- 
tude of the force and moment exerted on the structure, it is the above 
postulation with which the present investigation is concerned 

Dimensional Analysis and Scaling Laws 

The problem in hand is that of determining from experiments on a 
model of reduced scale the dynamic forces imposed by shallow water waves 
of relatively high amplitude upon a system of piers of partly cylindri- 
cal, partly conical shape  An important aspect is that of determining 
the scaling laws to be applied 

When an obstacle, such as a pier, is placed in the channel, it ex- 
periences a hydrodynamic force  This force can be considered as consisting 
of two components respectively related to wave velocity and acceleration 
The velocity related force in the horizontal direction is given by 

F(V,u) = i ir p fn C,   [D(z)]   [V(z) + u(z)]2 dz (1) 
2 d 

-d 

where V is the current velocity, u is the horizontal component of the 
wave orbital velocity, p is the density of the water, d is the water 
depth, n is the wave ordmate, D is the diameter of the pier, z is 
vertical ordmate and Cd is a drag coefficient  The drag coefficient 
is a function of, among other parameters, Reynold's number which is de- 
fined as 

V 

where v is the kinematic viscosity  The acceleration related force is 
given by 

F(u)= V2, \      cx       tD(z)]2   [u(z)] dz (2) 
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where C is an inertia coefficient which depends mainly on the Ursell 
number 

„  (Z) = 4£W)_ = DJzJ. 
gT2     L 

The Ursell number is actually an mversed Froude number preferred in 
wave mechanics 

The foregoing argument leads to the point that dynamic similarity 
requires that both Froude and Reynold's numbers be preserved  Since 
simultaneous Froude and Reynolds scaling of reduced model is impossible, 
a choice must be made  To this end it is brought out that the ratio 
of the acceleration force to the velocity force at any level of the pier 
is 

TT C   D(z) 

Cd  H(z) 

and since the inertia and drag coefficients are of approximately equal 
value, the ratio reduces to ITD(Z)/H(Z)  This ratio is always greater 
than unity even for the waves of extreme height and xn the cylindrical 
portion of the pier much greater than unity, so that the acceleration 
force dominates the velocity force and the resultant hydrodynamic force 
is close to the acceleration components  The consequence of this is 
that the scaling should follow the Froude law 

The integration of Eq  (2), which represents the acceleration com- 
ponent of the hydrodynamic force, cannot be carried out unless explicit 
expressions of C and u can be obtained  The other alternative is to 
establish the functional relationship through dimensional analysis be- 
tween this force component and other pertinent fluid, flow, and geo- 
metrical variables. By the latter method the following relation is ob- 
tained 

•m^T    =En<! FS T72> (3) 
p H/T2    n  L' D' d' (gd)1/2 

adified Euler number which repi 
and T is the wave period, H is the wave height, and g is the gravitational 
acceleration 

Evidently the number of parameters involved makes a thorough investi- 
gation burdensome, further simplification is desirable  McCamy and 
Fuchs (1955) obtained analytically the amplitude of the wave force per 
unit height acting on a cylinder at depth z below the surface as 

p/^ _ P H L   cosh [2u(z+d)/L 
F(z> - —r-     cosh 2lTd/L     

f
A «) 
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where l/2 

A   [Jj (TfD/L) ] 2 + [YJ (irD/L) ] 2 

and J and Y are Bessel functions of the first and the second kinds, 
respectively, and the prime denotes first derivative Accordingly 
the total force is 

n F(z)dz = £_H  ii  f 

T 
-d 

When wD/L is small, 

fA - ^   (ir D/L)2 

and F . £  £/  L  D2 (6) 
T 

On the other hand, when irD/L is large, 

*,~¥/2 *  £1/2 

and 

„2 
172       £4-       LV2DV2 (?) 

Phvsically, the last two equations imply that when D/L is small, the 
pier diameter is the controlling factor, whereas, when D/L is large, 
the effect of wave length becomes predominant  The present pier-dia- 
meter-to-wave-length ration (irD/L ranges from 1 to 1 5) is believed to 
fall into the latter category  The force coefficient is redefined as 

F/(LV2 D1/2) VT  H_    V . . 
„/m2    - 

Cm - Cm (D,  d,  , ..1/25 (8) 

pH/T (gd) 

For the case of shallow water, this equation simplfied further to 

5/4 „ 1/21/2.5/4   ms   m KD, d, , ,,1/2' ' 
g  pHT ' D ' d (gd) 

The parameter VT/D is a Strouhal number written in the form preferred by 
Keulegan and Carpenter (1958), in the case of combined wave and current 
the more appropriate expression is [V + u ]T/D, where U is the maximum 
horizontal particle velocity in the wave  This parameter characterizes 
the wake and eddy formations and is thus more directly related to viscous 
forces  It has been shown that, in the present case, the viscosity plays 
a minor role  Therefore, it is expected that the effect of the parameter 
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on the force coefficient is insignificant  In fact, the value of 
[V + UnJT/D varies from 1 to 3 for the range of variables in the present 
experiment  Keulegan and Carpenter were able to show that for the para- 
meter as small as such no eddy shedding occurs  Consequently, the force 
coefficient remains practically constant  Finally, the force relation 
is simplified to 

C „  ( |   ~;  > (10) 5/4 TTml/2 1/2 5/4    ms  ' d,  , „,l/2 
g  pHT  D ' d ' '  (gd) 

Experimental Apparatus and Procedure 

Facility 

The experimental study was carried out in the wave tank shown in 
Fig  1  Stable waves of steep profile and of period ranging from 0 74 
to 4 seconds for water depths as shallow as 6 inches can be generated 
at the test section  Current corresponding to controlled rates ranging 
from 500 to 4000 gpm can be developed either in or against the direction 
of wave propagation  A current deflector is fitted in way of the ports 
in the converging section to reduce the up-swelling action of the flow 
entering from the ports  A spending beach of 1 20 slope is installed 
at the end opposite from the wave generating section, to reduce wave 
reflection and to smooth the velocity distribution when the current is 
made to flow opposite the wave direction 

Pier Model 

The pier model (Fig 2) is made of aluminum at a scale of 1/100 that 
of the prototype  It consists of four detachable sections so that, as 
water depth is varied, the position of the calm waterlme remains rela- 
tively unchanged and approximately 1 5 to 2 inches above the top of the 
cylincrical portion of the pier  The pier model is fitted with three 
adaptors for diaphragm-type pressure transducers, two in the conical 
section and one in the uppermost section of the cylindrical body  Each 
cylindrical section of the model is also tapped for cavity-type pressure 
transducers  Generally, pressure transducers are sensitive to temperature 
fluctuations  When the pressure fluctuations to be measured are small, 
as m the present tests, temperature fluctuations can have a pronounced 
effect on the results  To minimize the possible error so introduced, 
the temperature of the transducers is matched to that of the water in the 
tank by continuously running a thin film of tank water over the trans- 
ducers 

Two force gages are mounted to a 2-mch by 1/4-inch flat bar which 
is fixed on the side wall of the wave tank and protrudes into the pier 
through the opening at its top  These gages are for the measurement of 
the magnitude and point of application of the horizontal hydrodynamic 
force exerted on the pier  The lower gage is fixed to its flat-bar sup- 
port and allowed to float in a force-transmitting adaptor which is fixed 
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to the pier and designed to transmit only tension or compression in the 
horizontal direction  The upper gage is mounted in a reverse fashion, 
it is fixed to the pier and allowed to float in an adaptor fixed to the 
flat bar (Fig 2) 

Instrument 

The flush diaphragm pressure transducers and the cavity pressure 
transducers are both of the resistive type and manufactured by Statham 
Instruments, Inc  The former, with a pressure range of 0 to 5 psig 
and a natural frequency of 3 5 KC, are used to measure the wave pressure 
on the pier in the region where waterlme fluctuates and impact is likely 
to happen, whereas the latter, with a pressure range of 0 5 psi differ- 
ential pressure, are used in the region that is always fully submerged 

The force gage consists of a Statham Universal Transducing Cell of 
Model UC3 and a load cell adaptor with a load range of 50 pounds  The 
Universal Transducing Cell is itself a basic sensing element made from 
strain gages and is capable of measuring a variety of physical parameters 
by using different adaptors  The load cell adapter is, of course, as its 
name implies, an accessory for transmitting forces 

The water surface elevations were measured by resistance type gage 
consisting of a pair of surface-piercing parallel wires, across which an 
excitation voltage was impressed  The corresponding voltage variations 
caused by fluctuations of the wetted line on the gage were recorded in 
wave-forms on a paper by a Sanborn Recorder 

The current-velocity distributions across the test section were meas- 
ured by conventional 0 25-mch Pi tot tubes in conjunction with precision 
manometer which can be read to 0 001 inch 

Procedure 

The magnitude and point of application of the horizontal force were 
determined for the various combinations of wave and current character- 
istics of Table 1  In these tests, the model of the pier was first 
made quasi-neutrally buoyant by ballasting  The model was then suppressed 
into the water by a horizontal bar mounted fixed to the side wall of the 
tank, but clear of the tank bottom  Guide rollers between the model and 
the bar confined the pier model to move in the horizontal direction  The 
force gages were mechanically biased to one-half of their full range so 
that they would respond in both tension and compression to a 25-pound 
maximum value  These gages were calibrated by applying through a set of 
pulleys known horizontal forces at the midpoint between gages 

The hydrodynamic pressure distribution was also determined for the 
combination of wave and current characteristics of Table 1 and for water 
depths of 6 inches and 12 inches corresponding to 50 and 100 foot full 
scale  In these tests, the model of the pier was mounted so as to be 
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fixed to the tank  The pressure was measured at five points along a 
meridan  Measurements were made for 30-degree increments in polar 
angle with respect to current and wave direction 

The impact pressure was sensed by transducers of the flush dia- 
phragm type since in the region of impact the transducer is alternately 
wet and dry  Because of the short duration of the impact, the signal 
transmitted by the transducer, after being amplified, was displayed on 
an oscilloscope and photographically recorded 

Test Results and Discussion 

Wave Force 

A typical time record of the wave force exerted on the pier along 
with the history of the wave measured alongside the pier is shown in 
Fig 3  From these records it is possible to determine the phase of 
the wave, with reference to the centerlme of the pier, at which the 
wave force is a maximum  This maximum occurs when the wave node coin- 
cides with such centerlme, for which condition the velocity-dependent 
force is a minimum  Thus, the maximum wave force is almost solely of 
acceleration-induced loading  This result supports the argument made 
under Dimensional Analysis and Scaling Laws 

It has been shown that the force coefficient defined in Eq  (2) 
is a function of the H/d and V/(gd)     The effect of wave steepness 
(H/d) on the force coefficient is found to be insignificant, at least 
in the tested range of H/d (0 08 - 0 4) 

In the case of shallow water, in the present experiment, the para- 
meter V/(gd) '2, which is the determining the influence of current on 
wave kinematics, although just how this parameter is related to wave 
dynamics is, as yet, somewhat unexplained  The experimental results of 
C^g plotted versus V/(gd)V2, are shown in Figs  4, 5, and 6 for water 
depths of 6, 9, and 12 inches respectively  The heavy solid lines in 
these figures are based on averaged values  The force coefficient 
fluctuates in the region of positive V/(gd)     A reverse current of 
increasing strength, however, always results m smaller force  The 
values of V/ (gd) *-'2 which corresponds to maximum C  fall in the region 

of 0 to 0 25 

The foregoing arguments lead to the point that the wave force acting 
on the (full scale) pier can be calculated from 

5/4, 1/2^1/2.5/4 
F = C   pg  HT ' D   d 

ms 

where C  has to be determined by model test at the corresponding Froude 

number  The wave height H is the local wave height with the absence of 
the pier and the current 
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The wave force so obtained were generally larger than those computed 
by using the linear diffraction theory developed by McCamy and Fuchs 
(of the order of 20 - 30 per cent)   It is also noted here that the ex- 
perimental study dealt with a case of two-dimensional simulation m that 
the pier model was placed and tested in the middle of a straight channel 
which is approximately 40 feet away from either end of the current in- 
lets  This arrangement discounted the effects of channel constriction 
near which wave and current encounters and the flow is either accelerated 
or decelerated depending on the flow directions  Experimental results 
reveal that the wave height at the test section with the absence of the 
pier model is always diminished by the effect of the current  As a conse- 
quence, the greatest hydrodynamic loading exerted on the pier is obtained 
when the current is null, since the wave force is directly proportional 
to the wave height 

However, one must be cautious to extend this conclusion to cases 
where three-dimensional effects mentioned above might be pronounced 
In fact,  additional   experiments were conducted m the tank and 
demonstrated that for long waves in shallow water the wave height was 
augmented by an oppose current 

The point of application of the maximum horizontal force does not 
vary appreciably with change in test condition  The mean values of 
the point of application measured from the mud line and their stan- 
dard deviations are listed below 

Water depth(d) Mean 

Max  2 

0 525 

Standard deviatioi 
(Inch) 

Max 1 

0 535 

Max il 

0 049 

Max   2 

12 0 055 

9 0 585 0 555 0 053 0 073 

6 0 575 0 550 0 085 0 098 

The Max 1 and Max 2 are defined as in Fig 

Wave Pressure 

Pressure distribution about the pier was measured for water depths 
of 6 and 12 inches  The pressure characteristics for both cases are 
quite similar  Experimental results for the case of 12-inch depth only 
are presented here for the purpose of discussion  Figure 7 illustrates 
the instantaneous pressure about the pier at a certain vertical position 
Figure 8 summarizes the results of maximum pressures as a function of 
angular and vertical position 

The gross characteristics of the pressure about the pier model does 
not differ significantly from the case of a straight circular cylindri- 
cal caisson in the absence of current (Laird, 1955) - i e , neither the 
shape of the distribution curve nor the magnitude of the peak value ap- 
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peared abnormal wxth respect to the case of straight caisson  The ef- 
fects of the conical upper section of the pier model are two fold  (1) 
The wave pressure on this section itself is reduced considerably m 
comparison with that on a circular cylinder of comparable base diameter 
(2) The pressure on the cylindrical portion, immediately below the 
tapered section is also reduced, possibly due to the greatly reduced 
reflection by the conical section 

Note that the maximum pressure amplitude occurs either at or close 
to the forward stagnation point (facing waving and current) and is 
slightly smaller, or at most equal to, than that corresponding to a 
change in level equal to the wave height  This means that the wave is 
almost completely reflected by the cylindrical portion of pier 

The current affects the pressure distribution on the pier in the 
same manner as it affects the horizontal force, the magnitude of the 
maximum pressure fluctuates for increasing strength of forward cur- 
rent but decreases for increasing strength of opposed current To a 
certain extend the presence of the current tends to deflect the wave 
front when waves approach the pier This effect causes the location 
of the maximum pressure to shift away from the stagnation point 

The wave force exerted on the pier in the horizontal direction can 
also be obtained by integrating the pressure around the pier according 
to the following equation 

nO) 2TT 

dz D(Z) 
p(6,z) cos0 cosP d8 

YD H. 
R 

n(8) 

dz 
D(z) 
D 

p(8,z) 
YHR 

cos6 cosg d9 

where 6 is the azimuth angle and 6 is the angle of normal of the surface 
measured from mud line  As an example, the maximum horizontal force for 
a specific case of H = 1 45 inch and V = 0 ft/sec was computed graphically 
and compared with the result of direct measurement  Upon graphical inte- 
gration values of 

D(z) P(8,z) 
cos8 cos3 d8 

are obtained  These values when plotted versus the height of pier (Fig 9) 
can be used to construct the horizontal load distribution diagram on the 
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pier  The magnitude and the point of application of the total force 
calculated according to the force diagram which connects the data 
points by straight lines are respectively, 4 85 pounds and 6 4 inches 
The corresponding values in the direct measurement are 5 4 pounds 
and 6 3 inches  The force magnitude obtained from pressure integra- 
tion is 15 per cent smaller than directly measured  This error re- 
sults from the over simplified load diagram  A more realistic, yet 
still simply constructed, load diagram is proposed and shown by the 
dotted line  According to this modified load diagram, the magnitude 
and the points of application of the resultant force become 5 4 
pounds and 6 1 inches 

The load diagram also reveals two facts   (1)  A predominate por- 
tion of the total load applies on the middle section of pier  Thus 
the point of application becomes insensitive to the variation of load 
magnitude  This fact was observed and noted in the direct-force 
measurement  (2)  The horizontal load on the conical section con- 
tributes merely 10 per cent to the total load  This leads to the ex- 
planation that the point of application of the horizontal force in 
the present geometrical configuration is considerably lower than that 
of a straight cylindrical cassion 

Impact Pressure 

With regard to the impact pressure measurement, Fig 10 shows a 
typical pressure traces displayed on the oscilloscope  In the region 
of the upper tapered section, no impact was ever observed  In the up- 
per portion of the cylindrical section, impact of moderate magnitude 
(generally smaller than the maximum dynamic pressure) was observed oc- 
casionally when the backwash from the tapered section met the oncoming 
wave  It was concluded that, for the present test conditions, the waves 
are neither steep enough or fast enough to induce significant impact 
loadings 

d = 6in 
H = 30m 

T = 0 9 sec 

V =-0 2 ft/sec 

•-PRESSURE   TRACE AT 
CONICAL  SECTION 

••PRESSURE   TRACE AT 
CYLINDRICAL  SECTION 

Figure  10 

Examples of Time Record of Impact Pressure Measurement 
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Conclusions 

Through scaled-model tests, the forces, moments, and the pressure 
distributions on the piers of the bridge for the Northumberland Strait 
Crossing have been determined  Geometrical simulations were partially 
fulfilled by placing the pier model in a wave channel that has a width 
of 4 feet  The test results fully support the known concept that when 
the pier diameter is large in comparison with the wave length, wave ln- 
ertial force becomes predominant  Generally, the presence of current 
m either direction results in a decreasing in wave force unless the 
pier is located at the channel entrance where a relatively long wave 
encounters a strong current in a shallow water 

As far as the wave force is concerned, the conical pier section 
serves three functions  the total horizontal force is considerably re- 
duced, the point of application of the horizontal force is lowered and 
becomes insensitive to the wave height, and the danger of wave impact 
is removed 

Measurements conducted in the wave tank provided the single experi- 
mental coefficient required to complete the result of dimensional anal- 
ysis for this case  Tms coefficient is reasonably well behaved for a 
range of current strength and wave parameters  Consequently, all results 
reported herein are considered applicable for design purposes to bridge 
piers and to structures of similar geometry 
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CHAPTER 92 

SOME EXPERIMENTS WITH SAND-FILLED FLEXIBLE TUBES 

Per Roed Jakobsen, M sc , Danish Board of Maritime Works 

and 

Arne Hasle Nielsen, M Sc , Danish Institute of Applied Hydraulics 

ABSTRACT 

Experiments with the use of long sand-filled flexible plastic tubes 
("Sand sausages") have been carried out for coastal protection purposes 
at several exposed locations along the Danish coasts since 196T In gene- 
ral the results have been encouraging 

Several methods have been used to fill the tubes with sand A simple 
inexpensive hydraulic method for easy filling of almost impermeable tu- 
bes on site has been developed by model and prototype experiments with 
promising results 

As a result of the experiments it seems likely that sand-filled tubes 
may be used with advantage as temporary structures, 1 e for full-scale 
pilot investigations and to solve acute problems, or they may be incor- 
porated in more permanent structures 

1 INTRODUCTION 

Flexible sand bags have been used in hydraulic engineering practice for 
many years, but due to the poor quality of available materials the use 
was mainly restricted until recent times to projects of non-permanent 
nature such as emergency flood control and protection of dikes 

However, with the development of fabrics of durable, strong synthe- 
tic fibres of nylon, polypropylene, etc , new possibilities have arisen 
for more permanent use of large sand bags in more exposed locations than 
could previously be considered 

The paper describes some preliminary experiments with long flexible 
sand tubes in coastal protection works that have been carried out in Den- 
mark since 1967 by model and prototype experiments 

2 FILLING METHODS 

One of the major problems in the economical use of long flexible sand 
tubes is filling the skin 

Several ingenious devices and filling methods have been developed 
for the filling of skins of permeable fabrics The sand is usually trans- 
ported into the tube by hydraulic pumping and the water excapes through 
the permeable fabric, leaving the sand grains in the tube 

In most cases the discharge tube is drawn backwards inside the tube 
with a speed corresponding to the rate of filling leaving the filled tube 
behind (Fig l) 

A much simpler and more economical hydraulic filling method which 
allows filling of sand tubes to almost any length above or below the wa- 
ter surface from the "front" end of the tube has been developed simply 
by using impermeable instead of permeable fabrics 

1513 



1514 COASTAL ENGINEERING 

When the mixture of sand and water flows into the impermeable flex- 
ible tube, the sand settles out near the inlet until the cross-section 
has decreased so much that a small "river" is formed m the tube on top 
of the accreted material 

PERMEABLE TUBE 

SUPPLY  TUBE 

SAND and WATER 

WATER 

DEPOSITED MATERIAL 1 

<""   •    '    '>«« •*••'•  u** 

FOLDED SKIN 

SEKTION   A-A 
RIVER DEPOSITED  SAND 

IMPERMEABLE TUBE 

SUPPLY  TUPE 
r-A 

SAND and WATER 

S^ALL RIVER  of sand and wrftr MAWLY  WATER   y 

ywwfrw»y^^       .^REGULATION 

DEPOSITED MATERIAL 

^=*    L-I00m 

FIG 1 PRINCIPLES OF FILLING OF FLEXIBLE TUBES 

The mixture of water and sand is now transported foreward m the 
tube and the sand grains settle out in front of the already accreted ma- 
terial, while the water leaves the tube through an opening at the far 
end By decreasing the outlet opening, the skin may be expanded by water 
pressure whereby an almost circular, filled cross-section can be ob- 
tained 

In laboratory tests the sand/water mixture was injected by sand- 
pumping, while in experiments in the field a different method was pri- 
marily employed water was fed under high pressure through a type of dif- 
fusor into which the filling material was added directly 

The impression has been procured from the experiments that in prin- 
ciple almost infinitely long, large cross-section tubes can be filled by 
hydraulic pumping provided the skin is impermeable at the time of filling 

3  EXPERIMENTS IN NATURE 

While the filling method was developed by model experiments the resistan- 
ce of fabrics to atmospheric conditions, ultraviolet sun rays, ice, human 
activity, etc , was investigated by full scale experiment in nature where 
various types of constructions were also tested under different conditi- 
ons 

Experiments were conducted in about 10 different locations, includ- 
ing sites on the exposed coasts of Jutland and on the more sheltered is- 
land coasts of Funen and Zealand 

The type of structures employed in natural locations so far has in 
most eases been groins, in some cases however revements and embankments 
have been built 

Cross-sections of the various structures have been (l) a single 
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tube, (2) one tube resting on two tubes, forming a triangular cross- 
section, and (3)"two tubes placed at the sides of an interjacent sheet 
covering a sand-prism. Future plans call for experiments with multicel- 
lular cross-sections. 

Tubes of a diameter of up to 100 cm have "been filled to lengths of 
up to 100 meters, and at water depths of up to 3 meters. 

Various methods have been tried to make the rubes in the structures 
behave as units. In some cases tubes have been lashed together by plastic 
ropes, in other cases tubes have been wrapped in filter sheets. Later 
experiments have involved weaving together the lower tubes in prism 
structures. 

Fig. 2.  Structures composed of sand tubes with diameter 0.7 nr(l tube 
on top of 2) 

In almost all the structures installed on sandy beaches there has 
been a problem of bottom protection. (The authors are aware that in au- 
tumn 1970 sand-tube structures with a new form of bottom protection of 
filter sheeting have been erected on the coast of South Carolina, U.S.A.). 

On shingle beaches there have been no problems of bottom protection. 
In all the experiments tubes have been entirely unprotected; in less 

exposed locations such structures may have a working life of several 
years. For permanent use of tubes above the water surface, tubes should 
be protected by a covering layer of rocks or similar material. 

The first sand-tube experiments conducted in Denmark took place in 
spring I967. The only point worthy of mention in this connection is that 
one of the filled tubes, laid at a depth of water of approx. 100 cm and 
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Fig.  3.    Tubes wrapped into a filter sheet. 

thus protected against  sunlight,  is  still intact, covered with harnacles, 
cockles and other sea-life. 

Some of the experiments are illustrated and described "below. 
Fig h shows the small fishing town of Ljzinstrup on the west coast 

of Jutland.  Tidal range is about  0.3 m but wind set-up may be about 
1.5 m combined with heavy wave action. _ 

The littoral South-North drift is estimated at approx.  500,000 m 
p.a.  On account of the poor condition of the existing high wooden groin, 
which was no longer able to ensure the necessary build-up of the beach, 
three sand tubes were laid out  in 1967 along the foot of the groin.  As 
anticipated, this caused a considerable build-up of the foreshore. 

The tubes  sank somewhat during the winter of 1967-68 although they 
had been given bottom protection in the form of filter  sheeting - but 
they stopped sinking when they came to rest on an old stone layer, the 
remains of the foot protection of the wooden groin.  Consequently another 
three tubes were added in 1968. 

In autumn 1969 the structure was severely damaged during a military 
landing exercise. 

The structure was repaired in 1970 as shown in the illustration, 
with a prism groin comprising three hydraulic filled tubes, diameter 
0.7 m, lashed together with plastic ropes, the lower tubes woven together. 

In spring 1969 an experiment began on the barrier beach south of bhe 
harbour at Hvide Sande on the west coast of Jutland (See Fig. 5)- The ex- 
periment  served three main purposes: 

1. A further development of sand tube constructions. 
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Fig. h.     Sand tube groin (Ljfostrup at the Danish North Sea Coast). 

2. To obtain better knowledge of the applicability of sand tubes in 
coastal protection works. 

3. Measures against a downdrift recession caused by a mole built to 
protect the Bvide Sande inlet. 

The barrier is only about 1 km wide but has a natural protection of 
dunes. 

The coast is exposed towards the west, prevailing winds from W-NW, 
and the N-S littoral drift is estimated at 1*00,000 m p.a. Tidal range 
less than 0.8 m, wind set up may be up to + 3.0 m. 

The constructions described in the following were with few excep- 
tions made of three tubes laid out to form a prism. The tubes were perme- 
able made of double layers of black polypropylene monofilament. 

Group 1:  Four beach groins. (Fig. 5). 
35 m long, starting on the dune at a level of + 6-7 m, ending 
on the beach at level + 2 m. 

Group 2:  Two artificial beach ridges. 
One half-moon shaped with a shingle drain under the middle 
section. Total length 70 m- 
Laid out with top level - 0.2 m at the front and the ends at 
top level appr. + 1.0 m. 
The construction never really worked because the permeable tu- 
bes over the drain were washed out by a gale during the con- 
struction period. 
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Fig. 5. Beach groins (Hvide Sande. The danish North Sea Coast). 

The other ridge boomerang shaped. 
Total length JO  m. Laid out on the beach at level + 1 m. After 
a short while the structure sank and is now buried in the sand. 

Group 3: Two groins going from the dune foot to the still water line, 
spaced 120 m apart and at an angle of 20 north to the coast 
normal. 

Group h:    As group three, now showing 20 south. 

Finally two constructions in the form of dozed sand prisms normal and 
parallel to the coast covered with a filter sheet stitched on both sides 
to individual tubes; unfortunately the stitching was not strong enough 
and the structures failed after a short while. 

Experimences: 

The material has shown good resistance to the forces acting upon it. The 
tube structures must be held together by some means: It is essential to 
pay careful attention to the problem of bottom protection. Some attemps 
were tried with filter sheet but were not properly executed. Thus the 
"groins" and "ridges" followed the seasonal beach fluctuations down - but 
of course never up again. 
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A extensive measurement program following the experiments will "be finished 
and finally evaluated in the summer of 1971 so far it can be stated that 
in the period summer 196° to spring 1970 stabilisation of the beach has 
been noted. 

Fig. 6.  Enebsrodde (Funen) 

On the Enebaerodde spit on the north coast of Funen a contractor has been 
conducting some experiments, that began in autumn 1969. 

There was a minor erosion problem in the test field. 
The tubes used were made of polypropylene lined with plastic D = 

0.70 m. 
There have been some interesting features in these experiments espec- 

ially concerning some groins made of single tubes going to a water depth 
of approx. - 1.0 m. (Fig. 6). 

1. The sand-tube groins in this relatively calm area had a signifi- 
cant traditional groin effect. 

2. The groins did not show any damages in the breaker zone. 
3. During the severe winter 1969-70 the tubes remained intact, al- 

though subjects to rather hard ice attacks. 
k.  The spit consists mainly of rather coarse material (shingle) but 

this has not apparently caused extra wear on the tubes, 
5. but keeps them from sinking. 

Lately - spring 1970 - sand tubes have been used for dune foot pro- 
tection on an artificial spit along the Lime Inlet on the west coast of 
Denmark. 
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A" » 

Pig. 7.  Sydhalen (Thybor|zSn). 

The tubes were laid out on the west teach of the spit and thus face 
the east part of the southern Thybor^n harrier; the construction is not 
therefore in a very exposed position. (Fig. 7). 

The structure is a 2 x 100 m prism arrangement with three 70 cm 
diameter tubes made of polypropylene tubes limed with impermeable plastic 
foil. 

On the southern section the tubes are lashed together with ropes 
while on the northern section the two lower tubes are woven together. 
Later sand will be dozed up between the eroded dune and the structure. 

The tubes were filled very succesfully by the hydraulic principle 
and had a very high filling degree, a level of about 90 %  of the theore- 
tical diameter being obtained. 

In June 1970 the first 1 m diameter tube was laid out north of the 
harbour at the Skaw. 

The effective height obtained was approx. 90 cm, the far end of the 
tube was positioned at a water depth of approx. 3.0 m. 

It was build in an old landing stage, and accreted in a short while 
sand to a height varying from 0.20 cm at depth 1.50 cm to 1 m at the 
shore end. 

Other projects have been carried out, and new are under prepa- 
ration. 
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MATERIALS 

Several types of polypropylene fabrics have been used for the skin of the 
tubes 

White polypropylene very soon appeared to have an unsatisfactory 
resistance to the influence of ultraviolet sun rays, and the fibres of a 
black polypropylene monofilament had an unfortunate tendency to slide so 
the sand grains could be washed out 

A woven black fabric, multiplex polypropylene splitfibre, seems to 
have solved most of these problems and has furthermore proved very resi- 
stant to icy conditions and to the effect of human activity, at bathing 
beaches for more than 1 year When the hydraulic filling method is used 
the skin is lined with an inner tube of plastic foil to obtain imperme- 
ability 

Tubes with diameters of up to 1 0 m have been filled to lengths of 
up to 100 m and at water depts of up to - 3 m The filling material has 
been natural beach sand with mean grain diameters of about 0 25-0 50 mm 
A recent small test with hydraulic filling of a tube with a mixture of 
1 part cement to 3 parts of sand has worked out well 

CONCLUSIONS 

On the basis of preliminary experiments conducted hitherto the following 
conclusions may be drawn 

(1) Impermeable sand tubes can be filled above and. under the water to al- 
most any length by hydraulic pumping 
(2) The selected type of fabric has demonstrated relatively good resi- 
stance to the forces acting in coastal environment 
(3) The experiments have shown that sand tubes may be used with advantage 
to solve minor coast problems, as temporary structures and for prototype 
pilot tests because the sand tubes can be easily removed 
(h)  If sand tubes are protected from sunlight and from human activity 
their use may be of a permanent nature 
(5) Many problems are still unsolved and the use of tubes is still in the 
development stage Work is in progress towards development of larger and 
more economical sizes of tubes 
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JTIL  PRESSURE  OP  JLOATINC   ICE-1'IELDS  ON PILLS 

by Joachim  SCHWARZ1^ 

S NOPSIS 

In order to determine the maximum ice forces against struc- 

tures, the compressive strength was investigated by labora- 

tory tests on cubes of several ice species. The results 

contain the influence of temperature, velocity of deforma- 

tion and direction of pressure on the cubic strength. 

In order to employ these laboratory results for the calcula- 

tion of structures, a relationship between the strength m 

laboratory tests and m nature was derived by measuring the 

pressure of floating ice-fields on a pile of a bridge, which 

crosses the tidal estuary of the EIDER River. 

The investigation leads to an equation, which allows the 

calculation of ice pressure against piles. 

INTRODUCTION 

In cold regions the pressure of ice is decisive for the 

calculation of hydraulic structures. This pressure, however, 
is still unknown or just m development. It is therefore not 

surprising that m severe winters hydraulic structures will 

be destroyed by ice run. 

In rivers the danger of ice pressure decreases with time, 

because the ice run m spring will be controlled by lce-breaker- 

'^Dr.-Ing., Scientific Assistent of the IEANZIUS-INSTITUT, 
Technical University of Hannover, Germany 

A similar report was given by the author at the 1. Ice- 
Symposium of IAHR m Reykjavik, September 1970 

1523 
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ships and because the ice formation will be reduced by the 

heated water of power-stations. 

In coastal regions there is no way of keeping the ice forces 

from structures and just m these locations the question of 

ice pressure becomes more and more important, for example by 

the offshore-construction of deep-water harbors, transloadmg- 

pomts for oil, light-houses and bridges. 

Intensive ice research was started after World-War II., 

especially m USA, Canada and Russia with the investigation 

of fundamental properties of ice (6). 

The problem of ice forces on structures has picked up during 

the last 10 years: KORZHAVIN (3, 1962) developed an equation 

to calculate the pressure of river ice m spring. This formula 

is based upon assumptions, which are only derived through 

laboratory tests. PEYTON (4-, 1966) measured the ice pressure 

on the piles of a drilling-platform m Cook Inlet, Alaska. His 

qualitative results are m agreement with the investigations of 

the author. Some experimental work, carried out by oil companies 

(CROASDALE, 2, 1970) has not yet been published. 

A general view about the present situation of research of ice 

pressure on structures was given by ASSUR (1, 1970) at the 

1. Ice Symposium of IAHR, 8-10 September1970 m Reykjavik. 

GENERAL CONSIDERATION 

The authors investigation (5, 19?0) of the pressure of floating 

ice-fields on piles has been based on the assumption that the 

maximum pressure of ice is limited by its compressive strength. 

This strength was first of all ascertained m compression tests 

on cubes m order to determine systematically the different in- 

fluences, such as temperature, velocity of deformation and 

direction of pressure. The received cubic strength can't be 

immediately employed for designing structures, because in na- 

ture the rupture of ice occurs m another way than m our lab- 

oratory tests. In nature the contact between ice and structure 
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is, for example, smaller than xn the experiments between 

ice cube and pressure plate. Moreover the shape, the width 

of the structure and the thickness of ice has an influence 

upon the strength. 

Because the fundamental strength properties nevertheless 

should be utilized for calculating ice forces, it was 

necessary to derive a relationship between the strength in 

laboratory tests and xn nature. This was done by measuring 

the ice-forces on a pile of a bridge. 

LABORATORY TESTS 

Strength properties were investigated by compression tests 

on ice-cubes from river, lake and harbor (fresh-water-ice) 

and from the North-Sea, Baltic-Sea and brackish-water (salt- 

water-ice). 

The edge lengths of the cubes were "10 cm. The tests were 

performed at ice temperatures of 0°, -10 and -20° C m two 

different directions (perpendicular and parallel to the 

growth-direction). The velocity of deformation was varied 

from S = 3 • 10~5 -J- to S = 3 • 10° —- . Plywood panels sec sec 
were placed between the cube area and the pressure plate, 

in order to average out the unevenness on the cube surface, 

so that the test results scattered only up to -5 %. 

RESULTS 

1. By lowering the temperature, the strength of ice increases 

at a rate of about. 

a = 4,5 kp/cm °C with fresh-water-ice    and 

a = 2,5 kp/cm "Cwith salt-water-xce. 

Thxs strengthenxng xs nearly lxnear down to -20° C. The 

lesser strength of salt-water-ice is attributed to the 

liquid brine cells within the ice. 
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2. At  a deformation velocity of S = 0,003 —— there  is a 
S6C 

maximum m strength (Pig. 1, 2). This result is ex- 

plainable from the deflection-time-curve, shown in 

Pig. 3. The maximum appears at all ice species at the 

same strain rate and is more evident, the colder the 

ice is. The deformation velocity of S » 0,003 —i~ 
corresponds to an ice sheet velocity of only a few 

cm/sec. That means, if the ice temperature is low, 

the maximum ice pressure m nature is to be expected 

just before the ice sheet stops. 

3. If the pressure acts parallel to the growth direction, 

the strength of fresh-water-ice is 20 % higher (Pig. 1) 

than if the pressure direction is perpendicular to the 

growth direction. With salt-water-ice these relations 

are just the reverse. 

4-. Between air-content within the ice and strength exists 

a nearly linear relation. 
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MEASUREMENT IN NATURE 

The compressive strength of sea ice, as occurs in nature, 

was measured in winter 1967/68 and 1968/69 at a pile of a 

bridge, which crosses the tidal estuary of the Eider during 

the construction of a tidal "barrier. 

Along the entire German coast of the North Sea and also 

just outside the estuary of the Eider lie large flat 

areas (wadden ground), where ice fields can grow very quick- 

ly. These ice fields float up only at higher tides and then 

drift with the tidal current against the bridge, where the 

ice fields are cut up by the piles. In the hereby occuring 

state of stress the ice strength has maximum values. 

The testing instrument consists of a shield with 50 pressure 

cells (Fig. 4-), 5 in each altitude level halfway encompassing 

the pile (j6  60 cm). The area of the pressure cells was 

15 cm x 15 cm. In some of 

these pressure cells were 

situated smaller ones with 
2        2 areas of 25 cm an 50 cm in 

order to determine the rela- 

tionship between strength 

and area of pressure. The 

shield was fixed on the sea- 

side of the pile (Fig. 5)» 

Insulating the  electronic 
part  of  the pressure  cell 
against   salt water presented 
a particular problem.   It  was 
solved with BOSTIC-NEOSEAL 
and SILICON-CAOUTCHOUC. 

FIG. 4   SHIELD WITH 
50 PRESSURE CELLS 
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RESULT 

In a paper of probability 

(Fig. 6) the strength of sea- 

ice in nature, related to 

several areas of pressure 

(<5f=>25 cm
2, OF,=»200 cm

2, 

0^=*840 cm =>the whole 

width of the pile at an ice 

thickness of 14 cm) was com- 

pared with the cubic strength 

from laboratory tests with 

the same ice. 

PIG. 5  POINT FOE MEASURING 
ICE PRESSURE ON A 
PILE OP A BRIDGE 

1. If the pressure is related to an area of F' = 200 cm 

the compressive strength in nature (C-pi) is only half 

of the cubic strength ((5yg) 

eh 
92 

6WB 
50 

= x, 0.5 

This reduction of the cubic strength is attributed to 

the incomplete contact between ice and structure. There- 

fore X is called contact coefficient, although this 

value includes the different state of stress in the cube 

pressure experiment and in nature. 
p 

2. If the area of pressure is only f = 25 cm , the coeffi- 

cient of contact increases to x^ 0.56. 
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Time in 1/100 seconds 

JIG. 7  ICE PRESSURE OK 5 SIDE BY SIDE PRESSURE CELLS 

3- Because the peaks of pressure (Fig. 7) occur simul- 

taneously only on 1 or 2 of the 5 side by side load 

cells - the others being largely unpressured - a 

second reduction factor from the proportion 

P-  = 0,66 was ascertained. 

Qj.  is the mean pressure over the whole width of the 
pile xthickness of ice, projected in the direction of 

floating. 0.66 takes into account first of all the 

shape of the structure, but also the increase of the 
2        2 area of pressure from 200 cm to 840 cm . 

4. From measurements of different thicknesses of ice 

follows, that the strength of ice increases, if the 

ratio thickness of ice to width of pile becomes great- 

er (Pig. 8). This is caused by the increase of the 
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0,05 aw 
Thickness of Ice 

0,15 0.20 
Width of Pile 

0J5 /? 

PIG.   8 RELATION BETWEEN ULTIMATE STRENGTH AND THE RATIO 
THICKNESS OP ICE TO WIDTH OP PILE 

threedimensional stress. If the xce sheet grows thicker, 

the number of planes of shear increases linearly, but 

also the extension of the planes of shear is lengthend, 

so that the strength increases exponentially. 

5. The pressure of brittle ice with low cubic strength was 

nearly the same as the pressure of new ice, because of 

the closer contact between brittle ice and structure. 

It can be assumed, that the coefficient of contact de- 

creases with lowering temperatures. 
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I'rom the results of the laboratory tests and the measure- 

ments xn nature the following equation is derived m order 

to determine the maximum pressure of floating ice-fields on 

piles 

P  =[o,5-0,66(<5wB(0° C)+0,55-a(tL-tw))+12,5(r)-0,15)]li-b 

0,5      = Coefficient of contact 

0,66     = Coefficient of form (pile j6  60 cm) 

<5¥3(0° C) = Cubic strength of ice at 0° C and a 

deformation velocity of S = 0,003 ~r 
S6C 

0,35*a(tT-t ) = Influence of temperature 

a = Temperature factor 

tT = Air-temperature during the last 24- 

hours 

t = Water-temperature 

0,55 = Factor to get the mean temperature 

of the ice-sheet (after KOKZHAVIN, 3) 

12,5(T]-0,15) = Influence of thickness m proportion 

to the width of pile 

h = Thickness of ice 

b a Width of pile 
T) = Thickness of ice width of structure 

This equation should be extended to higher values of T). 
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CHAPTER 94 

Breakwater and Quay Wall by Horizontal Plates 

by 
1) 2) 3) 4) 

Takeshi Ijima , Shigeo Ozaki , Yasuhiko Eguchi and Akira Kobayashi 

Abstract 

Wave action to breakwater and quay wall by fixed horizontal plates as shown in 
iig 4 and 5 are studied theoretically and experimentally  Transmission and reflect- 
ion coefficients for breakwater are calculated as shown m Fig 6(a)(b), which suggest 
that only fixing the water surface by rigid plate is effective to reduce the trans- 
mitted waves for appropriate wave conditions  Pressure distributions to plates are 
calculated as shown in Fig 7 and total pressures are in Fig 8  Pressure distributions 
to norizontal plate and vertical wall of quay wall are shown in Fig 9 and 10, which 
show that the plate* makes the pressure distribution to vertical wall more uniform 
than the one without plate and also submerged plates of breakwater and quay wall make 
the pressure distributions smooth 

Wave action m case when the region under plates is filled by permeable material 
are also calculated  The results suggest that the void of the material has the effect 
to elongate the plate and the fluid resistance acts as wave energy absorber 

1 Introduction 

Piling up the franged-column blocks as shown m Fig 1 into three or four layers, 

permeable breakwater and quay wall with vertical sides are constructed as shown in 

Fig 2 and 3  Photo 1 and 2 are actually constructed ones of Fig,2 and 3, respectively, 

in Japan, as wave absorbing structures  Hydrodynamically, they are regarded as 

composed of horizontal slabs supported by vertical piles  Accordingly, wave actions 

to these structures are studied by investigating the effect of horizontal plates and 

then of the permeable material filled uniformely under the plates instead of piles 

2 Theory of breakwater by horizontal plate (without permeable material) 

Suppose that a rigid horizontal plate of length2£ is fixed on water surface with 

constant water depth h and the water is divided atX»±£mto three regions I, II and 

III as sho#i in Fig 4  Assuming small amplitude waves in perfect liquid and velocity 

potentialm each region to be <^(, <P2 and <t> , we have the following Laplace's equations 

a*4y$x» + **+&?   - 0       (t-i 2 3) d) 

tl7~Professor, Faculty of Engineering, Kyushu University, Fukuoka, Japan 
(2) Director, the Fourth Harbour Construction Oifiee, Miniatry of Transportation 
(3)(4) Research Assistant, Kyushu University 
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Bottom and surface conditions in region I and III are as follows 

J&L.0     at*--h,        a^+^^.o at «-0 (1,-1,3) (2) 

In region II, we have 
5<" — ft at z=0 and za-h (3) 

Fluid pressure m each region and surface profiles m regions I and III are as follows 

(4) £._5£-^-,,*3) ,  5.-|(|fi., (.= 1,3) 
where 9 is gravity acceleration and f is fluid density 

Supposing the incident wave of frequency <J- (o- = Z1tA->T is wave period) and 

reflected wave in region I and transmitted wave in region III, the velocity potential 

which satisfies Laplace's equation and bottom and surface boundary conditions m each 

region is given as follows ^ 

where R, and f^are eigenvalues determined by the following relations 

•^k = kk.WUW =-lMi-U*.Mt ,   (ift=i,z,3   ) (8) 

A, B and F are complex constants which represent the incident, reflected and transmuted 

waves, respectively, and C-yt and &*$,  are standing waves which vanish at | X| ~~>Oo 

Df   and Ey are complex constants to be determined from the following boundary conditions 

At the boundaries Jt/=±j£ , continuities of horizontal fluid velocities and 

fluctuating wave pressures due to continuities of mass and energy flux through the 

boundaries require the following conditions 

&-T&-.        <fc = *» at * = £       (9) 

Substituting eq 5,6,7 into eq 9,10 and adding and subtracting, we obtain next 
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Multiplying each terms of above equations by cos(rJCz/h), integrating from z = ~h 

to z= 0 and using the following relations 

we have following equations 

Eliminating Dy and Ey m above equations and putting 

ae*U.    Be*U      }€*li,    C.eM=c. 

(15) 

(16) 

(17) 

(18) 

(19) 
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the following two systems of linear simultaneous equations are provided 

(20) 

(21) 

(22) 

where 

Eq 20 and 21 are regarded as equations for determining the unknowns (btf)/a, 

(c^+g^/a and (b—f)/a and (c^-g^, )/a, respectively, so that we obtain b/a, f/a, 

Cv/a and g.»,/a from eq 20 and 21. Thus, from eq 16 and 18, Dy and ET are 

determined as follows 

Letting the incident wave be  £o =cos(kx+(K.t), we have 

0L=u%e"*lA (2*) 
Thus, from eq 5,6 and 7, the velocity potentials are determined as follows 

Surface profiles in regions I and III are given as follows 

(25) 

(26) 

(27) 
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Reflection and transmission coefficients are as follows 

Pressure distribution R/jm.» and the total pressure f^ to the horizontal plate 

are as follows 

(31) 

3  Theory of quay wall with horizontal plate (without permeable material) 

Suppose the vertical wall with horizontal plate of length J[ as shown m Fig 5 

Boundary conditions for fluid motion in region I are oust the same as the previous 

section and velocity potential CD. is given by eq 5  In region II, the condition 

^Hs-r = 0 at  y = 0 is to be added, so that the velocity potential <fc becomes, 

putting E y = 0, as follows 

^z>t) = e^Zl),c^^^^- t (Y=O i 2 ;   to) 

Boundary conditions at Y = £  is the same as eq 9 

.Following to the same process as previoue section and using" the same symbols as 

eq 19, simultaneous equations for b/a and c*,/a are provided in the same form as eq 

20 as follows ^ 

*e   •*ZXJ?-e*     (T-o'i )      <*> 
Thus, the numerical results of eq 20 for breakwater are used as it is and D o 

and D-|-are given as follows 

Tor the incident wave ^ = o( cos(kx -f »-t), the velocity potential <t> is the 

same as eq 25 and <t> is as follows 
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Reflection coefficient Kr=|b/a( is identically equal to unity- 

Pressure distribution Ipj^.o) and (?,.«„>  , and the total pressurep and "P 

to horizontal plate and vertical wall are given as follows 

(37) 

|Wft*M=l^^gfAl| = l*./A| (40) 

4 Breakwater and quay wall with double plates (without permeable material) 

In cases of breakwater and quay wall with double plates at z — 0 and z = -h/2 

as shown by dotted lines in Fig 4 and 5, velocity potential in region II must satisfy 

one more condition ^T^J = 0 at z = -h/2   This is done by taking even numbers for 

integers r m eq 6 and 33 (that is r = 0,2,4,6,   ) 

!> Calculations 

For various values of «^h/g= 21Ui/lio (LO IS deep water wave length for period X), 

7v,,and   7V„,defined by eq 19 are calculated by eq 8 as shown in Table 1      And then, 

eq 20 and 21 are solved by means of electronic computor     For example, b/a,  f/a,  c«/a 

etc    for the case of   It- h/g =10 and    1/h =10   are as shown in Table 2 

6 Calculated results for horizontal plate breakwater 

Transmission and reflection coefficients K-t and Kv by eq 30 are shown m Fig 6(a) 

(b) for single and double plates  For the case of single plate with Jt/h= 2 0, Kt = 

0 53, 0 38 and 0 28 for JMi/g = 0 5, 1 0 and 1 5, respectively, and so only 28$, 14$ 

and 8% of incident wave energy are trnsmitted through the plate  Comparing Fig 6(a) 

with Fig 6(b), it is seen that if the total length of plates are equal m both cases 

(that is, (*/h),='2 0 corresponds to (*/h);i= 1 0), (kr )i is always larger than (K-f)i 

and (Kt)( is smaller than (Kt)i for all «*h/g, where suffix 1 and 2 show the cases of 

single plate and double plates, respectively  These properties are mterpretted as 
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the result that when the water surface is fixed by horizontal plate, the fluid under 

the plate is constrained in motion, increses its inertlal resistance to motion and 

behaves like as semi-rigid breakwater for short waves 

Pressure distribution to plate by eq 31 are shown m Fig 7(a)(b), which show that 

the distribution for double plates is remarkably uniform compared with that of single 

plate The total pressure by eq 32 is shown m Fig- 8, from which- it is seen that the 

averaged pressure per unit length of plate and per unit amplitude of incident wave for 

double plates is almost independent of Jt/h and approaches to the value for X/h — 05 

of single plate These properties of pressure to the plate suggest that the submerged 

plate has the effect of making the pressure distribution, uniform 

7 Calculated results for horizontal plate quay wall (without permeable material) 

The pressure distribution to horizontal plate by eq 37 is shown m Fig 9 for 

single plate quay wall ks  was shown for breakwater, the distribution for double plates 

is remarkably uniform compared with that of single plate  Pressure distribution to 

the vertical wall is m Fig 10  Compared with the one without plate (that is, J^/hwO), 

the distribution is smooth even for single plate wall and the tendency is much clearer 

for double plates wall  Averaged total pressure to horizontal plate and vertical wall 

by eq 38 and 40 are in. Fig 11 and 12, respectively  Comparing both figures, it is seen 

that for single plate wall the averaged pressure to horizontal direction becomes equal 

to that of vertical direction for larger X/h,  and it is clearer for double plates wall 

Ihis means that the water in region II is constrained m motion by horizontal plate and 

vertical wall and the wave pressures are equalized to all directions 

8 Theory of horizontal plate breakwater and quay wall with permeable material 

When permeable material is filled under horizontal plate, it causes resistance to 

the motion of fluid flowing through the void  For simplicity, we assume that the resi- 

stance is proportional to fluid velocity and the coefficient of resistance per unit 

fluid mass is N* and the void ratio is V  If u, w and p are actual velocities and 

pressure of fluid, equations of motion and continuity are as follows 

Letting the average velocities and pressure per unit volume of this region be 

u^ ~w   and "p, respectivel, we have next relations 

U. = TV.    W = T«r     } - Tf (42) 



1544 COASTAL ENGINEERING 

Then, eq 41 are rewritten as follows 

This average motion has velocity potential <P which satisfies Laplace's equation 

***"       U=3Vax ,    ^=SV3Z (44) 
fluid pressure "p is given by the following equation 

The boundary condition for potential <^> xn region II of Fig. 4 are ^^£ = 0 a* 

z =• 0 and z = -h, and from the continuity of mass flux at X=£jt » 

and also from the continuity of energy flux p = p/V at £•&£ , Pw«p/V a^ X--«£ * 

so that      _ ,     4    T    _, 

-t£-T(&+r>>) at *-'       (47) 

^fUt^J at **-*      (48) 

Since the velocity potential in each region is given by eq 5,6 and 7 for break- 

water, we obtain next relations corresponding to eq.20 and 21, using above conditions 

and the same symbols as eq 19 

*•+ i  ,. v*"x x^-Hye"" Q^h _MM^Z   r„_. , ^ (49) 

jM_     ft £n* x»+ a,^   u-^ _ ^-t-fte^1^   ,     ,    . (50) 

where 

Solving eq 49 and 50, we obtain b/a, f/a, c„/a and g«,/a for breakwater, and 

then Dyand ET are given as follows 
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Surface wave profiles, reflection and transmission coefficients etc are given 

m the same form of eq 28, 29 and 30 etc, using b/a, f/a, c«/a and g^/a by eq 49 and 

50  The fluid pressure in the region II is given by eq 45 for the incident wave 

£„— oCcos(lcx + ^t) as follows 

_L     f ^t-v)f d    ».^ ^^   gy ^rHx/n   al I (55) 

Pressure distribution and the total pressure to horizontal plate are given as follows 

(54) 

(55) 

Above-mentioned results are for single plate breakwater  For quay wall, similar 

results are obtained by the same process as m section 5 

9 Calculated results for horizontal plate breakwater with permeable material 

As an example, b/a, f/a, c-^/a, gw/a and dr /a, ey /a by eq 49 and 50 for 

0^* h/g=.  10, A/h - ! o, V«05 and (V<h*= 1 0 are shown m Table 3 

Transmission and reflection coefficients for JL/h — 10, V=0 5 are shown in 

Fig 13 for parameter fy^  When fV<jv-= 0, Ky and K^ are equal to those for JK/h=2 0 

in Fig 6(a) for the case without permeable material  When  MvV-^O* ^V becomes smaller 

than that for fVfl^-0 and then it increases with the increase of fty^  On the cont- 

rary, K>t decreases steadily with increase of fVV  This means that the void has the 

eifect to elongate the length J£ of the plate to JK/V and the fluid resistance has 

the effect to resist to the incident wave and to cause energy dissipation m breakwater 

The pressure distribution to plate by eq 54 is shown in Fig 14  Compared with 

Fig 7(a), it is seen that the distribution is steeper than the case without permeable 

material and the tendency is remarkable for large (J^-h/g  This coincides with the 

fact that the void has the effect to elongate the plate length 

It may be said that the submer^d plate has the effect to make the pressure 
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distribution uniform but the submerged permeable material has the efiect to make the 

distribution steep  Ihe averaged total pressure by eq 55 is nearly equal to the case 

without permeable material 

10 Calculated results for horizontal plate quay wall with permeable material 

ior the same conditions as previous section, reflection coefficient K^ for quay 

wall is calculated as shown m tig 15  KT decreases steadily witn the increase of 

Mi/g , but not so with fy<f-   ior large values of <Mi/gf Kr is minimum for M-/V 

between 1 0 and 2 0  That is, reflection coefficient is the least for a particular 

value of nV depending on 8" h/g and becomes larter for other values oi }*•/&•       As 

seen from big 15, Ky is larger than 0 94 for frh/g ( 1 5 and also by calculations 

for various values of //h, it is found that K-f is almost constant for /•/h^ 1 0, 

that is, Ky is independent on the length of plate for j/h ) 1 0   L'he fact that 

the reflection coefficient of quay wall does not decrease even for large values of 

tW and "/h is interpreted to be due to the small fluid velocity and the energy 

dissipation inside the permeable material under the horizontal plate 

11 Comparisons with the experiment 

Using the wave cnannel of length 22 meters, width 1 0 meters and depth 0 6 meters 

with flap type wave generater, experimental measurement was carried out for single 

plate breakwater of h =5 40cm and£= 40cm {x/y^ — 1  0) without permeable material, for 

incident wave anplitude oC nearly constant of 3cm   Transmission, and reflection co- 

efficients are shown m Fig 16, in which each plotted datura is the mean value of 10 

times measurements   Measured trnsmission coefficients agree well with theoretical 

values but reflection coefficients are lower than theory   The measured pressure dis- 

tribution to plate is shown m Fig 17, which shows that the measured distributions 

are remarkably steeper than those of theoretical ones   These discrepancies might be 

due to wave overtopping and eddies generated at the front edge of plate  Measured 

average total pressure to the plate aie shown m Fig 18, which shows good agreement 

with theory   i?or the case with permeable material, experinents are now under taken 

12 Conclusions and remarks 

Theory of single plate breakwater for long waves are introduced by J J °toker 

(1957) and the mathematical study of dock problems are piesented by K 0 Friedrichs 

and H Levy(l948) and others  In this paper we have tried the extension of Stoker's 

result to the case of general wave conditions by different method from these authors 
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ilain results oi  cur study are sur&Denzed as follows 

(I) lor the case of breakwater without permeable material, a horizontal plate fixed 

rigidly it water surface behaves like as a semi-rigid breacwater for short surface 

waves and more incident wave energy is reflected tor shorter waves and longer plate 

The longer the plate is, the more steeply distributes the pressure along the plate 

In case of double plates, the pressure distribution becomes remarkably smooth 

(II) For the case of quay wall, the pressure distribution to vertical wall is remark- 

ably uniform by the elfect of horizontal plate, compared to the case without plate 

The pressure distribution to plate is similar to that of breakwater, and the longer 

the plate is, the more equally becomes the averaged pressures to vertical wall and 

to horizontal plate  In other words, the horizontal ulate at water surface of quay 

wall plays the role of pressure equalizer to horizontal and vertical directions 

In case oi double plates, pressure distributions to both directions becomes more smooth 

than the case of single plate 

(III) When the region under the horizontal plate is tilled by permeable material, the 

void has the effect to elongate the plate, so that for breakwater the transmission 

coefficient decreases and the reflection coefficient increases and for both of break- 

water and quay wall the distnoution of pressure along the plate becomes steeper than 

the case without permeable material  lhe elfect oi fluid resistance is partly to re- 

flect the incident wave and partly to absorb wave energy, so that for breakwater the 

reflection coefficient increases and the transmission coefficient decreases and quay 

wall the decrease of reflection coefficient is not so remarkable   The pressure dis- 

tribution along the plate and the vertical wall is not changed remarkably by the effect 

of fluid resistance 
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Table 1 \.0 and X*for o^h/g 

^ 0 1 0 5 1 0 1 5 2 0 

\. 0 10237 0 24564 0 38187 0 51624 0 65742 
Xi 0 98977 0 94700 0 89075 0 83459 0 78263 
Xi 1 99492 1 97440 1 94845 1 92251 1 89699 

A3 2 99662 2 98303 2 96597 2 98489 2 93194 

Ad 3 99747 3 98730 3 97456 3 96182 3 94913 
X.S 4 99794 4 98985 4 97968 4 96951 4 95953 

At 5 99831 5 99155 5 98308 5 97462 5 96622 

Table 2 (a)     o^h/g =  1 0,      i/h = l 0    (sxngle plate) 

b/a = 0 5621 +0 5434 x f/a = 0 4334 - 0 4482 x 

n Cu/a Su/
a 

1 
2 
3 
4 
5 
6 
7 

- 0 1340   - 0 03753 x 
- 0 03114   - 0 01006 x 
- 0 01392   - 0 004658 x 
- 0 007891  - 0 002683 x 
- 0 005077  - 0 001742 x 
- 0 003532  - 0 001220 x 
- 0 002582  - 0 0008751 x 

- 0 05896  4. 0 02837 x 
- 0 01050  4- 0 008075 x 
- 0 004308 + 0 003788 x 
- 0 002340 + 0 002195 x 
- 0 001467 4- 0 001430 x 
- 0 001003 4- 0 001003 x 
- 0 0007238 4- 0 0007374 x 

r ir /a eT/a 

0 
1 
2 
3 
4 
5 
6 
7 

0 7063   f 0 03396 x 
0 08366  4- 0 003990 x 
0 02246   + 0 001071 x 
0 01004   4- 0 0004788 1 
0 005633  4- 0 0002687 x 
0 003594  4- 0 0001714 x 
0 002488  f 0 0001187 1 
0 001823  4- 0 00008699 x 

0 06392  t 0 05616 x 
0 01522  + 0 01337 x 
0 006499 4- 0 005710 x 
0 003563 4- 0 003131 x 
0 002242 4- 0 001969 x 
0 001537 4- 0 001350 x 
0 001118 4- 0 0009827 x 
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Table 2 (b)*    <f> h/g =   1 0, 

b/a=0 001452 +    0 ! 

X/h =10    (double plate) 

f/a= 0 4963 — 0 0008301 x 

n CT>A g-ft/a 

1 - 1 592    - 1 422 x - 0 7140 -)• 0 08723 x 

2 0 08463   + 0 07888 x 0 03229 - 0 01117 x 

3 0 6287   + 0 5925 x 0 2284 - 0 09617 x 

4 - 0 01199   - 0 01136 x - 0 004250 + 0 001953 x 

5 - 0 1053   - 0 1001 x - 0 03680 + 0 01778 x 

6 0 0006480 + 0 0006171 x 0 0002243 - 0 0001119 x 

7 0 002819  t 0 002688 x 0 0009689 - 0 0004946 x 

r d-f /a eT/a 

0 0 6614    + 0 3830 x 

2 0 004674   + 0 002707 x 0 002614 + 0 004496 x 

4 0 0005754  + 0 0003332 x 0 0003059 f  0 0005262 x 

6 0 0001629  + 0 00009434 x 0 00008513 + 0 0001464 x 

8 0 00006688 f 0 00003873 x 0 00003464 + 0 00005959 x 

10 0 00003387 + 0 00001962 x 0 00001745 + 0 00003002 x 

12 0 00001962 4- 0 00001136 x 0 00001007 +• 0 00001732 x 

14 0 00001247 f 0 000007219 x 0 000006383 f 0 00001098 l 

Table 3 
th/g = 10,   */h = 1 0, 

b/a= 0 7769 + 0 1685 x 

'0 5,    f%~ =  1 0 

f/a = 0 1930 - 0 1239 x 

n c„/a g •nA 
1 - 0 06763 - 0 05141 I - 0 02255 - 0 009455 x 
2 - 0 01620 - 0 01236 x - 0 003733 - 0 0008074 x 
3 - 0 007329 - 0 005580 x - 0 001490 - 0 0001913 i 
4 - 0 004184 - 0 003178 x - 0 0007981 - 0 00006291 l 
5 - 0 002750 - 0 002051 x - 0 0004964 - 0 00002332 x 
6 - 0 001888 - 0 001430 x - 0 0003377 - 0 000008349 x 
7 - 0 001384 - 0 001046 x - 0 0002429 - 0 000002015 x 

r ctr/a e r/a 

0 0 16771 - 0 17753 i 
1 0 03904 - 0 02638 x 0 028177 - 0 03108 x 
2 0 01071 - 0 007101 x 0 007753 - 0 007868 x 
3 0 004838 - 0 003176 x 0 003508 - 0 003445 x 
4 0 002734 - 0 001784 x 0 001984 - 0.001915 x 
5 0 001753 - 0 001138 x 0 001273 - 0 001215 x 
6 0 001218 - 0 0007888 x 0 0008849 - 0 0008382 x 
7 0 0008950 - 0 0005782 x 0 0006505 - 0 0006126 x 
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CHAPTER 95 

THE INFLUENCE OF BREAKER TYPE ON RIPRAP STABILITY 

by 

John P Ahrens, A M , ASCE 
Oceanographer 

0 S Army Coastal Engineering Research Center 
Washington, D C 

ABSTRACT 

Test data related to the stability of dumped quarry stone riprap 
under wave action is presented  The tests were conducted in the large 
635-foot wave tank at the Coastal Engineering Research Center at near 
prototype scale  The data indicate that the stability of the riprap 
is strongly influenced by the type of breaker  The lowest riprap sta- 
bility is associated with a breaker type intermediate between plunging 
and surging, sometimes referred to as a collapsing breaker 

INTRODUCTION 

From February 1969 to June 1970, tests were conducted in the large 
635-foot wave tank at the Coastal Engineering Research Center (CERC) to 
determine the relation of stability of dumped quarry stone riprap to wave 
action  During this period sixteen riprap protected earth embankments 
were subjected to progressively higher waves until the riprap failed 
The embankments were all constructed to have an initial slope of 1 on 
2 5, with a median armor stone weight of 28 pounds for ten tests and 79 
or 80 pounds for six tests  The purpose of this study was to collect 
data related to riprap stability at nearly prototype scale so that cur- 
rent design criteria can be improved  The scope of the study includes 
riprap stability for waves in reservoirs and coastal waters  The sixteen 
tests described here represent all of the tests planned for a slope of 
1 on 2 5, future tests will be conducted with slopes flatter than 1 on 
2 5 

TEST CONDITIONS 

All of the sixteen tests described here were conducted in the 635- 
foot wave tank at CERC  The width of this tank is 15 feet, the depth 
is 20 feet, the water depth used for all tests was 15 feet and the 
distance from the toe of the slope to the mean blade position was about 
440 feet  Sideboards were placed along the top of the tank wall near 
the crest of the embankment to allow the crest of the embankment to be 
built to a height of 24 feet above the bottom of the tank 

The core of the embankment was composed of compacted earth, graded 
to a smooth 1 on 2 5 slope  Between the core and the armor there was 
a layer of filter stone about half a foot thick  The riprap was dumped 
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on the filter bed from a skip, no water was in the wave tank during the 
dumping  The riprap stone was quarry stone granite from near Occoquan, 
Virginia, with a specific gravity of 2 71  The median weight of the 
riprap stone was 28 pounds for tests SPL-1 through 10 and 79 or 80 
pounds for tests SPL-11 through 16  The gradation of the riprap was 
measured by the ratio of the diameter of the 85% stone divided by the 
diameter of the 15% stone, D(85j/D(15), this ratio was about 1 7 for all 
tests  The range in weights of the riprap stone was from about 4 times 
the median weight down to about 1/8 of the median weight  The general 
shape of the stones could be described as blocky, almost none of the 
stones had a ratio of their longest axis divided by their shortest axis 
greater than 4  The porosity of the riprap was 37 4% for the 28 pound 
stone and 38 7% for the 79-80 pound stone 

In order to include waves with characteristics similar to those 
observed on both reservoirs and in coastal waters, five wave periods 
were chosen for testing riprap stability Each of the tests in this 
study were run at one of the following wave periods 2 8, 4 2, 5 7, 
8 5, and 11 3 seconds 

TEST PROCEDURES 

Waves were run in short bursts during the stability tests so that 
the generator would be shut off just before the wave energy reflected 
from the slope could reach the generator blade  Between wave bursts 
there were brief interludes to allow reflected wave energy to dampen 
out  Prior to the stability tests there was a calibration phase of this 
study to determine the proper wave height to assign to a particular com- 
bination of generator stroke and wave period  During calibration waves 
were run in bursts with a wave absorber beach in the tank and the heights 
were recorded at several locations in the tank  The wave heights used 
in this study were all obtained during calibration and, therefore, in- 
clude almost no influence of reflection 

A test was started by surveying the newly constructed slope on a 
square, 2 0 by 2 0-foot grid in the horizontal plane  The initial 
survey was then used as a reference with which to compare subsequent 
surveys  The slope was surveyed with a heavy, rigid sounding rod with 
a ball and socket foot, the foot was circular with a diameter of 0 5 
feet  The height of the first waves run on the newly constructed slope 
was chosen to be about 30% lower than the height which was expected to 
dislodge armor stones  Waves were run, in bursts, on the embankment 
until it appeared that no further stones would be moved by waves of 
this height, in no case would less than 500 waves be run at a particular 
wave height and often over 1500 waves would be run before the slope was 
considered stable  After the riprap was demonstrated to be stable at 
a particular height the slope would be resurveyed and the wave generator 
would be adjusted to generate waves approximately 10% higher  The test 
procedure can then be summarized as, running enough waves at a given 
height until it appears that the slope is stable, then survey the slope 
and increase the wave height about 10% and repeat the cycle  The cycle 
was repeated until enough armor stones were removed to constitute 
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failure  Failure, for these tests, was defined as having occurred when 
enough riprap stones were displaced so that the filter layer was exposed 
to wave action and core material was actually being removed through the 
filter layer 

DISCUSSION 

The purpose of these tests was to determine the relationship of the 
stability of dumped quarry stone riprap to wave action on slopes of 1 on 
2 5  The primary measure of stability for these tests was the zero damage 
wave height  The zero damage wave height was estimated on the basis of 
the written notes made by observers of their impression of the damage 
occurring to the riprap during the tests, and from damage calculations 
obtained from the frequent surveys of the slope  By comparing a survey 
associated with some wave height with the initial survey, the volume of 
armor displaced and the maximum penetration of damage into the riprap 
layer were calculated and used to help estimate the zero damage wave 
height  Table I gives the estimated zero damage wave height for the 
various tests and also some other observed data  Appendix II explains 
the meaning of all symbols used in this paper 

Table I gives an average value of the runup ratio, R/H, for each 
test  The runup ratio is the average of a number of observations made 
for waves lower than the zero damage wave height, while the slope was 
still in good condition  Within the limited range of wave heights con- 
sidered the runup ratio was approximately constant for each test  The 
initial slope, shown in Table I, was calculated by fitting a least squares 
straight line through the initial survey points  The initial slope was 
used as an estimate of how well the construction conformed to the planned_ 
1 on 2 5 slope  Table I also shows the average riprap layer thickness, r, 
for each test 

As the test series proceeded, the scatter in the zero damage wave 
height was greater than expected and appeared to be at least partly de- 
pendent on the wave period  This was not completely unforeseen, however, 
since a previous study on riprap stability conducted at CERC seemed to 
show some influence of wave period  The effect of the wave period was 
confused since these earlier tests were run in three different wave tanks 
at model scale ratios of from 1 to 30 to prototype  In addition, the 
previous riprap tests did not generally test a wide range of depth to 
wave length ratios, d/L, as they were oriented towards some specific 
riprap problems on reservoirs 

In Table II the stability number Ns, is defined and tabulated for 
each test by wave period and median armor weight  The stability number 
shown in Table II is useful for mtercomparing riprap tests, having the 
same slope but different median weights (Hudson (2))  Table II shows 
that the lowest stability is associated with the four tests with a wave 
period of 4 2 seconds and the two tests at a period of 5 7 seconds with 
the larger median weight  There is relatively high stability for both the 
short period waves, T=2 8 seconds and for the long waves, T=8 5 and 11 3 
seconds  Table II suggests that the breaker type may influence the riprap 
stability since it is related to the incident wave height and period 
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TABLE I 

STABILITY NUMBERS BASED ON ZERO DAMAGE WAVE HEIGHTS 

Median 
Wave Periods (second 0 

Weight 2 8 4 2 5 7 8 5 11 3 

28 2 66 1 87 2 25 2 64 2 75 

28 2 66 1 87 2 25 2 34   

28   1 87       

79 2 47 1 94 1 89 2 47 2 56 

80     I 88     

STABILITY NUMBER, N£ 
V/3 

«501/3 

dD=0 

(S-l) 
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Table II also suggests that for the tests with the lowest stability the 
median armor weight is proportional to the cube of the zero damage wave 
height given by Hudson's (2) formula 

The breaker types for the six tests with low stability noted above 
(tests SPL-3, 8, 10, 11, 14 and 16) were all intermediate between surging 
and plunging  Galvm (1) calls this transitional type of breaker a 
collapsing breaker  Apparently collapsing breakers have characteristics 
which yield low riprap stability  Table III places each test into a 
breaker category based on the wave conditions observed for the test be- 
fore and just after the zero damage wave height  Table III shows that 
the average stability number for the tests with collapsing waves is 
considerably lower than tests in the plunging or surging breaker cate- 
gory  Galvm's definitions of breaker types have been used throughout 
this study 

In order to more clearly show the effect of breaker type on riprap 
stability Figure 1 shows the riprap stability coefficient, KRR, plotted 
versus the offshore breaker parameter Ho/L0m   The riprap stability 
coefficient is equal to the product of the cube of the stability number 
and the tangent of the slope angle, it is similar to the stability co- 
efficient, KA, which is frequently used in evaluating the stability of 
armor units in rubble-mound breakwaters  The offshore breaker parameter 
is useful for predicting the breaker type on a known slope for waves with 
known deep water steepness  The offshore breaker parameter for Figure 1 
was computed by converting the zero damage wave height for each test to 
their equivalent deep water height  Figure 1 clearly shows the low sta- 
bility associated with collapsing breakers  For these tests the transi- 
tion between surging and collapsing breakers occurred between values of 
0 08 and 0 10 of the offshore breaker parameter and the transition between 
collapsing and plunging occurred between values of 0 20 and 0 25 of the 
offshore breaker parameter 

CONCLUSION 

Intuitively it seems reasonable that the manner in which the waves 
break on a slope will influence the stability of the armor protecting 
the slope  When a plunging breaker hits the armor stones with great 
impact, the impact has only a small component which is tangential to 
the slope, so that it takes a surprisingly large wave to dislodge armor 
stones  The uprush following the plunge is a turbulent, spongy mass 
of water with a great quantity of entrained air and has little impact 
against the stones  The return flow of the uprush appears to lack the 
volume, elevation and time to develop the strength to overturn the armor 
stones  In the case of a surging breaker the runup travels rather gently 
up the slope and the impact against the armor stones is slight  When 
riprap stones are removed by surging waves, it is by the return flow of 
the runup through, out of, and over the armor layer  The flow out of 
the armor layer tends to lift the stones and the return flow over the 
surface tends to overturn them  The breaker type transitional between 
plunging and surging, referred to as a collapsing breaker, has an uprush 
which seems to have significant impact against the stones and is directed 
approximately tangential to the slope  The uprush of the collapsing wave 
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TABLE II 

INFLUENCE OF BREAKER TYPE ON STABILITY NUMBER, Ns, FOR 

DUMPED QUARRY STONE RIPRAP ON A SLOPE OF 1 ON 2 5 

TEST 
WAVE 
PERIOD SURGING COLLAPSING PLUNGING SPILLING 

SPL-1 2 8 sec     2 66   

2 5 7 2 25       

3 4 2   1 87     

4 8 S 2 64       

5 11 3 2 75       

6 8 5 2 34       

7 5 7 2 25       

8 4 2   1 87     

9 2 8     2 66   

10 4 2   1 87     

11 5 7   1 88     

12 8 S 2 47       

13 2 8     2 47   

14 4 2   1 94     

15 11 3 2 56       

16 5 7   1 89     

Average 2 47      1 89        2 60 

Ysl/3HD=0 
STABILITY NUMBER,  N. =    -••—lVv 

s        i.i    1'3 

W50       <-S~» 
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also has dynamic properties which tend to lift the stones  The return 
flow of the runup can then dislodge or overturn stones which have been 
momentarily placed in a less stable position by the uprush  Since the 
return flow of the collapsing breaker seems to be significantly stronger 
than that of the plunging breaker it is possible that even stones which 
were not made unstable by the uprush could be dislodged by the downrush 
It seems as if the physical characteristics of collapsing breakers have 
combined in an optimum way to yield low riprap stability 
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APPENDIX II  - NOTATION 

The following symbols are used in this paper 

d = water depth 

H = wave height 

H0 = deep water wave height 

Hp_Q = zero damage wave height 

H(FAIL)    = failure wave height 

Kpp = stability coefficient for riprap 

K. = stability coefficient for rubble-mound breakwaters 

L = wave length 

L = deep water wave length 

m = tangent of slope angle 

N = stability number 

r = average riprap layer thickness 

R = runup 

S = specific gravity of riprap stone 

T = wave period 

W5Q = median armor weight 

Ys = specific weight of riprap stone 
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ABSTRACT 

In this paper experimental data are given to aid in 
the design of a rubble-mound breakwater The use of armor da- 
mage functions is supported rather than the use of the wave 
height for the no damage condition Damage curves defined ex- 
perimentally are proposed, for both rocks and tetrapods, for 
different wave storm durations and for different placing tech 
niques 

A determinant influence of storm duration is found 
for advanced damage of the armor layers 

The experiments with different placing techniques 
showed that stability coefficients based upon the no damage 
criteria, do not give a reliable picture of the ultimace 
strength of a rubble-mound breakwater 

INTRODUCTION 

The experiments on which this paper is based have 
been made in a series of research works Hernandez, Pastor 
and Suarez (1968), Loreto (I969), Ibarra and Blumentals (1969) 
Neri and Santeliz (1970) These researches were accomplished 
in the Hyaraulic Laboratory of the Central University of Vene_ 
zuela, in partial fullfillment of their Civil Engineer Degree, 
under the writer's direction 

A preliminary paper on the influence of wave storm 
duration was submitted by the writer to the Eleventh Conferen 
ce on Coastal Engineering (1968)  In that paper were given 
damage functions por different storm durations with the number 
of waves as the only parameter A strong dispersion of the 
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experimental data showed the importance of the ratio Hw / H1/3, 
Hi* being the wave height that caused one percent damage and HW3 
the so called significant wave height or mean of the larger one 
third In this paper new data on wave storm duration is submitted, 
in which this ratio is also taken as a parameter, thus obtaining 
a better fitting of the experimental points 

The Hudson's design wave height 

Since the no damage criteria for rubble-mound breakwater 
design were defined (Hudson, 1959), most research work on this sub 
ject has focused its attention on the initial damage However, it 
is generally accepted that rubble-mound breakwaters are expected 
to withstand the design storm with some damage, either reaching 
equilibrium or being repaired before next storm hits 

The deffinition of the design condition for che one 
percent damage has the advantage of being equivalent to the no 
damage situation and thus numerically well defined However, the 
stabilicy of the one percent of the armor rocks that are first 
displaced, depends largely on random placing and geometrical fac_ 
tors, rather than on the armor capacity as a whole to resist waves 
Rogan {1968) points out the fact, also observed by the writer, that 
the filter layers uncovering is simpler to observe and more signi- 
ficant than the number of displaced rocks, specially at the inci- 
pient stages of damage In this sense, also the late Iribarren ( 
1965) defined the design criteria based on the total failure of 
the breakwater Iribarren proposed his most recent formula consi 
dering that the failure of the armour depended largely on che sTope 
stability of about six rows of that could slide at the same time 
Nevertheless, although this type of failure is often present at the 
final stages of failure, it has been largely induced by the conti- 
nuous weakening of the armor in the maner considered by Hudson, it 
est rocks rolling or being lifted one by one 

The design using the damage functions 

The damage functions, rather than the no damage or total 
failure conditions alone, should be given to the design engineer, 
summarizing the afore discussion in the following reasons 

1 Economic considerations in one hand and safety factor 
in the other, usually lead to a design damage different 
from either the no damage or total failure conditions 

2 Neither the no damage or total failure conditions are 
solely determinant of the safety factor for a given 
design damage 
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Both Hudson and Iribarren, in the writings above mentioned, have 
presented experimental data in the form of damage functions in 
which the percentage of damage is related to parameters defined 
by themselves The writer (I968) has proposed to relate the per 
centage of damage A <$>  to the ratio H/HI$» H being the wave 
height that causes the A# damage, since technical literature 
is plenty of data for the H;ug selection. This representation also 
simplifies visual comparison of damage functions for different 
armor blocks and placing techniques 

The experimental data and curves given in this paper 
are believed to apply specially to the case of decayed swells, 
since the waves used in the laboratory are periodic waves of 
intermediate steepness To the writer knowledge, the first refe 
rence given to the frecuency spectrum shape influence apeared 
in a paper by Carstens et Al (1966) Io could be said that the 
shape of the frecuency spectrum is related to the tendency of 
higher waves to break in front of the breakwater, therefore it 
is suggested that in future experimentation, related with the 
non-uniform waves effect on breakwaters, the relation between 
the significant wave height and the breaker height for the mean 
wave period at the depth of the structure be considered as a 
significant parameter In the pre&ent experiments this relation 
was 

Hb being the breaker height corresponding to the wave period and 
water depth of the tests as computed after the experiments of 
Danel (1952) 

The influence of duration of locally wind generated 
waves was studied in the laboratory by Rogan (I968) The main 
conclusion of the latter is that the effect of a local wave 
storm is similar to that of periodic waves with height equal 
to the storm significant wave height 

INFLUENCE OP SWELL DURATION 

Pig 1 Shows the damage functions for rocks and 
tetrapods in which A %,   the percentage of displaced elements, 
has been related to H/fn$, H being the height of the wave that 
causes the damage and % the heinght of the wave for the 1$ 
damage, usually defined as the limit of the no damage condition 
The symbol n refers to the number of waves of the swell The 
simbol Hi/j refers to the significant wave height of swell 

Pig 2 Shows the total damage caused by swells of 
different durations with Hw / HT/J as parameter Hmdx reffers 
to the maximum vave height expected during the storm For storms 
with more than 3 000 waves the n = 00 curve could be used 
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Although a subject for future research, it is believed 
that design in shallow water, where the largest waves break far 
from the structure, could be carried using the curves in Pig 1 
with H being the maximum active wave height Galvln (1969) has 
made experiments that may help in the selection of the maximum 
active wave height 

INFLUENCE OF PLACING TECHNIQUES OP ARMOR ELEMENTS 

Pig 3 shows the damage functions for rocks and tetra 
pods using different placing techniques Dashed curves correspond 
to careless random placing Pull curves stand for careful placing, 
interlocking elements as much as possible 

As it is shown by the experimental results, placing ma- 
kes a big difference for the initial damage, but is less relevant 
for advanced damage, when the armor porosity and " dynamic" stabi_ 
lity are essential ~~ 

DAMAGE DISTRIBUTION ALONG BREAKWATER SLOPE 

Pig 4 Shows the average damage distribution curve of 
four sets of experiments, with the 1 1 5 slope for both rocks 
and tetrapods It is seen that while at the beginning the the da 
mage mostly occurs below the still surface level,_for larger waves 
the portion mmediately above that level is also strongly affected 
As a matter of fact it is in this region where uncovered filter 
first appears 

THE ARMOR DENSITY COEFFICIENT 

Usually the kind of armor block to be used in a breakwa 
ter ( rock, tetrapod, tribar, tetrahedron, dolos,^stabit, etc  ), 
as well as the constructive method ( dumping, placed by crane, pla 
ced with special techniques, etc ), are selected taking into account 
economic and functional considerations It is sometimes difficult, 
however, to make economic comparisons since authors do not give 
enough data, restricting it usually to the Hudsonjs Coefficien K^, 
which is only indicative of the block weight and not of the volume 
required to cover a given breakwater slope area 

In order to adopt a standard terminology and to simplify 
the economic design, the following coefficients and expresions are 
proposed 

If we call At the area of the breakwater slope tributary 
to one block, then 

At —  Area 
Number of blocks 

In order to give this area in a dimensionless manner, 
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it may be defined the " revetment unit " Ur such that 

u, =._*!_ 
v2/s ~ (w/y>rP 

Where V is the solid volume of one block, W its weight and 
JV its specific weight 

In the experiments reported in this paper, corres_ 
ponding to the carefull placing technique, the mean values 
for Ur were 

Tetrapods  1,00        Rocks 0 95 

Since the specific gravity of rocks is usually 2 7 
and that of concrete 2 2 , it may be defined a coefficient Kc 
such that 

At   Ks  c0+,jo<. 

Where   fy   is the water specific weight    In this 
manner the required weight  per unit  area would be inversely 
proportional to Ks    for a given breakwater slope and wave 
height 

If    Ks  is  related with Hudson's  formula 

w  = ir n3 

Then the following expressions result 

K   > HUr   _ K, QjW^H    UW 

Ks could be named  " Armor density coefficient " 

In Pig 5 the " armor density coefficient " has 
been plotted against the damage percentage A $  for both 
rocks and Tetrapods It is also shown a sample of economic 
comparison of both kinds of blocks for a 10$ damage design 
It is readily seen that a price per unit weight of tetrapods 
1 26 times the price per unit weight of rocks will make both 
blocks economically equivalent for that condition. 
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.= 126 

yV=2 23TON/fn3 

jUr= I 0 

!fV=27ITON/m3 

Ur=095 

Ks 

FIG  5    STABLE  DENSITY   COEFFICIENT 
(CAREFUL     PLACING) 

WAVE 
GENERATOR 

SLIDING   GATE 
EXPENDING 

MODEL BEACH 

31m 10m 

50m 

FIG    6   WAVE   CHANNEL AND   EXPERIMENTAL 
S ET-   U P 
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FIG. 7        WAVE    ACTION   ON   THE    MODEL    BREAKWATER 
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DESCRIPTION OP THE EXPERIMENTAL WORK 

The  tests 

For the limited duration storms the model breakwater 
was subjected to the attack of periodic waves of height and in 
number according with the known statistical distribution for 
actual swells (Putz, 195^) See in Pig 13 the wave height hib^ 
tograph actually used in the experiments In Pig 12 are shown 
records of a typical uniform wave train and a train of " three 
waves ", it est a train with three larger waves of mean height 
2 7 times the mean wave height, as specified in the 1000 waves 
histograph 

For the infinite duration swells, waves of a given 
height attacked the breakwater until equilibrium was reached 
Then the displaced blocks were counted and, without rebuilding 
the slope, the experiment followed increasing the wave height 
in steps of about one centimeter The test were conducted in 
bursts such that reflection from the breakwater would not inter 
fere with wave generation; furthermore, a slide gate, close to 
the model, was used to interrupt the " last wave " of the train 
that is up to 20$ larger than the preceedmg waves In terms of 
Hudson's formula, a 10$ difference in wave height means 33$ 
difference in the stability coefficient Kd 

The core of the breakwater was considered to be imper 
vious and, as such, a board with stripes was used Completely 
different results are expected if a core with significant poro- 
sity were used 

It was observed ( See Pig 7  ) that all waves that 
caused some damage broke on  the breakwater slope in the manner 
of a collapsing breaker as defined by Galvin (1969) 

The Experimental Set - up 

See fig 6 for a description of the experimental 
Set - up 

CONCLUSIONS 

1 For the initial movement of rocks and tetrapods 
it seems that the duration of the swell is not important The 
duration becomes relevant for advanced damage (See Figs N° 1 
and 2) 

2 Economic considerations in one hand and safety 
factor in the other, usually lead to a design damage different 
from either the no damage or total failure conditions Therefore 
the damage functions, rather than those criteria, should be given 
to the design engineer. 
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3 The experiments show that placing techniques of 
the armor blocks make a big difference for the initial damage, 
but are less relevant for advanced damage, when the armor poro 
sity and " dynamic" stability are essential ( See Fig 3. ) 

4 Uncovering of the filter layers in holes of diame 
ter equal to two pieces ocured for armor damage percentages 
between 10$ and 20$ Usually, in the next wave height step, total 
failure would follow for damage between 30$ and 40$ (See Pig 3) 

5 It was observed in the experiments that while at the 
beginning the damage mostly occurs below the still surface level, 
for larger waves the portion inmediately above that level is also 
strongly affected ( See Fig 4 ) 
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RECORD    OF    A    UNIFORM 

WAVE    TRAIN 

H = 6,2 cm 

RECORD    OF    A 

THREE   WAVES   TRAIN " 

Hmean   =  13,0 cm 

FIG     12       SAMPLE    WAVE    RECORDS 
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HYDRAULIC RESISTANCE OP ARTIFICIAL CONCRETE BLOCKS 

by 

Nobuo Shuto 

Associate Professor, Chuo University, Tokyo, Japan 
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Public Works Research Institute, 
Ministry of Construction, 

Abstract 

Theoretical analysis and experiments are made to clarify the mechanism of reducing 
the wave energy by the block structures   In order to express the hydraulic reistance 
of three different kinds of blocks, three different models are proposed  The hydraulic 
radius and the porosity of the block structures are essentially important factors m 
the expression of the hydraulic characteristics of the block structures 

It is recommended, from experimental results, to carry out the hydraulic experi- 
ments by using blocks heavier than at lea^t 500 gr 

Resistance coefficients obtained m the steady and oscillatory flows show almost 
no difference 

1   Introduction 

Several types of artificially made concrete blocks have been used in coastal and 
harbour areas   Main purposes of using block structures are 

(1) to reduce the wave forces acting on coastal structures, 

(2) to reduce the wave reflection from coastal structures, 

(3) to reduce the height of transmitted waves, 

(4) to reduce the wa\e run-up height, 

(5) to reduce the quantity of wave overtopping, and 

(6) to protect the toe of coastal structures against erosion 

Although the design of the block structures is usually based on hydraulic experi- 
ments, the similitude between model and prototype is not yet clearly understood 

In order to fulfill the above mentioned purposes, block structures must be able to 
effectively reduce wave energy   Thus, the knowledge of the mechanism of reducing the 
wave energy by the block structures is of essential importance   Naturally this mecha- 
nism should be considered by taking into account the effect of the scale of model 

The aim of the present study is to clarify the mechanism of energy reduction, and 
to express the hydraulic resistance law of the block structures in terms of their 
characteristic quantities   When this is once achieved, factors such as the reflection 
and transmission coefficients of block structures become computable and a part of the 
design may be satisfactorily done without conducting hydraulic experiments  In addition 
if the similitude is once established, the hydraulic experiment will give more reliable 

1587 
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design data 

First, authors intend to explain the loss coefficient of block structures in terms 
of the characteristic quantities such as the porosity or the hydraulic radius by using 
the experimental results obtained in the steady flow 

Secondly, authors try to determine whether the flow through the block structures 
is turbulent or laminar   Since a hydraulic model using small blocks does not produce 
a fully developed turbulent flow through its pores, the experimental results obtained 
from such a model are not likely to give any reliable design data   Therefore, the 
minimum allowable size of the blocks in the hydraulic experiment must be determined by 
taking into account the flow characteristics through the pores 

Thirdly, comparisons are made between the resistance law obtained by assuming the 
steady flow and that obtained by assuming the oscillatory flow Naturally, the wave 
motion actually attacking the block structures in the field is not steady but unsteady 
However, at is desired to determine the hydraulic resistance law of concrete blocks by 
the experiments in the steady flow which is simpler and more convenient than those in 
the oscillatory flow Thus, it may be very useful to find a relationship between the 
resistance laws obtained in the steady and unsteady flow experiments 

2  Theoretical analysis 

2-1  Steady flow 

2-1-1  Resistance-pipe model 

Figure 1 shows this model   The block structure is considered to have a number of 
fictious pipes in it   The total volume of the fictious pipes is set equal to the total 
volume of the pore in the block structure The total area of the 
inner surface of the fictious pipes is assumed equal to the total wetted area of the 
blocks 

Then, we have 

nd2L = eBLH (1) 

4nLd = S, (2) 

where n is the number of the pipes,  d the diameter of the pipe,  L the length of 
the block structure, B the width of the block structure, h the average waler depth 
in the block structure, 6  the porosity of the block structure, and S the surface 
area of the blocks 

From the above equations, we have 

a = 4-fjp- = 4R (3) 

(4) 16RL 

The hydraulic radius, R , is defined as £BLh/S and is considered as a measure of 
the average size of the pore 

When the water flows down through these fictious pipes, loss in energy occurs due 
to the friction along the inner surface of the pipe   By using the average velocity, 
Vp , in the pipe, the head loss, hf, ean be expressed as follows, 

L  VP  _  r  L  1   Q2 , v 
d  2g       4R 2g e?B2h2 » V* 
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in which the average velocity is given as 

„ Q _ e 
nd   eBh 

and Q is the total discharge of water 

(6) 

In the experiment, the head loss is obtained as the difference between the energy- 
heads in front of and behind the block structures 

hf = h' + "^- "  (h2 + -^) (7) 

By using eqs  (5) and (7), the loss coefficient f  is determined 

2-1-2  Fictious pipe model vith sudden expansion and contraction 

In the model shown in Pig 2, the characteristic sizes of the pore and the block 
are considered equal to Ri and D, respectively   The total number of pores m the 
block structure is mp and that of blocks is mD   The shapes of the pore and the block 
are assumed as cubes   Then, we have 

rap R
3 + mb D3 = V = BLh                               (8) 

mp R^ = ev (9) 

mb D
3 =  (1 - e) V                                (10) 

6mb D
2 = S (11) 

R =^j- (12) 

Solving these equations, we can obtain a relation between a characteristic radius Ri 
and the hydraulic radius R defined previously   The relation is, on neglecting the 
coefficient of proportionality, 

B  oc ( 1 ~ *•)"*" R (13) 

Now, let us assume a homogeneous distribution of pores within the block struc- 
tures, and let ni ,  n2 ,  and ns  be the numbers of the pores in the directions 
parallel to the length, width and height of the block structure, respectively   The 
assumption of the homogeneity gives the following relation 

n.   n.   n3 = L  B  h (14) 

The average total sectional area of the pore through which the water can flow down is 

n* n3 Ri   = £TBh, (15) 

Average velocity, Vp, in the pore is, thus, given as 

vp = Q/e~Bh (16) 
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Head loss which occurs when the water passes through a pore is expressed as 

Since the number of pores along the direction of flow is n , the total loss in energy 
is given as 

VT!2 

mf—22- 
2g 

The number m   is equal to eaL/Ri,  because 

(17) 

Finally, the total loss in energy is given as 

2-1-3  Resistance body model 

If a body is placed in a flow, the force acting on the body changes the momentum 
of the flow   Total resistance, P, of the body in the flow is expressed as 

* = -2J-B {gh - v,v2}Ah, (19) 

where vt and v2 are the flow velocities in front of and behind the block structure, 
and All is the difference m heads   Other terms are as defined previously  Ve 
assume there are a number of rectangular piles in the block structure   The height of 
a pile is h,  the sectional area of a pile is d x d, and the number of piles in the 
block structure is m   This model is shown in Fig 3 

The total volume and surface area of the fictious piles are assumed equal to those 
of the actual blocks   Thus, we have 

rad2h = (1 - e)LBh (20) 

4mdh = S (21) 

From these equations, the following expressions for d and m can be obtained 

a = 4LBh <* - «> (22) 

o2 

" " (23) m ~  16BLh2(l - s) 

If a single fictious pile is placed in the flow, the resistance  FBI  may be 
expressed as follows by using the conventional expression CD for a resistance 
coefficient, 

v? ,  v 
FB1 = CD^- dh (24) 

When all the piles are placed in the flow without mutual interaction, the total 
resistance of the piles is m-times larger than FBI    The total resistance of the 
piles per unit width of the channel is then given as 
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Far  . dh   v5    CD S  vf  F ,,_, 
m-B-=CDrT~ m"2F = ~~  2g T" (25) 

In an actual block structure, the adjacent piles interact each other because of the 
small spacmgs of the piles   The total drag coefficient may be a function of the 
number of the piles in the channel   The number of piles per unit width may be con- 
sidered proportional to the surface area of the blocks per unit width of the channel 
Thus, we have 

F 
f(S/B) -£- (26) 

From this expression, it may be seen that the resistance coefficient is a function of 
the term S/B 

2-2  Unsteady flow 

The motion of the water column in a pipe without the block structure is given by 
the following equation, 

-&- + ^>-&F&l+ -%•' = °. (27) 

where z is the water level, D and L are the diameter and the length of the water 
column, respectively,  g is the gravitational acceleration, and f is the loss 
coefficient to be determined by the experiment 

The motion of the water column with the block structure placed m it is expressed 
by the following equations, 

1    dV 
g    dt 

+ 10 + Hr-2i" v|v1 ~°> (28) 

T1T+  -   +   f-i TH =0> (29) 

l   (L - 1)   + 1,1 = - 2ss, (30) 

(31) 
a      __        dz 
A v ~ ~    dt 

where V is the velocity of the water in the tank without the block structure,  v the 
velocity of the water in the block structure,  io and  11 the hydraulic gradients in 
the part of the tank without the block structure and in the block structure, respecti- 
vely,  L the total length of the water column,  1  the length of the block structure, 
A the sectional area of the tank,  a the average sectional area of the pore in the 
block structure, f^   the loss coefficient of the block structure, and other terms have 
the same meanings as defined previously 

These four equations can be reduced to 

.*!*. + [^(1 ~~) +T <y> ~dJdz IdZ i 2g 

2[I4(4-D]     
d        L[i+4-(-f-i)] 

(32) 

L 
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Comparing eq  (27) with (32), we can determine the loss coefficient, f1f  of the block 
structure m the unsteady flov 

3  Experimental procedure 

Three kinds of blocks were used in the experiment  they are the tetrapod, the 
hollow tetrahedron and the hexaleg 

Experiments in the steady flow were carried out by using an open channel, 12 m 
long, 0 7m wide and 03m deep   The water discharge was measured with a triangular 
weir placed at the end of the channel   The water depth in front of and behind the 
block structure were measured to give the change in the energy gradient   During the 
experiment, the bottom of the channel was kept horizontal 

Experiments in the unsteady flow were carried out by using an oscillatory tank 
shown in Fig 4   The length of the tank is variable to give different period of the 
free oscillation induced in the tank   The period of the unsteady flow used xn  the 
experiment varied from 3 4 sec  to 4 9 sec   The tank was covered with a lid to form 
a chamber, which was vacuumized by a pump   A sudden removal of the lid induced the 
free oscillation of the water column   The amplitude of the free oscillation was 
damped partly due to the resistance of the block structure and partly due to the surface 
friction and loss at bends of the tank 

The tank has a square cross-section of 30 cm x 30 em   In the middle part of the 
tank, the block structure was placed compactly to restrict their motion perpendicular 
to the motion of the water column 

Comparing the time history of the free oscillations with and without blocks, the 
effect of the blocks is determined   The rate of decay in the amplitude of the 
oscillation yields data for the determination of the resistance coefficient   Figure 5 
illustrates this procedure 

4  Experimental result 

Figure 6 shows the experimental results for the tetrapod   Among three models 
proposed by the authors, the resistance-pipe model was found the most adequate one for 
the tetrapod   Loss coefficients of the tetrapod structure are sufficiently well 
explained by this model The weight of the tetrapods used in 
the experiment varied from 55 gr to 8 kg   The flow through the blocks heavier than 1 kg 
is estimated fully developed turbulent   This fact is more clearly shown in Fig 7, m 
which a relation between the loss coefficient and the Reynolds number is shown    The 
Reynolds number here is defined by using the hydraulic radius and the current velocity 
through the pore    When the Reynolds number becomes greater than about 1,000, the 
loss coefficient does not vary with the Reynolds number and is about 0 5    Judging 
from this result, an experiment should be carried out with the blocks heavier than at 
least 500 gr or under the condition of the Reynolds number higher than 1,000   Such an 
experiment will give us a satisfactory result 

The pipe model just mentioned was found only adequate for the tetrapod, but is not 
applicable to the other blocks   A hollow tetrahedron has six members which enclose 
and occupy one big space within itself   In the structure made with the hollow 
tetrahedron, the water flows down- as if it flows down through the pipe which has the 
sudden expansions and contractions     A new hydraulic radius defined for this model 
is expressed by eq  (18)   Figure 8 shows the experimental results   The ordinate of 
the figure is the new hydraulic radius divided by the one-third power of the porosity 
The weight of the blocks used m the experiment varied from 125 gr to 1,000 gr 

Figure 9 shows the variation of the loss coefficient with the Reynolds number 
As the Reynolds number exceeds 1,000, the loss coefficient seems to tend to a constant 
which is equal to 0 6   Therefore, it feeems desirable to carry out hydraulic experi- 
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ments, for the hollow tetrahedron, by using blocks heavier than 500 gr 

In order to express the resistance of the hexaleg, assumption quite different from 
the other two, had to be made, because pipe models did not give any clear explanation 
Figure 10 shows a relation between the drag coefficient and the surface area of the 
blocks per unit width of the channel   Except for the experimental results for 200 gr, 
a relation can be established   If the blocks heavier than 500 gr are used in the 
experiment, we will have the reliable design data 

In Figs  6 and 8, experimental results for the unsteady flow are also shown 
The square marks correspond to the unsteady flow   The period of the unsteady flow 
used in the experiment varied from 3 4 sec  to 4 9 sec   Vithm this range of the 
period, no remarkable differences aie found between two loss coefficients for the 
tetrapod (Fig 6)   The resistance coefficient m the unsteady flow is, however, a 
little smaller than that m the steady flow   This slight difference seems to be 
caused by the fact that blocks were not completely fixed m unsteady flow   The flow 
velocity relative to the motion of the blocks was a little lower than the velocity 
estimated from the motion of the water column   Thus, the resistance coefficient m 
the unsteady flow was a little smaller than that m the steady flow 

Figure 8 is for the hollow tetrahedron   Except for two points corresponding to 
the blocks with weight of 250 gr, the experimental results in the unsteady flow show 
the same tendency as in the lesults for the tetrapod 

5  Conclusions 

On summarizing experimental results so far mentioned, the following conclusions 
were drawn 

1 In order to express the hydraulic resistance of blocks in terms of their chara- 
cteristic quantities, different theoretical models should be used for different 
types of blocks 

2 For the tetrapod, the adequate model is the pipe model No  1 in 
which loss in energy will be given as a result of the wall friction of the 
fictious pipe 

3 For the hollow tetrahedron, the pipe model with sudden expansions and contrac- 
tions is adequate 

4 For hexaleg, rectangular pile model is suitable 

5 For these three kinds of blocks, blocks hea\ier than at least 500 gr should be 
used in the hydraulic experiment 

6 Resistance coefficients obtained in the steady and oscillatory flows show almost 
no difference for the period of the oscillatory flow longer than 3 4 sec 
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CHAPTER 98 

USE OF ASPHALT IN BREAKWATER CONSTRUCTION 

by 

K    d'Angremond, Delft Hydraulics Laboratory 
H J Th    Span, Royal Road Building Cy 
J    van der Weide, Delft Hydraulics Laboratory 
A J    Woestenenk, Bitumann 

1    SUMMARY 

Among the many types of breakwater constructions the so-called "rubble- 
mound" type is widely used    For the construction of exposed rubble-mound break- 
waters relatively large units are necessary to create a stable structure    In many 
places  in the world rock of the required size is not available at reasonable cost, 
which gave rise to the development of a great variety of armour units 

Lately also the use of asphalt in breakwater construction has proved feasible 
The experience gained during the construction of several projects in the 

Netherlands resulted  in a special method of the use of stone-asphalt in breakwater 
construction    Several cross-sections based on this concept were sub|ected to model 
tests to compare their behaviour under wave-attack with that of conventional cross- 
sections    It appeared that the increase in stability can be expressed in terms of an 
"upgrading factor"    Attention was also paid to wave run-up 

Finally,  examples of other applications will be presented which  incorporate 
both practical experience and basic research 

1601 
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2    INTRODUCTION 

The use of asphalt in road-building  is well known,  but in the past few decades 
the hydraulic uses of asphalt have also become common knowledge to civil engineers 
all over the world    Among the many publications in this field, van Asbeck's ency- 
clopaedic work (Reference 1) should be mentioned 

An  important contribution to the development of hydraulic applications of 
asphalt has been made by the Netherlands as a result of the interest shown in the 
sub|ect by Ri |kswaterstaat (State Traffic and Waterways Department) supported by 
investigations set up at the Delft Hydraulics Laboratory 

In 1960 two ma|Or Dutch road-building firms |omed their efforts in the field by 
establishing B1TUMARIN, an affiliate company specializing in the development and 
use of bitumen in hydraulic engineering Close cooperation was astablished with 
the asphalt laboratory of the Royal Dutch/Shell Group Kerkhoven, one of their 
leading engineers, reported on the |oint achievements reached together to the 
American Association of Asphalt Paving Technologists during its 1965 meeting at 
Philadelphia (2) 

Now that the development of the various asphalt uses in hydraulic engi- 
neering has expanded it seems useful to outline specific developments like the use 
of asphalt in breakwater construction,  which  is the sub|ect of this Paper 

In chapter 3 a short historical review of asphalt techniques in breakwater 
construction  is given,   leading to a discussion of the pattern-grouting technique, 
which is believed to be most promising for the further development of asphalt uses 
in breakwater construction    As the average hydraulic engineer will not be familiar 
with the latest developments of asphalt technology,  this Chapter ends with a sum- 
mary of recently developed theories pertaining *to the grouting of stones with asphalt 

Chapter 4 is devoted to model  investigations on the hydraulic properties 
of the constructions described in Chapter 3,   introducing an "upgrading factor" 
for pattern-grouted slopes 

In Chapter 5 the recent construction of the Separating Jetty at the Hoek 
of Holland is discussed,   illustrating the various techniques mentioned in this Paper 
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3    DEVELOPMENT OF ASPHALT TECHNIQUES IN BREAKWATER CONSTRUCTION 
IN THE NETHERLANDS 

3 1    Early marine uses 

In the Netherlands the use of asphalt in sea defence works  in the tidal 
zone started immediately after World War II    Examples are the grouting with 
mastic-asphalt of groynes at the North Sea Coast between the Hook of Holland 
and The Hague,  and of the breakwaters at the Hook of Holland    The purpose of 
these repair works was to stabilize mounds and layers of discrete stones against 
heavy wave-attack by pouring hot mastic asphalt between the stones,   thus keeping 
the stones  in a fixed position 

Asphaltic grouting proved to be very effective for two reasons 

(i)   after having cooled down to ambient temperatures mastic-asphalt behaves 
like a solid mass with high elasticity modulus under short loading times such 
as wave-attack,  and 

(n) as a plastic material of very high viscosity under prolonged loading times,   thus 
being able to follow subsoil settlements 

In due time it was recognized by the Authorities that the asphaltic grouting 
technique was suitable to replace the traditional pitching of stones,  and thus,  when 
the Delta Plan came into execution,  the asphaltic grouting technique was adopted 
as a standard method of protecting the slopes of the dikes in the tidal zone    Examples 
of this use can be found in the cross-sections of the Veersegat Dam,  the Greve- 
hngen Dam,   the Hanngvliet Dam and the Brouwershavense Gat Dam (figure  1) 

The first applications were  "in the dry",  even though  in a tidal area 
Before  long,  however,  methods were developed for use under water    As a result 
of this development,  the asphalt-ship "Jan Hei|mans" was built,  able to apply 
mastic-asphalt for grouting underwater sills or plainly for sea-bed protection in 
coastal inlets 

3 2    Umuiden breakwaters 

The first important use of asphalt in  "full size" breakwater construction can 
be found in the Umuiden breakwaters (1963 -  1967)    The old southern and 
northern breakwater had to be extended into deeper water by 2,100 and  1,200 m 
respectively,  as a result of which the southern breakwater would prefect 3 km 
(above 2 miles)  into the open sea 
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In principle the design of these breakwaters is of the "rubble-mound" 
type crowned with a prefab concrete crest-element The core is made of 300 
- 1,000 kg stone to obtain a reasonable degree of core-stability during con- 
struction Nevertheless, frequent re-handling of the stone still appeared to be 
necessary because of the continuous bad weather conditions in the North Sea 
In fact, the 300 - 1,000 kg stones showed considerable lack of stability during 
construction phases above a level of M S L    -4m 

A substantial  increase  in core-stability was achieved by grouting the dis- 
crete stones with  light stone-asphalt before receiving their final armour    The 
grouting material was designed in such a way that only the upper two layers of 
the core were penetrated,  and that no further "cold" flow into the core took 
place   With mastic-asphalt, as was hitherto in use,  such a controlled flow would 
have been  impossible,   but by the use in the mixture of stones up to  10 kg a 
kind of "clogging" effect was  introduced,  enabling control of flow of the grouting 
material 

Instead of the conventional armour layer of discrete though more or less 
interlocking elements,  an  impervious monolithic  layer of stone-asphalt was adopt- 
ed    The thickness of the layer was dictated by the  internal water pressures caused 
by wave-action in the open rock-core against the impervious armour    The thickness 
of the armour was chosen to be 2 25 m (Figure 3) 

The construction of asphaltic layers of such a thickness at the steepest 
slope possible constituted a problem  in  itself    By the time the breakwaters were 
designed the grouting techniques had not developed to the extent that controlled 
grouting of stone-layers of several thicknesses at water depths of 5 to  10 metres 
could be considered feasible 

Therefore a premixed product had to be used    Conventional asphaltic con- 
crete with its aggregate-size limited to 6 - 8 centimeters lackedtoo much stabili- 
ty in the hot phase to enable the construction of thick layers as steep slopes 
The solution to this problem was the development of a new mixture with aggre- 
gate-sizes up to 60 kg,  called stone-asphalt,  which has already been mentioned 
in this Paper   With this material slopes of 1   in 1 75 under water and 1  in 2 
above water were found to be feasible 

The experience gained with the Umuiden breakwaters after three years' 
service is satisfactory in general,   but nevertheless continuous creep of the stone- 
asphalt layer is causing cracks,  especially in summertime (temperatures of both 
water and air)    However,   the damage is decreasing every year as a result of the 
formation of an  internal skeleton  in the stone-asphalt aggregate 
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As has |ust been stated,   the IJmuiden works gave new impulses to the 
development of grouting techniques    The grouting of the core-stone 300 -  1000 
kg with  light stone-asphalt has already been mentioned as standard procedure, 
but moreover a test-section was carried out succesfully by grouting rock of 
300 -  1000 kg with horizontal  layers of 1  5 to 2 m thickness constructing a 
monolithic and stable cap of heavy stone grouted massively with  light stone- 
asphalt 

In considering the first important use of asphalt  in breakwater construction 
embodied by the IJmuiden breakwaters,   it can be stated that  its performance is 
satisfactory in general,   but that for future works the following two drawbacks will 
have to be dealt with 

a The concept of an impervious layer covering a highly permeable rock-core 
should be abandoned to avoid the effect of internal water-pressures due to 
wave-action 

b    Creep and extended setting-time of thick asphaltic layers should be avoided 
by replacing the use of premixed layers by the grouting of layers of discrete 
stones,  which have already developed a skeleton of their own and are there- 
fore no longer susceptible to setting 

The experience gained  in the IJmuiden works made the solutions to these 
problems possible,  as will be seen  in the next paragraph 

3 3    Pattern grouting 

To avoid the problem of internal water pressures originating from the imper- 
meability of the stone-asphalt armour layer a new concept was introduced by the 
idea of increasing the stability of an already fairly stable rock slope by local 
grouting with stone-asphalt in a regular pattern,   thus maintaining the permeable 
character of the slope    By using a grouting method the problem of creep and 
extended setting-time would also be coped with    This system of "internal armour" 
was made technically possible by the development of controlled grouting techniques 
during the IJmuiden works 

In working out the idea of pattern-grouting  it was realized that in filling 
up more than about 70 °/o the  interstices between the rocks no guarantee could be 
given for the overall permeability of the construction    Preliminary model tests 
executed in the Delft Hydraulics Laboratory showed an  increase in stability as a 
function of an  increasing degree of filling up the  interstices,  with a relatively 
slow increase beyond 50 °/o    So the filling up to 50 to 70 °/o of the interstices 
seemed to be optimal 

For the calculation of the required weights of armour-elements,   layer 
thickness, etc    reference is made to Shore Protection,  Planning and Design of 
the U S    Corps of Engineers (Reference 7) 
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As to the size and spacing of the plots the following can be said 
An  individual plot will penetrate to a depth of 2 d,  d being one layer- 
thickness    The shape depends on the local conditions (shape and direction 
of interstices between the stones) but it can be  idealized to the slope of 
a cube with contents 8 d3,  of which approximately 60    b is solid rock and 
40 °/o grouting material    So the contents of one plot is 0,4 8d3 = 3 2 d3 and 
its weight 

P = 3 2     Y d3 

g 
o 

The rock weight     W =   K        d 
s 

Thu 

P = 3 2     !f  /v      W 
9    s 

in which P    = weight of plot in tons _ 
y    = spec    weight of grout in tons/m 
tfs = spec    weight of rock in tons/m3 

W = weight of rock in tons 

The spacing of the plots should be such that 50 to 70    b of the surface 
is covered 

If placed in such a pattern the plots (each fixating 5 to 10 stones) will 
touch each other at the edges    This leaves stones uncovered at some places, 
which,  however, are "keyed" between the others    For reasons of safety it is 
recommended to use three layers instead of two,  only grouting the top two layers 
A few loose stones will probably be washed away by the waves,  which is not 
dangerous at all,  but even  if a whole plot were washed away for one reason or 
another,  a third layer would still provide protection to the core,   because it would 
be "keyed" to the surrounding plots 

As to the stability under wave-attack,  a so-called  "factor of upgrading" 
F    Could be attributed to the pattern-grouted system    This means that pattern- 
grouted rubble in the X-ton-class has the same stability as discrete rubble in the 
F X-ton class 

From preliminary model tests a value of F = 5 seemed a conservative es- 
timate,  which has been confirmed by the more elaborate tests discussed in the next 
Chapter    This reduction of the required maximum stone-size has a favourable effect 
on the area of the cross-section of the breakwater because of the reduction in 
layer-thickness and the absence of secondary layers in most cases 

Ease of construction  is obtained by the reduction of both crane-reach and 
crane-load, or by the possibility of working on more gentle slopes 
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It seems that the time-proven asphalt groutmg-technique has grown  into a 
real competitor in rubble-mound breakwater design    With  increasing demands on sta- 
bility under wave-attack,  quarries are proving steadily unable to produce heavy 
armour stone,  and this has caused the development of a series of artificial armour- 
blocks    All these blocks have in common that increased stability can only be ob- 
tained by increased weight, which  is necessarily accompanied by increased surface 
for wave-attack 

As distinct from these external armours,  the internal armour presented in this 
paragraph has the advantage of diminishing the wave-attack on the discrete armour 
elements by partly filling up the  interstices between them, while on the other hand 
their stability is  increased as a result of the  "keying" effect of the grouting material 

3 4    Asphalt mixtures for patch-grouting 

The general principles for design and properties of asphaltic mixtures for 
hydraulic application,  as developed  in the Netherlands,  are described by Kerkhoven 
(Reference 2) 

For pattern grouting of the armour layer of large sized stones,  some additional 
principles are necessary 

The mix-design of the patches must be related to the  large  size of the stones 
and the shape and weight of the patches    In this connection  it  is important whether 
the grouting  is executed under water or not,  as  in the first case the hot stage of 
the mixture is rather short and,   consequently,  also the time for settlement 

Experiments have shown that for grouting with patches of limited size a rela- 
tion exists as a blocking critenum between the small-sized stones in the armour layer, 
defined as d]51),  and the  large-sized stones in the asphalt mixture,  defined as d85') 
For underwater grouting the relation d]5/d85 = ca  10 was found and for above-water- 
grouting d^'dgs = ca 5 

The six design for small-sized stones,  and sand inside the grouting material, 
depends on the working circumstances during execution and on the place of use 
in the total breakwater construction    It is common that for patch-grouting under 
water level,  an asphaltic mixture in grap-grading  is adopted and for patch grouting 
above water level an asphaltic mixture in concrete-grading 

The flow in the hot stage and the viscous creep in the cold stage,   in relation 
to the size and slope of the armour large-sized stone layer,  depend on the percentage 
and type of filler and bitumen  in the grouting mixture 

1) d]5 c q    dgj are the equivalent diameters d    of stone size-distribution,  passing 
in percentage of weight for 15 c q    85 °/o 
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4    MODEL INVESTIGATIONS 

4 1     Introduction 

Since 1964 breakwaters with the use of asphalt have been the regular 
sub|ect of model  investigations in the Delft Hydraulics Laboratory    In the 
beginning the knowledge of the material was insufficient to reproduce the prop- 
erties of the material on model scale    Therefore the "asphalt-design" for the 
Umuiden breakwaters was originally not tested  in a model    When,  already during 
the execution of the works,  again discussion arose on the required thickness of 
the stone-asphalt,   it was decided to start simplified tests    In these tests the flex- 
ible structure was schematized applying rigid concrete mortar in the model, 
instead of stone-asphalt,   which means that  investigations into the mechanic and 
elastic behaviour of stone-asphalt were prevented 
The cap of concrete and stone-asphalt was reproduced as 3  independant rigid 
and relatively strong pieces of concrete (compare Figures 2 and 3) 

It was shown visually in these tests that the overall stability of the slope 
cap was insufficient due to water pressures under the cover layer   To solve this 
problem the toe of the slope was loaded with rubble and concrete blocks to a 
level of - 4 m for the exposed sections 

When,  thereafter,   Bitumann proposed an application of stone-asphalt to 
prevent the uplift pressures by keeping the outer layer permeable,   it was decided 
to carry out further model tests,  by replacing asphalt by concrete grouting 

From a comparison between cross-sections with and without patch-grouting 
it appeared that the stability number kp  increased considerably    It must be noted, 
however,  that the schematization of the tests was such that the elasticity and 
the strength of the patches were not to scale 

4 2    Reproduction of asphalt 

Since pattern grouting proved to be a feasible method of stabilizing 
rubble-mound structures,  a number of additional tests have been carried out to 
study the behaviour of grouted structures in more detail 

When pattern-grouting  is used,  the principle of the rubble-mound structure 
is maintained but the stability is increased considerably    Due to the effect of the 
grout,  the surface of the structure is smoothed,   resulting  in a  larger amount of 
uprush and overtopping 
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Attention was paid, therefore, to the wave uprush and the stability of 
the armour layer,  under various conditions using different cross-sections 

Due regard was paid to the proper reproduction of asphalt to obtain both 
geometrical and dynamic similarity between model and prototype 

Geometrical similarity was obtained by using the appropriate grading of 
the armour stone and a  low viscosity of the grout to arrive at a depth and width 
of penetration comparable to those found on the site in question 

Dynamic similarity was obtained by composing the grout in the model in 
such a way that the density of the mix, as well as its stiffness and strength, was 
reproduced correctly 

Asphaltic bitumen is characterized in terms of the penetration and the 
ring and ball softening point (see Reference 1) Starting from these data, the 
stiffness modulus of the material,  defined as the ratio between stress and strain 

(S = f), 

can be determined for a given temperature and a given frequency of loading 
When aggregates are added, the dynamic properties of the mix change, 

the stiffness of the mix being a function of the stiffness modulus of the asphalt 
and the concentration by volume (Cv) of the mineral aggregate 

In the actual pro|ect a grouting mixture will be used which consists of (by 
weight) 94 °/o stone, sand and filler 

6 °/o bitumen 80' 100 pen 
So the volume concentration of minerals  in the mixture Cv = 0 80 to 0 82 

and the density = 2300 kg/m3    Two mixtures were tried out to give both the re- 
quired density and stiffness 

The compositions of the mixes used  in the model were 
Mixture No    1 

(by weight) 40 °/o dune sand 
40 °/o barium sulphate filler 
20 % bitumen 80/100 pen 

The volume concentration of minerals in the mix Cv = 0 55,  the density 
= 2,300 kg/m3 

Mixture No    2 
(by weight) 60   /o barium sulphate filler 

40 % bitumen 280/320 pen 
The volume concentration of minerals in the mix is C    = 0 25 and the 

density =  1,850 kg'm3 
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The stiffness of the mixtures was calculated with the help of the mono- 
graphs mentioned in References 3 and 4 The ambient temperature in nature is 
T = 5 -  15    C,   in the model  it was 2 5    C    The results are plotted in Figure 

It is seen that mixture No    1, which is on scale as the density is concerned, 
is too stiff, while mixture No    II is too light and also on the supple side as the 
stiffness-modulus is concerned    The strength of the material both  in nature and  in 
model  is in the order of 1  to 5  10° NAn^ (Reference 4),   meaning that the grout 
in the model  is too strong 

From the above it follows that the density and the stiffness can be brought 
to scale (though not in one mix),  while the tensile strength  is always too high  in 
the model    This means that  in the event that the collapse of the armour layer would 
be caused by the cracking of the patches,  the model would give too favourable 
results 

Therefore also some tests have been run in which the patches were already 
artificially broken beforehand,    in order to eliminate any favourable effect of 
tensile strength of the grouting mixture,  thus exaggerating the effect in the oppo- 
site direction 

For this purpose the pattern-grouted armour was frozen and then deliberately 
"demolished" by hitting with a bar,   in such a way that the patches broke down 
internally,  only leaving a three-dimensional  "chinese puzzle"    In the latter tests 
a situation  is represented  in which only the "keying" effect of the grout can be 
called upon,  while the patches themselves have lost all  internal bond 

To eliminate the adhesion between stone and asphalt,  the stone in the 
model was covered with lime before grouting    This was done to represent the sit- 
uation  in nature,  where due to the wet environment  little or no adhesion of the 
grout to the stones can be expected 

4 3    Stability of grouted slopes 

The results of stability tests for rubble-mound breakwaters are generally 
expressed in terms of the dimension less stability number 

K    - H3 

KD T 
W4  ° cotg a 

Various authors have determined values for K_   in order to obtain a stable 
structure 
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A relation between the K_  value and the percentage of damage is given 
in Figure 5 (Reference 5) 
Numerous references are present  in  literature describing artificial blocks which 
have a higher value of Kr\ for the no-damage criteria,  due to the special  inter- 
locking effect    The results of the model tests indicate that the critical value of 
KQ can be  increased by a factor 2 to 3 in this way    Pattern-grouting also increases 
the interlock between the various units,  because of the three-dimensional effect, 
thus creating more or less irregular artificial units    Moreover,  the wave-attack  is 
reduced as a result of the filled voids    Obviously these aspects result  in an 
increase  in the stability of the structure which manifests itself in a higher K[> 
value 
The upgrading-factor F is defined as the ratio 

Kp. for pattern grouted armour layer 

Kp for non-grouted armour layer" 

4 4    Test results 

4 4  1    Cement grouting 

The first series of stability tests on grouted slopes was performed on a cross- 
section as indicated in Figure 6    As already mentioned, the cement grouting was used in 
these early tests 

The patch-grouted test section was situated between - 8 5 ad - 3 m It 
has slopes of 1 2, 1 3 and consisted of rubble material from several weight 
classes during the various tests 

The dimensions of the patches and the pattern of grouting was also varied 
under the following conditions 

Slope Stone Weight 
armour layer 

13 1      - 6 ton 
1     3 0 3 -  1 ton 
1     3 0 5 - 3 ton 
12 1      - 6 ton 

The cross-section was sub|ected to regular waves with a period of 9 5 sec 
The wave height was increased from 3 to 8 m in steps of 1  m    The duration of 
each step was 3 hours prototype    After each step the damage was determined by 
counting the displaced stones and expressing this number in a percentage of the 
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total number of stones in the zone concerned    In this way it was possible to 
establish a relationship between damage percentage and wave height 

A comparison of the relation between damage and wave height for grouted 
slopes with stones of 0 3 - 1 ton and non-grouted slopes consisting of 1 - 6 ton 
quarry (Figures 7A and 7B) shows that these situations are comparable for damage 
less than 10 °/o    This leads to the conclusion that for a practical range of damage 
percentage the upgrading factor can be assumed to be about 5 

This conclusion has been verified for an alternative design of the Scheve- 
ningen breakwater, where a cross-section in stone asphalt was compared with a 
method using concrete blocks    (Figures 8A and B)    These tests were also performed 
in regular waves    Data on the damage are presented in Table  1 

In all conditions the grouted slope was equally as stable as the rubble- 
mound breakwater with cubes of 26 tons   Only in the most severe conditions did 
the smooth surface of the grouted slope increase the downrush in such a way that 
damage occurred to the non-grouted berms    This draw-back could be remedied by 
making the grouting slightly deeper   The stone-asphalt was also reproduced by a 
cement mortar in these tests 

4 4 2   Asphalt grouting 

Since grouting proved to be a useful method for stabilizing rubble-mound 
structures,  some additional tests were carried out to study the stability of grouted 
rubble-mounds in waves   For that purpose a number of grouted sections were 
compared with an equivalent number of traditional rubble-mound sections consisting 
of stones 5 times heavier than those used in the pattern-grouted section    Using 
the formula of Hudson,  the rubble-mound section was so designed that no appre- 
ciable damage should occur under maximum wave attack 

As stated in Section 4 2    special care was taken to reproduce both the 
geometrical and dynamical properties of the asphalt grout    Since the strength of 
the material could not be reproduced correctly,  the tests were repeated with broken 
patches 

Wave heights were increased step by step until maximum wave height were 
reached   A review of cross-sections tested in the model is given in Figures 9 to 
11, whilst a summary of test conditions and the test results is given in Table 2 
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Table 2    Test Conditions and Results for Various Grouted Sections 

Mixture 

I 

Scale of 
Dfile Fig Test 

A 9 30 
B 10 30 
B 10 30 
C 11 30 
B 10 30 
B 10 30 

II 
I2) 

T Umax Damage., 
(%)    ') (sec) (m) 

10 8 5 NONE 
10 8 5 NONE 
8 6-7 NONE 
8 6-7 NONE 

10 7 NONE 
10 7 NONE 

O/ 
1) Damage expressed as   /o of stone removed 
2) Patches broken 

Test results indicated that both the traditional and the grouted sections 
showed little or no damage, even when the patches were broken This proved 
the validity of an upgrading factor of 5 

4 5    Run-up on grouted slopes 

In many cases the crest level of a breakwater or a sea wall  is deter- 
mined on the basis of an acceptable amount of overtopping under extreme con- 
ditions,  although sometimes the acceptable wave run-up is also used as a criterion 

The level of wave run-up z above M S L    has been  investigated extensive- 
ly for smooth  impermeable slopes by several authors (See a o    Reference 6,   Reference 
7 and Reference 8)    An extract of these results is presented in Figures 12 and 13 
for d/H > 3 

For slopes covered with rip-rap and for rubble-mounds the run-up is much 
less because of the roughness of the surface and the porosity of the outer layers 
The reduction in run-up due to these effects is expressed by a reduction factor  r, 
indicating the ratio between the run-up on the rough surface and the run-up on 
a smooth impermeable surface under the same conditions    Though the scatter of 
the measured figures is considerable,  authors from different origin  indicate for r 
a value of 0 5 to 0 6 (References 9,   10,   11) 

With a patch-grouted slope,  porosity and roughness are reduced  in comparison 
with rubble slopes   Consequently the run-up must be expected to be greater    This 
may lead to a higher crest level of patch grouted breakwaters which involves a 
higher cost 
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Model tests have been carried out on fully grouted slopes, eliminating 
porosity completely    Any reduction  in run-up was due to surface roughness 

The run-up z depends on the following factors 

z = f (H, L,  T,  d, v,  p, g,  k,  p and a) 

in which H = wave height 
L = wave length 
T = wave period 
d = water depth 
V = kinematic viscosity 
p = density 
g = gravity 
k = roughness 
p = porosity 

cotg a = slope 

Because k and p were kept constant during the tests (p = 0) the 
relative run-up can be expressed as 

z/H = f(H/gT2,  d/gT2,  cotg a) 

2 2 
H/gT    and d/gT    were varied from 0 0004 to 0 01  and from 0 009 to 0 095 
respectively 

The slope cotg a was  1  75 and 2 25    The grouted quarry stones weighed from 
100 - 250 kg (prototype)    As a check also tests have been made on a smooth 
impermeable slope and on a non-grouted slope covered with quarry stone 

As the plot of z/H versus H/gT^ showed a scatter which could not be 
explained by the differences of d/gT* only,  the maximum values of z/H have 
been plotted as a function of H 'gT2,  for both slopes separately (Figures  12 and 
13) 

To compare the actual model tests with the results of others,  Figures 13 
and  14 show also data obtained from References 7,  9 and  10 

From the Figures it can be concluded that reduction coefficients for the 
wave run-up can be used as indicated in Table 3 

Table 3    Reduction Coefficients 

Slope r Source 

smooth  impermeable 1  0 
rip-rap covered 0 5 to 0 6 model tests + literature 
rubble-mounds 0 5 to 0 6 model tests + literature 
100 °/o grouted 0 6 to 0 8 model tests 
patch grouted 0 6 to 0 7 interpolation 
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5    SEPARATING JETTY HOOK OF HOLLAND 

5 1    Design conditions 

A recent example of the use of asphalt in breakwater construction can be 
found in the so-called "Separating Jetty" at the Hook of Holland 

This Separating Jetty (Figure 14) is situated in the new entrance being 
constructed for Rotterdam Harbour,  separating both traffic and the tidal density 
currents of the Rotterdam Waterway leading to the inner harbours of Rotterdam, 
and the Caland Canal  leading to the Europoort harbours for mammoth tankers 
So its main ob|ective is of a nautical nature,  but by virtue of its exposed situation 
perpendicular wave-attack up to HSign = 6 m can be expected at the head, and 
oblique attack along the trunk 

From the inner and going seaward the subsoil is descending from above 
water down to approx M S L -5m Nevertheless it can hardly be regarded 
as a shallow water breakwater, due to the fact that the underwater banks will 
be dredged to 1 on 4 slopes going down beyond M S L    - 20 m 

5 2    Standard design 

For the deeper part of the dam an embankment has been constructed 
consisting of fascine mattresses protecting the dam footing,  and dumped stone 
and other waste materials from an ancient jetty to be cleared away,  up to a 
level of M S L    -2m 

From an economical point of view two materials came into consideration 
for the dam core construction above water   mine-waste and lean sand asphalt 
The latter was chosen because of its low permeability, which will be explained 
later 

In the standard design the armour was designed as an almost traditional 
fully grouted stone-layer,  which  is to be regarded as impermeable    From inves- 
tigations in an electric analogue,   it appeared that in the lean sand asphalt dam 
core,  being of the same permeability as the sand it is made of,  pressure gradients 
develop during the tidal cycle which resulting in lower water pressures under the 
armour than the dam core were made of mine-waste 

This is why lean sand asphalt was chosen as the dam core material 
In view of the geometry of the dam and the moderate permeability of 

the dam core,  the influence of wave action on the water pressures could be 
neglected 
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During the actual construction of the dam,  which started in December 
1969,   the amplitude of lean sand asphalt for the dam core proved to be succes- 
ful also as far as the stability under wave action during the execution of the works 
is concerned    Negligible losses of dam core material were suffered,   in spite of 
several heavy storms encountered during construction time 

5 3    Test sections 

As the Authorities (i e ,  Ri|kswaterstaat) are very much  interested in the 
recently-developed pattern-grouting system as described in Paragraph 3 3    two test 
sections will be constructed in the near future to investigate the merits of this 
method actually    These sections are situated at the most exposed part of the dam, 
namely,  the head and the ad|acent part of the trunk 

Of these two wave attack on the head is assumed to be frontal with a 
significant wave height of Hs = 6 m, whereas the trunk is mainly attacked by 
oblique waves of the same height 

Using Hudson's formula with Kp = 2 9 for angular quarry stone as the 
head and an upgrading factor F = 5,  T - 3 ton stones are used for the armour, 
to be pattern-grouted with 6 ton patches    Model  investigations have confirmed 
the stability of this armour,  and from these it could also be deduced that the 
pattern-grouting had to be used down to a  level of M S L    -4m    Below this level stone 
1  - 6 ton  is sufficiently stable without pattern-grouting 

For economical reasons the recommended third layer is made of stone of 
a somewhat lighter class   200/800 kg    This layer is applied on a  layer of light 
permeable stone-asphalt,  which  in  its turn protects the lean sand asphalt core 

Wave attack on the trunk will be less than on the head,  as it consists mainly 
of oblique waves    Therefore the trunk armour is designed assuming Kp = 35 
Because trunk sections are also considered as test sections and upgrading factor 
F =  10 has been applied which possibly may lead to some damage within a few 
years    Together with the extensive wave measuring system of Ri|kswaterstaat  in the 
Europoort area it will be possible in this way to obtain  insight in the behaviour of 
this type of structure under prototype conditions 
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6   CONCLUSIONS 

Considering the development of the use of asphalt in breakwater construction 
it appears that in view of its favourable properties and its peculiarities,  the most 
profitable application in this part of hydraulic engineering  is the use as a grouting- 
agent 

As a matter of fact,  asphalt grouting already constituted the beginning 
of the development of fixating unstable slopes    New techniques and working methods, 
however,  grouting  is developing  into a system of internal armour protecting rubble- 
mound breakwaters and sea walls against the heaviest wave attack 

In the pattern-grouting technique described in this Paper a new tool  is 
given to the designer of a rubble-mound breakwater    In practice it often happens 
that with the available rock-size from the quarry an armour-layer can be designed 
which is stable enough under wave attack of "normal" frequency,  while |ust 
lacking stability in the exceptional design-storm    Pattern-grouting provides that 
extra "upgrading" which is needed for the exceptional design wave, at relatively 
reasonable costs    For design purposes an upgrading of 5 can be safely accepted 
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HONOLULU REEF RUNWAY DIKE 
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ABSTRACT 

Criteria for design of a wave barrier to protect the proposed 
Honolulu International Airport Reef Runway from breaking waves were 
developed in wave flume model tests     Structures with tribar and quarry- 
stone armor units placed in single and multiple layers, on homogeneous 
and composite slopes, were subjected to both overtopping and non-over- 
topping breaking waves     Data on wave runup, armor unit stability, 
quantities of overtopping water, and transmitted wave heights were 
obtained using a 1 50 bottom slope, which modeled the irregular coral 
bathymetry seaward of the proposed structure     The model to prototype 
scale ratios ranged from 1 5 to 1 35 

Model Tests indicated that the weight of armor units placed 
below one-third the water depth may be three-fourths that of the units 
located near the water surface     It was noted that the maximum wave 
runup was 1   8 times the water depth fronting the structure     Data were 
obtained concerning quantities of overtopping water and transmitted wave 
heights over the low barriers     The study augments available criteria for 
economical design of structures subjected to breaking waves 

INTRODUCTION 

The anticipated greater volume of future air traffic and larger 
aircraft imposes the need for an additional runway at the Honolulu 
International Airport, Oahu, Hawaii     The most practical site for the 
runway, shown in Figure 1, is on a coral reef, adjacent to the existing 
airport     The proposed runway location and alignment will not conflict 
with use of existing runways, but it will eliminate hazardous takeoffs 
and landings over the city, and will alleviate the present noise problem 
in urban areas 

1629 
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The proposed wave protection for the reef runway would be 
situated in water ranging m depth from about one to twenty-five feet 
below mean low lower water (MLLW)     Approximately one-third of the 
site would be located on a wide, flat coral reef, one to five feet deep 
and only 200 feet of the deeper portion would be m water greater than 25 
feet deep     The bottom slope is approximately 1 50 to seaward     The 
design water surface of +3  5 feet MLLW allows for concurrence of a 
fairly high tide and storm surge     Southern hemisphere storms generate 
waves that approach the site with deep-water wave heights up to 15 feet, 
with 16-second periods     On rare occasions, local storms generate about 
25-foot waves with shorter periods     A refraction analysis and a three- 
dimensional hydraulic model study' indicated that waves are sufficiently 
high to break seaward of all reaches of the site at least ten hours per 
year 

The purpose of this study was to develop the most economical 
system to protect the runway from storm waves     The runway, with 1,000- 
foot overruns, will be 14,000 feet long, 200 feet wide with 200-foot 
shoulders, and will have a centerlme elevation of about seven feet above 
mean sea level (MSL)     Air-space criteria require that there be no obsta- 
cles higher than the runway centerlme for a distance of 1,000 feet from 
the centerlme     Beyond 1,000 feet there is to be a side-clearance zone 
slope of one vertical to seven horizontal 

The apparent dearth of design data for structures subjected to 
breaking waves prompted the model investigation described herein     The 
testing objectives were divided into four categories, they were to deter- 
mine wave runup, armor unit stability, quantities of overtopping water, 
and transmitted wave heights over low structures     In order to provide a 
basis for correlation of results with previous work, preliminary tests and 
procedures used by other investigators^'     '    ^ were made with non- 
breaking waves     Procedures were then modified as necessary to obtain 
the design breaking wave conditions 

The first three of six general concepts considered for the reef 
runway wave protection system are shown in Figure 2     These concepts 
are    a) a seaward wave barrier which will contain future fill to provide 
access for emergency vehicles,   b) a wide berm with flat armored slopes, 
and c) a wide berm with a flat beach slope similar to the Sand Dam of 
Europort in the Netherlands     Figure 3 shows the three other concepts 
which are    d) a combination of a low seaward barrier and an artificial 
beach along the runway shoulder,   e) a combination of a low seaward 
barrier and an armored levee along the runway, and f) a detached non- 
overtopped breakwater 

THE MODEL 

The wave flume used for the two-dimensional tests was 180 feet 
long, four feet wide, and six feet deep The walls were made of Trans- 
lte and glass paneling     The glass panels were arranged to allow viewing 
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of the test section from one side of the flume     A plywood floor on a 
1 50 slope simulated the offshore bathymetry     This slope extended 
approximately 65 feet seaward from the model test section 

The test sections were subjected to waves generated by a 
plunger-type wave generator    The wave generator was powered by a 
20-HP electric motor coupled to a hydraulic pump     The hydraulic pump 
drove a high-torque, variable-speed hydraulic motor, which rotated an 
adjustable crank attached by a connecting rod to the plunger 

Wave heights were measured by resistance wave gauges, the 
signals were displayed on a light beam oscillograph recorder     Wave run- 
up elevations on structures were measured visually     Overtopping 
quantities were trapped in a one-foot wide box located in the center of 
the test section, at the core level, on the basin side of the structure 
The trap door on top of the box opened and closed to capture the over- 
topping water of a selected series of waves 

The model breakwater sections had stone and tribar armor units 
The armor stone was hand-shaped to simulate the type of stone that 
would be used in the prototype     The mean weight (saturated and surface- 
dried) of these units was 1  043 lb  , with a standard deviation of 0  045 
lb     The mean specific weight was 177  03 lb/cu   ft   , with a standard 
deviation of 2  83 lb/cu   ft     However, the specific weight of the proto- 
type stone may be as low as 165 lb/cu   ft     The applicable model scales 
were determined by the WES (Hudson)1 formula to range from 1 5 to 1 25 
for these stones 

The model tribars were made of a mixture of concrete and barite 
sealed in a resin coating     The mean weight of these units was 2  10 lb   , 
with a standard deviation of 0 023 lb     The specific weight of these 
units was 145  74 lb/cu   ft   , with a standard deviation of 1  05 lb/cu   ft 

The armor stone and tribar underlayer stone mean weights were 
0 055 lb   and 0  189 lb   , respectively, with specific gravities of 169 
lb/cu   ft     The impermeable core was made of a mixture of fines to 
gravel, 100 percent of the material passed a three-fourth inch sieve 

Test procedures were based upon the precedent set by related 
model studies    '   '   '       and were modified as necessary to simulate 
prototype breaking waves     The incident wave heights were measured 
by a wave gauge located five feet seaward of the toe of the 150 bottom 
slope (70 feet from the test section)     The incident wave heights were 
measured before reflections from the structure set up a standing wave 
This wave height was used to estimate the deep water height, B.0, by 
application of a shoaling coefficient     Another gauge was located one 
to five feet from the toe of the structure to measure the breaking-wave 
height     In order to generate a consistent wave of known height, the 
wave generator was stopped before wave reflections from   the structure 
returned to the generator     The water was allowed to still before the 
generator was restarted 
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Test sections were subjected to breaking waves to determine 
their stability under design conditions     The general procedure was to 
subject the structure to a series of small, non-breaking waves for a 
short period of time to allow the units to settle     Then the structure was 
subjected to the highest wave obtainable with the given depth to toe 
The duration represented five to six hours of prototype wave attack     If 
the structure remained stable, the water depth was increased and a 
larger wave was allowed to attack the structure     This was done to 
determine if failure would occur with a slightly larger wave     Thus, a 
degree of safety was indicated 

Two types of armor stone placement were used in the models    in 
a single layer with the long axis perpendicular to the slope, and in 
multiple layers in a random fashion     Tribar armor units were either 
placed in a single layer arrangement or in multiple, random layers 
Placement in the model was done to simulate, as closely as feasible, 
the placement in the prototype     For the majority of the tests , tnbars 
were randomly placed in two layers below minus ten foot elevation 
This placement was adopted in the model because of difficulties antici- 
pated in prototype placement in murky water on an irregular bottom 
Above minus ten feet, the units were placed upright with bars in contact 
with adjacent units 

The wave runup, R  , as a function of deep-water wave height, 
HQ, wave period, T, and water depth d, was determined by visual 
observations     Runup, the elevation above the still-water surface to 
which a wave rises on a structure, was tested by increasing by incre- 
ments wave height and period until the range of prototype conditions was 
covered     For a constant period, the wave height was increased from a 
small, non-breaking wave to a wave that broke sufficiently seaward of 
the structure to ensure that the maximum runup was observed     The wave 
attack was allowed to stabilize on the structure, and then the average 
runup of the next six to 15 waves was recorded     The number of waves 
used in the average runup was limited to the time it took for the first 
wave to reflect off the generator and return to the test section     When 
waves broke on or seaward of the structure, there was a large variation 
in the runup, therefore, the maximum runup value was recorded     In order 
to obtain a clear definition of the effect of location of the breaking wave, 
the generated wave height was increased by small increments when the 
wave started to break at the toe of the structure 

The quantity of water overtopping structures was trapped to 
determine the rate of over-swash     The procedure was to allow the wave 
attack to stabilize,then the over-swash of several waves was trapped 
and the quantity   was measured     The procedures followed in obtaining 
the design wave in the overtopping tests were the same as described in 
the runup tests 
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The water swashing over the top of the structure generated a 
transmitted wave height, HT     This wave was measured by a gauge on the 
basin side, located five feet from the heel of the structure     The levees 
protecting the runway, as shown in Figures 3d and 3e, were modeled and 
also acted as wave absorbers for the transmitted waves 

TESTS AND RESULTS 

Runup on a structure subjected to breaking waves is a primary 
concern when considering a non-overtopping structure     For this reason, 
a typical dike section was designed and tested to determine the maximum 
runup     The inset m Figure 4 shows the test section     The core was 
impermeable and the material used has been described previously     Two 
layers of underlayer stone were randomly placed over the core, then a 
double layer of 1   04-lb    stone was  randomly placed on a 1 2 slope from 
the floor to -0  5 feet     From this point up to +3  5 feet, a single layer of 
fitted stone was placed on a 1 1  5 slope     The water depth was -1  0 
foot at the toe of the structure 

One hundred and seventy-six tests were run on this structure to 
determine the maximum runup under prototype conditions     The results 
are shown in Figure 4 as a plot of the runup divided by depth, R„/d vs 
d/j^ for isolines of deep-water wave steepness, HQ/T2     These isolines 
are lines fitted through data points of non-breakers (solid line) and 
breakers (dashed line)     The range of breaking waves is outlined by a 
line drawn approximately where the waves start to break at the toe of 
the structure     An increase in wave steepness approaches an upper limit 
of runup which is also drawn in Figure 4     This plot shows a rapid 
increase in runup as the wave period is increased until d/•2 = 0  15 and 
H0/T2 = 0  1 

Q 
Saville    previously conducted tests on a similar structure fronted 

by a 1 10 beach slope     Saville's results were plotted with the Reef 
Runway data for comparison     It was noted that the primary difference 
between the results of the two sets of data was that the runup Saville 
measured was about 45 percent greater than that of the Reef Runway data 
Apparently, the steeper beach slope in Saville's experiment allowed a 
nearly 50 percent larger wave to break near the structure     This increase 
in breaker height, attributed to the difference in the bottom slope, was 
noted in the experimental work of Iversen2 et al    The effect of the 1 2 
slope at the toe of the Reef Runway test section does not account for 
such an increase in R/d when comparing the two structures using the 
composite slope method       These runup data provide the designer of the 
Reef Runway project with an upper limit to which breaking waves will run 
up on a single-layer, stone-armor structure with a 1 1  5 slope 

Stability coefficients, Kn, were computed for each test section 
subjected to the breaking waves     When damage occurred to the armor, 
the degree was noted     The WES (Hudson)    formula was used in the 
analysis     The results indicate that    a) published values of KJ-J for 
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breaking waves are conservative,   b) keyed and fitted armor is several 
times more stable than loosely-placed armor,   c) displacement of one 
armor unit does not lead to sudden massive failure, in fact, the armor 
tends to heal unless it is grossly underweight,   and d) the weight of 
armor may be reduced by one-fourth at depths below one-third of the 
toe depth and by three-fourths below the two-thirds depth as shown 
xn Figure 5     A summation of stabilxty coeffxcients for breaking waves is 
shown in Figure 6     The ordmate of the author's recommended design 
values are identified     However, it has been the general practice to 
design on the borderline of damage or even for a percentage of damage 
from infrequent waves 

Economically, the runway elevation should be kept as low as 
possible    A rise in water level behind the wave protection structure 
could affect the operation of the runway     In order to evaluate the effect 
of crest elevation upon the rate of overtopping water, series of tests 
were made on typical sections with various crest elevations     Results 
from two representative tests are given in Figures 7 and 8     The data is 
given in prototype dimensions and the test sections are shown in the 
insets     The linear model scale for these data was 1 15 2     The plots 
of these data are shown in Figure 7 for a crest elevation of 13  80 feet 
and in Figure 8 for a crest elevation of 9  35 feet     The rate of over- 
topping water per linear foot of crest,   Q (cubic feet per second per foot 
of crest), is given as a function of deepwater wave height for isolines 
of wave periods     For a given wave period, the rate of overtopping rises 
rapidly with an increase in HQ until the wave breaks at the toe of the 
structure     An increase in H   causes the wave to break seaward of the 
toe and the rate of overtopping approaches a maximum for a given wave 
period     The plots also indicate the effect of wave steepness     It was 
noted that it was mversly proportional to the amount of overtopping 

Wave swash over a structure generated waves in the basin 
behind the structure     When waves break just seaward of the structure, 
the maximum wave is generated in the basin     The relation of the effect 
of crest elevation is shown in Figure 9 as a plot of transmitted wave 
height, EL,, as a function of deep water wave height, H   , for two wave 
periods     The linear model scale was 1 15 2, and the test section in 
prototype dimensions xs shown in Figure 9     The plots indicate that 
once the wave has broken, an increase in incident wave height does 
not produce an increase in transmitted wave height     An important 
observation noted during the testing program concerned the period of the 
transmitted wave, overswash of the incident wave generated a number 
of transmitted waves     This had a significant effect upon the runup on 
the runway levees     The size and depth of stilling basins also produced 
noticeable effects upon the transmitted wave     Due to these and other 
complicating factors, no general relations were developed for runup on 
the runway levees 
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Not*     See   references   4,5,9,11 
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Forty-five sections were tested in this study     The results of 
these tests and comparative costs will be the subject of another paper 
An example of one of the sections developed to attenuate runup is shown 
in Figure 10     Preliminary tests indicated that this high-void structure 
is stable and reduces runup 

CONCLUSIONS 

A large scatter in the data was observed in the model testing of 
rubble structure with breaking waves     Even though a reasonably 
consistent wave tram was generated, each wave broke in a different 
location, thus changing the effect of the wave upon the test     Since 
prototype waves are not consistent   the location of the breaking point 
varies even more     For this reason, maximum data points for the break- 
ing waves were observed in the model tests 

Tests indicate that the maximum runup of a breaking wave for 
conditions shown on Figure 4 is 1  8 times the water depth fronting the 
structure     This was valid for the range of d/^2 and HQ/T2 tested 

The tests confirmed the findings of previous investigations that 
the type of placement of armor is a major variable     Only skilled and 
experienced technicians can build rubble models which will yield fairly 
consistent results     Also, the designer and construction inspectors 
should be fully aware of the relationship between armor stability and 
placement     The tests confirmed that placement is as important a factor 
as the weight of the armor units     Specifically, the required weight of 
loosely placed stone may be twice that of a well-placed stone 

It is apparent that there is an overwhelming number of variables 
involved in analyzing breaking waves on complex rubble-mound structures 
General design criteria can be developed for only a few unique condi- 
tions     It therefore appears that model tests should be made for all 
important rubble structures subject to breaking waves 

Scale effects      should be considered when applying these data 
to prototype design 
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by 

Kenneth Chen, Research Assistant 
University of California 

and 

R L Wiegel, Professor of Civil Engineering 
University of California 

ABSTRACT 

The concept of multiple use of reservoirs is resulting in the construc- 
tion of marinas for recreational boating requiring breakwaters that can func- 
tion for a large range of water levels  A typical set of design criteria 
is an average water depth of 20 to 25 feet, wave lengths from S to 60 feet 
(wave periods of from 1 to 4 seconds) and wave heights from J to 5 feet 
Calculations based on Bulson's results showed a pneumatic breakwater to be 
too expensive  An extensive literature search revealed that floating struc- 
tures based upon the concepts of large effective mass or moment of inertia 
resulting from "entrained" water, or structures which can dissipate energy 
might be more effective  than one of the floating bag types of breakwaters 
Several new-types of moored floating structures which combined two or more of 
the concepts mentioned above were tested in a wave tank, and several of the 
devices appear to have merit in that they were reasonably small compared with 
the longest design wave length and could reduce the highest design incident 
wave height to less than one foot, prototype, in the lee of the breakwater 

INTRODUCTION 

Owing m part to the development of multiple purpose reservoir and in- 
land lake recreation areas in recent years, the number of small craft used 
in these bodies of water has increased rapidly   In the design of small craft 
harbors for the protection of boats from storms.consideration must be given to 
the variation of the water level   This is of special importance for reservoirs 
because of draw-down during the summer and fall seasons   It appears that 
mobile breakwaters might be the best solution for such a condition 

Research on mobile breakwaters has been done in the past, but very few 
have been built  One purpose of this paper is to present the conclusions 
reached by the authors from a literature review  One can categorize mobile 
breakwaters into three mam types  1)  pneumatic and hydraulic breakwaters, 
2) flexible structures, and 3) rigid floating structures 

Based upon the conclusions derived from the literature review, three 
rigid floating breakwaters were designed, each making use of a different mecha- 
nism or combination of mechanisms of wave energy dissipation and reflection 
The models were designated A, B and C  Later Mr J S Habel, Supervisor of 
Engineering of the Department of Harbors and Watercraft, State of California, 
and Professor J V Wehausen each suggested a concept of wave energy dissipa- 
tion and reflection which resulted in the design and construction of Models 
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D and E 
Almost no information was discovered on the maximum height and period of 

waves that are considered to be acceptable within a small craft marina The 
Task Committee on Small Craft Harbors of the American Society of Civil 
Engineers (1969) state on page 57 that in general, wave heights should be re- 
duced to approximately J to 1 ft for small boat harbors Some data on maxi- 
mum wave heights in which different classes of working barges and vessels can 
operate have been given by Glenn (1950) and Santema (1955) 

The problem of mooring so as to prevent damage to boat, mooring lines or 
dock is extremely complex, depending upon wave heights, periods and direction, 
and upon the weight, shape, natural periods of the boat and upon the charac- 
teristics of its moorings  A theoretical study was made by Raichlen (1968) 
for the simplified case of the surging motion of several classes of small 
boats (ranging from 2 to 8 tons - 20 to 40 ft  m length) subjected to uni- 
form periodic standing waves with crests normal to the longitudinal axis of 
the moored boats, with two bow lines and two stern lines  The restoring force 
versus displacement of the moorings were non-linear, as is apparently the 
normal case  A detailed anilyses was made for one of the boats (Harbor Boat 
No 3), which had a length of 26 ft , beam of 9 ft -2 in , maximum draft of 
2 ft -4 m and an approximate displacement (unloaded) of 5200 lbs  Details 
of the mooring configuration and mooring line characteristics were also pre- 
sented  Measurements of the period of free oscillation of surge for three 
mooring line conditions (zero slack, 4 in and 8 in slack) for several differ- 
ent initial  displacements were made and compared with theory  The compari- 
sons, shown m Fig 1, are quite good 

Some of the complexities of the problem can be seen from Fig 2 which 
compares the maximum motion (in one direction only) of the boat as a function 
of wave period and the forcing function £  for taut mooring lines and for 8 
in slack  t,     is a rather complicated function, and Raichlen describes it as 
the maximum with respect to time of the water particle velocity averaged over 
the displaced volume of the moored body  All other things being equal,  £ is 
directly proportional to the standing wave emplitude   It is evident that a 
boat moored with slack lines at one tide stage may have taut lines at another 
stage of the tide, so that its response will vary with tide stage, all other 
conditions being equal 

Two other examples have been chosen from Raichlen's report, and are 
shown m Fig 3  The maximum positive displacement from rest is shown as a 
function of wave period and  C for two boats, one of 3700 lbs with a length 
of 22 ft -5 in , and the other of 17,000 lbs  and a length of 38 ft  First, 
it appears peculiar that the smaller boat should have larger "natural periods" 
than the larger boat  The reason for this was that the mooring lines of the 
larger boat were much stiffer compared with its weight than was the case for 
the smaller boat  This emphasizes again that the moorings are extremely im- 
portant to the problem and there can be no simple wave height criteria for a 
harbor 

PREVIOUS WORK 

Pneumatic and Hydraulic Breakwaters 

An artificial surface current can be produced by air bubbles released 
from a comprised air manifold on the sea bed, or by means of horizontal water 
jets from a pipe floating on the water surface   If the surface current is 
of sufficient magnitude, and is directed towards the oncoming waves, the wave 
lengths are reduced and their heights increased until instability occurs, and 
the waves either breaks or are reflected 
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100 
PERIOD OF FREE  OSCILLATION, 

FIG   I    MEASURED AND PREDICTED PERIODS OF FREE 
OSCILLATION       HARBOR BOAT No 3 

(FROM   RAICHLEN,   1968) 
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FIG 2   RESPONSE CURVES    HARBOR BOAT No 3   (FROM RAICHLEN, 1968) 
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This concept was first employed by P Brasher (1915) in 1907   It was 
used by the Standard Oil Company in 1915 at El Segundo, California, apparently 
with little success   In 1936 Professor Thysse of Delft University showed that 
the surface currents produced by the bubbles were the mam mechanism  The 
theoretical work was continued by White (1943) and Taylor (1955) in England 
during 1939-1945  As a result of their work, it became possible for the first 
time to predict the quantity of air required to produce a given surface cur- 
rent as well as the speed of current required to dissipate (and/or reflect) 
the energy of waves of known length  After World War II, a large amount of 
research was done in connection with this subject 

Williams and Wiegel (1963) generated waves m a tank by blowing air over 
the water surface and subjected them to a horizontal current of water created 
by horizontal water jets issuing from a manifold at the water surface (hydrau- 
lic breakwater)   The energy spectra of the waves were computed for condi- 
tions before and after the hydraulic breakwater was turned on  It was found 
that the shorter, steeper wave components were attenuated to a much greater 
extent than were the longer wave components  They concluded that although a 
large portion of the wave energy could get past such a breakwater, the waves 
m the lee of the breakwater looked considerably lower to the observer, so 
that the claims made for the effectiveness of this type of breakwater were 
probably impressions rather than reality 

Both experimental and analytical studies have been carried out by Bulson 
(1963, 1967, 1969) , who concluded 

"The experimental and theoretical studies during the past 25 years have 
made it possible for a reasonably accurate estimate to be made of the 
air quantity required to operate a bubble breakwater  The quantity is 
astronomical and costly to supply  The practical difficulties of 
operating a full scale system are immense   It is doubtful whether any 
novel ideas of bubble formation and size can produce economices, and 
high cost is bound to be the basic feature of any apparatus of this 
type which is designed to combat the energy of the sea 

It was thought that perhaps a pneumatic breakwater might be a reasonable 
solution for the relatively short waves expected to be encountered m a reser- 
voir  Calculations were made for the following conditions  water depth of 
20 ft , wave lengths from 5 to 60 ft  (wave periods from 1 to 4 seconds), and 
wave heights from i to 5 ft  Based on Bulson's results, one can calculate the 
quantity of air required to suppress waves of length L, height of H, in water 
depth, d 

-,1/3 

LP+d V_ = 1 46 | STT-J (1) 

where  V = the surface velocity of the current, feet per second 

Q = the quantity of free air delivered by compressors,cubic 
feet per second per foot 

P = atmospheric pressure expressed as a head of water, 
feet of water 

In this case the air supply manifold is placed on the bottom 
The current velocity V diminishes approximately linearly with depth, until 

it equals zero at a depth D below the surface 

D = 0 32 P Log i -£~r-l    feet (2) 
e i_ P J 

When  the   same  quantity  of  air passes  through  a variety  of  orifice diameters 
and  spacmgs,   there   is  no  significant  difference   in    V ,   furthermore,   results 



water waves, V   , m is  given by                              ^ 

m       a    I_2TTJ m 

where 
2 

C    = gL/2vf       for deep water 

and a /z   =  L/2TTD m 

a   =  Dg/Vm
2 
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for a single manifold at depth d are not noticeably different from those 
when two or more adjacent manifolds deliver the same total quantity of air 
The critical current velocity at the surface to suppress completely deep 

(3) 

(4) 

(5a) 

(5b) 

in which     C     is  the wave  speed  in   feet  per second       0?m    can be   obtained   from 
Fig     5   of  Bulson's  1969  paper       Combining Eqs      (1)   and   (3) 

rp+di rgL~|3/2r    i   i3 

Qor = LF^J LifTj      Lr46^-J (6) 

m 

According  to Eq     (6),   Q       is   independent   of wave height,   but  experiments 
show  that when waves  are  neither truly   sinusoidal   nor of   infinitesimal  height, 
the  quantity  of  air necessary  to produce  complete damping can exceed  Q It 
has  been  suggested  by  Bulson  that  Q can  be   represented  by linear  relation- max 
ship  between Q      /Q       and  the wave   steepness,   H/L max     c r 

Q       /Q       =  0 6   +   (20  H/L) max     cr 

Suppose one wishes to determine the quantity of air required to suppress 
waves 60 ft long, 5 ft high in a water depth of 20 ft   Prom Eq  (2), 

a2 

D = 0  32 x  33 x Log     (63/33)   = 6  83  ft       Also,     — = 60 /   (2TT x 6   83)   =1  4,   and 
e z 

from Fig     5  of Bulson's paper,     a=  3  05       Substitution   in Eq     (6)   gives 
3/2 3 

Q       =   (33  +  20)/(33 x   32  2)   x   (g x 60  /   2TT) x   (1/1  46  x   3  05)     =3  59 cfs/ft 
Finally,     Q      /Q      =  0 6   +   (20 H/L)   =  2  27,   and     Q =  8  15  cfs/ft max     cr max 
Therefore,   the     quantity  of  free     air required   is 8  15  cfs per  ft       This   repre- 
sents   an  air power  at   the pipe  of  26 horsepower per  foot       Thus,   a 300 yard 
long  bieakwater would   require  a  total   of  23,400 Hp       The  operation  alone  is 
very  costly,   even  if   installation costs were  not  considered 

Flexible Breakwaters 

In general a floating structure of relatively light weight will only be 
able to reflect a small amount of wave energy   If, however, the structure has 
sufficient length, a larger amount of wave damping and wave reflection will 
occur 

Model tests performed by Wiegel et al  (1959), showed that floating sheets 
of plastic material will have a wave damping effect if the length of the plas- 
tic sheets, X, is equal to many times the wave length, L  For a value of 
X/L = 5, the wave height behind the structure appeared to be equal to 
HT = 0 8 Hp for  X/L = 10, HT = 0 4 to 0 5 Hp and for  X/L =20, HT = 0 2 H 

From a similar series of tests it appears that with a layer of plywood a wave 
reduction up to 50% could be obtained with X/L = 2 to 3  Other studies were 
made of the wave damping properties of waterfilled bags, ("hovering break- 
water") floating in the water with their top at the water surface  The dimen- 
sions of the bags were  10' x 10' x 4"  The results showed that within the 
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range of L/X  from 0 5 to 0 8, the ratio of the wave height in the lee of the 
"hovering breakwater11 to that of the incident wave (H /Hj) was approximately 

equal to the ratio  L/X   This means that an effective damping requires a 
relatively wide structure 

Tests, made with prototype waves in San Francisco Bay, with a hovering 
breakwater 20' x 24' x 4' deep in water 7' deep (below MLLW) by Wiegel, Shen 
and Cumming (1962) showed that ILp/HL was one-half of the value obtained in the 

laboratory for the same value of L/X, using the "significant wave length" com- 
puted from the measured "zeio upcrossmg period' of about 1 7 seconds  The 
reason why the "prototype" was more effective than the "model" was not deter- 
mined 

Other extensive experiments were made by Ripken (1960)   These experiments 
deal with the wave damping properties of cylindrical bags, filled with air or 
liquid, which are placed just below the water surface with their longitudinal 
axis parallel to the direction of wave propagation   It was found that a satis- 
factory attenuation requires a big length of about 1 5 to 2 times the wave 
length   A diameter of 20% of the water depth was recommended for the cylin- 
drical bags, although the influence of the relative depth appeared to be small 
A filling of about 95% seems to be the most effective filling percentage for 
the bags  Use of fluids in the bag of a greater viscosity than water did not 
substantially increase the amount of wave attenuation  Ripken stated that the 
wave attenuation provided by water filled bags was associated with a progres- 
sive pressure wave in the bag  This pressure wave was found to be slightly 
out of phase with the wave motion  As a consequence of this, the material 
used for the bags must be strong 

Other studies were carried out by Ripken (1960) for two different types 
of wave absorbers   a blanket and a shallow moored floating structure 
Ripken concluded 

The degree of attenuation achieved increases as the ratio of 
wave length to blanket length decreases and as the ratio of 
blanket thickness to water depth increases     'The blanket 
thickness should be of the order of 15 percent or more of 
the water depth   For a thin blanket the length should be 
several times as long as the wave length  A multiple of 
about three or more is indicated depending on the attenuation 
desired 

A similar conclusion was reached in regard to the wave trap, a considerable 
length is needed to damp the oncoming waves 

An experimental study of fascine mattress composed of willow twigs and 
reeds has been made by Vinje (1966) It appeared that the wave attenuation 
was nearly 45-50% when the ratio of the length of mattress to the length of 
wave was larger than 1 

There are some other studies which have been made, and the general con- 
clusion appears to be that the length of breakwater m the direction of wave 
propagation should be much larger than the wave length 

Floating Rigid Structures 

Floating structures have three modes of oscillation due to the restoring 
force of gravity  rolling, pitching, and heaving  A moored floating struc- 
ture has three additional modes of oscillation owing to the restoring force of 
the moorings  A floating structure which is to reflect wave eneigy must have 
the requisite long natural periods in each of these three modes of oscillation 
compared with the wave periods  To obtain a long natural period, it is neces- 
sary to combine a large mass with small "elasticity "  In a floating struc- 
ture the 'elasticity" is represented by its change in buoyancy as it heaves, 
rolls, and pitches   A solution of this problem is the enclosure of a laige 
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mass of water within a relatively light enclosing structure in such a way 
that the restoring force was reduced to a minimum  This was the principle of 
Bombardon floating breakwater designed for and u,sed in the Normandy invasion 
of World War II (Lochner, Faber and Penney (1948)   In the official report 
on the operation of Bombardon floating breakwater the following statement was 
made 

"A full scale breakwater, assembled off the Dorset coast 
in April 1944, successfully withstood an on-shore gale of force 
7 (30 m p h ) with gusts up to force 8 (39 m p h ) 

"Both breakwaters were moored in 11-13 fathoms, giving 
sufficient depth inshore for Liberty ships to anchor   In this 
depth they reduced the height of the waves by the measured 
amount of 50%, which represents a 75% reduction in wave energy 
These measurements were carefully made at the British harbour 
on the 16th June, 1944 with a wind blowing force 5-6  Unloading 
operations and small boat work were going on inside the break- 
water at that time which would not have been possible outside 
the breakwater 

The requirement of large mass may be usefully replaced by large moment of 
inertia of mass in the development of floating breakwaters  This concept has 
been applied by Brebner and Ofuya  (1969) m developing the "A" frame break- 
water  The "A" Frame breakwater consists essentially of a central rigid cur- 
tain of wood, and two aluminum cylinders symmetrically located and rigidly 
connected to the curtain at intervals   The mass radius of gyration of the 
structure about a lateral axis through its center of gravity (axis parallel 
to wave crest) may be varied by altering the cylinder spacing  Laboratory ex- 
periments showed that an effective floating breakwater system can be developed 
in which a large moment of inertia of mass is the dominant factor rather than 
the mass  The reduction of wave heights is effected through the processes of 
wave reflection, dissipation, and wave interference  The best wave damping 
was obtained when the distance between the cylinders was nearly equal to the 
wave length 

The third concept is that of a perforated breakwater which was originally 
developed by Jarlan (1965)   This study is concerned with the application of 
that breakwater as a mobile system and for possible operation in the floating- 
moored or fixed to the bottom  A recent study has been done by Marks (1967) 
who states 

The dynamic processes that result from the incidence of 
waves on the perforated breakwater can best be visualized by 
considering [Fig 3]   As the wave impinges on the porous 
front wall, part of its energy is reflected and the remainder 
passes through the perforations  The potential energy m the 
wave is converted to kinetic energy in the form of a jet, upon 
passage through the perforation, which then bends to be 
partially dissipated by viscosity in the channel and partially 
by turbulence in the fluid chamber behind the perforated wall 
As the water in the fluid chamber flows back out of the holes, 
it encounters the next oncoming wave and partial energy des- 
truction is accomplished even before that wave reaches the 
breakwater  If the walls were not perforated (eg  a caisson), 
total reflection would occur on the face of the wall with re- 
sultant high impact forces and scouring on the base, if it is 
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fixed to the bottom   If the breakwater were floating and 
anchored, part of the incident wave force would be trans- 
mitted to the mooring cablet, and part would be directed to 
oscillating the breakwater thus inducing it to make waves 
on the shoreward side   In the case of the perforated break- 
water, that part of the incident wave energy which is dissi- 
pated internally in the form of heat and eddies is not 
available for such deleterious activity  Hence, it is ex- 
pected that less force would be felt m the mooring lines, 
and/or that smaller waves would be produced shoreward of the 
breakwater 

It is clear that wave attenuation is most effective at 
low periods and least at high periods  The perforated unit 
is better up to \bout 9 seconds of wave period and worse 
beyond compared with caisson type 
"The breakwater geometry specifying   4-foot diameter holes, 
4-foot wall thickness, and 40 feet between front and back wall 
was found to be most effective, as predicted by theory  The 
mooring lines in the perforated breakwater experienced less 
force by about a factor of 2 compared with caisson type 
Wave reduction by the solid floating-breakwater varied from 
about 0 2 to 0 6   For the perforated floating breakwater, 
wave reduction varied fiom about 0 2 to 0 8   As expected, 
the perforated breakwater was far effective in reducing wave 
height for shorter waves (0 1 to 0 3) than for longer waves 
(0 6 to 0 7) " 

NEW MODEL FLOATING BREAKWATERS 

Introduction 

It was decided to design three types of rigid structure breakwaters for 
laboratory testing, combining the principle of the use of a large entrained 
moment of inertia with the principle of partially absorbing the wave energy 
by a perforated wall or by a sloping board  The three types have been 
designated Type A, B, and C 

The experiments were performed m a 106 ft  long by 1 ft  wide by 3 ft 
deep wave channel   The water depth in the wave channel was set at 25 in , 
corresponding to a "prototype" depth of 25 ft   The floating breakwater model 
was placed about seventy feet from the wave generator  An energy absorbing 
beach was located at the other end of the channel  Wave measurements were 
obtained at a position about 15 ft  ' seaward" of the floating breakwater 
model and at a location about 8 ft  to the "lee" of the model, using parallel 
wire resistance wave gages (Wiegel, 1956) 

Two wave heights were used for each wave length tested, one low and one 
high, to check approximately the effect of wave* steepness (also, called the 
wave slope) on the phenomenon  The wave length, L, is related to the wave 
period, T, and water depth, d, by the equation 

L = £ tan, *L 
in which g is the acceleration of gravity   For the water depth and wave 
periods tested, this equation could be approximated by 

L « gT2/2rr (8) 
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A portion of the wave energy was transmitted to the lee of each break- 
water as a tram of waves, a part of the energy was dissipated, and a part 
of the energy was reflected as a train of waves  Little wave energy was 
reflected by Model A bieakwater, while Models B, C, D and E reflected a 
considerable amount of wave energy  No attempt was made to measure the 
amount of wave energy leflected 

The most important parameter of the study is the tiansmission coeffi- 
cient, defined as „ 

Wave Transmission Coefficient 
Transmitted Wave Height 
Incident Wave Height HT 

A typical example of the record of both the incident and transmitted wave 
heights is shown in Fig 4       It can be seen that the reflected waves inter- 
fered with the incident waves in a complex manner  Reported values of the 
wave transmission coefficient were based on the largest transmitted wave 
height and the average incident wave height 

INCIDENT WAVE 

i   i   i   i    i   i   i   i   i   i   i   i   i   i   i J i i i 

TIME 

TRANSMITTED WAVE 

'   i   i I I l_l i   i   i I L_J l_J I I i_i I 

FIG 4 RECORD  OF   INCIDENT 
TRANSMITTED WAVE 

WAVE  AND 

One important factor that was not studied at this stage was the mooring 
line system and the mooring forces  The mooring line system forms an impor- 
tant feature of a floating breakwater since breakwater performance depends on 
the type of restraints imposed on its motion by the mooring lines  Three 
additional natural periods result from the mooring lines  yaw, sway and surge 
Further studies must be made on the mooring system  Different types of float- 
ing breakwaters moorings need to be studied to find out the best mooring 
system 



FLOATING BREAKWATER 1657 

Model A 

The basic concept of this design was the dissipation of wave energy by 
waves breaking on a sloping board 'beach 

Model A, shown in Fig 5, consisted of a sloping board "beach," with the 
seaward end attached to a rectangular air chamber (pontoon) which provided 
buoyancy  The "lee side" of the sloping board was connected to a vertical 
wall (14" high) by steel frames   A "lee side" floating box (pontoon) was 
connected to the vertical wall by a steel flame  The total length,  X,  of 
this model was 43 5 in  (I e , 43 5 ft , "prototype" as the ratio between the 
model and the contemplated breakwater for use in reservoirs is 1 12) 

In ordpr to check the effect of the height of the vertical wall on the 
wave transmission coefficient, the model was modified by increasing the 
height of the vertical wall to 22 in  (22 ft , prototype), with about 19 in 
(19 ft , prototype) of it being submerged 

It was found that when the incident waves moved over the sloping board 
"beach," they started to break as if they were moving over a sand beach  The 
small amplitude waves broke completely on the board  The large amplitude waves 
did not break completely on the board "beach" owing to the limited length of 
the board  For waves which were about as long as the dimension X  of the 
breakwater, or shorter, a substantial amount of wave energy was dissipated in 
this breaking process  The top of the board 'beach" was designed to have a 
saw tooth shape  The large amplitude waves partially broke on the board 
"beach, ' then ran over the top of the board, dropping through the space into 
the water on the lee side of the "beach '  No water went over the top of the 
vertical wall   Considerable air entrainment and mixing occurred during the 
process   This periodic impact of the wave run-up dropping on the water sur- 
face eventually created a pressure iluctuation in the water undei the board 
"beach," and m front of the vertical wall   The water moved up ind down in 
this region  This resulted in a pressure fluctuation in the region between 
the bottom of the vertical wall and the bottom of the tank, which in turn 
caused a heaving motion of the water surface m the section between the verti- 
cal wall and the lee side pontoon  It appeared that the distance between the 
vertical wall and the lee side pontoon would be important, but lack of time 
prevented a study of various- spacings 

A further observation wa& made by permitting the model drift (e g , the 
mooring lines were removed from the model) m the waves   It was found that 
Model A drifted much more slowly than Model B  It was believed that the slow 
rate of drift indicated there would not be too great a problem in mooring the 
structure 

The results of the wave transmission coefficient vs  the ratio of wave 
length to breakwater length (L/X), and vs  the wave length (given in "proto- 
type ' scale) are shown in Fig 6  The results show an irregular curve   In 
the range of wave lengths from 30 ft  to 55 ft  (prototype), the steep waves 
(wave slope = 0 055-0 075) had a higher transmission coefficient than did the 
waves of relatively small steepness (slope s 0 022-0 030)   The term wave 
steepness refers to the ratio of the incident wave height to the wave length 
(Hj/L)   The two curves crossed at a wave length of about 60 ft , and in the 
range of wave lengths from 65 ft  to 90 ft , the relationship was opposite to 
that for the smaller wave lengths 

When the model was modified with the 22 m  (22 ft , prototype) deep ver- 
tical wall, there was less difference in the transmission coefficients for 
the relatively flat waves than the steep wave   There was about a 10 percent 
improvement m the wave transmission coefficient for the range of wave lengths 
between 60 ft  and 80 ft  (prototype) 
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Model B 

Floating breakwater Model B, shown in Fig 7, consisted of two pontoons 
separated by a perforated bottom  The length,  X, of the structure is 18 5 
in  (18 5 ft , prototype), with an additional 5 in  (5 ft , prototype) of 
sloping 'beach' extending seaward above the water surface for a total length 
of 23 5 in  (23 5 ft , prototype)   A vertical barrier was attached below the 
lee side of the perforated section  The pontoon on the lee side had a rec- 
tangular cross section  The pontoon on the weather side has unequal verti- 
cal sides, with a sloping top extending outwards a distance of 5 in  (5 ft , 
prototype) towards the weather side 

The results of the wave transmission coefficient vs wave length and vs 
L/X  are shown in Fig 8 for five series of runs, each with a different wave 
height   For wave lengths less than 60 ft , prototype, (L/X less than 2 7), 
the transmission coefficient is less than about 0 20  Considering the ex- 
pected range of wave lengths in a reservoir, this is probably a satisfactory 
attenuation  For wave lengths between 65 ft  and 80 ft  (prototype), the 
transmission coefficient rises rapidly from about 0 3 to 0 5   For wave 
lengths of about 90 ft  (L/X of 3 8), the transmission coefficient rises to 
0 60-0 65  Under the latter circumstances, a substantial portion of the wave 
energy is transmitted past the floating breakwater 

It appeared that more than half of the energy of the incident waves was 
reflected by the breakwater as a wave train, with an "apparent higher frequen- 
cy" than the frequency of the incident waves  The breaking up of the oncoming 
waves into a series of smaller reflecting waves appeared to result in smaller 
forces acting on the mooring system  The action of the water and the struc- 
ture is shown schematically m Fig 9  In Fig 9 the oncoming wave crest is 
shown striking surfaces A, B and C, it then reflects at different times in 
the form of a series of reflecting waves with a smaller amplitude compared 
with the incident waves, and with different phases 

Owing to the vertical barrier and the overall geometric arrangements, 
this floating breakwater had a rather large moment of inertia with respect to 
rolling motion  Also, the center 'water channel" with the perforated bottom 
worked as a damping device, in some ways similar to an antirollmg tank on a 
ship  For oncoming waves with large amplitude, the crest washed over the 
sloping top of the weather side pontoon, flowed into the center channel and 
then flowed through the perforated bottom  Part of the energy apparently was 
dissipated by water rolling over the top of the slope and by the eddies that 
formed in the water channel   Some air trapped under the surface of the ex- 
tended portion of the sloping top of the seaward pontoon was compressed, and 
mixed with the water  This process was too complicated for analysis, but it 
appeared to be a good mechanism for dissipating some of the wave energy 

The tension in the mooring line consisted m general of two components, 
one caused by the rolling motion of the breakwater, and one caused by the 
wave crests striking the structure  However, the model was designed so that 
the two components would not cause maximum forces m the mooring line at 
the same time   Since the axis of rolling of the system is above the mooring 
point, when the incident waves strike on the system, the rolling motion of 
the body tended to release the tension in the mooring line  When the inci- 
dent wave troughs reached the floating breakwater, the tension in the moor- 
ing line was caused only by the rolling motion 
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il 

(a)     WAVE  CREST   AT BREAKWATER (b)    WAVE  TROUGH  AT BREAKWATER 

FIG 9    SKETCH  SHOWING  WAVE ACTION ON MODEL   B 

Model   C   (fig     10)    is   a   typt,   ol   perforated   breakwater     the  purpose   of   the 
perforated wall   being   to decrease   the direct   striking  force  by  decreasing 
the   reflecting   area     and   to  dissipate wave   energy   bv   the   flow   of  water  through 
the  holes        The   "water chamber"   has   two perforated  walls       The   bick will   ex- 
tends downward   as   a  vertical   barrier   to provide   sufficient  moment   of   meitia 
of  added   mass       The   air  chamber   (pontoon)   serves   as   a  walkway   along  the   break- 
water       During   the  model   test,   ballast  was  used   to   obtain  pioper  balance   of 
the   structure       This  model  was   the   shortest   of   all   five  models,   being  only 
14   in     (X  =  14   ft   ,   prototype)   long 

Values   of  HT/Hj  vs     wave  length   ind  vs     L   X   are   shown   in  Fig     11        For 
nave  lengths  up   to  about  40   ft   ,   the   result   appears   to  be   reasonably   satis- 
factory       The  curve   of   the wave   transmission  coef±lcient  vs     wave  length 
(and   vs     L/X)   has   a   rather  steep   slope 

The  expected   amount  of energy  dissipation did  not   occur       The   rest  of 
the  energy  was  either   reflected   or  transmitted  past   the  breakwater either 
through  the  motion   of   the   breakwatci   which   acted   as   a  wave   generator,   or  by 
wave  energy   passing  under   the   structure 

Model   D 

The side and top vi v b of Model D are sno#" 'i Fig  12   The platform, 
32 in  (X = 32 ft   prototype) in length, was ballasted sufficiently to 
cause it to be immersed with its bottom 6 in  (6 ft  prototype) beneath the 
water surface  A series of gates were suspended vertically upwards by their 
own buoyancy   Each gate was connected to the platform by a rubber sheet 
hinge   A string was used to restrain the motion of the gates to only one side 
from the vertical   The gates were designed so that the rolling motion of each 
row of gates could move in only one direction m an alternative manner   The 
model was carefully ballasted so that each gate emerged 0 5 in  (0 5 ft , 
piototype) above the water surface   It was designed so that any water current 
could bypass the series of gates with a rather small striking force, and to 
dissipate the energy through turbulence   The restrained motion of the gates 
may interrupt the orbital motion of the waves and energy dissipation occurs 
The motions of the water current and the gates are shown m Fig  13 

Ihe experimental results aie shown m Fig  14   The high wave transmis- 
sion coefficients are due to the following two reasons   First, the joint be- 
tween the gates and the platform was a one-ineh wide (model dimension) rubber 
sheet instead of a simple hinge   Because of the inflexibility, the motion of 
the gates was not confined to a simple rolling motion, but also had a parallel 
displacement which regenerated the wave and transmitted the wave energy to 
the lee of the breakwater   In addition, the simple flat platform provided a 
smaller moment of inertia (largely due to added mass) than a structure with a 
vertical barrier 
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Model   E 

In  order to avoid   the  transmission  of  energy  through  the  gates,   another 
model  was  adopted,   based  upon  the  concept   of  a  fixed  energy  dissipator  simi- 
lar  to  those  used   at   the   foot   of   a   spillway,   rather  than using  the   flapping 
gates       The  vertical  walls  and  the platform  formed   a     rr    shape   (Fig    15), 
which provided   a large  moment   of  inertia   (largely due   to  added  mass),   and 
minimized  the  transmission  of wave  energy  under the  platform       The  length,   X, 
of  the   structure was  32  ft   ,   prototype       The  vertical   sections mounted   on 
the  top  side  of  the  horizontal   submerged platform consisted  of  six  rows   of 
blocks       Each   block was   set   at   an  angle   of  30  degrees   to  the  direction   of 
wave propagation  in  an  alternating pattern 

Fnergy  dissipation  occurred  as  the waves washed   through  the maze  of ver- 
tical   blocks,   and   formed  eddies   and  turbulence       It was  observed  that   the 
waves  collided  with  the  platform       This  collision may  have  been  caused   by  the 
combination  of  the motion  of the platform  and  the wave motion       This   occurred 
for wave lengths   of  about  50   ft   ,   70   ft   ,   and  90  ft       prototype       The   impact 
of  this wave collision  apparently   resulted   in the dissipation  of  some   of  the 
wave  energy,   this  can  be  seen   m  the plot   of wave  transmission coefficient 
vs     the wave   length   (and  L/X)   for wave  lengths   of  50   ft   ,   70   ft   ,   and   90   ft 
(see   arrows   in Fig     16) 

As  can  be   seen  m  Fig     16   the  transmission  coefficient was  about   0 45 
for  a wave  length  of  about  60   ft   ,   prototype 
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CHAPTER 101 

FORCES ON A PONTOON IN THREE DIMENSIONAL WAVES 

by 

J. EIE, Research Engineer 

A TR/TTTEBERG, Senior Research Engineer x 

A. T0RUM, Senior Research Engineer x 

1.  INTPODUCTIOr 

Wave forces on a long pontoon (floating breakwater, 

floating bridges etc.) depend to a large extent on the 

three dimensional wave pattern. There is no determinis- 

tic method for calculating wave forces for such struc- 

tures in a three dimensional sea and laboratory equip- 

ment for testing long structures in irregular three 

dimensional waves does hardly exist 

Forces, bending moments etc on floating structures may 

in principle be calculated on basis of a transfer func- 

tion K(f,<9 ) and the two dimensional wave power spect- 

rum E(f, 0) giving the one dimensional force power spect- 

rum 0(f) according to 

0(f) = fK2(f,0 )E(f5a)d© (1) 

where © 

f = frequency 

9-  angle between mean wave direction and direc- 

tion of the individual wave component 

River and harbour Laboratory 

Technical University of Norway, Trondheim, Norway 
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This concept, which is bemp used to a certain extent 

in ships hydrodynamics, is based on a linear relation- 

ship between wave height and forces, bending moments 

etc. 

The force distribution is calculated from the relation- 

ship derived by Longuet-Higgms (2) and is freauently 

used m wave statistics. This relationship is the fol- 

lowing 

vr* (f)df (2) 

where 

F = force 

k = coefficient, depending on which statistical 

force is wanted. 

The force F is the zero-upcrossmg force as defined in 

Fig, 7. (see chapter 3 1). For the significant force 

F1/3, k = 2,83, (2), (3). 

The whole concept is shown in Fig. 1. 

The transfer function K(f,O ) can be found analytically 

or by model tests. 

The purpose of the investigation described in this pa- 

per was to obtain some experimental data on the validi- 

ty of the concept applied to a pontoon of rectangular 

cross-section. As the transfer function for such a pon- 

toon, partly reflecting and partly transmitting the 

waves, is not so easily obtained by calculations, the 

force transfer function was found experimentally in re- 

gular waves. The wave forces in three dimensional waves 

were obtained in a wind wave flume. The scalar wave 
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power spectrum has been measured, but unfortunately we 

have not had the opportunity to measure the directional 

power spectrum of the waves. We have therefore in the 

calculations had to make assumtion of the directional 

spread of the spectrum. 

2.  MODEL TEST ARRANGEMENT 

The tested pontoon had a rectangular cross-section with 

width, draft an length of 0,44 m, 0,12 m and 3,00 meters 

respectively. 

The two dimensional transfer function was obtained in 

tests using regular waves in a test arrangement as 

shown in Fig. 2  Fig. 3 shows details of the pontoon 

and its instrumentation. The total lateral forces were 

measured by use of strain gauges placed at both ends of 

the pontoon Except for the small motions necessary to 

obtain a response of the strain gauges the pontoon was 

fixed. 

The tests in three dimensional waves were carried out 

in a wind/wave channel This channel is 78 meters long, 

and 3,8 meters wide. The water depth at the pontoon was 

0,37 meters, while the depth in most parts of the chan- 

nel was approximately 1,0 m. The test setup m the wave 

channel is shown in Fig. U. 

The waves were generated by wind with a velocity of ap- 

proximately 10 m/sec. The ratio between wind velocity : 

and wave celerity in such wind wave flumes is generally 

high, and the waves tend to have a steepness which is 

higher than normally found in fiords and in the ocean 

In order to reduce the wave steepness a wave filter was 

placed some distance m fromt of the pontoon as shown 

in Fig. 4. 
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3   TEST RFSULTS 

3.1.  Transfer function 

The transfer function was obtained by runninp tests with 

different wave periods, wave heights and wave directions. 

The wave pattern xn the test basin was as indicated in 

Fig  2. All measurements were made before the secondary 

reflected waves from the walls of the test basin reached 

the pontoon. 

Fig  S shows samples of the test results The diagrams 

show wave force vs wave height The angle between the 

direction of the wave propagation and the direction of 

force is indicated. 

The relation between wave force and wave height is fair- 

ly linear and "best-fit" lines showing the linear rela- 

tion is drawn by eye. This relation is given by 

T*  = K *( <<?, f)H (3) 

where 

T* = force 

H = wave height 

K (<9,f)  = coefficient depending on wave frequency and 

wave direction 

It is seen that the forces towards the "lee" direction 

of the waves are slightly larger than towards the "wind- 

ward" side. Th3s is also revealed in the force recordings, 

a sample of unich is shown in Fig. 6. 

The reason for the difference between the forces in the 

two directions is believed to be higher order effects 
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However, at is not possible within the simple linear 

concept we  are dealing with to include these righer 

order effects '.'e have therefore combined the two direc- 

tions by defining another coefficient K(&  ,f) as 

K<*,f> = K*(tf,f)lee+K-(©,f)windvard  (1J) 

The following relationship is then obtained 

F = K(&  ,f) H (5) 

where V  is the double amplitude force 

r is comparable to H as indicated in Fig 7 

The K(6> ,f) values are shown in the diagram of Fig  8 

Based on the diagram of Fig  8 we have made a contour 

"map" of the transfer function as shown m Fig  9 

3 2  Directional spectrum 

As mentioned in the introduction we have not had the 

opportunity to measure the directional spectrum of the 

waves in the wird wave flume, however, the scalar spect- 

rum has been obtained. The raves were measured at the 

pontoon site in the flume when the pontoon was ta)'en 

away Fig 10 shows a sample of a paper record of the 

waves. 

The waves were recorded on a magnetic tape  This record 

was then digitized with a time interval between samples 

of 0,1?8 sec and the power spectrum was calculated, 

from a sample of 200 consecutive waves  The "raw" spect- 

rum was smoothed by the method of banning (3)  The cal- 

culated spectrum is sho"n in Fir 11 
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It has been usual m theory on uave directional sncctra 

to assume a spectrum directionality function 

fa(f,0 )] 2 = /a(f)]2 y( 0 , ft ) 

where ,   „ .£* 
(cos <9 ) 

y(0>^> =   K( *> 

(6) 

(7) 

and * \ 
K< &   >   =  J" (cos G> ) V© (8) 

-7? 

2 

Fig. 12 shovs y vs 0 for different values of £s 

We have estimated the directional power stsectrun based 

on a cos B   -law The estimate of the directional cpect- 

rum is shown as a contour map in hp 13  The n-plica- 

tion of using a cos e  -lax; instead of, say, a cos o  - 

law will be discussed later. 

3 3  Calculated force spectra and force distributions 

Based on the transfer function and the estimated direc- 

tional wave power spectrum, the force peer spectrum 

was calculated according to equation (1)  The numerical 

calculation was carried out by applying ^f =0,1 sec 

and A<2>  = ^/96.  The result of the calculation is 

shown m Tig 14 

The force distribution was calculated according to equ- 

ation (2) and is shown in Tip.   15. 

3 M.  Me?cured forces and force distribution 

The forces were recorded on both a paper and a magnetic 

tape A sample of a force record is shown in Tig  1G 
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The inert urea force power spectrum is shown in Fig  3 4 

together with the calculated spectrum 

The measured force distribution is shown in Fig 15 

The measured force as well as the calculated force is 

the zero-upcrossmg force as defined in Fig  7 d 

4   COHITIJTS 

There is apparently a good agreement between the measur- 

ed force distribution and the calculated force distri- 

bution as shown in Fig  15  however, the calculated 

force spectrum and the calculated force distribution is 

based on assumptions on the spectrum directionality 

function  The form of the transfer-function is such 
2 

that a cos ©  - directionality law will give lower cal- 
4 

culated forces than a cos &    - law 

It is therefore deemed necessary that the directional 

wave spectrum should be measured 

5   CONCLUSIONS 

fhe work described in this paper gives an indication 

that the concept of eauation (1) is a useful tool for 

engineering purposes when dealing with forces on long 

floatmp pontoons like floating bridges, floating break- 

waters etc 
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FIG   2      TEST    ARRANGEMENT 
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FIG   8    THE   TRANSFER    FUNCTION    K (  9, f ) 
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FIG    9      THE     TRANSFER    FUNCTION     K (0,f J.kg/rm, 
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FIG 11   WAVE   POWER   SPECTRUM 
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FIG  13   ESTIMATED    DIRECTIONAL   WAVE    POWER 
SPECTRUM     ( COS 49-LAW ) 

FIG 14      FORCE    POWER     SPECTRA 
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CHAPTER 102 

RESONANCE OP MOORED OBJECTS IN WAVE TRAINS 

by 

A.J. Hermans* 

0.P.M. Remery 

Abstract 

In this paper the resonance of a moored object in wave trains 

is discussed and demonstrated with the help of some results 

obtained from model tests with a right angled barge 

The measured results correspond well with a simple theory 

which calculates the slowly varying drifting force of regular 

wave trains. 

* Delft Technical University Working at the Courant Institute 

of Mathematical Sciences Adviser of the N S.M.B 

** Head of the Wave and Current Laboratory of the N S.M.B. 
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1. Introduction 

Due to the enormous increase of tanker size during the last 

years, a lot of harbours could not be adapted quick enough 

to receive these big ships. 

That was, besides other reasons, why it became necessary to 

load and discharge large tankers in open sea near the coast 

This caused a lot of problems, because now, the loading or 

unloading ship was fully exposed to wind, waves and current 

In the course of time many different mooring systems have 

been developed and tested, such as. 

- single buoy mooring 

- spread mooring 

- turret mooring 

- ships moored to piers both rotating 

and fixed 

Of these systems the single buoy mooring is probably the most 

used. 

With this system the ship is moored by means of a bow hawser 

to a floating buoy. 

The buoy itself is anchored to the sea bottom by means of one 

or more anchor legs. 

At the Netherlands Ship Model Basin, extensive studies and 

model test programs have been executed concerning mooring of 

ships at sea. 

A range of systems have been investigated and tested both as 

feasibility and as design studies 

Normally model tests with moored vessels are conducted in 

irregular waves 

Prom the results of this type of tests it was found that high 

peak forces can occur also in light weather conditions. 

It appeared that these high forces often occurred after a 

group of higher waves had passed the ship 



RESONANCE OF MOORED OBJECTS 1687 

These waves gave the moored vessel a horizontal excursion 

which induced a long periodical oscillating motion. 

The period of this oscillating excursion equalled the natural 

period of the horizontal motion of the moored vessel in still 

water. 

Superimposed on the long periodical excursion, the moored 

object normally performed a high frequency oscillating sway, 

surge and yaw motion. 

The periods of these motions corresponded to the period of the 

waves. 

Especially when the relationship between the elongation and 

the tension of a mooring line is progressively non-linear, the 

resultant horizontal motion could induce rather high peak 

forces in the mooring lines. 

A lot of literature is available concerning the vessel motions 

due to the higher frequency oscillating wave motion 

However, only little information is available about the long 

periodical phenomena, which are important in studying mooring 

problems. 

Therefore this paper is concerned with that problem 

2. The wave drifting force 

Considering the moored vessel as a mass spring system with a 

natural period T , it is known that big excursions will be 

induced by oscillating forces with a period near that natural 

period. 

For the large ships under consideration the natural period of 

the horizontal motion will be 50 to 200 seconds or more 

This indicates that the high frequency exciting forces due to 

the wave cannot induce important oscillating motions 

So there has to be another source of forces 

From the theory of Maruo [l] and the experiments of Ogawa [2] 

the phenomenon is known of the steady drifting force on bodies 

in regular waves 
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This steady drifting force per unit length equals: 

4 pg a2 

In which: 
p = specific mass density of water 

g = acceleration due to gravity 

a « amplitude of the wave reflected and 

scattered by the body 

For the case that the body is restrained, no waves can be 

generated by the motions of the body, which means that there 

is only wave reflection 

When the direction of the reflected waves is just opposite 

to the direction of the incident waves the amplitude of the 

reflected wave can be written, according to Haskind [3] , 

for deep water as: 

•- E« R 

in which- 

r = amplitude of incident wave 

R = reflection coefficient depending on 

k T (see Figure 5) 

k = wave number = —-— 
A. 

X = wave length 

T = draft of body 

This expression is exact for deep water and a vertical barrier 

of infinite length extending a distance T (» draft) below the 

still water surface 

From this it will be clear that when the wave height is not 

constant but varies slowly with a certain period, also the 

drifting force will vary with that period. 
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In other words, when in an irregular sea wave groups are 

present which encounter a moored body with a frequency in 

the neighbourhood of the natural period of the mooring system, 

resonance phenomena may induce large slowly oscillating 

horizontal motions 

In order to check this conception some model tests have been 

carried out with a simplified single point mooring system 

5 Description of the tests 

A vessel was moored by means of a single bow hawser to a 

fixed point 

Generally the external conditions may be current, wind and 

waves, while the ship may have propulsion and steering capacity 

However, from the point of simplicity only waves have been taken 

into consideration 

The model represented a right angled barge of 107,000 metric 

tons displacement to a scale 1  80 (see Figure 1),in which also 

the main particulars are given for the full size barge 

The bow hawser consisted of a linear spring with spring constant C 

To avoid that the bow hawser became slack, a counter mass M was 

used as can be seen in Figure 1 

The tests were executed in the Wave and Current Laboratory of the 

N S.M B which has a length of 60 m and a breadth of 40 m 

The water depth was 0 91 i> m, corresponding to 73 20 meters for 

the full scale 

The barge was positioned with its centre line parallel to the 

direction of propagation of the waves 

In Figure 2 an example is given of the wave trains generated 

The period of the wave groups was kept constant during all tests 

and amounted to about 100 sec 

By changing the spring constant of the bow hawser, the natural 

period of the surge motion of the moored barge could be varied 
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Tests have been executed with 5 different springs, inducing 

natural surge periods of 63, 88, 103, 113 and 134 seconds, in a 

number of wave trains different with regard to the mean period 

and the significant wave height 

The wave train depicted in Figure 2 has a mean period of about 

9 sec. and a significant wave height (double amplitude) of 

about 5 m. 

The wave spectrum and the distribution of the wave elevation 

is given in Figure 4. 

During the tests the force in the bow hawser was measured and 

recorded on magnetic tape and paper chart. 

In Figure 2 an example is given of the measured force in the 

bow hawser for two different springs 

From this it will be clear that the forces are much higher for 

the spring which gives the system a natural period T which 

almost equals the period of the wave groups 

It Is also easy to distinguish the slowly varying force component 

on which a high frequency component has been superimposed 

The amplitude of the low frequency force has been plotted for 

each wave train as a function of the ratio 

» = natural period of vessel's surge motion 
=   period of wave groups =100 sec 

An example is given in Figure 3 for two wave trains with a mean 

period of 9 seconds and a significant height of 5 and 8 meters 

The same type of resonance curves were found for wave trains 

with mean periods of 7J 11» 13 and 15 seconds 
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4. Theoretical considerations 

The generated wave trains can be considered to be built-up 
by two regular waves with different amplitudes and with only 
a small difference Aw in frequency 
Then the wave elevation £ can be expressed as- 

£ = b- cos (kx - a) t) + b2 oos (kx + A toe - ( u> + Au>) t + Ac ) 

This can be written in a slowly varying form. 

E = a cos (kx - to t) 

with  a - b, + b2 e 
1  (Atac " Awt + Ae > 

In which a is the envelope of the wave elevation or the 
slowly varying amplitude 
It was already shown that the drifting force is a function of 
the square of the wave amplitude a 

a2 = b^ + bg2 + 2 b, bg cos ( A toe - Acot + Ae ) 

Also notice that taking the square of the wave motion £ , one 
finds 

E  = i  (b,2 + b2 ) + b, bg cos ( Akx - A cot + Ae ) + 

+ high frequency components 



1692 COASTAL ENGINEERING 

Assuming that the heave and pitch motion of the barge can 
be neglected and that the waves will be reflected by the flat 
bow in a direction parallel to the direction of the incident 
waves, the drifting force P. on the barge, according to 
Haskind fal , can be expressed as 

Fd - 4 p g a2 R2 B 

B = breadth of barge 

in which: 
a » b, + b2 + 2 b, i2 cos (Alex - Au>t + Ae ) 

Prom this expression it follows that there is a slowly 
oscillating drift force component with frequency Aw and 
amplitude Fda. 

Fda=  Pg R2 h  b2 B 

The equation of motion of the mass spring system representing 
the moored ship can be written as 

M  x + N   x + Cx = P. 

in which 
Mx (Aw ) = total mass of system 

= Mship + Madded + "weight 

N ( A IO ) = damping coefficient 
C    = spring constant 
P.   = drift force 

M and N are functions of the frequency Aw of the surge 
motion and have been determined from extinction tests 
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Because the force in the bow hawser P. equals C x the 

amplitude Pb of the bow hawser force due to the slowly 

oscillating drifting force component F. cos ( A kx - Aiot + Ae ) 

can be calculated from the solution of the equation of motion 

Pda  C 

P, ba 
\/(C - Mx AuF) 2 + B2X Au,2 

In Figure 3 the results of the calculations for two wave trains, 

with mean periods of about 9 seconds, have been plotted as a 

function of the non-dimensional frequency A 

A = 

2n "  x 

Tg 

T  = period of wave groups =100 sec 

The results of the calculations appear to be in a good 

agreement with the measured ones 

For the wave trains with periods of 11 and 13 seconds the 

difference between measurement and calculation appeared to 

be larger 

5 Discussion of the results 

From the results of the tests it is clear that wave groups 

can induce resonance phenomena at moored ships 

It has been illustrated by some simple calculations that the 

slowly varying drifting force can be determined from the 

square of the wave motion 
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Also for irregular waves the square of the wave motion gives 

Information about the square of the Irregular slowly varying 

wave envelop, which Is a measure for the drifting force 

Therefore, to obtain information about the occurrence of 

slowly varying drifting forces, one has to calculate the 

spectral density of the record representing the square of the 

wave motion 

Prom the distribution of this spectral density in the low 

frequency range it can be seen whether there will be important 

drifting force components near the natural period of the 

moored vessel 

This means that describing the sea state only by the spectral 

density distribution of the wave motion is not sufficient to 

predict what may happen with a moored vessel at a particular 

location 

What one really needs is the wave motion record itself or the 

spectral density distribution of the square of the wave motion. 

What has been mentioned up to now are the results of a not 

yet finished study 

There are still a lot of items which have to be taken Into 

consideration, like- 

- vessel's pitch and heave motions 

- influence of bow form 

- influence of restricted water depth 

However, at this stage of the study two important conclusions 

have been obtained 

- Wave groups can induce resonance phenomena on moored 

ships 

- The normal wave height spectrum does not provide 

sufficient information to predict the behaviour of the 

moored vessel. 

Wageningen, October 1970 
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Test    set-up  and    main    particulars   of   barge 

scale   1    80 
water depth  = 73 20 m 

spring 
constant c 

wave 
direction 

& 
^JL. 

mass  M 

H 

length L = 182 40 m 

breadth B =    48 96 m 

draft T =    1 2 00 m 

depth H =    19 20 m 

displacement V = 107,163   nrT 
counter  mass M = 819 ton 

natural period of heave motion « 11 00 sec 
natural period of pitch motion « 13 00 sec 
natural    period    of   roll        motion   «    11   35   sec 

FIG   1 



RESONANCE OF MOORED OBJECTS 1697 

wave 
elevation 
in   m 

300 
force  in 
bow hawser     0 
minus pre- 
tension in ton 300- 

ft.,- = significant   wave   height  =5m 

T       = mean  wave  period  = 9 sec 

Jg = 1QQ sec. 

time 

Tn=natural   period of vessel's surge   motion 

FIG   2 



1698 COASTAL ENGINEERING 

1000 

amplitude of 
bow hawser 
force in tons 

500 

o        measured 
 calculated \ 

f = 9 sec H    -8m/ \ 

\ 1 
\ 

/ \ 

/ 
f 

/fil/3=5m/ \ 
o/ / 

\ \ 

°\ 

A-2a. 
05 10 

natural   period of vessel's surge   motion 
period   of   wave   groups 

FIG   3 



RESONANCE OF MOORED OBJECTS 1699 

40 

30 

20 

10 

wave   elevation 

0 =124m 
max +=4 29m 
mm - =356m 

nz 
4m        -2m 0 +2m 

wave trough       wave crest 

rZL 
•4m 

10 

o 
4) 

wave spectrum 

V5 38 m 4ym^ = 498m            f = 8 60   sec 

m°"/'£ da) 
• 

03 04 05 06 

u) in   rad   sec 

07 0 8 

1 

09 1 0 

FIG   4 



1700 COASTAL ENGINEERING 

Reflection  coefficient R as a function of   kT 

100 OTT 
k = wave number =  -=^- 

X= wave length 

T * draft of barrier 

0 75 

0 50 
> 

F R l\ 
/ 

/ 

0 25 

1 

O ... 
05 10 15 

kT 
FIG 5 



CHAPTER 103 

ON THE HYDRODYNAMIC FORCES 

OF TWIN-HULL VESSELS 

Shen Wang 

Tetra Tech    Inc 
Pasadena,   California 

ABSTRACT 

The added mass and damping coefficients for semi- and fully- 
submerged twin cylinders in vertical motion are determined as functions 
of the oscillation frequency,   the cylinder spacing ratio,   and the cylinder 
submergence ratio      It has been found that resonance may occur in 
particular combinations of cylinder spacing and oscillation frequency at 
which the hydrodynamic mertial and damping characteristics deviate 
from the trend curves for the case of a single cylinder      Justification 
of using the two-dimensional results to calculate motions of three- 
dimensional twin-hull vessels is discussed      It is suggested that,   by 
means of strip theory approach,   these results can be used to estimate 
the hydrodynamic forces for catamaran type vessels in pitch and heave 
motions 

1 INTRODUCTION 

This paper presents a method to estimate the vertical hydrodynamic 
forces for twin-hull vessels,   including the catamaran type surface ship 
which has two hulls floating on the free surface and a certain type of 
floating platforms which have two parallel and closely spaced hulls  sub- 
merged under the free surface 

Analytical calculation of the mono-hull ship motions generally 
follows the method of strip theory approach      The validity of using the 
strip theory approach to calculate motions of twin-hull vessels has not 
been completely established      Objections certainly may raise,   if one 
considers the overall width of the vessel as the beam,   which is relatively 
too large for the strip theory to apply      However     one may feel different 
if he considers it as though there were only one hull plus a wall effect 

1701 
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It is not the purpose of this paper to validify the strip theory for twin- 
hull vessels,   but through the availability of the two-dimensional results 
for the twin-hull model,   obtained from this and the previous analyses, 
investigations on motions of catamaran type vessels by means of strip 
theory approach may proceed 

According to the strip theory,   the hydrodynamic quantities,   such 
as the added mass and damping coefficients,   are estimated by making 
use of two-dimensional data of long cylinders      For the present purpose, 
we consider a body having two identical,   rigidly connected,   circular 
cylinders      As to the added mass and damping of the catamaran type sur- 
face vessels,   the two cylinders are considered semi-submerged initially 
in the free surface      Theoretical and experimental investigation of this 
problem has been given by Wang and Wahab [1]      To complete the analysis, 
the present work considers the two cylinders being fully submerged      The 
problem is formulated as a linearized boundary value problem in the theory 
of small amplitude waves      Withm this framework,   a potential function is 
constructed by superimposing a series of various order singularities,   and 
the solution is obtained through determining the singularity strength by 
means of satisfying the boundary conditions 

Numerical results of the added mass and damping coefficients are 
presented      For the convenience of discussion,   the results of the semi- 
submerged case are also summarized and reviewed      Finally, applications 
of these results to calculating forces on catamaran type vessels are 
discussed 

2 SUBMERGED TWIN CYLINDERS 

Formulation of the Problem 

We consider two identical circular cylinders,   each of radius a, 
rigidly connected with a spacing distance of   2b   between their center-line 
axes      They are fully submerged and are forced to make  small vertical 
harmonic oscillations about a mean level   f(>a)   under the free surface 
The problem reduces to the special case of semi-submerged cylinders 
oscillation if  f = 0      The two cylinders are assumed to be infinitely long, 
and the resulting motion is two-dimensional 

Taking the undisturbed free surface as the x-axis,   a Cartesian 
coordinate system is defined as shown in Figure  1      The center-line axes 
of the two cylinders are then   (b, f)   and    (-b,f)      Two sets of polar 
coordinates are employed with their origins located at the two cylinder 
centers, they are related to the Cartesian coordinates as follows 

x       =        b + r sin 8   =    -b + r'  sin 9' 

y       =        f + r cos  0   =   f + r1 cos  8' 

r        =        [(x-b)2 + (y-f)2]1/2 

? 7   1 I? '*' 
r'      =       [(x+b)    + (y-f)  ] 
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p(x,y) 

Figure  1      Coordinate systems 
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The fluid is assumed mvisid and incompressible,   then the problem 
reduces to seeking a potential function for the described motion     Let the 
motion be simple harmonic of period   2TT/UJ      When the motion amplitude 
TV.   is sufficiently small,   the velocity potential   $(x, y, t) may be described 
by a series of singular function   cp  (x, y),   linearly superimposed in the 
following form 

§ (x, y, t) ai«Ti0 Re I 
r=0 

>.y) 
-nut (2) 

The function   cp  (x, y) satisfies 

(A) v  CD    = 0   m the fluid 

3cp 2 
(B) Km    + —r—  = 0   on the free surface  (K = ) n       dy g 

(C)   _^n 
ox 

0   at   x = 0 

(D) Lim   i -?— T  lKcp   I = 0   as x -» ± = 
\ ox Tn/ 

(E) cp    = 0   as y -»oo 

(3) 

(4) 

(5) 

(6) 

(7) 

The coefficient   A      is a complex-valued number corresponding to 

the strength of the n      order singularity   it is a function of the cylinder 
spacing   b,   submergence   f    and frequency   iu      These coefficients are to 
be determined by satisfying the kinematic boundary conditions  on the 
cylinder surface,  which will be described later 

Method of Solution 

The singular solution of the two dimensional Laplace equation (3) 
satisfying the boundary conditions  (4),   (6) and (7) may be written as a 
souice function or its derivatives of any assigned order      For a singu- 
larity located at (o  f)    the solutions have been given by Thorne [2] as 
follows 

Go(x,y) logf- 
Pl 1 

e-k(y+f) 

K - k cos kx dk 

•i2we •K(y+f) cos Kx (8) 
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n-1 r• 
_      ,        , cos no    ,    (-1) <t     K+k     , n-1    -k(y+f) . . 
G     (x, y)    =    +       ,      ,,| X.    „  ,      k        e     "        cos kx   dk nc       ' n n (n-1)' 0    K-k pn 

+ 1I^iil_   2lTK
ne-K(^f)cosKx (9) 

G     (X,y)    =       SHL^ + U]1_ l    K+k   kn-Ie-k(y+f) dk 
ns      ' on (n-1)       0   K-k 

+ i ±^1 2n Kn e-
K(y+f) sin Kx (10) 

Equations (8) and (9) are solutions for describing symmetrical 
motions,   and Equation (10) for anti-symmetrical motion      In these equations, 
(p, a) are the polar coordinates,   measured from origin (o, f) and    p,    is the 
radial distance from the image of   (o,f),   l  e   ,   (o, -f) 

By expanding the integrals m Equations  (9) and (10),   one may show 
that any of the higher order potentials,    G        and   G     ,   can be constructed 
by the following functions 

P"     -k(v+f) ,        ,, 
„      ,        , cos a   J_   v  V     e cos kx   dk 
Glc(x'y)    =       ~P~^ 

+   K^0 K-k 

-i2nKe"K(y+f) cos Kx (11) 

;°°    -My+f) 
Gis(x'y) =    s-T--K$-o ^r^sinkx dk 

+ i2TrKe"K(y+f) sm Kx (12) 

G.      (X,y)   =        COS ncr   +   i^-      COS  ("-1)g (13) 
nc pn n-1 p n-1 ;. n = 2, 3 

G.     (X)V)  =       sm (n+l)q  +   K_    sm n0 } 
ns pn+1 n pn 

The functions    G,      and   G,      represent,   respectively,   the vertical 
lc Is r l ' 

and the horizontal dipoles,   combining with appropriate wave function to 
satisfy the free surface condition (4) and the wave radiation condition (6) 
Each term in these equations satisfies the infinite depth condition (7) 
The functions    G'       and   G'       are wave-free potentials, they represent nc ns 
only local fluid motion which decays rapidly at a distance and yields no 
waves at infinity 



1706 COASTAL ENGINEERING 

To derive the potential function   cp  (x, y),   one may construct it by 

using singular solutions corresponding to singularities located along the 
two cylinder axes,   (b,f) and (-b,f),   so as to satisfy the symmetry 
condition,   Equation (5)      This may be obtained as follows 

C0o(x,y)    =        GQ(x-b, y) + GQ(x+b,y) (15) 

colc(x, y) =       Glc(x-b,y) + Glc(x+b,y) (16) 

CDlgtx,y)=        Gls(x-b,y)  - Gls(x+b, y) (17) 

Co     (x,y)=        G'      (x-b,y)+G'      (x+b,y) (18) 
nc nc nc s-n = 2, 3 

t0ns(x,y)=        G'ng(x-b,y)  -  G'ns(x+b,y) (19) 

Substituting Equations (8),   (11),   (12),   (13) and (14) into (15) through 
(19) and invoking the following identities [3] 

i    rk»-i 
n-l)'     J0 

"k(y"f) cos  (x-b) ak (20) 
(n-l) 

r°° in n6 1 .n-l     -k(y-f) . 
 = —. rn— i,    k        e       '        sm (x-b) dk n (n-l)1      0 

(21) 

we obtain 

<fe-k(y+f) 

co0(x. y)    =        log  r    r,    + 4 T0  K _ k   cos kb cos kx dk 

i4TTe"K(y+f) cos Kb cosKx (22) 

3     (x, y) =        4 I J    e"       smh   kf cos kb cos kx dk 

0) 

+ K   fe   e'
k(y+f)cos kb cos kx dk  j- 

U      K - k J 

-i41TKe'K{yH) cos Kb cos Kx (23) 

,  r   -k (x, y) =        -4 -j J„   e"   '  cosh   kf sm kb cos kx dk 

>Vk(y+f) 
- K Tn —zz r- sm kb cos kx dk   r 0       K - k J 

-i4nKe"K,yH)smKbsmKx (24) 
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/        i                 4                            .   n-2    -ky   cosh kf            . ,            ,       ,. even 
(x, y) =        , rrr J„   (k + K)k         e                 ,   , ,    cos kb cos kx dk, n =       , n ;       '              (n-1)'      0                                          smh kf odd 

(25) 

-4-—I   ^+^un-2 Q-
ky cosh kf  „,,,„,,, „_ odd '-I • I)1 \ 

W     K> y) -        - ~,      rrr Jn   (k+K)k e ,   , r     sin kb cos kx dk,    n- ns (n-1)1    0 smh kf even 

(26) 

If we put   Aco=A     cp      +A     en     ,   we may write Equation (2) in a 
n   n ncTnc ns   ns 

different form as follows 
CO 

§(x,y>t) = aUUTloRe[AocDoe-1»t + ^    (A^ ^ + A^ ^ e"lu,t J 

n=1 (27) 

To determine the expansion coefficients    the velocity potential shall 
be forced to satisfy the normal velocity on the body surface 

Sr 
to -n     cos ojt cos  Q on r = a (28a) 

—, = WT[    cos (ijt cos  f)' on r' = a (28b) 
&r o 

assuming that the vertical velocity of the body is    UJT|    COS uut 

Since the two cylinders are identical,   the boundary condition (28b) is 
equivalent to (28a) and need not be considered      For the convenience of 
computation    m this particular case,   the potential functions  (Equations   (22) 
through (26)) are expanded into series about the cylinder axis  (b   f)      The 
numerical computation then proceeds by formulating Equation (28a) into a 
set of simultaneous algebraic equations,   and the expansion coefficients can 
be determined by a collocation technique 

Added Mass and Damping Coefficients 

The steady state vertical force on a unit length of the cylinders is 

„2TT- 

ot 
F    =   -2pa j       -^  cos 9 d 9 (29) 

"0 

One may write    F      in terms of   x\ (t)    (=  T|   smujt) as 

Fv =   -Mv r|(t) - Nv n(t) (30) 

then the added mass coefficient   a    and the nondimensional damping 
coefficient   8    is defined as follows 
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a 
K        f U 

(Ka    -    - )    =   ——- (3D 
2TT pa 

K        * N 

6(Ka    -,-)   =    ^—T- (32) a    a „ ^ 2rr p tt) a 

These coefficients are directly related to the potential function   § . 
using the expression given in Equation (2),   one obtains 

oo 2TT 

a=     i   Re[Z    Jo      An(Ka'  !'l)wn(Ka    M     8)cosedej 
n-0 

(33) 

»       2TT 

i     ImLi    J0   An(Ka'  |'I>®n(Ka' M'   e)cos6dej 
n=0 

The Horizontal Force 

(34) 

Because of the unsymmetrical flow over  the cylinder surface,   there 
is a horizontal force component    induced between the two cylinders,   exciting 
sideway oscillations      For a unit length of the cylinder,   this force is 

Fh=   -Pal/lFSmede <35) 

or 

rh =   J^l + Nh   sm<wt-e) (36) 

where 

oo £T7 

MH= P«
2vReU   4   VKa !-7>"n(Ka'M- e>sin9de] 

n=0 

co T 2fT 

b     f ,       ,„      b     f 

(37) 

Nh=   pw  VImLZ    J0      An(Ka'  S'I)j>n(K*'  !•!•   6) Sm6d 

n=0 

(38) 
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In terms  of the maximum hydrostatic force variation during the 
oscillation    a horizontal force coefficient is defined as 

/ M, 2 + N, 2 

h h 
og a no 

(39) 

and the phase angle by which the inward horizontal force falls behind 
the oscillating displacement is therefore 

tan •1    ^ 

M, 
(40) 

3 RESULTS AND DISCUSSION 

Added Mass and Damping Coefficients 

(1)       Semi-submerged twin cylinders 

Before entering into discussion of the results for the fully submerged 
case,   we shall first review and summarize the results for the semi-sub- 
merged case,  which has been obtained in [1]      The theoretical results of 
the added mass and damping coefficients for this case are shown m Figures 
2 and 3      These results are presented as a function of nondimensional 
frequency   Ka   with the hull spacing ratio   b/a   as a parameter 

It is important to note that there exists a discrete set of characteristic 
frequencies at which the motion of the fluid between the two cylinders is 
strongly excited by the forcing oscillations      These characteristic fre- 
quencies can be obtained from the following equation 

K(b-a) 1   2, (41) 

They bear a correspondence to the natural modes of the motion of fluid 
between two vertical walls of 2(b-a) apart 

The first few characteristic numbers of   Ka   in accordance with the 
normal modes for four cylinder space ratios are listed below 

^"""-^    n 

b/a^\^ 
1 2 3 4 

1   5 2TT 4rr 6TT 8rr 
2   0 TT 2n 3TT 4TT 

3   0 TT/2 TT 3TT/2 2TT 

4   0 IT/3 2TT/3 TT 4TT/3 

Table  I    Characteristic frequencies as a function of 
hull spacing ratio 
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3 4 5       6 

Figure 2     Added Mass Coefficient a as a Function of Ka 
Semi-submerged Twin-cylinders, f/a = 0 
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Ka 

Figure 3      Nondimensional Damping Parameter 6 as a Function of Ka 
Semi-submerged Twin-cylinders, f/a = 0 
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From the graphs,   it can be seen that the added mass and damping 
coefficients are markedly peaked at values of   Ka   close to those specified 
above,   and as the oscillation passes across the characteristic frequency 
(a phase change taking place in the surface waves),   the added mass be- 
comes negative in a very narrow band of frequencies and the damping 
coefficient falls down to zero at a certain frequency 

Besides these normal modes of resonance,   one may find,   from 
Figures 2 and 3    that there is another peak occurring between   Ka = 0 
and the first characteristic frequency      This peak corresponds to the 
degenerate mode (or zero'th mode) at which the fluid displacement between 
the cylinders is approximately uniform and 180    out of phase with that 
immediately outside the cylinders       This peak occupies a rather wide 
range of frequencies,   as compared to those which occur at higher modes 

In regard to the resonance phenomena discussed above,   it must be 
noted    however    that they are strictly two-dimensional characteristics 
All the resonance peaks,   except that of the zero'th mode,   would disappear 
if the hull beams vary along the  length (regular catamaran hull) or if the 
band width of the input oscillation is large      For a detailed discussion,   one 
is referred to [ 1] 

(2)        Fully-submerged twin cylinders 

The computation has been done for four cylinder spacing ratios, 
b/a =  1   5,   2   0    2   5 and 3   0 and four submergence ratios,    f/a =   1   5,   2   0, 
2   5 and 3   0      To demonstrate the spacing effect which arises from the 
interference between the two cylinders    values of   a   and   6    for different 
spacing ratios are superimposed and presented in Figures 4 through  11 

Each plot is given for one given submergence ratio      As the frequency 
of interest for practical application is mostly in the neighborhood of   Ka = 
1   0,   the presentation is limited to a frequency range up to   Ka = 20 

As discussed in the preceding case when the two cylinders are semi- 
submerged,  there are certain characteristic frequencies,   around which 
in a very narrow frequency band width the added mass deviates from its 
normal trend and the damping coefficient falls to zero while the radiated 
wave changes phase      When the two cylinders are fully submerged,   al- 
though the spacing distance still has a tendency to amplify the surface 
waves between the two cylinders around those characteristic frequencies 
as given in Table I,   there is no physical boundary on the free surface to 
characterize the wave  length    so that there is no equivalent resonant 
phenomenon as described for the semi-submerged case except that the 
radiated wave does change its phase around the neighborhood of those 
frequencies and that the damping falls to ^ero 

Similar to the semi-submerged case,   there is a peaked added mass 
and a zero damping occurring somewhere between   Ka = 0   and the first 
characteristic frequency      It must be noted that,   for both semi- and fully- 
submerged cases,   these peaked added mass and deviated damping occupy 
a wide band of frequencies      This is very important to the twin-hull vessels, 
as these peaks and deviations will not be completely removed either by 
the effect of three-dimensional hull form or by random input oscillations 
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The Horizontal Force 

The horizontal force,   as well as the vertical component,   added 
mass and damping    oscillates in the neighborhood of the characteristic 
frequencies     It can be shown    however,   all the high frequency peaks are 
not larger than the first one      But this is not the case,  when   f/a = 0 
(semi-submerged)      The high frequency peaks for the semi-submerged 
case may be much larger because of the surface wave resonance      Never- 
theless,   this is strictly a two-dimensional phenomenon as discussed 
before    and it occupies only a very narrow band of frequencies, the high 
frequency peaks,  therefore,   are of little importance to the practical 
applications 

In Figure  12,   the dimensionless peak amplitude of the horizontal 
force are given as a function of cylinder spacing      All these values    in- 
cluding those for the case   f/a = 0,   refer to the lowest frequency peaks 
The hull spacing effect is clearly demonstrated in this figure for the 
semi-submerged case, the maximum side force can increase by ten times 
when the hull spacing ratio   b/a   is reduced from 3   0 to 1   5      For the fully 
submerged cases, the hull spacing effect is not as strong as that for the 
semi-submerged case, however,   the submergence effect seems rather 
evident      The maximum side force may reduce approximately 70% when 
the submergence depth is increased by one cylinder radius      Based on the 
computed data,   the maximum force coefficient   h   for the fully submerged 
case,   can be interpolated in terms of the hull spacing ratio   b/a   and sub- 
mergence ratio   f/a   as follows 

, 2-0  2- -   1   14- /,   ,    . b \ h = e a a I 1   5 < — < 3   0  \ (42) 

1   5 < - < 3   0 

APPLICATION 

A group of floating platforms  (such as the Mohole) and a certain 
type of the novel high speed vessels  (such as the Trisec[4]) consist of two 
parallel cylindrical type hulls to facilitate good maneuverability,   as well 
as to provide buoyancy     As to these kinds of vessels,   the results of the 
present analysis on the fully submerged twin cylinders are to provide 
good hydrodynamic information and can be used directly for the vessel 
motion response estimation 

As to the catamaran type surface vessels,   the results obtained from 
the semi-submerged twin cylinders analysis can be used to approximate 
the added mass and damping in both heaving and pitching by means of strip 
integration technique      As an example,   the heave motion coefficients of an 
ASR  (submarine rescue) catamaran are estimated      The procedure of this 
estimation begins with calculating the two-dimensional section added mass 
and damping of one hull of the catamaran by considering it independent 
from the interaction of the other hull      Then these values are corrected in 
considering the twin-hull mteration effect by multiplying the following ratio 
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b/o 

Figure  12. 
„ R a n n on the Maximum 

Effect of the Cylmdei Spacing Ratio 
Horizontal Force Coefficient 
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a    f — , Ka i 
R    =      s v *     .    ' (43) 

a    (Ka) 
o 

where 

o 

added mass or damping coefficient (whichever applies) 
for twin-cylinder oscillation 

added mass or damping coefficient (whichever applies) 
for single-cylinder oscillation 

b 
The ratio   R    is a function of the cylinder spacing ratio   a   and the 

frequency parameter   Ka,  where the cylinder radius    a   here is assumed 
equivalent to and substituted by the local half-beam of one hull,   and   b   is 
one-half of the spacing between center to center of the two hulls      This 
approximation implies that the effect of twin-hull interaction is not sensi- 
tive to the hull shape details 

The principal dimensions and the hull lines of this catamaran are 
shown in Figure  13      A  1/16   89 scale model of this catamaran was tested by 
NSRDC for the purpose of determining the added mass and damping coeffi- 
cients in both pitching and heaving oscillations [5]      The model tests included 
investigations of the speed effects,   covering a speed range up to Froude No 
=  0   316      The estimated results of the added mass and damping coefficients 
are compared with the experimental results for the catamaran at zero speed 
and shown in Figure  14      The agreement is fairly good in regard to the 
negative added mass in the neighborhood of   \x    =    2   5,   where   \x   is a non- 
dimensional frequency defined in Figure  14      The experimental results of 
damping are rather scattered      This is essentially due to the effect of 
resonance,   -which occurs m the neighborhood of   \\    =    2   5 
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CHAPTER 104 

BEHAVIOR OF A SLENDER BODY IN SHALLOW-WATER WAVES 

by 

Hslang Wang* 

and 

Li-San Hwang** 

Abstract 

The unsteady-state response of a slender body in nonlinear shallow- 
water wave environment was studied  Numerical scheme has been developed 
which permits rapid calculation of the following, which describe the 
motion of an arbitrarily shaped body in three degrees of freedom any- 
where within such an environment 

a  Unsteady-state response 
b  Centroid locus 
c  Forces and moments 

Sample calculations are given for a typical submersible  Results are 
expressed in generalized parameters, defining the circumstances wherein 
various displacements, velocities, accelerations, etc , would occur 

Introduction 

The primary objective of the present work was to study the unsteady 
state response of a slender body in nonlinear shallow-water wave environ- 
ment  Consideration was restricted to the wave-induced motions of a 
rigid body confined to one plane, hence, involving only three degrees 
of freedom—either surge, pitch, and heave, or sway, heave, and roll 
This would correspond to the case when the wave is long-crested and is 
incidental along the body in the former case and is incidental to the 
broad side in the latter case 

The hydrodynamic forces under consideration consist of four parts 
pressure and inertial forces that can be derived from velocity potential, 
drag force that is proportional to the square of the relative velocity, 
restoring force due to the relative position and orientation of the body 
m the fluid, and thrust and uprighting moment due to the body 

* 
University of Delaware, Newark, Delaware 19711 

Tetra Tech, Inc , Pasadena, California 91107 

1723 



1724 COASTAL ENGINEERING 

The seaway which enters as the input to the system, is derived from 
the following wave theories 

a  Cnoidal wave theory of Keulegan and Patterson for high, long, 
near-breaking and breaking waves 

b  Airy linear theory for short period waves 

c  McCowan solitary wave theory of matching period for very long 
waves 

These theories are chosen on the basis that they provide the best 
approximation to internal wave characteristics as obtained experimentally 

A numerical scheme has been developed which permits rapid calcula- 
tion of the following, which describe the motion of an arbitrarily shaped 
body in three degrees of freedom anywhere within such an environment 

a  Unsteady-state response 
b  Centroid locus 
c  Forces and moments 

Results are expressed in generalized parameters, defining the circum- 
stance wherein various displacements, velocities, accelerations, etc , 
would occur 

The Equations of Motion of a Submerged Body 

Consideration was restricted to the wave-induced motions of a rigid 
submerged body confined to one plane, hence involving only three degrees 
of freedom—either surge, pitch, and heave or sway, heave, and roll, as 
defined on Figure 1  This would correspond to the case when the wave is 
long-crested and is incident to along the body in the former case and 
incident to the broad side in the latter  Although, m principle, these 
two cases are the same hydrodynamically, they differ somewhat in the 
method of obtaining an engineering solution 

Two sets of coordinate systems were employed in analyzing the 
responses of a submerged body, they are 

a  Fixed coordinate system used to describe the sea conditions and 
the position of the body, the origin is arbitrary and was 
chosen here at the sea bottom with the x-axis parallel to the 
longitudinal axis of the body, the y-axis pointing upward verti- 
cally, and the z-axis m the transverse direction 

b  Body coordinate system used to describe the oscillations of the 
body  The body had three principal axes, hence six degrees of 
freedom, corresponding to a translation and a rotation for each 
axis   Symool definitions are shown in Figure 1  The body axes 
have their origin at the center of gravity of the body and are 
coincident with the intersections of the principal planes of 
inertia 
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The problem of body response in a wave environment is treated in 
four steps 

a Derivation of flow environment 
b Derivation of hydrodynamic excitation 
c Derivation of body response and tracing of locus of body motion 
d Derivation of forces exerted on the body 

Incident Wave Parallel to the Longitudinal Axis 

For motions confined to the xy-plane, it is assumed that motion is 
described by three functions of time X(t), Y(t), and 8(t), which are such 
that the location of the center of gravity of the body is (X,Y) at time 
t, and the angle of inclination of the body is 6 (Figure 1)  Then the 
equations of motion of the body are 

MX  =  F 
x 

MY  =  F M1* 
y 

where M is the natural mass, I9 is the pitching moment of inertia, and 
Fx. Fy> an(i Fg are the total hydrodynamic forces and moments on the body 
The mam problem is, of course, the estimation of these hydrodynamic 
forces 

It is convenient to separate the hydrodynamic forces into four 
parts  pressure and acceleration forces that can be derived from velo- 
city potential, velocity force that has to be estimated using empirical 
drag coefficient, restoring force due to the relative position and orien- 
tation of the body in the fluid, and thrust or uprighting moment provided 
by the body 

For a body which is slender (1 e , has small cross-bection relative 
to its length and to a typical wave length), the pressure forces, or 
Froude-Krylov forces (Korvm-Kroukovsky, 1961), are relatively easy to 
estimate  Suppose the given incident pressure field is p(x,y,t) and the 
local horizontal and vertical pressure gradients at a station 5 of the 
body are calculated 

P(5,t) = |^(X + ?cos6,Y + § sine, t) (2) 

Q(£,t)    =    |£(x + §cos6,Y H  I sine, t) (3) 
dy 
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then the pressure forces  are easily seen to be 

F
FK  =   .1 P(?.t)S(?)d? (4) 

rFK = -I Q(;,t)S(?)d§ <5> 
y h 

and the pitching moment is 

F
TK
 = -cose/5Q(;,t)s(5)d| 4 sme/^P(?,t)S(Od5 (6) 

Here S(£) is the area of the cross-section of the body at station £, and 
the integrations extend over the length of the body  The acceleration 
forces include that due to the motion of the body and that due to the 
diffraction of the wave field by the body  If the body is slender, its 
effect on the fluid is sensible only when there is a relative motion 
across its axis  Thus, the longitudinal added mass of a spheroid with 
a thickness ratio 1 m 10 is only 2 percent of the displaced mass (Lamb, 
1932), whereas the lateral added mass is nearly equal to the displaced 
mass  Hence, "strip" methods may be used to obtain the added inertia 
effects by considering only the cross flow at each station 5  The fluid 
m the neighborhood of station £ has an acceleration 

-P(§,t)sin6 - 1Q($, t)cosfi 

normal to  the body axis, whereas  the body itself has acceleration 

-Xsin8 + Y cos8 + 5*9 

Hence,   there  is  a relative  acceleration  of  the section  at  5  of 

a(§)    =    -(x + ip)sin0 4- ^Y + -iQ^cosG 4   ?*8 (1) 
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The cross flow, or slender-body hypothesis, now asserts that the 
hydrodynamic effect of this relative motion is an opposing force 
y(£)a(E)d5 on a section of thickness d£, where u(5) is the added mass 
of the section, calculated as if the flow were two dimensional, lrro- 
tational, and infinite in extent  Resolving horizontally and vertically 
and taking moments, we have inertia terms 

*"£ = -/ M(?)a(§)ci:sln8 (8) 

T\     = / u(?)a(§)cl?cosG (9) 
y I 

) Q  -   \  5<JiOa(§)<l5 (10) 

The force generated through the relative velocity between the body 
and the fluid flow is associated with the momentum defect of the fluid 
due to the body  This force is generally expressed in the form 

where 

FD=p2AMV (ID 

C = drag coefficient 

A = frontal area (normal to flow) 

V = relative flow velocity 

The drag coefficient is a function of Reynolds number and differs 
for different body geometry  The velocity force m the cross-flow 
direction and longitudinal-flow direction can be written separately as 

FDT, = Pzj[CDlVRT,|VRndA 

-P^il^lV^dA (12) 
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and 

F„„ =  pj     Cn|VRE|Vu,dA 

P^J   |VR;|VKP/1A d3) 

where 

F^ = drag force m the cross-flow direction 

F  = drag force m the longitudinal-flow direction 

F _ = average drag coefficient in the cross-flow direction 
DC 

F  = average drag coefficient in the longitudinal-flow direction 

and the integral limits S, and B denote that the integrations are perform- 
ed along the longitudinal axis and along the vertical axis of the body 

The relative velocities in the cross-flow direction V  and in the 
longitudinal direction V  are, respectively, 

VR      =    -URsin9 + VRcos9 + §8 (14) 

VR§    =    UR
COS0

 
+ VR<5in6 (15) 

with U_ and V    defined as 
K is. 

UR   =X-« (.6, 

where X and Y are the velocity components of the body in the x- and y- 
directions and u and v are the velocity components of the fluid in the 
x- and y-directions 

Again, like inertia terms, resolving horizontally and vertically and 
taking moments to obtain the drag forces 
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fD   -    -F„.cos6 + rn   sine (18) 

FD   =    -Fn.sm9 - IV   cosB (19) 
y D^> Dr) 

*? = -p^A^Rr,!^^ (20) 

The restoring forces are simply 

R = 0 (2D F 

F      =    -w for partial submergence (22) 
y s 

=    0 for full submergence 

where w    is  the partial weight of the body  that is  surfaced 

The restoring moments  are 

'R     =     -•£¥  eesm9 - cose/     P0g?dV (23) 

'1 

for partial submergence and 

* ft w K    s 

for full submergence 

where 

¥ = volume of displaced water 

ee = metacentric height of body 
p = density of sea water 
ps = density of body 
11  = body length above free surface 
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Finally, the thrust and righting moments produced by the body 
when resolved into x-, y-, and 8-directions, are 

rj =  itcos( 

ry   = itsine 

-M e r 

(21) 

(?5) 

(?6) 

where T    is   the  thrust,   and M  6  is   the  righting moment,  which  is  assumed 
to be proportional to  the pitch angle 

Thus, we have completed the disposition of the total  forces  acting 
on  the body,   and  the  equations  of motion become 

MX    =    FFK + rA + FD + Fa 

X XXX 

MY    =    FFK + FA ^  FD * FR + FT 

y y       y       y       y 

F 8    =    FfK + FA + F? + F* +   FT 

(27) 

When expressed explicitly,   the equations  of motion  are 

MX - fp(|.t)S(§)d| -   (  u(§)a(?)d§sin6 -  p-pi/|VR§|VR?dAcose 

"DC. 

M 

•   y   2    jlVHrilvRT1
dAsl"e^ T

t
COb0 

A 

Y   =    -I   Q(§.t)«3(?)d§ 1   I  ur)i(?)d^cose - p-f^j |VK?|VR?dAcosO 

DC 
r     V,.     Vr   dAcosG -»  T.sin8 + F 
c     I  '    *<-T\>    Kri t y 

>(28) 

Ie9    =    -cos6|   |Q(5.t)S(5)d5 + sme     ?P(?   t)S(?)d| +1  §u(5)a(§)d§ 

'i \ 

p-T£/5lvRT1|vRT1dA.Mre + Fj 
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where Fy and Fg are defined in Eqs  22 and 23, respectively  Once the 
flow field has been described, these three simultaneous equations can be 
solved using a high-speed computer 

The surging force, heaving force, and pitching moment are evaluated, 
respectively, according to the following equations 

FB    =    M(Xcos9 + Ysm9) - I0(6)2 (29) 

F     =   M( XsinG + YcosB) - IQ6 (30) 

MT   =   IgB (3D 

where 

F = surging force 

F = heaving force 

>L = pitching moment 

Incident Wave Perpendicular to the Longitudinal Axis 

The equations of motion are similar to the previous case, except 
the evaluation of some forces were different  In the determination of 
the mass coefficients, the mam body was treated as a cylindrical body 
of variable diameter  The drag term was calculated in a much similar 
way as the acceleration term, with due consideration in choosing drag 
coefficients for different parts 

The calculation of pressure force, and restoring force, remains 
the same as in the case of parallel waves  The complete calculations 
of motion for sway, heave, and roll, when expressed in force components, 
are, respectively, 

MZ = rrK < rA + r
D 

7 7 7 

MY = rrK + FA i rD + FT • rR        }  (32) 
y    y  y  y   y 

_FK   A , „D   T   R I (0   -   F  + F„ + F  + r„ r I , 
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Wave Environment and Flow Field 

Three wave theories were used for evaluating excitation forces 
They are 

a  Cnoidal wave theory of Keulegan and Patterson for high, long, 
near-breaking, and breaking waves 

b  Airy linear theory for short period waves 

c  McCowan solitary wave theory for very long waves 

The cnoidal wave has wave profile (Wiegel, 1964) 

yt 
+ Hcn2[2K(k)(t-i) k] (33) 

with wave period to  the first order 

T   =   -#% 
/3gH 

kK(k) 

•*T[-'^-3f§-)] 
(34) 

The corresponding wave length is 

16dJ 

3H kK(k) (35) 

where 

y = water surface elevation measured from sea bottom 
s 

H = wave height 
en = one of the Jacobian elliptic functions 
k = a real number varied from 0 to 1 

K(k)= elliptic integral of first kind 
E(k)= elliptic integral of second kind 

't 
H((d/H) - 1 + (I6d3/3L2H) Jk(k)[K(k)  E(k)]}) 
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In Eq 34, when T xs plotted as a function of k for fixed d and H, 
it takes a form shown in Fig 2  Thus, if one starts at point A on the 
curve for increasing value of T, the corresponding k can increase or 
decrease depending upon which branch one follows  The left branch should 
be discarded because it corresponds to increasing values of T with de- 
creasing values of L, which is physically meaningless  For waves of 
periods shorter than T , the Airy theory is to be applied  By differen- 
tiating Eq  34 with respect to k and equating the result to zero, 

H " X ~ 772L4  VK(k) + 11 
2k 

for T,/g/d = minimum 

Thus, the value of (T J g/d)mlrl versus d/H so obtained defines the 
matching line between the cnoidal wave and linear wave  It is also 
evident from Fig 5 that, when the elliptic parameter approaches unity, 
the period approaches infinity rapidly  For instance, when the k values 
are changed from 1 to 0 9999, the period 4K(k) is decreased from in- 
finity to about 7ir  In the numerical calculation, the wave period (or 
length) is specified, and the value of k is found by Eq 34 through 
iteration  For very long waves, the value of k is very nearly equal 
to 1, and it becomes impractical to obtain numerically the value of k 
through iteration  In this case, the solitary wave, which is the limit- 
ing case of the cnoidal wave, can be treated as having a finite period 
for many practical purposes  The upper limit of elliptic parameter has 
been chosen as equal to 0 9999 in the present study  Figure 3 shows the 
regions where the different wave theories apply 

Method of Computation 

Numerical Analysis 

The differential equations to be solved are a set of three simul- 
taneous, nonlinear second-order equations  The fourth-order formula of 
Runge-Kutta (Hildebrand, 1956) is used to perform the numerical evalua- 
tion  This method, which extends forward the solution of differential 
equations from known conditions by an increment of the independent 
variable without using information outside this increment, has been 
applied extensively in solving initial value problems  In essence, the 
fourth-order formula evaluates the slope of the wave at the initial 
point, the 1/4 point, the 1/2 point, and the 3/4 point of the interval 
of increment  The numerical solution is then obtained in agreement with 
the Taylor series solution through terms of the fourth order of the in- 
terval h  The local truncated error is then of the order of h , where h 
is the size of the increment  In the present case, the independent 
variable is the nondimensional time, which is equal to t/T, where t is 
real time, and T is the wave period 



SHALLOW-WATER WAVES 1735 

o" g 
LU 
Q. 

LU > 

^--^   A 

ELLIPTIC    MODULUS  , w 

Fipui c   2.   Wave   period v< i sus elliptic modulus for cnoulil w iv< 



1736 COASTAL ENGINEERING 

•o 

D s 
I- 

P/H 

Figure 3   Region of wave theories 



SHALLOW-WATER WAVES 1737 

After several tests, the incremental interval h = At/T was selected 
at 1/64 throughout the computation 

Input Conditions 

The independent elements which affect the behavior of the body are 

1 Environment 

Wave height H 
Wave period T 
Water depth d 
Gravity g 

2 Fluid properties 

Fluid density p = 2 0 
Viscosity y (Not explicitly involved, appears m terms of drag 

coefficients) 

3 Submerged body 

Length X. 
Cross sectional areas along the lomtudmal coordinate S 

(i = 1 to m  number of station) 
Longitudinal moment of inertia In u 

Transverse moment of inertia I 
Weight W 
Metacentric height ee 
Righting moment Mn 

Added mass coefficients C 's 
m 

4 Initial conditions 

Depth of submergence d 
Velocity V 

Angle of attack a 

Form of first effective wave F 
Orientating submerged body 0 

All of these factors are required inputs m the computer program 

Numerical results 

Figures 4 and 5 show, respectively, the vertical and horizontal 
displacements of the center of the body in a wave environment  In these 
figures, the free surface variation is drawn with respect to che gravity 
center of the submerged body  In the case of Figure 4, che body was 
initially placed at the middle water depth  The body has a tendency to 
surface  In the case of Figure 5, the body was placed right beneath the 
free surface, rose partially above the surface, and then dived down to 
hit the bottom, partially due to the additional downward force imposed on 
the body from the reduction of buoyancy force resulting from the surfacing 
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Fxgures 6 and 7 show the differences of the acceleration pattern of 
the body for different initial positions  The oscillation was more 
regular when the body was initially placed at mid-depth  The amplitude 
of the oscillation grew with time as the depth of the submergence de- 
creased, as shown in Figure A  Figure 7 shows the acceleration pattern 
for the case where the body was placed right beneath the free surface 
The sudden increase of acceleration results from surfacing  Similar 
patterns were found for the heaving forces, which are closely related 
to these accelerations  A typical pitching motion is shown in Figure 8 

Discussion 

The present work is to provide an analytical tool to examine the 
dynamic behavior of a submerged body when it is exposed in a shallow- 
water wave environment  A thorough investigation, considering every 
variable as listed m the previous section, though desirable, would be 
very cumbersome  Therefore, the consideration was restricted to specific 
hull configurations  Attempts were then made to examine the influence of 
environmental variables on the response of the structure  Even with such 
restriction, only qualitative evaluations can be made 

The wave height and the water depth were found to be the most in- 
fluential variables  Dynamic stability, l e , chance of capsize, depends 
significantly on them  Wave period is less important for the unsteady- 
state case considered  Original altitude of the body is also found to 
be of secondary importance, partially because the wave theories, even to 
the second order, yield hydrostatic pressure distribution in the vertical 
direction  This conclusion can not, however, be extended to the region 
where the body is close to the surface as illustrated in Figures 4 and 5 

The water inertia force, better known as the added mass effects, was 
found to vary with the altitude of the body  CorVection was made by 
using experimentally determined added mass coefficients m the numerical 
computation  This coefficient, being approximately equal to 0 98 when 
the submergent depth is equal to or larger than six times the height of 
the body, decreases monotonically with the decreasing of submergence to 
a value of approximately 0 75 when the body is barely submerged  Further 
decrease in submergence will result in significant surface disturbance 
and was not considered  Because of the high waves used in the computa- 
tion, it was found that the velocity-related force is no longer negligi- 
ble  Entirely different results were obtained for the cases in which the 
velocity-related force was neglected, linearized and left to be propor- 
tional to the velocity square 

Also worth mentioning is the effect of the form of the first wave 
that encounters the body  Since waves are oscillatory in nature, the 
unsteady response of the body depends strongly on when the body is re- 
leased in the wave cycle  In general, the body has a net translation in 
the wave direction when the first wave is in the form of a crest, whereas 
the net translation is opposite to the wave direction if the first wave 
is a trough  This phenomenon can easily be demonstrated experimentally 
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Figure 6       Vertical acceleration (mid-depth) 
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Conclusion 

Through analytical consideration, a numerical method was developed 
to suit the engineering purpose of quick assessment of the dynamic be- 
havior of submerged slender body m high amplitude shallow water waves 
To serve this purpose, as many variables as possible of engineering 
interest were included  In exchange, rigor in mathematics was com- 
promised  Approximations such as strip theory, and empirical relations 
such as drag coefficient were used  Much desired are the future im- 
provements of wave theory in shallow water region and a better under- 
standing of velocity-related forces in oscillating fluid flows 
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CHAPTER 105 

OIL BOOMS IN TIDAL CURRENTS 

by 

1 2 
Ralph H Cross  and David P Hoult 

INTRODUCTION 

The classic, and most effective way to prevent the spread of oil 
spilled in harbors is by surrounding the spill with a floating barrier, 
or boom  In calm water, with no currents, early devices made from tele- 
phone poles and canvas were more or less effective  In the presence of 
currents, however, and particularly with larger spills, the problem ra- 
pidly becomes more complex, and the rational design of oil booms requires 
an understanding of the behavior of the oil and the boom in the current 

This paper presents the results of an investigation into the oil 
holding capacity of a boom in a steady current, and the forces and moments 
acting on such a boom 

I  OIL CAPACITY 

A floating oil boom anchored at each end in a current to form a U- 
shaped pocket, with the opening in the U facing upstream, can gather and 
hold significant volumes of oil under proper conditions  There are two 
main features which determine whether such a boom will hold oil, and how 
much oil can be held  The first is the existance of a critical Froude 
number, above which the boom holds no oil, and the second is the shape and 
behavior of the pool of oil held by the barrier 

A  Critical Froude Number 

A quick estimate of whether or not a boom will hold oil at all can 
be made by comparing the forces acting to draw a small column of oil 
under the barrier with the buoyancy of such a column of oil, for a section 
of barrier perpendicular to the current  For a column of oil of depth 
equal to the barrier depth, d, and unit cross-sectional area (in the hori- 
zontal plane), the force driving the oil downward is the difference be- 
tween the stagnation pressure where the free surface of the water inter- 
sects the boom and the free-stream pressure near the bottom of the boom 
Neglecting hydrostatic pressures (included in the buoyancy term), this 
difference is U /2g, where U is the current velocity and g is the ac- 
celeration due to gravity  The resulting downward force is, thus l/2pwU 
The net buoyancy is given by pw g A d, where pw is the mass density of the 
water and A is the fractional density difference between the oil and the 
water, conveniently given by A = (1-specifc gravity of oil)   At incipient 
failure of the boom to hold any oil, these two expressions can be equated, 
yielding a densimetric Froude number 

Assistant Professor, Department of Civil Engineering, MIT 
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Associate Professor, Department of Mechanical Engineering, MIT 
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F. . _JL . 2i/2 (1) 

At Froude numbers above V2,  the barrier will hold no oil, while below this 
figure, some quantity of oil will be held 

Since the stagnation pressure depends on the component of the velocity 
normal to the barrier, this analysis also shows that failure will occur 
most readily in the apex of the boom (bottom of the U) 

B  Capacity of the Boom 

Given conditions, then, under which a barrier will hold oil, the 
remaining question concerns the amount of oil held  This question can 
be approached by considering a two-dimensional pool of oil held up against 
a barrier by a current (Fig  1)   If the oil is significantly more viscous 
than the water, motions in the oil itself are small, and the configuration 
of the pool, h(x) vs x (see Fig 1), is determined by a balance between the 
shear stresses on the underside of the oil, T, and the horizontal hydro- 
static pressure gradient corresponding to an increase in thickness of the 
pool of oil 

PwSAh§ -T-ipwCfU
2, (2) 

where Cf is the friction coefficient  Rearranging and integrating, 

h - fe  1 Cfdx (3) 
o 

which shows that the shape of the pool depends on the distribution of the 
shear stress coefficient along the underside of the slick 

Near the leading edge of the pool (x = 0), the above analysis does 
not always apply  For velocities above 0 75 to 1 0 ft/sec, a "head wave" 
forms, as described in Wick (1969)  While the details of this phenomena 
are not well understood, it has been noted that leakage of the barrier can 
occur by entramment of oil droplets from the head wave into the floor, 
and, moreover, it is believed that the head wave does not scale according 
to the densimetric Froude number 

Near the barrier, the slick can become slightly thinner, due to 
stagnation pressures against the barrier  This, however, does not materially 
affect the volume of oil held 

C  Experimental Results 

A series of experiments were performed in the glass-walled sedimenta- 
tion flume in the Ralph M Parsons Laboratory for Water Resources and Hydro- 
dynamics of the Department of Civil Engineering at M I T  This flume is 
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2 5 ft wide, 1 0 ft deep, and 40 ft long, and is equipped with a self- , 
contained recirculating flow system capable of discharges up to 1 75 ft /sec 

The barrier used consisted of a masomte panel extending across the 
channel, and mounted from above so that its depth of immersion, or draft, d, 
could be adjusted  For given flow conditions, oil was added upstream, and al- 
lowed to collect against the barrier until leakage was imminent  Slight 
leakage at either end of the barrier, where it met the glass tank walls, 
was ignored  Measurements were then taken of the pool thickness, h, at 
various distances from the barrier, using a scale on the glass tank walls 
Two types of oil were used in these experiments  soybean oil and No  2 
fuel oil, with the following properties 

Oil                  A u/u 
                 water 

No 2 fuel 077 30 

Soybean 138 2 

The profiles so obtained are shown dimensionlessly as g A h/U vs g A x/U2 

in Fig 2, taken from work done by Robbms (1970) The scatter can be at- 
tributed to several sources 

1 As the water flow velocity was not constant across the tank, the 
position of the leading edge varied, the point chosen was an 
"eyeball average" of its position across the tank 

2 The presence of mterfacial waves on the oil-water Interface 
made an accurate measurement of thickness difficult  At higher 
flow rates, these waves were 1/8" - 1/4" high and an inch or two 
m length  Near the boom, especially, reflections from the boom 
acted to make the waves higher  Superposed on the mterfacial 
waves were longer surface waves of similar height generated by 
the turbulence at the upstream end of the tank 

The data of Fig 2 gives h °= x±f   , implying that Cf is independent 
of x, Eq 3 then becomes 

2 
h = —- C. x 

gA f 

i^C^ifx)1'2 (4) 
u        u 

For the fuel oil, C = 005, while for the soybean oil, C = 008 for 
g A x/U2 > 120  (The deviation for low g A x/U2 for soybean oil is be- 
lieved due to low Reynolds' numbers ) 
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The difference between the values of C. observed is probably due in 
part to the scatter m the data, however, weak viscosity or surface tension 
effects cannot be ruled out 

The arguement for a constant C. at sufficiently high Reynolds' number 
(based on x, the distance from the leading edge) , has been made by Robbms 
and Hoult by analogy with a sand roughened flat plate  For low Reynolds 
numbers, the plate looks smooth, and Cf decreases with increasing x  For 
high Reynolds numbers, with the sand gram size, kg, increasing with in- 
creasing x such that the ratio ks/x is constant, Cf is constant (Schlichtmg 
19/60)  In the oil slick, the sand roughness corresponds to the growing 
mterfacial waves 

Using a value of 008 for Cf Eq 4 can be written 

1/2 

4h= 0 09 (4 x) 
U U 

2 1/2 

h = 0 09(^)  x1'2 (5) 
gA 

By inserting the effective boom draft, d, for h, and the slick length, I, 
for x in Eq 5, a relation between slick length and boom draft is obtained 

d2 

(0 09)2 (U2/gA) 
(6) 

To obtain the volume stored per foot width, h can be integrated against x 
to give 

v-jV.^Hgc,]1'2^ 

or, in dimensionless form, 

V__ D,„,l/2 ^2 = 82/Fx" (7) 

The profile data was integrated numerically to find the volume stored, 
the results are shown in Fig 3  (Included in Fig 3 are data from pre- 
liminary runs using other oils  The scatter in this data is generally 
worse )  It can be seen from Fig 3 that Eq 7 gives good engineering pre- 
diction of oil retention capacity, and that the critical Froude number is 
approximately 1 3 
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II   FORCES ON BARRIERS 

This section treats the forces on a vertical flat plate oriented 
normal to the current, a geometry typical of most barriers  Two cases 
will be considered  the barrier alone, without oil, and the barrier 
full of oil to its depth, d 

A  Two-Dimensional Forces 

In the absence of oil, the barrier is simply a vertical flat plate, 
at high enough Reynolds numbers, the drag coefficient, CD (D = l/2pwU CUdL, 
where D is the drag force and L is the barrier length) is independent of 
Reynolds number  With a free surface present, however, one should antici- 
pate a dependence on the Froude number, F = U/i^fct, and a similar dependence 
for the location of the resultant force 

With the barrier full of oil, the densimetric Froude number must be 
less than 1 3  For a typical value of A of 0 10, the regular Froude number 
is thus less than 0 4  Since the Froude number squared represents the ratio 
of dynamic (1/2 pU2) to hydrostatic (pgd) forces, and since this number is 
small, a balance of hydrostatic forces from the water on one side and the 
oil on the other can be made, recognizing that the free surface of the oil 
lies dA above the water surface 

D/L = Pog(!w|)2.Pwg|! = gPwA|! (8) 

o 

Note that D is independent of the velocity, U  The location of the 
resultant force can be shown by a similar calculation to be approximately 
2/3 d above the bottom of the barrier  For convenience, the force expressed 
by Eq 8 can be converted to a drag coefficient, as 

12 1 2 
-| p  U    dLCfl = -|LpgAd 

Thus, 

CD =  1/F'2 (9) 

A series of experiments was performed m the tank described above, 
but with a barrier hung vertically from long wires, and constrained 
horizontally only by three LVDT-type force transducers, connected to an 
operational manifold and a digital voltmeter, arranged and adjusted to 
give direct readout of force and moment data  Dead-weight calibrations 
were used throughout 
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Figs 4 and 5, from Robbms' paper, show values of CD and the height, 
z, of the resultant force, both as functions of the Froude number  Without 
oil, the drag coefficient varies from about 1 6 at low Froude numbers to 1 2 
at higher Froude numbers  With oil, the behavior predicted by Eq 9 appears, 
verifying the hydrostatic assumptions 

The moment data, shown as z/d, the relative height of the resultant 
force, also support the assumptions, particularly for lower Froude numbers 
With oil, z/d is approximately 0 55 to 0 65, and without oil, 0 45 to 0 55 
It is important to note that a variation of approximately 0 2d will be en- 
countered in the depth of the resultant force, so any barrier design has to 
have adequate roll stability to resist this varying moment 

III   THE DEPLOYED BOOM 

To find the total oil held by a boom anchored by its ends in a cur- 
rent (Fig 6), the shape taken must be found  Since the momentum of the 
flow against the barrier depends on the velocity component normal to the 
barrier, as plj2 cos^S, one can assume for simplicity that the drag coef- 
ficient for a section of boom at an angle 6 is 

CD (6) = CD (0 = 0) cos2 6 (10) 

Assuming that tangential forces on the boom are negligible, and 
that the boom has zero bending stiffness, an analysis of a differential 
section of the boom shows that the tension is constant throughout, and that 
the normal force on the boom is balanced by the tension divided by the 
local radius of curvature of the boom  This can be expressed as 

j2    , r    j  2 -, 1/2 Ltr Hi + <#> 1 (ii) 

where L is the total length of the boom  A is a tension factor which 
relates the tension in the boom, T, to the normal force on a "stretched- 
out" boom, 

A = 1 j-1  (12) 
•| pu dLCD(e = o) 

Assuming d and C (6 = 0) to be constant, equation 11 can be integrated, 
using the boundary conditions 

x (0) = x'(0) 

f'max 

2 = 
]±  =     dy_ 

J    cos 0 
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The first boundary condition states that the slope of the barrier (dx/dy) 
is zero at the apex of the boom, and the second, that the boom has length 
L 

The solution to Eq 11 gives the boom shape, 

L  A(cosh j-x - 1) (13) 

where X is obtained as a function of y X/L (see Fig 6) from 

-r = A smb.  . (14) 

The table below gives values of X  for different values of y  /L max 

163 
231 
336 
560 

Note that the ratio of opening width to boom length is 2 y  /L 
•'max 

The approximate spread of the mooring lines can be computed from 
the barrier angle at y = y  , from ° J       'max' 

dx      'max ,,_. _ = Sln ___ (15) 

For ymaxAL 
< 1> Eq 13 can be approximated by 

i = k ID 2 <16> 
In fact, ymaxAL is less than 1 only for ymax/L > 0 42, however, this 
parabolic approximation is useful over a much wider range of values 

A final calculation of the total amount of oil held can now be made, 
using Eqs  5 and 16 

3 

Volume = 1 9 x 103 L d2 [^-) (—^) (17) 
L       IT 

y  /L 'max \ y  /L 'max 

10 028 30 
15 050 35 
20 078 40 
25 115 45 
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Here h is the depth of the oil in the apex of the boom, this must be less 
than the draft, d ' Moreover, F = U// gAh' < 1 2, and I  < xmax 

CONCLUSION 

Using the above information on oil holding capacity, barrier shape, 
and forces on barriers, it is possible to design and operate floating 
barriers to capture oil spills m rivers and tidal currents, at least at 
modest velocities  At higher velocities, but sub-critical Froude numbers, 
some leakage from head wave entramment can be expected  The concentration 
of oil m such a pool will greatly simplify the collection and removal 
of oil from the water surface 
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CHAPTER 106 

ENVIRONMENTAL PLANNING OF A BAY AND COASTAL LAGOON SYSTEM 

by 

Norman T   Gilroy 
Architect and Environmental Planner 

Norman T   Gilroy and Associates 
Mill Valley, California 

The 1970s are, it seems, the beginning of an "age of environmental 
awareness "    Never before has our nation been so conscious of the neces- 
sity for protection of the quality of its waters, its air, its aesthetic 
environment, and the productivity of its earth, and never has it been so 
aware of the potential, within man's actions for progress for the pollu- 
tion of his environment or the creation of imbalance within the natural 
dynamic system     The realization is growing that the system of natural 
dynamics, the ecosystem and the natural aesthetic environment in which 
we live are, in fact, part of a complete interrelated, interdependent 
and synergistic "Environmental System "   Man made modification of any 
part of the System carries with it the potential of effects extending 
throughout the rest of the system, often resulting in major, and at times 
catastrophic, modification of the natural balance of the physical environ- 
ment as we know it today 

Though the principles of environmental sensitivity are only newly 
being adopted by our media, our community leaders and our elected offi- 
cials, there are some who have been advocating and practicing the 
principles of environmental  planning for some time      It has long seemed 
logical that major engineering or planning programs, capable of generat- 
ing extensive modifications to the environment into which they are inter- 
posed, should be considered, throughout all  their phases in terms of the 
entire spectrum of environmental factors which make up the site and its 
surroundings—yet rarely is this the case 

An area of particular environmental sensitivity lies in our ocean 
and along our coastline     Here nature's forces are at their most dynamic, 
while her ecological delicacy is often at its most vulnerable     The 
ocean's waters frequently act as a transfer medium, permitting the impact 
of man's modification at a specific location to be felt over great dis- 
tances      We need only to remember any of numerous examples of the loss of 
beaches,  radical modification of coastline characteristics, extensive 
changes or virtual annihilation of segments of our coastal ecosystem, and 
the effects of heated waste water emitted from power plant cooling systems 
upon adjacent ecosystems, to be aware of the potential effects of man's 
change upon downcoast areas within the ocean system 

Nature is not always capable of coping with her own problems, how- 
ever     Frequently the natural sediment movement processes at work in our 
coastal waters or heavy growth of natural plant life can be as instru- 
mental in smothering a portion of an ecosystem as any actions taken by 
man     Such is the case in many of the intertidal  lagoons along the coast- 
line, whose fate it is to disappear, transformed by sedimentation into a 
muddy meadow, if nature is allowed to run her course without man's inter- 
vention 

1761 
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Figure 1  Bolinas Lagoon 

Few more illustrative examples of such conditions, combined with the 
complete range of ocean environmental systems, exists than at Bolinas 
Lagoon on the west coast of California, twelve miles north of San Francisco 
(Figure 1)  Bolinas Lagoon is a triangular, intertidal coastal lagoon 
three miles long and one and one-half miles wide, which lies in the rift 
valley of the San Andreas Earthquake fault which runs the length of the 
State of California  The Lagoon is separated from the Pacific Ocean by a 
curving sandspit, which, together with the high cliffs of the Bolinas 
Headland and Duxbury Reef to the west, form a typical hooked bay configu- 
ration  The mam channel, the only link between the Lagoon and the ocean, 
lies between the sandspit and the beginning of the headland at the south- 
westerly corner of the Lagoon, adjacent to the historical town of Bolinas 
Through a geological phenomenon, radically different geological formations 
flank the Lagoon on either side of the fault, contrasting the softly roll- 
ing, steep yet stable, Franciscan formation hills of the coastal range to 
the east, with the highly erodible miocene marine terraces of the Bolinas 
Mesa Headlands and the beginnings of the Point Reyes Peninsula to the 
west  Sedimentation has continued unchecked for centuries, with some 
encouragement by man's logging operations in the 1870s when the watershed 
lands were denuded to serve the need for timber for the building of 
San Francisco  Today the Lagoon's circulatory pattern is virtually 
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inoperative as a self-flushing, self-maintaining, dynamic system, and an 
offshore bar has grown across the channel mouth further minimizing the 
flow of oxygenated tidal water to the lagoon     The extremely productive 
ecosystem of the Lagoon shows signs of faltering, with die-off occurr.ng 
in areas no longer adequately supplied with tidal circulation     Clam 
populations, subsurface life systems, juvenile fish nurseries which serve 
the plentiful offshore fishery at the Farrallon Islands, bird feeding 
grounds,and harbor seal habitats all  face the prospect of certain death 
if the process of nature continues unchecked, and with them will disappear 
many of man's recreational and sports opportunities, as well as a signifi- 
cant water resource of national  and statewide importance 

Man has added to the complexity of the problem     The State of 
California has, for many years, designated Bolinas Lagoon as a priority 
site for a primary Harbor of Refuge to serve ocean sailors and fishermen 
from San Francisco Bay in times of fog, storm and emergency     The Lagoon 
is heavily polluted due to a continuous inflow of untreated effluent from 
an antiquated sewage collection system serving the town of Bolinas      The 
pressures for development of the watershed, as an extension of the grow- 
ing metropolitan area of San Francisco, are mounting, and the growing 
flow of tourist visitors to the beaches of the area and to the newly- 
established Point Reyes National Seashore is placing new stress upon the 
small  beach communities of the area, and upon the Lagoon itself, through 
a growing demand for use as a recreational resource 

There are still some who advocate inaction in the name of conserva- 
tion, fearing, apparently, that man's modification of the natural  pro- 
cesses may result in catastrophe rather than survival, apparently mindless 
of the fact that nature is on a suicide course of her own in Bolinas 
Lagoon, which can only be reversed by an act of God or by man's interven- 
tion     Fortunately there are others who recognize the potential for the 
survival and in the utilization of the Lagoon through a plan of action, 
created by man and based upon a deep understanding of the environmental 
systems which are Bolinas Lagoon 

In 1966 Norman T    Gilroy and Associates, Planners, Architects and 
Consultants in Environmental  Design of, Mill Valley, California, were 
engaged by local  agencies to coordinate, implement and report on a multi- 
disciplinary program of study and research into the natural environmental 
systems of Bolinas Lagoon and its watershed, designed to act as the first 
step for planning the long-term conservation and use of the region and 
the Lagoon      From a virtually nonexistent economic base, thirty-six 
Federal, State, local, private and university research and funding pro- 
grams were assembled into an integrated program of investigation valued 
at over $208,000 

The natural environment of Bolinas Lagoon was analyzed in its three 
fundamental segments  (1)* 

a)    The Watershed — Field investigations of the mineralogic and 
soil  characteristics of sediment sources in the watershed lands, of the 
flow, velocity, and sediment transport characteristics of tributary water 
courses, and of local  surface drainage systems and regional  rainfall 

* 
See References 
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characteristics were undertaken by the U    S   Geological Survey (2) and 
the U   S   Soil Conservation Service over a 3-year period     An innovative 
graphic analysis system was utilized to define the sensitivity of the 
watershed to both erosion and change through development     Remedial meas- 
ures to control and lessen natural sedimentation, and guidelines to guard 
against future acceleration of sedimentation through development in the 
watershed were defined for inclusion in local regulatory ordinances 
Strong indications linked massive erosion of the Bolinas Headland, which 
has caused a 125-foot retreat in the 7,000 foot long, 120 foot high cliff- 
line over the past 56 years (and is caused by the combined action of 
groundwater-generated slides in the cliff face and the battering of heavy 
ocean storm waves), with the choking inundation of the Lagoon itself with 
light sediments     A combined buffer beach, intercept drainage gallery and 
surface drainage system are proposed to combat at source a problem which 
evidently pervades the entire dynamic system of Bolinas Lagoon 

b)    The system of natural dynamics of Bolinas Lagoon and Bolinas 
Bay —   A broad range of studies under the guidance of the U    S   Geologi- 
cal Survey was undertaken in the Lagoon itself     The Lagoon studies were 
supplemented by other studies in Bolinas Bay by the U S G S    (2) and by 
the University of California under the guidance of J    W   Johnson     Follow- 
ing a detailed hydrographic and topographic survey of Bolinas Lagoon 
utilizing laser surveying techniques, periodic monitoring programs of flow 
velocities and sediment loads in the main channel to the ocean and in the 
circulatory network within the Lagoon were completed     The mineralogical 
characteristics of the bottom sediments of the Lagoon were analyzed and 
compared with the characteristics of sediment sources     Time lapse photog- 
raphy over a 15-month period monitored the changes in configuration of 
the sandspit and the main channel, and graphic comparisons were made 
between a series of quarterly bathymetric surveys of Bolinas Bay to plot 
the quantitative transport of sediments within the Bay itself     These 
studies were coupled with a mineralogical analysis of the bottom sediments 
of Bolinas Bay by P    Wilde, a series of field observation studies and 
measurements of wave characteristics, a beach profile monitoring program, 
and mathematical analysis of the refraction of deep water storm waves as 
they impinge upon the shoreline of the sandspit     Much of this work is 
described in greater detail in companion papers by J    W   Johnson and 
P    Wilde      (See Chapters 85 and 86) 

The system of natural dynamics of Bolinas Lagoon and Bolinas Bay was 
thus defined     Contrary to previous assumptions, it was found that the 
littoral system of Bolinas Bay is largely self-contained, with sand moving 
onshore and offshore on a seasonal basis     This fact is confirmed by eco- 
logical studies of the bottom sediments of Bolinas Bay, which reveal a 
host ecosystem incapable of surviving in the everchanging conditions which 
would be consistent with an extensive downcoast littoral transport system 
An arrowhead jetty channel stabilization system is recommended at a cost 
of $2,500,000—a considerable reduction from the $11,000,000 structures 
recommended previously using "worst case" design criteria without benefit 
of field research 
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c) The Ecosystem — A series of 14 studies of the ecosystem of 
Bolinas Lagoon was completed by a team led by Joel Gustafson of Resources 
and Ecology Projects, Inc (3)  Eighteen months of field studies mapped 
vegetation, fish nurseries, mollusk populations and defined key index 
species and the trophic food chain  A graphic "sensitivity analysis" of 
the Lagoon was completed, "grading" the Lagoon by degree of importance 
or sensitivity in the four major elements of the ecosystem, I e , sub- 
surface life (clams, worms, shrimp, etc ), bird wading and feeding areas, 
fish and marine animal habitats, and marine aquatic and terrestrial plant 
life  A composite analysis of the four resulting charts indicates clearly 
the areas of greatest sensitivity in most need of preservation through 
establishment of a wildlife refuge, and those areas most able to cope with 
man's intrusion without damage to the ecosystem as a whole  Recommended 
restoration of the circulatory system of the Lagoon will renew the flow 
of oxygenated water to nourish the biota, while permitting flushing of 
pollutants and use of the Lagoon by man for recreation and harbor pur- 
poses  The study resulted in the moving of the primary harbor site loca- 
tion which had been deemed suitable for years, yet which, when scientif- 
ically examined, proved to be at the heart of the most delicate, 
ecologically important, area of the Lagoon system  A computer model of 
the circulatory system was built and tested, and is a medium for evalua- 
tion of all proposed physical change within the Lagoon for the future 

Having defined the natural systems of Bolinas Lagoon and evaluated 
their areas of sensitivity, decisions for the future of Bolinas Lagoon 
can be made in an atmosphere truly sensitive to the host environment 
Examination of the future demands of man in the watershed have resulted 
in various recommendations which will permit nature and mans activities 
to co-exist, in some cases the improvements that will accompany man's 
uses will themselves be beneficial to the system as a whole  Not the 
least of these will be the maintenance of an open artery between the 
ocean and the Lagoon  Separation of the specific functions which the 
Harbor of Refuge must serve has prompted the innovative concept of a 
summer harbor located outside of the Lagoon behind the breakwater to cope 
with the maximum need for shelter in times of summer fog or emergency, 
and a small basin within the Lagoon to serve the lesser winter storm 
refuge need at a location protective of the overall ecological system 
The quality of the natural biotic system has been recognized, and is 
utilized in a proposed marine biological research and education center 
and in various conservation-oriented recreation and park functions on 
the perimeter of the Lagoon  Large portions of the land necessary are 
already passing into the public domain through acquisition utilizing 
State and Federal funds  The Town of Bolinas is proposed for preserva- 
tion and restoration as a historical landmark, with its beaches expanded 
through the cliff erosion solution recommended, and with its traffic 
problems largely solved as a part of the plan  Channel stabilization 
programs, cliff erosion solutions, harbor of refuge facilities, sewage 
treatment facilities and public use concepts have all been designed as 
multipurpose facilities, permitting funding through a number of State 
and Federal programs and enabling a relatively small community to imple- 
ment solutions of considerable magnitude through proper structuring at 
the design concept stage 
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DETERIORATION AND RESTORATION OF COASTAL WETLANDS 

By Sherwood M Gagliano 
Hyuck J Kwon 

Johannes L van Beek 
Coastal Studies Institute 
Louisiana State University 

Baton Rouge, Louisiana 70803 

ABSTRACT 

Coastal Louisiana wetlands are a product of Mississippi River delta 
building that has occurred over a period of 5,000 years  The building 
process was a gradual one, for riverine and marine processes were very 
nearly balanced  In modern times man's use of the area (flood control, 
navigation improvement, exploitation of petroleum and other minerals, road 
building, etc ) has seriously altered the natural balance  As a result, 
overbank flooding has been virtually eliminated and river flow is con- 
fined to channels discharging into the outer shelf area  Most transported 
sediment is now deposited in the deep Gulf of Mexico or along the conti- 
nental shelf  Saltwater encroachment in the deltaic estuaries has been 
detrimental to fauna and flora  Even though considerable sediment depo- 
sition has resulted from the historic Atchafalaya River diversion and growth 
of subdeltas, comparative map studies indicate a net land loss rate of 16 5 
miles^/year during the last 25 to 30 years  Land loss is only one symptom 
of general environmental deterioration 

A dynamic management plan is proposed for better utilization of 
combined freshwater discharge - dissolved solid and transported sediment 
input from the Mississippi River  Controlled flow into estuaries will 
reduce salinity encroachment and supply badly needed nutrients  Large 
areas of new marshland and estuarme habitat can be built by controlled 
subdelta diversion  Studies of natural subdeltas indicate that these 
systems are amenable to environmental management, salinities and sediment 
deposition may be manipulated to enhance desired conditions 

INTRODUCTION 

Southern Louisiana is a 300-mile coastal lowland consisting of 
large tracts of marshes and swamps and innumerable lakes and bays  This 
extensive near-sea-level area, estimated at 4,000,000 acres (O'Neil, 1949), 
makes up the deltaic plain and marginal components of the Mississippi 
River delta system and is the result of deposition of river sediment 
during the past 5,000 years (Fig 1)  Like all deltas, that of the 
Mississippi is a zone of interactions between fluvial and marine pro- 
cesses and constitutes one of the most dynamic situations in nature  The 
interaction of these processes through time results in a dynamically chang- 
ing complex of environments within delta regions  Deposition of sediments 
vies with subsidence and erosion m a never-ending exchange of land and 
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water areas  The balance between rates of deposition and the combined 
effects of subsidence and erosion by the sea causes shorelines of deltas 
alternately to advance seaward and to retreat  Seaward growth occurs at 
the mouths of active streams, whereas erosion results near the mouths of 
inactive streams which no longer transport sufficient sediment to sustain 
their seaward advance  This is the reason that delta building is so often 
depicted as a contest between the river and the sea  If the river deposits 
sediment faster than the sea is able to remove it, new land is added to the 
shore, and the delta is said to prograde  As the delta is extended, it 
gradually builds upward or aggrades by processes associated with lateral 
shifting of channels, by sediment deposition during overbank flooding, and 
by accumulation of plant and animal remains 

DETERIORATION OF THE DELTAIC COAST 

Under Natural Conditions 

Deterioration of the delta occurs if all or part of it is deprived of 
the necessary supply of river-borne sediment for its continued outward 
growth  This deprivation results in the reworking and/or removal of the 
seaward edge by wave attack, and the combined effects of compaction, con- 
solidation, and subsidence lower the surface below sea level 

Under natural conditions progradation along any given segment of the 
deltaic shoreline is cyclic  During Recent geologic times southern Louisi- 
ana has witnessed development of numerous lobate extensions of the delta 
in areas of active discharge and sedimentation  After building one delta 
lobe, the Mississippi channel usually has shifted as a result of upstream 
diversion, and a new lobe has been built  Many repetitions of this process 
have produced a deltaic plain that is an aggregate of abandoned or inactive 
delta lobes, each of which has undergone a degree of deterioration depen- 
dant on its relative age 

Before the Mississippi occupied its present course, the river emptied 
its water and sediment discharge into shallow waters of the inner conti- 
nental shelf, building lobes rapidly and efficiently  Under these circum- 
stances the rate of new land building was always higher than that of land 
loss occurring concurrently in abandoned delta lobes 

From the preceding discussion it might be concluded that when viewed 
through geologic time a delta system is always in delicate balance—that is, 
on one side of the fulcrum there is an input of discharge and transported 
sediment and on the other side there are such factors as coastal erosion and 
subsidence, which cause shoreline retreat  The very existence of south 
Louisiana bears witness to the fact that there has been net progradation 
over the past 5,000 years 

Man's Effect on the System 

Man's intervention in coastal Louisiana has seriously upset the natu- 
ral balance in the delta system  In modern years it has been necessary to 
alter natural processes in order to prevent flooding and to improve naviga- 
tion  As a result, virtually all overbank flow has been eliminated  Further- 
more, the modern birdfoot delta is nearing the edge of the continental shelf, 
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and most transported sediments* are row disappearing into the abyss  The 
river's attempt to divert to a new course that would allow development of 
a shallow-water delta lobe was aborted  The well-known attempted capture 
of the Mississippi by the Atchafalaya River has now been arrested by con- 
trol structures, and the Atcbaralaya is restricted to only 30 percent of 
the total Mi&sissippi florf (U S Army Corps of Engineers, 1951, Fisk, 
1952)  As a result of these control measures the amount of land building 
has been sharply reduced, but the rate of land loss m abandoned portions 
of the deltaic plain continues 

These restrictions in themselves would have serious repercussions, 
but other developments have caused further imbalance m the delta system 
Diking and drainage of marshland for agricultural purposes has been wide- 
spread and m many instances unsuccessful  After drainage organic marsh 
soils oxidize and shrink, reducing the drained land surface to below-sea- 
level elevations  Inundation by hurricane-generated storm surge has often 
resulted m abandonment, numerous rectangular lakes being left as mute 
testimony to land reclamation failure (Harrison, 1961)  Equally serious 
has been the dredging of innumerable canals to provide access to oil well 
drilling sites and pipeline right-of-ways  These invariably alter circu- 
lation patterns in the estuaries, resulting in a general saltwater encroach- 
ment of the brackish swamps and marshes 

Map Studies of Land Loss 

A fundamental question posed for this investigation, therefore, was, 
"Is the delta, and for that matter the coastal area on the whole, building 
or retreating7" The question has been approached by a number of workers 
(Morgan and Larimore, 1957, Treadwell, 1955, Kwon, 1969, Saucier, 1963, 
Russell, 1936, Peyronnm, 1962, Welder, 1959), who cited specific instances 
of shoreline advance or retreat  However, it has long been a common mis- 
conception that erosion occurring along some parts of the Louisiana coast 
is more than offset by the building of new land m other areas  We have 
attempted to reevaluate this problem by quantitative map studies, we used 
the ratio of land to water m a given sample area as an index of net loss 
or gain of land 

Fortunately, systematic planimetric mapping of coastal Louisiana was 
initiated in the 1890's by the D S Geological Survey  In the 1930's this 
area was remapped, and use was made of controlled aerial photomosaics 
Mapping and remapping have continued since the 1940's, so that at present 
most of the 15-mmute quadrangle areas have been covered at least twice 
An example of changes that occurred m one small area between 1935 and 
1953 is shown in Figure 2  This careful periodic remapping has made it 
possible to determine the ratio of land to water for a particular area and 
mapping interval, these values in turn can easily be converted into land 
loss or gain in acres per year 

The map shown in Figure 3 was constructed by contouring the land 
loss or gain rate obtained for each 7 1/2-minute quadrangle  From the 
map several things are immediately apparent  As indicated by the patterns, 
most of the deltaic plain is m a serious condition of deterioration  Dur- 
ing the last 30 to 40 years land gain has been significant m only a few 
areas (notably m the lacustrine deltas of the Atchafalaya Basin)  Areas 
of maximum loss generally occur inland from the Gulf shore, where brackish 
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Bay     \ 
iJ Champagne 

0 

1935 

Fig 2  Land loss and shoreline change in the area covered by the Belle 
Pass quadrangle, south central Louisiana, 1935-1953  Several types of 
changes have occurred  A, B, and C, Gulf shoreline retreat, D, washover 
fan development downdrift of retreating shoreline, E, marsh opening 
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and fresh marshes are being subjected to saltwater intrusion (Chabreck, 
1970, Palmisano, 1970)   Subsidence is also undoubtedly a factor, as 
radiocarbon datmgs of buried marsh peats indicate that these are also 
areas of high subsidence rates (Coleman and Smith, 1964, Frazier and 
Osanik, 1969) 

The net land loss figures are most impressive  For the coastal 
Louisiana wetlands the land loss amounts to approximately 16 1/2 square 
miles per year (Gagliano and van Beek, 1970)  This is an average for the 
last 25 to 30 years 

The rates of change of land-to-water ratios established for each 
7 1/2-minute quadrangle map can be analyzed m a number of ways  One 
technique involves projection of the rates to establish land-water ratios 
for specific years within and beyond the period of map coverage  Although 
such projections are based on the assumption that rates of change remain 
constant, the approach has some validity as a tool for prediction  The 
map presented m Figure 4 depicts successive positions of the 50 percent 
land-water isopleth m the Mi«sissippi deltaic plain for the years 1930, 
1970, and 2000  The lines were constructed by determining land-water 
ratios for each 7 1/2-mmute quadrangle for each year indicated  Values 
were plotted at quadrangle center points, and contours were drawn on the 
basis of the points  The 50 percent land-water line was selected as an 
index for analyzing the rate of land deterioration along the highly in- 
dented and irregular deltaic coast 

The map indicates a progressive landward march of this line across 
the area  The predicted position of the line m the year 2000 aids m 
identifying the most critical areas of deterioration  Major estuaries 
are clearly undergoing rapid and drastic changes  Within the estuaries 
the landward retreat of the line implies increases m both salinity and 
volume of the tidal prism 

PROSPECTS FOR COASTAL RESTORATION 

Areas of Active Sediment Deposition 

The earlier discussion has attempted to define the symptoms of a 
disease, what are the prospects of a cure' 

The key is obviously to be found in those areas where land gain is 
occurring  For example, the Atchafalaya River—the Mississippi's only 
major distributary—is actively building a lacustrine delta (U S Army 
Corps of Engineers, 1951, Fisk, 1952)  During the past 50 years Atchafalaya 
sediments have filled a series of large lakes, and the river is expected to 
construct a delta lobe into the Gulf within the next few decades 

In the active delta, where one might anticipate the highest rates of 
land building, an anomalous situation exists  As shown in Figure 5, ap- 
proximately 75 percent of the total river flow and an equal proportion of 
transported sediment are discharged through four major outlets or passes 
As previously mentioned, and as shown m the figure, the mouths of these 
major passes lie m close proximity to deep water  Consequently, most of 
the sediment transported by the Mississippi is simply dumped into the deep 
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Fig 5  Relative sediment discharge and land accretion in the active 
birdfoot delta of the Mississippi River 

Gulf, and there is little accretion of new land 

In sharp contrast to the major passes, the 25 percent of river flow 
and transported sediment discharged through minor outlets has built a 
considerable landmass during historic times  This landmass is shown as 
subdelta accretion in Figure 5  From the standpoint of land building, 
then, these minor outlets, related to subdeltas, are of primary interest 

Subdeltas, which are appendages of major delta lobes, are usually- 
active for periods of 50 to 100 years  As illustrated in Figures 5 and 6, 
much of the landmass of the lower delta has been constructed by such sub- 
deltas during historic times  The dates shown in Figure 6 indicate the 
time of subdelta initiation  Prior to their development these areas were 
occupied by embayments  Comparative map studies reveal that the subdeltas 
account for over 80 percent of the new land built m the active delta dur- 
ing historic times 

One of the most interesting aspects of subdeltas is their cyclic 
nature—that is, during a period of 50 to 100 years they progress through 
a sequence of stages dictated by interaction of such factors as stream 
gradient, subsidence, and vegetation change (Welder, 1959, Coleman and 
Gagliano, 1964, Morgan, 1970)  Figure 7 traces the life cycle of the 
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Fig 6  Subdeltas of the modern birdfoot delta  Dates indicate 
year of crevasse breakthrough  (After Coleman and Gagliano, 1964 ) 

Garden Island Bay subdelta, as expressed by the gradual 
land area Note that this subdelta was initiated by a 
in the natural levee of one of the major distributaries 
through a short initial stage of subaqueous development 
when it started to increase in area rapidly During th 
subaenal growth land was added at an average rate of 0 
Map measurements indicate that by 1940 the subdelta had 
30 square miles of land, utilizing less than 3 percent 
of the river 

gain and loss of 
crevasse or break 
in 1891  It went 
until around 1900, 

is stage of fast 
75 miles2/year 
built more than 
of the total flow 

Since 1940 the Garden Island Bay subdelta has been in a stage of 
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Fig  7  Progressive development of the Garden Island Bay subdelta after 
the crevasse breakthrough in 1891  Maps from U S C G S navigation 
charts 

deterioration and has progressively decreased in land area as a conse- 
quence of subsidence and coastal erosion  This example clearly illus- 
trates the relative rapidity of geological processes associated with 
subdelta building and deterioration and suggests that subdeltas are 
highly amenable to manipulation  Controlled diversions which will 
create new subdeltas are believed to be part of the solution to the 
environmental problem m coastal Louisiana 

A study correlating subdelta growth with sediment input has been 
conducted to provide a basis for estimating the likely effectiveness of 
controlled diversions of river flow in creating new land  This study 
centered on the four major historic subdeltas (indicated as C, D, E, and 
F in Fig 6)  The average growth rate for the four subdeltas was found 
to be 0 7 square mile per year, using 5 percent of the total flow 
(Sporadic discharge measurements have been made in the major subdelta 
channels by the New Orleans District, U S Army Corps of Engineers ) 
The efficiency of sediment retention ranged from about 50 to over 90 
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percent, and the average rate of retention was 70 percent 

Controlled Diversions 

Seven potential sites for the creation of new subdeltas have also been 
identified and evaluated  three east of the Mississippi and four to the 
west (Fig 8)  Assuming a configuration and size similar to one of the 
smaller modern subdeltas, average depth and volume for each of the proposed 
diversion sites have been determined 

Long-term measurements indicate that the average sediment load of the 
Mississippi is 300 million tons per year  If a 70 percent sediment reten- 
tion efficiency figure for subdelta deposition is used, our data show that 
the river would be capable of building 12 3 square miles of new land per 
year if diversions were to be initiated along the lower reaches  This is 
about 75 percent of the current net annual land loss of 16 5 square miles 
per year  Thus it might be concluded that reestablishment of dynamic 
equilibrium in the Mississippi deltaic plain can only be approached  How- 
ever, other aspects of our studies indicate that relatively small volumes 

New Orleans 

Fig 8  Suggested locations for controlled subdeltas and 
freshwater input canal m southeastern Louisiana 
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of fresh water introduced into the upper ends of mterdistnbutary estuary 
systems could be used to offset salinity intrusion and introduce badly 
needed nutrients, both of which would offset conditions leading to rapid 
deterioration of brackish and fresh marshes (see Fig 8) 

Such a dynamic management plan would have a number of benefits 

1 The trend of land loss could be reversed, 

2 Extension of the landmass would provide a valuable buffer zone 
for reducing hurricane-generated storm surges, 

3 A highly irregular subdelta coast with maximum length of 3and- 
sea interface could be created, which would enhance productivity 
of fisheries and wild life, 

4 Judicious spacing of controlled subdeltas could create new 
estuaries and increase the total areas of existing ones 

During early settlement and initial utilization of the Mississippi 
valley and delta it was absolutely essential to prevent annual flooding 
and to improve navigation  Accomplishment of these tasks has made possible 
the unprecedented growth and development that south Louisiana is experiencing 
today  However, we have entered an era of total utilization of the Missis- 
sippi delta system  Because of the delicate natural balance associated 
with the delta, it is mandatory that a new long-term dynamic management 
plan be devised for orderly development and use of the area  It is the 
aim of our present studies to contribute to that goal 
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CHAPTER 108 

RESEARCH FOR THE COASTAL AREA OF THE DELTA REGION OF THE 

NETHERLANDS 

by J J Dronkers 

Hydraulics Division, Delta Works, The Hague, Netherlands 

ABSTRACT 

Tidal computations, wave studies, refraction computations, and 
morphological studies are discussed and practical results are men- 
tioned Theoretical investigations on refraction computations, in 
particular the accuracy, are dealt with in detail, because diffi- 
culties occurred in the practical applications  A former study of 
Morra, based on Kalinske's work on sand transport,has also been dis- 
cussed in some detail in the section on morphological studies 

1   Introduction 
The closing of the various sea-arms in the Deltaplan, the build- 

ing of sluices, and the construction of Europort Harbour will cause 
great changes in the hydraulic and the morphologic situation along 
the south western part of the Netherlands  The practical purpose of 
these studies is the determination of the future conditions for the 
beaches and dunes, the discharge of the sluices, and the navigation 
A big hydraulic model has been built at the Hydraulic Laboratory at 
Delft for the planning of the construction of Europort Harbour  The 
length scales are 1 640 in the horizontal plane, and 1 64 in the 
vertical 
The changes in the tidal motion can be computed in a satisfactory 
way, based on Leendertse's computational scheme  Difficulties do not 
occur with respect to the stability of this scheme  The accuracy of 
the method depends on the gridsize and the timestep 

In section 3, a discussion is given about wave research and 
practical determination of the energy wave spectrum A relation of 
depth and breaking of waves is obtained from the wave observations 

Informations are also obtained about the changes of the direc- 
tions of the waves by means of refraction computations These com- 
putations are based on the first order wave theory, which is an ap- 
proximation of the irregular wave motion Usually an iteration pro- 
cess has been applied for the determination of the celerity of the 
shallow water wave  In section 4 a direct formula for the celerity 
is derived by means of which the accuracy of the refraction compu- 
tation is discussed 

The future depths must be determined in the coastal area  An 
iteration process must be carried out, because the changes in the 
currents and waves determine the morphological changes and rever- 
sely The determination of the morphological changes is a difficult 
affair The studies describe the physical factors in a general way 
Simplifications must be accepted and the empirical coefficients in 
these formulae have to be determined from 

1783 
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observations in nature 
The relation between the sediment transport and the currents is 
much better known than for the wave action  The methods of the de- 
termining of these relations will be discussed m section 5  The 
application of a physical scale model of the Haringvliet area for 
these studies has been considered, but rejected, because the sand 
in the Haringvliet mouths is very fine and the relation between 
sand transport along the bottom and that in suspension is unrepre- 
sentative in the scale model as compared to nature 
For the future a great research program has been set up for getting 
observations from nature, during the period in which the great 
changes in the coastal area will take place  By means of the use of 
radio-active tracers, the direction and the relative significance 
of the sand transport can be determined The most important tool is 
however the study of the changes in the shape of the bottom obtained 
from periodically repeated soundings after every three months 

The programs for the computations on the electronic computer 
of the Rijkswaterstaat (Elliott 503) are composed in Algol by the 
Mathematical Physical Division 

2 Tidal computations in the coastal areas of the Delta region 

2 1 The effect of the Delta works on the tidal motion in the 
North Sea 

The total quantity of water flowing to and from the sea-arms 
to be enclosed amounts about 2,000 million m3 during normal tide, 
while the flood volume passing through the Strait of Dover is about 
19,000 million m3 and the ebb volume 17,000 million m3 The flood 
volume passing through a section crossing the North Sea from the 
isle of Walcheren to Harwich amounts about 50,000 million m3, so 
that the tide in the southern part of the North Sea comes mainly 
from the north and the effect of the tide passing through the Strait 
of Dover is limited From these figures it is obvious that the clo- 
sing of the sea-arms of the Delta-Works must have a small effect on 
the tidal motion in the North Sea and that the studies can be 
limited to the coastal area 

2 2 The tide along the Delta coast 
The vertical tide changes considerably along the Dutch coast 

at Flushing (south of the Delta area) the mean tidal range is 
3 8m and at the Hook of Holland (north of the Delta area) 16m, 
where the tide arrives 2 5 hours later 
The shoals along the coast of the Delta region are about 8 km wide 
The transition from the 10 to 20 m contour line of depth can be 
considered as the boundary of the "underwater" delta The greatest 
depth in the North Sea opposite the coast is 30 m The bottom to- 
pography in the mouths of the sea-arms shows many gullies and 
shoals 
The pattern of the tidal currents in the mouths of the estuaries 
is complex because of the interference provided by currents flow- 
ing in the direction of the estuaries and tidal currents running 
parallel to the coastline caused by the prevailing tidal motion in 
the North Sea  The shape of the tidal current diagram changes from 
elongated in the direction of the coast to elliptical and then 
again to elongated, more or less perpendicular to those of the 
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North Sea currents 
For the tidal studies in the coastal areas an extensive measuring 
programme has been set up in order to obtain a detailed insight 
into the vertical and horizontal tide in a strip 120 km along the 
Delta coast The boundaries of the strip are shown in figure 1 
Such programs were carried out on 27 and 28 June 1967 and on 
22 May and 9 September 1969 

NORTH   SEA 

Fig 1 Coast Delta region and boundaries of the grid net 

2 3 The tidal computations 
The method, developed by Leendertse (l) has been used for the 

tidal computations  Some practical remarks are mentioned hereafter 
The vertical tides as measured at the seaward boundaries by 

pressure meters put on the bottom are used as a boundary condition 
for the tidal computations  The velocities in the sea, which depend 
more on local depth conditions than does the vertical tide, are not 
used as boundary conditions 

In the mouths of the sea-arms the vertical tides measured by 
means of tidal gauges or the velocities can be considered as bound- 
ary conditions  Obviously the components of the velocity perpendic- 
ular to the coastline of the islands are zero 
For computational reasons it is desirable to locate the boundaries 
so that the values of the second order terms in the tidal equations 
are small in the neighbourhood of the boundary This is so at the 
boundary of the strip, but it must be expected that the results of 
the computation of the velocity vectors near the boundary will be 
less accurate than in the inner region 
There are however other factors which may cause more serious inac- 
curacies in the computation  the values of the resistance coeffi- 
cient and the schematization of the depths  Tests for the accuracy 
of the computations are necessary 
Tidal computations are carried out for a square net of which the 
gridsize is 1600 m  This grid is too rough for adequately taking 
into account depth variations in the neighbourhood of the coast 
and in the sea-arms  In this region a 400 m square net is used 
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(see fig l)  The boundary conditions (vertical tides) of the second 
net can be computed by means of the results of the coarser net, pro- 
vided the tide is not influenced by the circumstances near the coast 
Otherwise, a separate measuring programme is necessary for the 
determination of the boundary conditions 
The vertical tides at the various grid points along the seaward and 
land boundaries are determined by interpolation between the water 
levels at the locations where the vertical tide has been measured, 
as follows The shapes of the measured vertical tides are repre- 
sented by Fourier series with a basic period of 12h 50 m and the 
Fourier coefficients of the vertical tides in between are obtained 
by interpolation These computations are performed by the computer 
The velocities at a great number of locations were also measured 
in the program e g at locations in between the places where the 
vertical tides were measured As the vertical and horizontal tides 
depend on each other a check can be performed by means of the 
equation of motion applied to the boundary line 

5u ,   5u    5u n 5h    V u ,„> 
St + u5x + v5y-"nv= -gfe "gH2l ' (1) 

in which the x axis is directed along a part of the boundary, V 
is the magnitude of the velocity vector of which u and v are the 
components in x and y directions (counter clock wise) and h is the 
height of the water level with respect to a datum plane By re- 
placing the differentials by difference quotients, a relation is 
found for the differences in water levels between the vertical tides 
at both sides of the location where the velocity has been measured 

However, the term v ••— could not be determined from the observa- 
5y 

tions  5he values of the Chezy coefficient, C, has been checked by 
means of these computations and from former research in the coast- 
al area The values of C depend also on the depths, e g according 
to the well-known logarithmic law However such a relation could 
not be derived from the observations in the coastal area 
The equation of continuity has also been applied to subregions of 
the coastal strip Furthermore the importance of the various terms 
in equation (l) and the similar equation for the y-direction, has 
been determined, see Dronkers (2) 
After preliminary computations detailed tidal computations were 
applied to the strip along the coast The relative changes of the 
vertical and horizontal tide due to the enclosure of the sea-arms 
could then be determined 
Calculations were carried out after the Haringvliet was enclosed of 
which the flood volume was about 300 million m^ The future Europort 
Harbour was also included in the computations Obviously the changes 
are maximal in the intermediate neighbourhood of this region At a 
distance of 8 km from the coastline the changes are negligeable  In 
fig 2 the results are shown for maximum flood and ebb The direc- 
tions of the velocities are denoted by arrows A smaller gridsize, 
400 m, has been used for these computations (see fig l) 
Computations were also performed for discharges passing through the 
sluice during the low water period 
During this last case the timestep has been shortened in order to 
provide the necessary accuracy For the 1600 m gridsize the time 
step was 10 minutes and the computed vertical tidal curves appeared 
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to have a smooth shape  Irregularities in the shape of these curves 
occurred in the case of a net with 400 m gridsize Therefore in 
this case the time step has been taken l\  minutes  Obviously the 
propagation time in such a square is about 4 times shorter than in 
the case of 1600 m gridsize 

depth (     /     ( depth    ,<S===^E: 
10m-V     / 

NORTH SEA ,   
AFTER ENCLOSURE^g5g.»^^erwa,V 
HARINGVLIET^-^oV    "*~^ 

f C 

\40cm/sec 

i        - —    y i 

AgGOEREE 

/        /  if? 1   2   3  4 km; 

Fig  2 Limes of equal velocities in the mouth of the Haringvliet 

3   Practical wave investigations 
For getting insight into the wave characteristics in the coast- 

al area, a great number of wave observation piles are placed in the 
coastal area The placing of heavy piles in the seabed is usually a 
costly affair and therefore the depth at these locations is limited 
to 10 m Furthermore a wave instrument is put on a platform, which 
is at a location where the water depth is about 15 m At some loca- 
tions observations are taken for several years, maximal 5 years, 
usually they are observed for a shorter period, minimal one year, 
and then the piles are relocated The instrument on the pile (which 
is an electrical step capacity gauge wave recorder with wireless 
transmission) does not measure wave heights smaller than 4 cm The 
irregular waves and eventually the vertical tide observations are 
transmitted by radio to a coastal station where they can be observed 
on a pen recorder  By means of the so-called wave-rider, which is 
a wave buoy on which instruments are placed, the vertical accelera- 
tions of the movement of the buoy are measured  They can be used in 
the deeper parts of the coastal area The directions of the waves 
cannot be measured by the instruments mentioned above  Radar 
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observations can be used for this purpose 
Frequency and exceedance distributions of wave heights, dis- 

tributions of periods, the wave period by zero crossing method and 
the energy spectral density function (energy spectrum) are deter- 
mined for time intervals of about half an hour, during which the 
mean water level, due to the tide, does not change considerably in 
comparison to the depth The significant wave height is one of the 
most important parameters for the practical applications 
The largest and smallest value of the periods to be considered 
depend on the length of the measuring interval of the waves Wave 
periods longer than 30 seconds or shorter than 1 second are elim- 
inated by means of a filter procedure  For modern theories on waves, 
and in particular the energy spectrum, reference is made to Kmdsman 
(3a) and Benda and Piersol (3b) 

The mean wave period in the coastal areas of the Delta is about 
5 seconds, although high waves generated by high winds, may have 
periods up to 10 seconds or more A maximum wave height of 10 m has 
been measured at a water depth of 16 m The significant wave height 
was about 7 m Generally speaking the waves in the coastal area and 
even in a great part of the southern North Sea are of intermediate 
wave type between a long wave and a deep water wave (see section 4 l) 

It has been found by Koele (4) that the distribution of the wave 
heights (trough to crest) over a sufficiently long measuring interval 
can approximately be represented by the well-known Rayleigh distri- 
bution even in rather shallow water, provided that small disturbances 
are omitted In particular cases deviations from this distribution 
has been found 

From the wave observations in the coastal area of the Delta it 
has been found that the product of wind velocity and the frequency 
which occurs at maximum energy density is about 1 8 This is more 
than mentioned by Freudenthal (5)  The definition of the wind veloc- 
ity also effects the product mentioned above 

Waves may develop higher harmonics during their propagation in 
shallow water of which periods depend on the period of the original 
wave developed in deeper water  Consequently more waves of shorter 
period may be expected in such shallow regions than in deeper water 
under the same windfield 

It has also been found by Koele and de Bruyn (6) that in the 
breaker zone the significant wave height of irregular waves does not 
exceed about 0 5 of the local depth. The breaking of waves also de- 
pends on the steepness of the wave  In the example of fig 3, the 
bound is denoted by Hs = 0 4a, in which Hs is the significant wave 

height and a the depth Particular circumstances may also have some 
influence on the coefficient, and therefore values between 0 4 and 
0 5 occur 
Regular shaped wave profiles e g a trochoide and a cnoidal wave will 
break when the wave height is maximal about 0 8 of the local depth 
During the propagation in a shallow region the regular wave deforms 
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Fxg 3 The relation between the significant wave height and the depth 

For the statistical evaluation of wave conditions in reference 
to coastal engineering problems we may refer to Svasek (7) The re- 
lation between the significant wave height, Hs, and the area of the 

energy spectrum m0, is Hs = 4 m0
5 This relation is based on the 

Rayleigh distribution and has also been verified by means of wave 
observations  The deviation in the factor 4 is about 0 2 

The calculation of the energy spectrum is based on the calcu- 
lation of the well-known auto-covariance function R (T), applied to 
the wave heights h(t) 

1  ?-T <?TC (T)
 = FT / h(t) h(t+T> at =  /  S'(w) cos (wT) dw, 

o 2TC/30 

where S'(w) is the energy density and w is the frequency of a wave, 
while xn practical applications the observational period P is usu- 
ally 30 minutes (= 1800 seconds)  The integral is replaced by a 
summation formula, in which At = 02 sec and R(T) is calculated for 
successive values of 1 at intervals of 0 2 seconds, fromT = 0 up to 
tm = 30 sec Thus if the mean wave period equals 5 seconds about 350 
wave periods are considered for each observation period of 30 min- 
utes  The energy density S'(w) is determined by 

R 

S'(w) = /  ROC) cos wT  dT 

(In practical applications S(w) = \  S'(w) has been considered) 
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4   Computation of the refraction diagrams 

4 1 Formula for the celerity of the wave 
The purpose of the computation of wave refraction in the coast- 

al areas of the Delta is to provide data on changes in the local 
wave characteristics that result from the morphological changes e g 
for the determination of the attack on coastal structures 
Numerical refraction calculations on a computer for the case of a 
regular reference wave have been worked out by G M Griswold (8) 
The limitation for the accuracy of the wave ray computation is the 
accuracy of the depths which determine the celerity of the waves, 
c A first approximation, based on linear wave theory, is applied 

gT . , 2 arc ,„,. c =-f^tanh -^-, (1) 

in which T is the wave period and 'a' the depth This formula holds 
if 2TCH/L<s;l andTCH/L<3= (2TC a)3/L3, in which H is the wave height. 

For the computation of c from (l) an iteration procedure 
may be applied (see e g Duthler (9))  Here a direct approximate 
formula for c as a function of depth and period is deduced This 
formula is useful for the determination of the accuracy of the re- 
fraction computation (see 4 2)  The derivation will be included here 
because the author has not found this method in the literature 
Equation (l) may be written in the alternative form 

...>. «u 2TC „       4TC 2 4  0255 ,„   ., u  tanh u  = P,   where  u  = —=; a,   P = —=— a  =  =— a llaj ' cT  '     gx2       <j2 

Let ax be defined such that for a<aj the celerity c depends on 
the depth For a=- a>j the wave propagates as a deep water wave For 
deep water waves tanh u will be approximated by 1, e g  if u>2 7, 
tanh  u does not depend on depth Then for a=»aj , 

c = f| = 1 56 T (2) 

From equation (la) an approximate solution for c can be determined 
for a<aj in the following way After introducing the well-known 
series for tanh u, 

2u3  24 u5  24 17u7 
tanh u = u - ^7— + —gT~ - —^  +       i 

in (la), which converges for |u| < ift,and after reversing the series 
of u tanh u in (la) in a series of terms of P and by considering 
three terms of the reversed series, it is found that the approxi- 
mation for c, c' , is obtained 

(c')2 (1+| P + ~  P2) = ag (3) 

This formula has an accuracy of 99% if u< 1 5 It appears that after 
the addition of a term, 0 007 P3, a better approximation is obtained, 
applicable now up to u»2 7, with an accuracy of 98% 

^C'*  = 1+0 333 P + 0 089 P2 + 0 007 P3 (4^ 

Then it follows from (la) and (4) 

, C
NO = ^ (1 + 0 333 P + 0 089 P

2 + 0 007 P3) (5) 
(c1)^  ud 
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c' T The transition depth, aT, is defined by aT = TJ-=- U and u = 2 7 (see 

(la))  Then (c')2 = 0 37 gaT and L' = c'T » 2 35 aT (see (4), and 
P = 2 7 tanh 2 7*27)  The line (d')2 = 0 37 ga is shown in fig 4 

30 
Water depth     a 

Fig 4 Relation between the celerity of the wave and the depth, 
according to first order wave theory 

In fig 4 the relations (2) and (4) are represented for some periodsT 
The wave propagates as a deep water wave on the right side of the 
line, c - 0 37 ag The derivation mentioned above is based on the 
required accuracy for the determination of c and a^ The criterion 
for the boundary between shallow and deep water waves, given in the 
literature, is L = 2 aT (see Kindsman (3a)) 

4 2 The formulae for the computation of the refraction and 
considerations on the accuracy 

Difficulties concerning the accuracy of the computat 
often met m the practical applications The computationa 
will be discussed in detail m connection with this 
During the propagation the wave front will change due to the change 
of the wave celerity, c 

Let x and y be a perpendicular coordinate system and 
of the tangent to the ray at a point (x,y) with the x axi 
more let s be the distance from a fixed point (x0,y0) to 
the ray, and n the distance along the wave front at (x,y) 
dicular to the ray 
The basic formulae for the computation of the wave refrac 

tion are 
il method 

Ct the angle 
s Further- 
(x,y) along 
perpen- 

ds 
dt = c, 

5a 
"St s £. and 1  _ 3fl 

P ~ 5s 
5c 
5n 

;tion are 

(6) 
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in which P is the curvature radius 
The transformation formulae between the coordinate systems (s,n) 
and (x,y) are 

1?- a - sin a •£- + cos a •£- , •£- » cos Cl-jR- + sin a •#- JJ - - sin a^ + cos a ^  ,  ^  . cos ag + sin O ^ 

It follows that a satisfies the first order partial differential 

equation sin a ^§ - cos a £^ = c cos a •£- + c sin a #- = £ 
,5y        5x        5y  p 

Knowing the values of c, s— , *- to obtain the path of the ray, 

P(x.,y) must be solved in a numerical way 
Assume that the path of the ray has been computed up to (xx, yx) 
Then the point (xx+1, y1+j) of the wave ray can be computed, after 

time (At) = pT, where p = 1, or 2, etc is the number of wave 
lengths to be considered successively along the wave ray The fol- 
lowing numerical relations are considered 

Asx * c1)in At,(a), c1)ln = i  (c1+c1+1),(b),Aa1= (jj- + jj—-~) -|i,(c), 

•^i± =  sin   (dx  + Aax)  -giii  -  cos   (ax  + Aax)  —i±±   ,(d), 

Ax = ASj^  cos(a1  +^Aax),   Ay=Asx  sin  (ax  + -^Aa^ ,(e), (7) 

= ci 

+ |    fW,   (f) 
5cx 5cx i 52d   .      .2       52cx 

ci+l = cx  +5r-Ax +5rAy + 2 -g^  (Ax)     +5^AxAy + 

5cx 
The functions cx, •=— etc occurring in (7,(f)) can be expressed 

in terms of a,  SS ,and, |S. , by means of (3), if a<aT (see 

section 4 1) 
OCi 

For a>a^, T— = 0 etc 

For a<a^, it may be put 

|£ = S(a,T) (£ and &£ = S(a,T) 5it (8) 
5x    'ox     5y        5y 

In fig 5 the function S(a,T) is represented as a function of 'a' 
for T = 4, 6 and 8 seconds The coefficient S is positive for shal- 

low water Then c2< 0 37 ag (see fig 4) For c2 = 0 37 ag, P = O 

and S = 0 In case c2 > 0 37 ag the value of S must be equal to zero 
Then the wave is considered as a deep water wave 

The solution of the set of non-linear equations, (7), depends 
on the variations in the depths, so that the density of the sound- 
ing net is a very important factor for the accuracy of the solution 
A second important factor is the accuracy of the numerical solution 
In this respect great care is necessary 
Assumptions must be made on the values of the derivatives of the 
celerity, c, and therefore on the depth 
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6c       ,      , 6a 
— = S(aT) — 
Ox                  Ox 

o 
CO 

1 „ 
iec 

N^sec^* 

o- 
4sec^\^ 

"-----. 

10 15 25 30    35    40 m  45 
Water depth a 

Fig  5 Graphical representation of the coefficient S(a,T) as a 
function of depth In the practical application is 
S(a,T)>0 for c2 < 0 37 ag and S(a,T) = 0 for c2>0 37 ag 

It is mentioned in the literature that |^, 
5x' 

5a 
5y' 

the value, 0 1 A detailed research of the accuracy of the solution 
shows that this value is too great however for obtaining accurate 

Sa results  The maximum value, 0 01, is recommended for the slopes ?— 
and i£ 5X 

The following example shows that in case V— = *— =0 1, the 
computed value of Ac^ is much too large Let be the value of 

sin (ax + Aax) = 1 

ci+l _ 5ci+l 
Pi+l ~ 5X 

Then it follows frc 

5a1+i 

(7 d) and (8) that 

S(a,T) 
5x 

and from (7^LC), thatAc^ is of the order of pT -   , and   fi^ 
If p 

5x 
0 1 

1, T JS 5 sec and the depth is about 2 m, then 

ACXX =: 5 r«5 »-s0 5  This value, 0 5, is much too large for an 

accurate numerical computation ofAax  In the practical applications 
Actx may not exceed the value 0 05 Otherwise equation (7 c) and the 
relation sin ax = Aax etc  are not accurate enough,unless p < 1  It 
is not desirable to consider parts of waves lengths from physical 
point of view Therefore the value of p must be an integer 

Moreover restrictions must be made with respect to the values 
52a of the second derivatives 
5x2 

etc The maximum values of these 
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second derivatives of 'a' have also to be limited to 0 005/As at the 
most  In that case the values of the terms which contain the second 

derivatives in the formula foria, e g the terms 75—(sincO g-   Ax 
^ci+l    Ox' 

are smaller than 0 025 
The complete formula for Aax, derived from (7 c) and (7 f), is 

Acti      1 1       r.„r/ 5c 1 5cx. 
-r— = — + T,     i"a KcoscLc— + sina ,   s—)  + As       p±       2c1+j    l       L T.0X 1  Oy 

+  (dx  cos a,   c  o    -Ay sin a ,   —5)  +  (Ax sin a,   +Ay cos a,)  «   g   ] 1   0x<= Oy^ x     oxoyJ 

+  (Ax sin ax f-rp -Ay cos ax ^__±  )  +  (-Ax cos ax  + 

2 
+ Ay sin ax)  Hi} (9) 

It must be stressed that the accuracy of the refraction computation 
also depend on the wave length and thus on the period of the wave 
(see fig 5)  The accuracy is greater for shorter waves, and in that 
case the maximum steepness of the slope of the bottom may be larger 
than in the case of longer waves 

Finally a remark follows on the practical determination of -s— 
Sa 

and *— etc They are derived from the contour lines of the depth 

determined in intervals of 0 5 m The location of the contour lines 
is usually irregular Therefore it is often not possible to deter- 
mine accurate values for the second derivatives 
A grid net for the computation must be constructed on the map The 
grid size depends on the accuracy of the contour lines Various 

procedures can be followed for the numerical presentation of *— , 

§f etc > e S 
2Ax Si " aP+M+l + a1+l><l " aP,4  -   aP,q+l, 

*Sa 
and a similar equation for 5— 

It is noted that the points (x^yj.) on the wave ray will usually 

not coincide with the grid points (p,q) of the grid net The study 
of the accuracy of the refraction computation will be continued 
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5   Considerations on studies of morphological changes 

5 1 General remarks 

This section deals with the methods to be applied for the 
determination of the morphological changes along the Delta coast 
It was not possible to make satisfactory scientific forecast for 
these changes because of the uncertainty in the values of the 
various coefficients in the equations of the phenomena  It is m- 
tented that after the closing of the Harmgvliet these coefficients 
will be determined based on extensive measurements in the new cir- 
cumstances that will prevail along the coast The sediment transport 
in the Delta estuaries and coastal regions occurs mainly in sus- 
pended form and bed load sediment is negligeable This is the reason 
that a hydraulic model has not been built for this research 
In the preceding sections the basic factors influencing morpholo- 
gical studies have been mentioned These factors are better defined 
from a physical and mathematical point of view then are the morpho- 
logical changes  In this respect distinction must be made between 
the final shape of the seabed that will result when conditions have 
stabilized and the speed at which the change takes place  In par- 
ticular this speed can be approached more theoretically It is deter- 
mined by the net sedimentation and erosion and is therefore related 
to the sand transport However, simplifications must be accepted, 
and empirical quantities introduced which have to be evaluated by 
means of measurements in nature  Consequently only tendencies for 
the morphological changes can be given  Svasek has discussed these 
problems for the Delta area in his publications (10) and likewise 
Terwindt (ll) 

The concentration of the sand is determined by the currents in 
combination with the wave motion  The concentration can increase con- 
siderably by the wave action, because of the increased turbulence of 
the water, especially in the case of breaking waves  Tidal currents 
and wind waves vary with astronomical conditions and meteorological 
circumstances, especially during stormsurges Reversely the tidal 
currents and the wave motion which is statistically distributed, are 
also affected by the bottom morphology 

The instruments for the measurement of sand in suspension that 
are currently in use are not accurate enough for all circumstances 
Their application is very limited and is only possible during quiet 
weather  By means of radio-active tracers, the direction and the 
relative significance of the sand transport can be determined as a 
mean value over longer time periods Quantitative evaluation of the 
sand transport directly related to the fluid motion, and of the net 
transport, still remains uncertain 

The most important tool for the determination of the net-sand 
transport is the study of the changes in the shape of the bottom, 
as obtained from periodically repeated soundings, combined with a 
knowledge about tidal currents and wave-action  The results of the 
soundings also give information for the estimation of the final 
situation of the bottom morphology Along the Delta coast the sound- 
ings are repeated every three months, or at shorter intervals in 
regions unere sand movement is consideraole 
The «itudy of de Vries (12), on the applicability of tracer tech- 
niques for rivers must be mentioned A discussion on sand transport 
processes is also given 
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5 2 An empirical method for the determination of a cross- 
section area in the mouth of an enclosed estuary 

An important problem is the estimation of the final cross- 
section area in the mouths of the enclosed estuaries, eg  in the 
mouth of the Haringvliet, where the sluice is about 5 km inland and 
a gully must be maintained for the discharge of the sluices  It has 
been found that a relation exists between the quotient of the tidal 
volume (ebb + flood) and the total profile area of the inlet mouth 
for the various estuaries of the Delta region This amount divided 
by the tidal period (T = 44,700 sec) determines a velocity v over 
the tide, that appears to have a relation with the morphological 
conditions  Its value is 55 cm/sec for all the estuaries  The diam- 
eter of the sand is of the same order of magnitude for all the 
mouths, 0 15 mm to 0 2 mm 
It must be expected that in the future silt will be deposited in 
the mouth of Haringvliet and consequently the value of the scouring 
velocity will become somewhat higher  By means of laboratory tests 
it has been estimated as about 70 cm/sec in nature 
The future discharges in the mouth can be determined from the dis- 
charges of the sluices and from tidal calculations  Then the future 
cross-section area can be computed The time scale of the develop- 
ment must be determined from detailed knowledge about the sand 
transport and from comparative examples in nature e g from the 
morphological changes after the closure of previous sea arms like 
Brielse Maas (1951) (see fig 6) and Veerse Gat in the Delta region 
of which the mean grain-size at the bottom is the same 
The mean value of the depth in the future gullies can also be esti- 
mated in an empirical way by comparison with these examples  Then 
the same relation between mean and maximum depth can be applied to 
the future gullies of the Haringvliet mouth, provided the widths of 
the gullies are fixed by banks The preceding studies for the deter- 
mination of the final cross-section have been applied by Terwindt in 
his morphological study of the Haringvliet mouth Reference is also 
made to Bruun and Gerritsen (13) 

NORTH     SEA 

mean sea 
level- 

CONTOURS 
OF DEPTHS 

1948 

Fig 6  Changes in the contours of depths due to the enclosing of 
the Brielse Maas 
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Extensive shoals have been formed with gullies at both sides after 
the enclosing of this sea-arm 

5 3 A more theoretical method for the determination of the 
sand transport in a river 

For the computation of the sediment transport due to the tidal 
currents in the Delta region, various sediment transport formulae 
can be used They are however generally based on laboratory tests, 
trials in nature are limited  Various bed-load formulae are summa- 
rized in the book of A J  Raudkivi (14)  The formulae for the com- 
putation of suspended sediment movement, which is related to diffu- 
sion processes, are still more limited The vertical distribution 
of the velocity in turbulent water is one of the determining fac- 
tors, however the formulae for such distributions in nature are 
also more or less based on an empirical basis 
The various quantities which are defined in the formulae under 
idealized circumstances must be redefined for the more irregular 
conditions in nature in an empirical way by adapting the formulae 
to the observations obtained from measurements in nature After that 
the formula can be applied for different conditions and engineering 
purposes e g higher upland river discharges, or changes in the pro- 
files of the river  Then the formula may give indications for chan- 
ges in scour and sedimentation The method has been applied by Morra 
(15) in the tidal region of the Delta, where the sand is fine, 0 15 
mm to 0 2 mm  The calculation of the suspended sand transport is 
based on a formula for the distribution of the suspended sand con- 
centration in the vertical, combined with the formula of Kalinske 
(16) The major feature of the method will be described 
The exchange of sand over the vertical is determined by the equi- 
librium condition per unit of width , 

cw = £f , (1) 
in which w is the local sediment concentration (the volume of sand 
per unit of volume water), h is the height above the bottom, c is 
the fall velocity of particles in the fluid at rest, and Z  is an 
exchange coefficient  It is assumed to be equal to the momentum 
transfer coefficient in the relation for the shear stress T, 

dv T= PE-rr , m which v is the velocity at height h, determined ac- 

cording to the parabolic formula 

v = vjh1*1 , (2) 

and p is the density, q is of the order 5 to 7 Then 

dv „ 1 v h(l-l)A     (3) 
dh  q  i 

It is well-known that the shear stress T at the height h is defined 
byPgai(l-z), in which z = h/a, a is the total depth, and l is the 
slope of the water surface in the case of steady flow  In the case 
of unsteady flow it is the difference in head, determined by the 

friction term, l = v /C^a,(4),in which v„ is the mean velocity at m       ' m 
time t in a cross-section, and C is the coefficient of Chezy 
After integration and some calculation it is found from (l) and (3) 
that the vertical distribution of the sand concentration is 
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(l-z)z1/q e _(<1+1) zV<1 

(l-z0) 
»olA-(4+l)z0^ 

(5) 

in which zQ  a hQ/a, and h  is a reference height above the bottom 
For h = 0, the formula is 

Bl/q   _(q+l) zlA (l-z)s (6) 

in which pc 

defined by 

c C^ 
g q 

v is the mean velocity over the vertical, 

q+l Vj a1'*! (see (4)), and w0 is the suspended sand 

concentration near the bottom 
The formula of Kalinske determines the relation between w0 and the 

bottom material  A brief explanation of this formula follows 
Let v' be the velocity component in the vertical at the height h 
above the bottom and c the fall velocity in still water of a par- 
ticle, and let the statistical distribution of v1 be determined by 
the formula of Gausz Then the formula 

1 _>rl2 
AF(c) /(v'-c) 

2((v')2)' 
exp 

2((V)2)' 
dv' (7) 

in which AF(c) is an interval with equal diameters of bottom mate- 
rial with fall velocity c (expressed in percentages), determines the 
transport of sand from the bottom into suspension in course of time 
The horizontal velocity component may not change considerably 
In the equilibrium situation the transport in vertical direction per 
unit of time equals the transport downwards, cwQ 
It may be put for turbulent flow ((v1)2)2 = k (gai)2 , (8) 
in which k is an empirical constant The transport of sand from the 
bottom, cwQ, must be proportional to the expression (7)  After the 

l 
transformation, v' = k(2gai)2u, it is found 

<N> 2 
cw„ = Ac AF(c)   / (-7—r - 1) e ~ u du , (9) 

u(c) 
x 

in which A is the proportional factor and u(c) = c/k(2gai)2  The 
equation (9) may be rewritten in the form 

wo 
AFlcT 

A 

(2-ns)* 

r     i 
12  u(c) 

-U2(c)      Tti 
2 (1 

2 
¥1 

u(c) 

/ 
du ) },(10) 

A and k are empirical constants in (8) and (10)  They depend on 
the local circumstances 

The following remark must be made for the application of the 
equation (10) in a tidal river At a location in a tidal region 
the value of I, which is determined by the friction term is usually 
different from the lope of the water surface caused by the tide at 
time t This slope equals the algebraic sum of the friction term 
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and the inertia terms 
It must be assumed in the practical applications that the changes 
of the tidal velocities are small enough, so that the equilibrium 
condition of the sand transport, defined above, is satisfied more 
or less 
The bottom material can be considered as homogeneous in tidal re- 
tions with a standard grain diameter of dgo for this special pur- 
pose In that case AF(c) = 100 The practical determination of the 
empirical parameter, pc, in formulae (5), and (6) is as follows 
The relation between w„ and w„  is found from the measurements of z     ^o 
the sand concentration wz in the vertical,and the exponent q of 
the parabolic formule (2) is determined from velocity measurements 
Then the exponent pc in formula (5) can be computed The value of 
pc varies in the tidal regions of the Delta area between 0 25 and 
2 5 
It is evident that due to the great variations of the sand transport 
in the course of time, a great number of measurements must betaken 
Then the least square rule can be applied for the best fit of the 
sand concentration in the vertical 
After that w0 can be calculated from (6) and introduced into the 
left member of equation (10)  The values of A and k can be determined 
such that equation (10) is satisfied A trial and error procedure is 
usually necessary  It is difficult to obtain reliable values for A 
and k 
It is also possible to determine A and k from the results of the 
measurements mentioned in Kalinske (10)  However Kalmske applies 
the logarithmic formula for the vertical velocity distribution, and 
£m, being the mean value for the exchange coefficient over the ver- 
tical  Kalinske found by this procedure As 39 and k»0 75 

5 4 Sand transport in the coastal area 
The morphological conditions at the coast of the Delta region 

will change in the future as a consequence of the enclosing of the 
Haringvliet and the works which are in execution  The future situa- 
tion depends on the new equilibrium of the sand transports, due to 
the combined effect of currents and waves  The new equilibrium in 
the channels,and seaward of the breaker zone is determined consid- 
erably by the changes in the tidal currents and in particular by the 
velocity components towards the coast line A complicated sand trans- 
port process exists in the region of the sand banks, in front of the 
coast line between the existing gullies  Here the sand transport de- 
pends on the combined effect of currents and waves  Breaking waves 
produce very high sand concentrations in these regions The combined 
effect has been studied by Bijker (17) on the basis of laboratory 
tests He determines the combined shear stress at the bottom of cur- 
rents and waves in the two dimensional case  Vertical velocity com- 
ponents and accelerations are not considered in his study 
In the breaker zone where tidal currents are negligeable a well- 
known procedure is to assume that the total long-shore transport 
rate is proportional to the loss of long-shore energy flux per unit 
of length Reference is made to Bijker and Svasek (18) 
The basis of all the morphological studies are the tidal and refrac- 
tion computations which determine the changes in the velocity 
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components and the directions of the waves  These morphological 
studies are continued An example of the changes in the coastal 
area is shown in fig 7 Some contours of depths in 1960 and 1969 
are represented  It appears that the 2 and 5 m lines near the coast 
changed considerably, due to the wave action and the changes in the 
currents 

NORTH SEA, 
CONTOURS OF 
DEPTH 1960   9.°\ 

depth 15m 

Fig 7 A comparison between the contours of depths in 1960 and 
1969 in the mouth of Haringvliet and near Europort 
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CHAPTER 109 

SEDIMENT POLLUTION  IN COASTAL WATERS 

J    van de Kreeke* 

ABSTRACT 

Sediment pollution can be defined as the increase in sediment 
concentration, due to artificial  infusion of sediment, to a level  harmful 
to fish and plant life 

The coastal engineer may be called upon to evaluate the result of an 
artificial  sediment influx in terms of characteristic parameters like 
concentration and turbidity and to determine eventual  deposition areas of 
the sediment 

This paper describes the field investigations carried out to evaluate 
a case of sediment infusion in one of the estuaries on the U S    east coast 
The sediment was discharged via a pipeline at a rate of approximately 
10 lbs/sec     Nearly all the released sediment was in the silt range      In 
addition to the results of the field measurements a simple mathematical 
model  is presented, describing the temporal and spatial distribution of the 
sediment in the resulting sediment plume 

DESCRIPTION OF THE STUDY AREA 

The study area is located in a bend of the estuary, see Figure 1      The 
depth contours in this figure show a deep channel  at the west side and a 
relative shallow plateau at the east side of the estuary     The hydraulic 
environment in the study area is governed by the tide and the freshwater 
inflow     The tide has a semidiurnal  character with a mean tidal  range of 
2 1  ft    and a mean spring tidal  range of 2 4 ft     Maximum currents are on 
the order of 1  ft /sec , both for ebb and flood, but the ebb currents can 
be considerably higher during periods of high freshwater inflow     An order 
of magnitude of the freshwater discharge might be obtained from the following 
figures      During 50% of the time the average daily freshwater discharge is 
higher than 6,500 cfs and during 1% of the time exceeds 70,000 cfs      For 
comparison, the maximum tidal  discharge in the study area is on the order 
of 100,000 cfs     Salinities in the shallow part, the area where the sediment 
is released, can be as high as 2°/0o after long periods of low freshwater 
inflow and as low as 0 l0/Oo after periods of high freshwater inflow     The 
water is well mixed, at least for the shallow depths 

In order to gather additional  information on the hydraulic environment 
in the study area, current measurements were carried out with a stationary 
and a movable current meter     Both instruments were equipped with a Savomus 
rotor     In addition, the stationary meter had a direction device     The readout 
of the movable current meter provided a record of instantaneous velocities 

•Research Associate, Dept   of Coastal  and Oceanographic Engineering, 
University of Florida 
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The output of the stationary current meter consisted of velocities and 
directions averaged over time periods of 19 minutes  Calibration threshold 
for the rotor and direction device was approximately 0 1 ft /sec  The 
stationary meter was placed in a tower, for location see Figure 1, with the 
center of the rotor 1 5 ft and the center of the vane 3 ft above the bottom 
The movable meter was used to determine the velocities at the stations 1-7, 
indicated in Figure 1  The measurements with the movable current meter were 
carried out during periods of definite ebb currents  It was hoped that by 
comparing measured and theoretical velocity profiles, an estimate could be 
made of the eddy diffusivity coefficient  This idea had to be abandoned, 
however, since the measured profiles did not comply with the theoretical 
logarithmic velocity distribution as may be seen from Figure 2 

Typical curves showing the variation in current velocity and direction 
during a tidal cycle are presented in Figure 3  Attention is drawn to the 
magnitudes and direction of the currents during slack tide  The transverse 
currents during these periods are one of the reasons why the sediment plume 
seems to disappear during periods of slack tide, as will be described later 

NATURAL SEDIMENT CONTENT IN THE ESTUARY 

To determine the background sediment load in the study area, suspended 
load samples were taken when no sediment infusion took place  The samples 
were taken with a device consisting of two bottles connected by a short piece 
of pipe, see Figure 4  The lower bottle contains the sample while the dis- 
placed air is contained in the upper bottle  The whole system is buoyant even 
when the lower bottle is filled  A weight connected with the sampler by an 
anchor line is used to lower the sampler  When the weight reaches the bottom, 
the tension in the retrieval line is released, which automatically opens the 
intake  The positioning of the sampler above the bottom is controlled by the 
length of the anchor line 

The sediment samples were analyzed using the following procedure  The 
suspension was well mixed and 500 ml was poured into a cylinder  The suspended 
solids were then collected on filter paper  The filter paper was dried in an 
oven  When dry, the paper was burned and the ashes weighed 

The sediment samples were taken at three different depths at the stations 
used for the current measurements  The various sampling series were carried 
out for different freshwater discharges in order to study the influence of the 
freshwater inflow on the sediment content  All samples were taken during 
periods of definite ebb current  As an example, the results of one of the 
sampling series is plotted in Figure 5  It is noted that the data for the 
bottom samples are probably not very reliable, chances are that the sampler was 
in the mud layer covering the bottom instead of just above this layer 

In Figure 6, the average sediment concentration for each sampling series, 
that is the average of all 7 sampling stations, is plotted versus the average 
daily freshwater inflow  In the averaging procedure, bottom samples were 
neglected for the reason mentioned in the previous paragraph  Although only 
five data points are available, it may be safely concluded that a definite 
relation exists between sediment content and freshwater inflow  Because of the 
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special importance of the natural sediment in the area of sediment infusion, 
the average sediment concentration for stations 1 through 4 only, neglecting 
again the bottom samples, were also plotted versus the freshwater inflow in 
the same figure  No significant differences exist between the average sediment 
concentration in the shallow area (stations 1-4) and the average sediment 
concentration when regarding the total estuary cross-section (stations 1-7) 

To study the variation in sediment concentration during a tidal cycle, a 
series of samples was taken at station No 3 (tower) at a depth of 6 ft each 
hour for a period of six hours  The results are shown in Figure 7  A 
definite variation in suspended sediment content with the tidal currents seems 
to exist  This agrees with observations by other investigators, see Nichols 
and Poor [3]  At the time of the measurements, it was observed that during 
periods of high velocity the water looked cloudy while during slack tide the 
water had a less turbid appearance 

CHANGES IN THE 

SEDIMENT FIELD DUE TO THE SEDIMENT INFLUX 

The sediment was discharged via a pipeline on the shallow plateau, see 
Figure 1      The discharge point was approximately 10 ft    below the water surface 
The total  discharge was on the order of 10 lbs    of solids/sec     Most of the 
discharged material  appeared to be in the silt range, 90% of the particles are 
smaller than 85 \i, the median particle diameter is 45 p and 10% of the particles 
are smaller than 10 y     The sediment influx resulted in a plume visible during 
periods of relative low turbidity of the receiving waters      Visual observations, 
which are of course restricted to what happens at the surface, indicated that 
the end of the plume moved approximately with the speed of the current     The 
maximum length of the plume, just before slack tide, was approximately 3 miles 
The width of the plume remained practically constant     At slack tide, the 
discoloring disappeared indicating that the sediment had settled or was dispersed 
by the reversing tide 

Sediment samples were taken to determine more accurately the effect of the 
sediment influx     The samples were taken in the measuring stations 1-7 and 
along the center line of the sediment plume     As an example, the distribution 
of suspended sediment across the estuary is presented in Figure 8     This figure 
clearly shows an increase in suspended load at the stations 2A and 3     The 
influence of the sediment infusion still  is restricted to a narrow band at this 
distance 

Sediment concentrations in the axis of the plume are indicated in Figure 9, 
the concentrations decrease rapidly with downstream distance     The concentration 
near the discharge point varied between 1000 ppm and 1500 ppm and is already 
decreased to 200-500 ppm at a distance of 400 ft   downstream of the discharge 
point 

It is clear from Figure 9 that large amounts of sediment settle close 
to the point of release     Fluorescent tracer was used to gain insight into 
the deposition areas of the remainder of the sediment     The range of particle 
sizes of the tracer material covered approximately that of the released sediment 
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The tracer was released at the location of the sediment discharge point, at 
a rate of approximately 0 8 lbs/mm for a period of two hours, leading to 
a total amount of released tracer of 100 lbs The same day and the next day, 
suspended load samples were taken at different depths in the study area The 
results were somewhat meager, probably because of the relative small quantity 
of tracer material, but some tracer grains were found as far away as stations 
1 and 5 of the measuring cross-section 

MATHEMATICAL DESCRIPTION 

Assuming that lateral and longitudinal diffusion are negligible (as 
suggested by the results of the measurements), and furthermore assuming a 
gradient type diffusion, the conservation of matter equation may be written 
as 

at   3y    ax  w ay K ' 

in which 4> = sediment concentration 

E = diffusion coefficient 

u = current velocity 

W = fall velocity of a sediment particle 

The coordinate system has its origin at the bottom, the horizontal x-axis 
is positive in the current direction, the vertical y-axis is positive upward 
Attempts to arrive at a computer solution for Equation (1) indicated that, 
with conventional numerical methods and for the dimensions of the computational 
field encountered in this study (water depth 10 ft , length of the sediment 
plume 20,000 ft ), it is questionable whether even the larger computers can 
handle this problem  Therefore, a simplified and admittedly more crude 
model is presented here to describe the sediment concentration in the plume 

It is assumed that a block of polluted water travels at the average 
current velocity u(t), and thus the position x,of the block at time t is 
x = u t  Only vertical diffusion is considered  It is also assumed that all 
particles reaching the bottom stick to it, while a steady sediment source at 
the bottom of the moving block of polluted water simulates the stir-up 
capacity of the flow  Only periods of definite ebb and flood current are 
considered  It is assumed that during periods of slack tide, the sediment 
particles in the plume settle and/or are distributed over the width of the 
estuary 

In deriving the equations, it is assumed that 

- The convective velocity u(t) is constant over the depth 
- The eddy diffusivity coefficient e is constant 
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- T^e fluid properties are not altered by the suspended sediment 
- The diffusion is proportional to the gradient of the concentration 
- The sediment concentration in the vertical at the dredging site is 
constant 

- No flocculation occurs 

The coordinate system is the same as the one described in the previous 
paragraph  Time (t) is zero at the moment the block of polluted water leaves 
the dredge  For the above assumptions the equations relating the sediment 
concentration $(y,t) and the independent variables y and t are 

Field equation 

M.= e i!i+ w M (2) 
st e W       sy 

Boundary conditions 

y = 0 £|i=-x 

in which A = rate of erosion 

y = h e |i = -W* 

in which h = average depth 

For a more detailed discussion of the boundary condition, see Partheniades 
[2] 

Initial condition 

t = 0  4 = <)>0 

The solution of the above system of equations is 

- - x e-2^ + f   B(n)e~ay [cos any + i- sin a y]e"(an2 + a2)et 

W      n=1 
v '   L   "J     % 

in which 

2a a 
a„'s are the solution of tg a„h = -? 2    

a~ >  0 n 3    n       aj: - a* n 

„„    u [— ~ sina„h + 2a - 2a cosah] sma„h     ,       ,. '-a, n n .u n       A   „-ah n ah -si- e 
M          o„ 2a c a2 + a'i, 

}(n) =   J2 D_ n 
(gg + a2)h + 2a 

a - W a "27 
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Note that the second term in the solution goes to zero for large values 
of t, the first term represents the natural sediment concentration 

To check the validity of the model a comparison is made between measured 
and computed concentrations  In the computations, $ = 1250 ppm  The value 
of x was obtained by assuming a natural sediment conSentration $  = 100 ppm 
at y = 4 ft  The average depth h = 10 ft  An estimate of the diffusion 
coefficient was made by using Elders [1] expression 

0 068 hu„ 

in which u* = shear velocity 

In the computations, e = 0 05 ft 2/sec is used  The value W = 0 008 ft /sec 
was taken as a representative value of the fall velocity of the particle 
distribution  Computed and measured concentrations are plotted in Figure 9 
The results agree reasonably well in spite of the many assumptions made in 
deriving the mathematical description and the limited accuracy of the 
measurements 

CONCLUSIONS 

The artificial sediment infusion results in a sediment plume visible 
during periods of low turbidity of the receiving waters  The end of the 
plume moves approximately with the speed of the current  The width of the 
plume remains practically constant  The sediment concentration in the plume 
decreases rapidly with increasing distance from the point of sediment influx 
During periods of slack tide, the plume disappears, the sediment settles and 
at the same time is dispersed by secondary currents 

A crude mathematical model is presented describing the sediment concentration 
in the plume  In its present form, it should be mainly regarded as a first 
step to a rational and universal solution 

Finally, it is noted that the title of the paper is somewhat of a misnomer 
as the case of sediment infusion discussed here has never been proven to be 
harmful 
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ABSTRACT 

A theoretical model is presented to provide an approximation of the water 
and temperature recirculation in a shallow bay, lake or river, between the 
outlet and inlet canals of the cooling system for a power plant  In particular, 
a temperature recirculation factor relating the outlet and inlet temperatures 
is derived 

INTRODUCTION 

Since the efficiency of a power plant depends critically on a low intake 
water temperature, an injudicious siting of the discharge canal terminus may 
cause recirculation of the discharge water, with a consequent increase in the 
temperature of the intake water  Thus a prior knowledge of the effect of 
particular locations for the terminus of the discharge canal is important 

The quantitative evaluation of the siting of the outlet and inlet canals, 
taking into account tides, meteorological conditions, the diffusion and convection 
of momentum and temperature, and the stratification due to temperature and 
salinity, is a difficult problem  The complexity of the boundary conditions 
and governing equations for the system requires the use of numerical modeling 
The recent work of Wada (1966, 1967, 1968) has clarified many of the problems 
involved and given some solutions to particular models 

The following work presupposes that steady conditions prevail and that, to 
the first order, temperature variations have no effect on the flow  This rather 
crude assumption can be partially strengthened by considering the receiving 
water system to be shallow and by assuming that the turbulence in the flow is 
sufficient to ensure that the mixing of the water is complete throughout the water 
column  These assumptions and conditions thus avoid the more difficult problems 
of variations in time, and vertical stratification of temperature 

To simplify the analysis, the equations governing the flow in the bay are 
linearized  This procedure is reasonable except near the outlet for the plant 
cooling system where the non-linear convection of momentum terms may well be 
important  We assume that the flow m the neighborhood of the outlet can be 
treated as a source rather than as a jet, whence the convection terms can be 
neglected 

1813 
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For steady flow, the equations of momentum and continuity can be 
written as 

.                3n   ,   t           KU ... 
"fv • "S 3x" + pTT ~ IT u <« 

3n . xsy     KU ... fu = ~8 IF+ w - rv <« 
and 

|j (ha)  + ^ (hv)  - 0 (3) 

Here u and v are the water partxcle velocities in the x and y directions 
respectively, n is the displacement of the free surface from its mean level, 
T
SX
 and Tsy are the stresses exerted by the wind on the flow, h is the mean 

depth, f is the Coriolis parameter, K is related to the Chezy bottom stress 
coefficient, C, by K = g/c2, U is a scale velocity and g is the acceleration 
due to gravity 

The linearization of equations (1) and (2) involved firstly the neglect of 
the non-linear inertia terms, as commented above, and also the adoption of a 
linear form for the bottom stress terms  The linearization of these latter 
terms has been shown to be reasonable for oscillating flows such as tides in 
estuaries  However, the use of the linear form for steady flows has not been 
so readily confirmed  It is used here because the basic equations can be 
written m a particularly useful form and also, the resulting flows appear to 
give a good representation of the physical situation  Equations (1), (2) and 
(3) also require n << h 

From equation (3), a stream function t|> can be defined such that 

u = -h^   and   v = h aJ (4) 

By eliminating n between  (1)   and   (2), 

32i[)      j£± .2fiiii+iiiK.f     / 31 3h       S± _3h        h^ f _3_ ,xf\       3_  ,xSy. , 
Ix*      ay2"      h  l3x 3x      3y  3y'      "icff (Zx 3y ~  3y  ix'       PKU 

l3y   *• h ;   "  3x   <• h ;'     (5) 

Equation (5)  takes on a particularly simple form if h is uniform and x      = x ' = 0 

0 + 0= ° 
In this case the streamlines are given by potential flow theory, whence 

sources and sinks can readily be modeled  This method is used as the basis for 
the study of recirculation of the water between the outlet and inlet canals 
The extension of this type of model in the case of a variable depth and a non- 
zero wind stress requires the use of numerical solutions of (5) 
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WATER RECIRCULATION 

Consider inlet and outlet canals embedded in a straight coastline 
bordering a receiving water system which covers the half-plane and has a 
uniform depth  If the distance between the outlet and inlet canals is 2a, 
then the complex velocity potential for the flow m the receiving system is 

WH$ + II|J = -U log — Hz (7) 

where u is the strength of the source_- sink flow, z = x + ly, the source is 
at z = a and the sink at z = -a, and U is the speed of a uniform steady current 
along the coast, cf Figures 1 and 2  This current can be regarded as a steady 
river flow, or a "steady state" tidal current  In either case, U may be a 
function of time t, subject to the condition that the time scale 1 for changes in 
U are large compared with h/KU and 2a/U  If U = 1 0 ft/sec , the (varying) 
tidal amplitude is 1 5 ft and K = 002, then for T - 12 hrs , it can be shown 
that h must be less than approximately 14 ft  Further, a must be less than 
33,000 ft  These are fairly strict conditions on h and a  The conditions may be 
realistic only for a few situations 

From equation (7), the non-dimensional form for the streamlines is 

x'2 = 1 - y'2 - 2y' cot(U'y' + i|T) (8) 

where U' ~ Ua/p, i|i' = I|I/U is the dimensionless value for the streamline, and 
x'  = x/a, y" =  y/a  It can be shown from equation (8) that the percentage 
recirculation of water is 1007 for a zero current (U*= 0) or for a current aided 
recirculation (U'< 0)  However, for an opposing current (ff">  0) , the percentage 
circulation is reduced  Figure 3 shows the percentage recirculation of water for 
aiding and opposing non-dimensionalized currents  It can be seen that for an 
opposing current u" greater than 2 0, there will be no recirculating water 

Other elementary shaped coastlines can be treated by the technique of 
comformal mapping  In the general situation, equation (5) can readily be solved 
numerically  Further details on this technique will be discussed by Price (1971) 
Figure 4 gives the streamlines m an idealized model of a bay connected to the 
ocean  This model includes variations m the depth and coastline configuration 
and permits an inflow of water across two of the boundaries 

It is of interest to point out that uniform depth flows can be modeled 
experimentally using a Hele-Shaw apparatus  A Hele-Shaw model has been used at 
the University of Florida to determine the streamline patterns for flow into a bay 

THERMAL RECIRCULATION 

The temperature difference between the outlet and inlet canal of a cooling 
system depends, in part, on the decay of temperature m the recirculating fluid 
with distance from the outlet  It should be noted that mixing effects are not 
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included in this treatment  Under the assumption that there is no heat flow 
through the bottom or the fixed side boundaries, heat can only be lost or 
gained by the recirculating water in exchange with the surrounding receiving 
water or with the atmosphere  We assume that the diffusion of temperature in 
the receiving system is negligible compared with the convection of temperature 
Thus the primary mechanism for extracting heat from the water is assumed to be 
via the atmosphere 

The components of heat loss (or gain) from the surface of a body of water 
include 

Q   solar radiation by the sun 
8 

Q. «• back radiation from the water to the atmosphere 

Q   heat loss due to convection 
c 

Q   heat loss due to evaporation 

Q   heat advection by rain or other inflows 

The " "s refer to differentiation with respect to time t  Consider the anomalous 
heat flux due to the heated water, that is 

Q„et = <5E + 0/ 

T • T  + T' 

where the primes denote incremental heat fluxes due to the increased water 
temperature Tw   The quantities Q and Tw are defined such that the water body 
is in equilibrium (in the average sense) E for Tw = Tw    This implies that 

The heat flux budget can be written as 

«'" °-s " % ~ % ~ % + Qr (9) 
where the various components of heat flux are delined in the following equations 

Qs - (1 - r) 0^ 

Q. - 0 97 o (91* - B8 ") 

(10) 
- T ) 

7       a 

Q = 12 W(e - e ) 

0=0 00407 PW (T - T ) Hc w   a 



SHALLOW BAYS AND RIVERS 1817 

Q = M C   (T  - T ) 
r  r w   r   w 

r 

here 
0 = the solar radiation on a horizontal surface, 

r = the reflectivity, assumed to be 0 05, 

a =  the Stefan-Boltzmann radiation constant = 1 714 x 10-9 

BTU/hr/ft2/0^ , 

9 = absolute water temperature in °R (T(°F) + 459 69), 

8 = absolute air temperature, 

B = radiation factor, depending on cloud cover, vapor pressure, 
etc  An average value of B is 0 85, 

W = wind speed in knots, 

P = atmospheric pressure m inches of mercury, 

e = vapor pressure of water m saturated air at the temperature 
of water, in inches of mercury  (For temperature ranges of 
interest, e = 0 045T„ -26), ' w       w 

e = vapor pressure of water m air, in inches of mercury 
(e -ex relative humidity), 
aw ' ' 

M = mass rate of rainfall, 
r 

c = specific heat of rainwater, 

T  = temperature of the rainwater, 
and 

T = temperature of the air 

We assume for the purposes of this paper, that Q = 0  By utilizing the 
various definitions for the Q's from (10) and substituting in equation (9), then 
the incremental heat flux Q', due to the water temperature increased an amount 
T' above the equilibrium temperature, is approximately 

Q' (BIU/ft2/hr) = {1 04 + 0 66 W} T' (11) 
w 

Thus if Q is the amount of heat above ambient m a volume of water with unit 
surface area 

(12) 
- -KT' 
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where K = 1 04 + 0 66W  K can be called the heat transfer coefficient, aro 
as such includes the effects of radiation, convection and evaporation as 
outlined above 

'  p w 

where y  is the specific weight of water with heat capacity c   Thus from 
equation (13) 

.„       dT' 
ifi = Yhc _£ _ .jar a4) 
dt     p dt      w 

To examine the relation between the flow and temperature fields, consider 
Figure 5  If the flow is divided into N streamtubes of equal flow Aq, then it 
can be seen that for the flow between two particular streamlines is 

Aq = hi  ds/dt (15) 

where SL  is the spacing normal to the streamlines, and ds/dt is the local water 
particle velocity parallel to the local streamline  Using equations (14) and (15) 

dT'    KS.T' 

ds     ye Aq 

The integration of equation (16) gives 

KA 
taT  = •*-. + In  T 

w.    vc Aq       w 
i      P o 

T      T 
where w^ and w are the inlet and outlet temperatures respectively for the flow 
between the (j-i)tn and the jt*1 streamlines, and A is the surface area between 
the two streamlines  By summing over the N streamlines and averaging the thermal 
recirculation is expressed by 

f       N 
w   1 —— 

J=i 

where 

-SAjN (17) 

(18) 
YCpq 
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Tne \" s are the non-dimensional areas between the streamlines (1 e A^ = A /a2) 
vrtiereJ2a is the distance between the outlet and inlet), and q is the total 
volume recirculating (q = iruh) CR can be termed the temperature recirculation 
factor  It can be seen that CR depends on the sum of exponential terms, and of 
course must be less than unity 

A numencal evaluation of CR in the case when the equations of the stream- 
lines are known    can be carried out on a computer  In the case of the 
_source and sink embedded in the boundary of the half plane, with 3 = 0 78 and 
U = - 3 75,(an aiding current and 1007 water recirculation), CR = 43/, with 
only 50? recirculation of the outlet water CD" = 0 326) and B = 0 78, CR = 127 
In this example N = 10, cf Figure 6 

Tie extension of the technique to more complicated flows as considered briefly 
m Figure 4 xs straightforward  For example, one can divide the flow from the 
outlet using 9 interior streamlines, whence N = 10  The areas A-i can readily be 
fouad from graph paper when the streamlines have been plotted  For a representative 
value of K and the proper dimensions and discharge, B can be calculated 
(equation 18), and the temperature recirculation determined from equation (17) 

CONCLUSION 

The analysis presented here can readily be used to obtain an estimate of 
the temperature circulation for particular locations of the inlet and outlet 
canals for a power plant located by a shallow bay, lake or river which is being 
used m the cooling system  A numerical solution of equation (5) can be used 
for particular cases, including the effects of prevailing wind stresses as 
well as an arbitrary bottom topography 

The limitations of the above technique are obvious due to neglecting 
temperature gradients, diffusion, and any unsteady feature of the flow  Also 
there may be some doubt about the validity of the linear form for the bottom 
stress m the case of large variations in the velocity of the water m the 
recei/mg system  However, despite these limitations, the authors have found 
that the technique provides a realistic approximation of the temperature 
recirculation 

REFERENCES 

1 Wada, A , "A Study on Phenomena of Flow and Thermal Diffusion Caused by 
Outfall of Cooling Watei", Proc 10th Conf on Coastal Engr , Tokyo, 1966 

2 Wada, A , "Studies of Recirculation of Cooling Water in a Bay", Proc 11th 
Conf on Coastal Engr , London, 1968 

3 Wada, A , "Numerical Analysis of Distribution of Flow and Thermal Diffusion 
Caused by Outfall of Cooling Water", 13th Congress I A H R , Tokyo, 1969 

4 Price, R K , "Wind Generated Coastal Currents" - m preparation 



1820 COASTAL ENGINEERING 

•ol 

13 

z o 

_l 

O 
QC 

O 
UJ 
CE 

85 
O 
o 

tu 
IE 
3 
(9 



SHALLOW BAYS AND RIVERS 1821 



1822 COASTAL ENGINEERING 

< 

Ul 

a. u 
< 
5 

13 

o 
z 
10 
o 
Q. 

o 
z < 

z 
O 

a. 
o 

i- z 
bJ 

5     o: 
uj     g 

3   I 
o 
U 
a: 

o < 
z 

UJ 2 
o in 
< z 
I- UJ 

5 1 - i UJ O 
a. z 

UJ 

u. 



SHALLOW BAYS AND RIVERS 1823 

>- 
< 

Q 
UJ 
N 

< 
UJ 
Q 

Z 
< 

CO 

< 
UJ 
ce 
H 
CO 

UJ 
or 
O 



1824 COASTAL ENGINEERING 

*-X 

FIGURE   5       DEFINITION     SKETCH 



SHALLOW BAYS AND RIVERS 1825 





CHAPTER 111 

NATURAL   Ft    SHlNG  /-*BIl_lTY   <N   T!DA_    N 3 

^ „s     Met ~>   Qliveira 

1 - ABSTRACT 

"rhe   masn   rbject-   of   this,   work -to   -vt,ud^    fcS-v       -jrfa* «•*!-»     i at   ra        u'v     e- 

ability  of  t dal  mit^Ls  wjth  -the  d* gr -»c   of  -»noaiings   pluming   * tr*•-— *    t/e,   r-»<pvei    kw, 

tuations   in   tns   Saloon   care   unifor *     :>      oven 

It  was   assumed   thar   natural   f!   ~r   tg   ar   ity   is  p! oportie 1 o   i *?ed-ioad 

capacity of ->-idai currents end ra; *ct s capacity c^ be cii^racx.«> <?c\ bo^'i r-y 

the hydraul c power consumed in t ne connecting change' and bv r^ 3rd or 6th 

power of the mean velocity Influence ox th** siope of tb* ^ j^ b~*r! & ana of 

the  inner   heao  losses  was  also  analysed 

2 -  INTRODUCTION 

In   1951   B   H      Keuleyan  [l]    undertook   the   ar>alyti< ^t   zcud        f   che   hydro-yna- 

mic   behaviour   of  the   in'et-lagoon   s^slem,   but   some  restricting   hypotneses  were 

assumed  which  diminish   the   pract-ical   interest  of  the   r^s^lts   obtained     For   ins 

tance,   he   assumed   the   relationship   c-stween   the   deptn   of  the   inlet  channel and 

the  tidal   range   to   be  very   great   (and   therefore   he  considered  the   flow  section 

constant  during  a  tidal   cycle)    Atso  -uhe   banks   of  the   layoon   were  considered vpr 

tical,   and  the   level   variation   law the   same   for   ail   points   of  the   lagoon 

The   hydrodynamic   behaviour   of  the   system   could   thus   be  characterized     by 

the  equations 

dhi 
d » 

d( 

K l/ h      -   h        when   h   > h      (floor)) 

sir = K /h, - h
2  

when h1 > h2 (ebb) 

where   (see  Fig     1), 

1 2 
h,   =     T7      ,    h_   =  —      .   H   being  -the  ff-cn  tide  ampin s<te,   H    and 

1 H 2        H x7 n 
H     sea  anj  lagoon  levels  respective!     referred  to the1  mean  3ca  lev«*l,   & =  —^^i 

*   -  Trainee   Research  Officer   -   L a&o   atorio   Nacionu    dc   (Engtsr Ei^ "id  oivil, 
Lisbon,   Portugal 

1827 
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T  the  tidal  period,   t the  time  variable,   K  a  dimensionless  parameter  which  the 

author  has  called  repletion  coefficient,   and  which  condenses  the  influence  of  se 

veral  parameters,   namely,   lagoon    and  channel  dimensions,   channel  roughness, 

and   sea   tide  amplitude  and   period 

Owing to the simplifying hypotheses made, the coefficient K is constant all 

along the tidal cycle and, consequently, the mean level of the lagoon is equal to 

the mean sea level, the behaviour of the level law in the lagoon is symmetrical 

with respect to that level, and the flood velocities and rates of flow are sym- 

metrical to those at the ebb In the study of natural flushing ability of a tidal 

inlet we cannot make use of the results of such a simplified scheme, since the 

most interesting cases to be analysed are obviously those which are characterlz 

ed by faulty inlets needing correction, which present small values for the chan- 

nel  depth/tidal  range  ratio 

In  the  first  studies  it  was  sought to  analyse  the  influence  of  the  channel 

flow  section  variation  and  that  of the  lagoon  area  during  a  tidal  cycle,    subse- 

quently,   the   influences  of  head  losses  in  the  lagoon  were  also analysed  for a very 

schematic   case 

3 - INFLUENCE: OF FLOW SECTION VARIATION OF INLET CHANNEL 

AND OF BANK SLOPE 

3   1   - Characteristic  equation  of the  system 

Assuming  the   inlet  channel  to  be  well   shaped,   to  have  constant width  and 

depth  over   its entire  length,   and  the  level  variation   in  the  lagoon  to  be  uniform, 

we   obtain   similarly  to  Keulegan 

(D 
dH, 

= A    A 
/       C2r 1 

l/H2-H1 dt 

V                  2g 

where 

A -   lagoon   area 

a - flow  section  area  of the  inlet 

L -  length  of  inlet channel 

r -  hydraulic  radius  of  inlet  channel 
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2          r   ,/3 

C   -  Chezy   coefficient   (C     = —) 
n 

n   -  Strtckler  coefficont 

Assuming   further   that  the   hydraulic   radius   (r)   is  equal   to  the   depth  of 

the  channel,   that this  depth  corresponds to  the  arithmetic  mean  of  sea   and 

lagoon   levels,   and   that  the   lagoon   area   varies   linearly   with   its   level,   we  get 
H1   +H2 

r  =   d  +      r  ,   where  d   is  the  depth  referred   to  the   mean   sea   level 

(Fig      1) 

a  =  br ,   b  being  the  width  of the  channel, 
H, 

A  -  A   ( 1 + N )       A     being   the  area   of  the   basin   corresponding  to  the 
o Ho 

mean  sea  level   (Fig     2) 

Parameters H„,   H1   i~  and  d  were  reduced  to  a  dimensionless  form  by 

relating  them  to  the  sea  tidal  amplitude 
H„                                     H, h     +  sin  & 

2 „     .                  1 r                          1  
h„  =  TT"=  sin 0,   h,   =     TT~ , r     = —-   =  d     +  2         H                            1            H o         H o 2 

2   TT 
Besides,   Q  =     _ t ,   so  that  equation   (1)   will  be 

3/2 
dh1      Tb       JgH 1 ' o         . 1,1/2,    . 
d9~TTA      V      2 l+Nh, „ 2, 1/2 Mhjj-h,!) (2) 

1      , 2 g n    l_ . 

{ Making   D   =    z=TT-    \l   ^ (3) 
TT A       V 2 o 

ABSL. 
H^3 

(4) 

dh, „ r  3/2 1/2 
we  get        — -   ,    -p—-       ———        -^       (l-.nft-h,!) (5) 

1        <-p73~ + ro) 

o 

j  =   1   for  sin  ft  >   h     (flood) 

j  =-1   for  sin  & ^   h     (ebb) 

h    +  sin  ft 
Since   r     =   d     + ~    ,   it  follows  that  the   tnlet-lagoon   system   is 

o o 2 
well   characterized   by  the  dimensionless   parameters   D,   E.   d     and  N     On  the 

o 

other   hand,   it   is   easy    to   see   that Keulegan   repletion  coefficient   is  related 

to  these   parameters   by   the  expression 
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K -       D£
doV2   ,/, ' N=° <6> 

(TT7T+do) 
do 

The   numerical   integration   of  equation   (5)   was  made   in   the   NCR-Elliott  4100 

computer  of the   l_aborat6no  Nacional  de  Engenhama  Civil,   using  one  of  its 

library  programs     An   integration   step  A&=0   1   radians  was  adopted,   to which 

corresponds, in  the  case  of a  semi-diurnal   lunar  type  tide   {T=t 2 h 25 min),/it  -11 

mm     52   s     The numerical    integration   of  equation   (5)   was  effected   starting from 

a  situation   in  which  the  level  inside  and  outside  the  basin  were  equal  to the  mean 

sea  level     After  some  attempts  it  was  concluded  that the  second  tidal  cycle  no 

longer  depended  on   initial  conditions,   so that  integration  was  made  to  comprehend 

two  tidal   cycles,   of  which   the   first  was  discarded     While   integrating  equation (5) 

the  computer  also  calculated  the  other  parameters  necessary  for  the  study     of 

the   natural   flushing   capacity  of  the   inlet,   namely,   rate   of  flow,   velocity,   3rd 

and   6th   power   of  the   velocity  and   consumed   power 

3   2   -  Rate  of flow 

From   the  continuity  equation 

we   g^t 

AdH 2THAo     , ,   K1U,.   dhl 
A —-=     —     (1+Nh1)   — 

dt T d& 

Q    =    0-n-QL_, A       =   (1+Nhl)   &± (7) a        2 IT   H Ao d© 

where  Qa  is  the  dimensionless  rate  of fiow,   whose  term  of  comparison 

2THAo  =   2H    Ao TT 
T T/2 2 

represents  the   peak  discharge   corresponding   to  the   sinusoidal   flow  of  the   lagoon's 

maximum  admissible  prism   (2H  A   ) 
o 

3   3   -  Mean  velocity 

From  Q=a V = A     there  results 
dt 

V_   =   • •   _    A _      = „      •  (8) 

where  Va  is  the  dimensionless velocity whose  comparison  term 

V 1 +Nh1 dh, 

2   IT  Ao 
Tb 

r o ~d& 
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2 "IT A                2 H  A ^_ 
 o_            o TT 1 

T b T/2 2 b H 

represents the  mean  velocity  of  flow,   through  section  bH,   of  the  peak  sinu- 

soidal  discharge  corresponding  to  the  lagoon !s  maximum  admissible  prism (2 H 

Ao) 

Another  dimensionless  velocity   (V1    )   was  further  considered,   in  which 

the  comparison  term  adopted  was   ]/ 2 g H     It  is  easy  to prove  that 
1 +N h,       dh, 

V        =    1        !   =  Va . 
V'a   " l/2"£T=f Dr

0 d» D 

In  Keulegan's  study  a  coefficient C  was  determined,   which  relates  the 

maximum  flow with  the  one  that  would  occur   if  the  effective  prism  Pr   {and 

not  the   maximum   possible   one   2H   Ao)   would   flow  out   sinusoidally     As  this 

author   considers  the   flow  section   (bd)   invariable,   constant  C   also  gives  the 

relationship  between  the  maximum  velocity  and  the  peak  velocity  corresponding 

to  the  sinusoidal  flow  of the  effective  prism  F>r     In  our  case,   as  we  take into 

account the  variation  of the  flow  section,   there  are  reasons  for  the  determi- 

nation   of  a   value  C     for   the   rates   of  flow  and   of  a   value  C     for  the  veloci - 

ties,   adopting   as  term   of  comparison   for   them   the   maximum   velocity  corres- 

ponding  to  the   sinusoidal  flow  of the  effective  prism   Pr  through  the   mean sea 

level  section 

We  will  then  have 
Q Q Q 

c       ~ max      _     max       _     max _       1  
1   ~    Pr     TT    ~     Tf     A     ,,_, ,_, "     2THA        H, - H, 

•7"    — ~^        o   (H. - H )   o 1 max 1 mm 
T/2     2 T 1 max 1 mm  —      "——  

I Z rn 

From  expression   (7)   we  will  thus  get,   for   N=0   (vertical  banks) 

Q (10) 
a max 

where     Ah     represents  the   lagoon   tidal   range   in   the   dimensionless   form 

C1         Ah, 

e     Ah represents 

In  the same   way 

C     = 
2 

V max 

Pr      X 
T/2      2 

2TA , H _H 
 o       1             1 max        1 min 

bd 
d 2H 

Thus,   from  expression   (8)   there  results  for N=0   (vertical  banks) 

„              2          d     V , ,, . 
C„  = ———        o      max (11) 

2        Ah 
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We   must   say  that  the   comparison   of  C     with  the  value   of C   obtained   by 

Keulegan   seems  to   be   more   logical   than   the   comparison   of C        In   fact  C     re- 

lates  the  maximum  effective  velocity  which,   as  a  rule,   will  occur  for  a  level 

other  than  the  mean  one,   with  the  peak velocity  corresponding  to the  sinusqi^ 

dal  flow through  the  section  fixed  arbitrarily  for  the  mean   level     On  the other 

hand,   in  the  calculation  of C   ,   and  since  we  are  relating  rates  of  flow,   it  is 

not necessary to take  into account the value  of the flow section     This comes 

close  to  the  Keulegan  scheme,   in  which  this  section  was  considered  invariable 

3   4   -   3rd  and   6th  powers  of  the   mean   velocity 

According  to Colby [3] ,   "the  relationship  of  bed-material  discharge  to 

mean velocity  is  the  most  convenient  to  apply     The  computations  are  simple, 

and  the  energy  gradient  is  not required     The  relationship  may  be  as  accurate 

as  any  of  the  other  three [which  relate  bed  load  capacity,   respectively,   with 

shear  velocity l/-•,   shear  velocity  relative  to the  particles y -3- and  stream 

power] unless  antidunes  extend  across  much  of the  flow " 

From  the  curves  presented  by  this  author  it  can  be  concluded that  bed- 

-load  capacity   of  an  unidirectional   current  varies  almost   linearly   with  a  very 

high   power   of  the  mean   velocity     In  the   present  work   it  was  assumed  that 

for   the   velocity  range   occuring   m   a  given   inlet,   this  variation   was tn fact linear 

with the  3rd  or  6th  power  of the  mean  velocity  and  that  natural  flushing 

ability  of the   inlet  was  proportional  to  the  integral  value,   during  the  ebb  and 

flood  periods,   of that  bed  load capacity     Again,   it was  logically  assumed that 

for  a  given  natural  flushing  ability  the  more  the  integral  ebb  bed  load  capacity 

exceeds that  of the  flood,   the  better  would  be  conditions  offered  by the inlet 

While   integrating  equation   (5)   the  computer  therefore  calculated the  va- 

lues  of function  V     (ft)   and  V     (ft)   {see  expression   (8)) and then  obtained  the a a 
integral   value   of  these   parameter   by   the  trapezoidal   rule 

3   5   - Hydraulic  power  consumed  in  the  inlet  channel 

It  was  sought  to  relate   natural   flushing  ability   of  the   inlet  with  the 

hydraulic  energy  consumed   in   it  during  a  tidal  cycle 

To  achieve  this,   and   in  accordance  with  the  hypothesis made  when  deduc 
v2 

ing  the  expression   (5),   it  was assumed  that the  kinetic  energy  of flow    "T~" 

is  totally  dissipated  in  the  sea  or* lagoon,   in  a  turbulent expansion  process, and 
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that,   therefore,   the  hydraulic  power  consumed  in  the  channel  can  be  calculated 

through  the  expression 

W=y   Q(|H2   -H,!   --^-) 

It v*s deemed unnecessary  to  present  here the  deduction  of the  consumed  power 

in   its  dimension less   form,   which   is  as  follows 

2 
YQ (|H2 -Htl   -^— ) r ?1 

Wa  =  1 "       2g   = Q J |Sintt-h I   -(V'J {12) 
2 IT   Y A    H2 aL J 

where  the  comparison  term,   which  may  be  written, 

2   TT Y A  H2 Y2H  A 
H 

T T/2 2 

represents  the   power   developed,   under   a  difference   o   levels  equal   to     the   sea 

tide     amplitude, by  the  peak  discharge  corresponding  to  the  sinusoidal  flow  of 

the   maximum   prism   admissible   in   the   lagoon 

The  expression   of W     may  also   be  given   as 

B ^ 
"*=-*        TIT!" 

o 

from   which   tt   is  concluded   that  the   behaviour   of  the  W   (©)   function   should   be 
a 

analogous     to  that  of  the  3rd  power  of the  dimensionless  velocity   (V   )        This 

similarity  will   increase   with  the   mean   depth   of  the   channel,   considering   the 

smaller  relative  fluctuation  of the  dimensionless  hydraulic  radius   (r   )   during 

the  tidal  cycle 

3   6   -   Results   obtained   by  the   computer 

Through  its  plotter  out  put and  for  each  of the  cases  studied,   the  com- 

puter  gave  in  graphic  form  all  the  functions  just  mentioned     sin(ft),   h   (&) , 
3 6 

Q   (0)   ,   V  (&),    V     {&),    V      (&)   and  W   (0)      Fig   4  shows  the   results  concerning a a * a *       a a 
a   lagoon-inlet   system   characterized   by   D=0   2   E=10   0   d   =6  0   N=0   0   as   given   by 

the   plotter,   the curves   V    (&)   and   V   <0)   regarding  the   system   characterized by 

D   =   0   2   E=10   0      d   =6  0     N=0   2 
o 

being  added  only  to  illustrate  the  effect  of  the   lagoon bank slope,which orty differs 

from  the  previous  system   in  so  far  as  parameter  N  is  concerned,   which  charac 
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tcriztes  "Hie   *3 ope   referred   to   'F'g     i ) 

4   -  MF»_0 TN  -E.   OF   he" J   LOSSfb  feisl   "He   LAGOON 

4  ^   " !~ q> ..ft y   •>  u-.ej   r  the  s-cud > 

JC  c^i    Le   concluded,   by  mere   snergstic  c* nsideratio   c      1-r   t.  htsad   lo^se^ 

•"nrojgh  •*?r!jrf rn    n   a   iagoon   will   brng  about  a   decrease   in        cu   al   f'u   ning 

afcihty  of  its   t  ©t      isi   F^ct,   tne  t'de!  wave  energy  ais-sip   u »„    i  the   n i pr ua'sm 

will cease  to  be  atai^ble  to removt  the  littoral  dri^t  matti i al  whit-*"  f„na^ 

Io  Obstruct  it 

\JS9   h  iV*  ^r,   +!u*-hing  cb! tv  o^  an  m!et  depends  not.   ^n'y   on   -"he  integral 

oeo   load   *. 3 i^r-r^   cf   the   t-ioa*   currents  but   n,!so   on   the   ruffes snee   between the 

-Hood   ^nd  «ub   crsn^city,   ^ind  considering  that  the   friction     d<u n\ mg  effect   ">f 

the   tiaal   wave   .Tside  the   lagoon   causes  the   displacement  of  the   discharge   cur^ve 

with  r<.  snecc  to toat  of the  levels  in  the  inlet,   so  that  for  the  sjme  ~u-- 

charr;©  trG s»bb  flow  section  will  be  smaller  than  that  for  •'-he.  flood,   one  can- 

not a  priori  and  in  a  general  way  sta^e  that  h3ad  losses  >n   the  lagoon  i*np3ir 

the   natural  flushing  ability   of   its   inlet 

A  very  simple  mathematical  model  was  therefore  prepared,   mainly  toeva 

luate  the  change  in  the  relation  between  the  ebb  bed  load  capacity  and  that 

of the  flood,   as a  result  of  interior  head  losses 

Let us  imagine  a  lagoon  constituted  by  two  basins,   in  both  of which levels 

vary  uniformly   aver   their   entire   area,   and   which   are   connected  to  one  another 

by  a  channel  with  well  defined  morphological  characteristics   {section,   length 

and  roughness)     The^e  basins  are  connected  to  the  sea  by  a  single   inlet  in 

which  the  bed  load capacities  of  tidal  currents  will  be  studied     The  channel 

connecting  the  two   basins   is  the  energy  dissipating  factor   (Fig     3)      In   this 

srudy  the   lagoon   banks  are   considered  to   be  vertical 

Index 2 will denote the sea, irdex 1 the basin directly connected to the 

sea and the inlet, and index 3 the inner basin and the channel connecting the 

two  basins 

The equations characteristic of the system were derived from the equa- 

tions relative to flow in the inlet and inner channel, and from the continuity equa 

tions  relative   to  the  inner basin  anu  the  entire  lagoon,   that  is 
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! •-. -J r .     - w      _     A  i. 

C ~Y,->r"i 
1 

2d  r, ,  dH 
^    _,; 2—-   ./H    H Q, = a„\A   -A, -—- 

3      \| J2_g_ |/      t       3 3        3    3 3    dt 

2    STr3 
C 3 

After  some  manipulation-  whose  presentation  can  be  dssoensed  -With,   a 

system  of two  diff rential  eq,lations  of  the   ist  order,   identical   in  -^orm  to 

equation   (5),   is  ODtaired,   whicn  characttru2s  the  hydrodynamic  behaviour     of 

the  inlet-lagoon  "5ys*-em,   namely 

d  h dh D    r      3/? 1/2 
___L + e _   _ ,    __ _.    (|sina.h)|,     , Wlth Pi o-di Q + 

K7^+r*   ^ h1+s,na 

(14) 2 

3/2 
dh3                     °3  r3  0 1/2 Vh3 
_3    .   ,   -^^ U2        (|hrh3|)'/

a, With  ,2  Q=d3   fl+   -V^ 

( T7T + r3o) 
r
3  0 

where 
A3 

1  =   1   for  sin ft   >  h j  ~   1   for  h    >   h e . 

1   =   -t for sin 0- ^   h j   = -1 for   h    ^    h A =   A    + A     = Total   area 

of  the   lagoon 

and H1 H3 P1 
h,   = XT   ,   h     =  -r- i   r = —  ,   where  H   is the  sea  tide  amplitude 

1 I-1 J M 1    0 I—I 

The  numerical   integration  of  system   (14)   was  made  in  the  NCR  Elliot 

4100  computer  of  the   Laboratono  Nacional  de  Engenhana  Civil,   using  one  of 

its  library  programs   [2j 

The   integration  step  was    A0- = 0   1   radians,   the   initial  situation  was  cha- 
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racterieed  by  equal  levels  in  the  sea and  inner  basins,   so that  to  obtain  results 

independent  of  initial  conditions,   the   1st calculation  cycle,   corresponding  to     a 

tidal  period,   had  to  be  discarded 

Together  with the  numerical   integration  of  system   (14)   the  computer also 

calculated  other  quantities  with  interest  for  the  study  of  the  natural  flushing 

capacity  of the   inlet 

As  in  item  3  2  and following,   these  quantities,   in  their  dimensionsless 

form,   were  calculated  by  means  of the  following  expressions  which,   for  the 

sake  of  brevity,   will  not  be  deduced  here 

Flow 
1 1 

la     2 TTH A 

_dh, 

dD 
+ 

d h„ 

da 
(15) 

Velocity 

V 
1   a 2 TT A 1+e 

T b 

3rd  and  6th  power  of  the  velocity 

V 
1   a 

v;    (0) 
1   a 

V 
.6 

1   a 

d h. 

V"     (0) 
1   a 

d h. 
(16) 

Power  consumed  in  inlet  channel 

YQ 

1   a 2TT   AHZ 

T 

|„„a-h,|-(^)   VJB (17) 

which  may  be  written 

1   a 
1   a 

,    1/3 
1   0 

where  D   is the  dimensionsless  parameter  relative  to  the  total   lagoon  basin with 

area  A (A=A  +A   )   and   its  inlet  width  b 

4   2  -  Results  obtained  in  the  computer 

Fig  5  shows,   as  an  example,   the  different  curves  studied  for  a  system 

characterized  by 

D    = 0   4 
1 

10   0 di cT60 

D3°°   4 10   0 d3   0 " 3  ° 

which  can  be  compared  with the  system  shown  in  Fig 
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In  view  of  expressions   (3)   and   (4)   defining  parameters  D  and  E,   and 

moreover  assuming  that  one  considers  the  same  outside  tide   (equal  values  of 

T  and H)   and  an   inlet  channel  with the  same  width  and  roughness   {equal  va- 

lues   of  b  and   n),   one   may   in   fact  conclude  that  the   systems  to   which  Figs 

4 and   5   refer   have   lagoons  with  the   same  total   area     Nevertheless  these   la 

goons  differ   in   that  the   lagoon   of  the   latter   system   is  formed   by  two   basins 

with  the   same   area   (e=l   0)   connected   by  a   channel   half  as  deep   as  the   chan- 

nel   of the  outer  inlet,   with  reference  to the  mean  sea  level 

5 _  ANALYSIS  OF   THE   RESULTS 

The studied cases were characterized by the set of the following para- 

meters (in order to make clearer the prototype cases referred to, it is 

convenient to enclose in parentheses the lagoon area A , the length L and 

the depth d of the inlet channel referred to the mean sea level, that are 

compatible with these parameters and with the following conditions semi-diur 

nal lunar tide with an external amplitude H=1 0 m, inlet b=200 m wide and 

n=0   0226  rough) 

N=0   0 

I   -  D=0   5   (A  =12   6  km2) ,      E=19 (L=1   900   m),   d   =2,3,4.5.6,8,10 
o o 

(d =2,3,4,5,6,8,10   m) 

H-    D=0   2   (A  =31   6  km2),      E = 10(L=1   000   m) ,   d  =   idem 
o o 

III   -  D=0   2   (A  =31   6  km2),      E=19(L=1   900   m),     d    -   idem 

N=0,1 ,   0   2  for  D=0   5, E=19, d =4 0 o 
D=0   2, E=10, d =6 0 

o 
D=0   2, E=19, d   =6  0 

Although this work was mainly directed to the study of the bed load ca 

pacity of tidal currents in the inlet channel other results were obtained that 

should   be   compared  with  those   obtained  by   Keulegan 

It has been shown that an inlet-lagoon system can be well defined only by 

the set of parameters D, E, d and N (expression (5)) Hence, the great va 

riety of possible cases As an attempt to reduce such a variety of cases, it 

was  tried  to   make   use   of  the   Keulegan's  coefficient   of  repletion  which,   in 
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some  way,   condenses  the  influence  of  the  first three  parameters      This pa- 

rameter  has  proved  satisfactory  for  the  interpretation  of  some  of the 

studied  quantities 

Thus   Fig     6  gives  the   variation   of  the  tidal   prism   against  the   parame- 

ter  K   in   a   vertical   bank   lagoon 

Pr  = A   (H -H )   = A    H(h -h, )   -  A   H   A h. 
o      1 max      1 mm o 1 max     1 mm o 1 

the  following  function   is  represented  in that figure 

Ah1   =   Aht<K) 

and  compared  with  Keulegan's  results   (upper  continuous  curve)      The   effecti- 

ve   prism   is  found  to   be   well  defined- by  the   parameter   K,   although     it  is 

slightly   superior   to  the   one   obtained  by  that  author     The   same   figure  also 

shows  the   functions   h = f„ (K)   and   |h, I =f„(K)   which  are  similarly 
1 max        1 '    1 mm '2 * 

compared  with  Keulegan's  results   (lower   continuous   curve),   it  being   conclud 

ed  that  both   the   parameter  K   and  Keulegan's   scheme   are   less  satisfactory 

in  this  case     In  fact  since  the  connecting  channel   is  not  "many times deeper 

than  the  tidal  range"   (Keulegan's  hypothesis)   a  rise  of the  lagoon  mean level 

results,   which   is   better   explained   in   Fig     7 

Fig     8   illustrates  the   variation  of the   flood  and  ebb  times   against  the 

coefficient  K     It   may   be   concluded  that  ebb   is  always  longer   than   flood  and 

the  difference  between  them  increases as  the  entrance  conditions  of the  ti- 

dal   inlet  grow worse   (lower  K  values) 

Fig     9  illustrates  the  variation  of C     and  C     with  the  coefficient K 

This  variation   is  compared  with  the  results  obtained  by  Keulegan     As  was 

shown   in  3  3,   C     and C     respectively  relate  rates  of flow and  maximum  ve- 

locity values  with those  of the  sinusoidal  flow  of the  effective  prism     From 

the  figure   it  may  be   derived  that   in   any  case  the   function     C   (K)   satisfacto 

rily agrees  with  the  function C(K)   obtained  by Keulegan,   that  is  not the case 

with  the  function  C   (K),   concerning  the  rates  ( p flow,   which  is  clearly  dif- 

ferent  from  C{\<)      In   the   zone   of  small   K   values,   the   behaviour   of  the   cur- 

ves  obtained  seems  rather  anomalous  anrf,   thus,   it  is  intended to  carry  out 

laboratory experiments  in  order  to  verify them 

Fig     10  presents,   for  the  case  of a  lagoon  having  vertical  banks   (N=0  0), 
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the   variation   of  the   integral   bed   load   capacities   of  the   flood  and   ebb   currents 
3 6 

against  the   coefficient  K,   which  are   assumed  to  be   proportional   to   V     and V , 

It   should   be   noticed  firstly,   that  the   general   conclusions  to   be  derived  from 

this  figure   are   practically   independent  from   the   power   that  affects  mean  velo 

city  in    its   relation  with  bed  load  capacity 

The  most  evident  indication  given  by the  figure   is  that  the  bed  load  capa 

city  of tidal  currents   (which  we  assimilate  to  natural  flushing  ability  in  the  ti^ 

dal   inlet)   reaches  a   maximum   for  values   of  the   coefficient   of  repletion  K within 

the   range 
0   6   <  K    < 0   8 

Then   it  may  be   stated  that  a   tidal   inlet  characterized   by  a   K   value   great 

er  than  0   8     has  an  extra  natural  flushing  ability that  will  allow  it to  overcome 

an  occasional   increase  of the  littoral  drift     In  fact,   as  the  entrance  conditions 

of the  tidal   inlet  worsen  as  a  consequence  of that  increase,   the  coefficient of 

repletion  K  decreases  and  then  the  natural  flushing  ability  of the  tidal   inlet 

improves     In   other   words,   it  can   be   said  that  a   tidal   inlet  characterized   by  a 

coefficient   of  repletion   K > 0   8   is   in  a   condition   of  steady  alluvial   equilibrium 

On   the   other   hand,   following   a   similar   reasoning,   we   can   state   that  a   tidal 

inlet  characterized   by  a   coefficient  K < 0   6   is   in   a   condition   of  non-steady  allu 

vial  equilibrium,   which   means  that  shoaling   may   be   in   progress there 

The  same  Fig     10  supplies  further   information  that  may  be  useful  to the 

interpretation  of  the  evblution  of  such  tidal   inlets     In  fact,   for  K  values  great 

er   than  0   8   bed   load   capacity   is  found  to   be   higher   in   the   flood  than   in   the   ebb 

which   may  contribute  to   introducing   littoral   drift   into  the   lagoon   and  to  the 

corresponding   formation   of  shoals  and   inner   bars     Both  facts  would   bring   about 

a   continuous  reduction   of  the  coefficient  of  repletion     Conversely,   in   a   tidal 

inlet  where   K < 0   6,   though  the   inlet   is   located   in  a   zone   of  non-steady  alluvial 

equilibrium,   ebb  currents  overcome  the  flood  ones  as  regards  bed  load  capacity, 

which  may  represent the  last  resort  of  the  tidal  inlet  in  order  to  fight against 

its   increasing  obstruction 

It  should  be  emphasized  that  the  above  remarks  concern  lagoons  with ver- 

tical  banks and  in  which  the  fluctuation  of  levels  is  uniform  over  their  entire 

area     Nevertheless  actual   lagoons  always  deviate   more   or   less  from  this  theo- 

retical   condition        In   fact   banks  are   never   truly  vertical,   sometimes  the   water 
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successively overflows and withdraws from the surrounding land tn accordance 

with the tidal cycle, the extent of the lagoon and the head losses inside it do 

not  allow the   hypothesis   of  a   uniform   law  of   levels  to   be   valid 

In  Figs     11   and   12   it  is  tried  to  evaluate  the  influence  of  bank  slopes 

and  of  the   internal   head   losses   over  the   bed   load  capacity  of tidal   currents 

Fig     11   shows that the  slope  of  banks,   given  by  the  parameter  N   (see 

Fig     2),   and  thus  the  existence   of  large   zones  that  the  tide  overflows   or 

uncovers,   improves  the  ebb  bed  load  capacity  m  detriment  of that  of the flood 

In Fig 12 the most significant results of the study relative to lagoons 

with internal head losses are condensed In 4 1 it has been shown that these 

head losses are artificially introduced by considering an inner channel that con 

nects  the  two  basins  in  which  the  lagoon  is  divided     This   inner  channel  is  cha 

racterized  as  an   energy  dissipating   factor   by  means   of  the   parameter 
2gL, 

F  -—3- 
<3  0 d^ 

If there  are  no  head  losses  in  the  lagoon   (l_     =0,   d     or C    =  <D),   F 

equals  0     The  variation   of  F   was   obtained   only   by  varying   d ,   that   is,   a 

study  was  made  of four  different  cases  characterized  by  an   inner  channel with 

progressively  lower  depth 

d3   „   -   6,   5,   4,   3 

Fig      12   shows  the   general   decrease   of  the   bed   load   capacity   of  the  tidal 

currents   in  the   outer   inlet  as  the   internal   head   losses   increase,   which   is  the 

result  logically expected     Nevertheless  the  same  figure  also  shows  the  increa- 

se  of the  relative   importance  of the  ebb  bed  load  capacity  as  compared  with 

that  of the  flood     This  figure  also  shows the  percentage  with  which  a  capacity 

overcomes the  other  for  each  case  considered     Such  a  percentage   is  found  to 

reach  very  significant  values  in  some  cases  which  will  favourably  influence  the 

natural  flushing  ability  of the   inlet 

Summing  up  the  main  conclusions  drawn  from  this  work,   we  have 

-  The   natural   flushing   ability   of  the   inlet   of  a  vertical   bank   lagoon   where 

the  law of  levels  can  be  assumed  uniform,   reaches  a  maximum  for  va- 

lues  of the  coefficient  of repletion  of  about  0   6  to 0  8, 
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The  slope  of the  lagoon  banks  or  the  existence  of  areas  overflowed 

and  uncovered  during  tidal  cycle,   increase  the  bed  load  capacity  of  the 

ebb currents  as  compared to the  flood  ones,   and thus  improve  the  na 

tural   flushing   ability  of  the   inlet, 

The   existence   of  head   losses   in   the   lagoon   or   the  effect   of  propaga- 

tion   of  the  tidal   wave   decrease  the  tidal   prism   and   the   integral   bed 

load   capacity   of  the  tidal   currents,   but  improve   the   ebb  capacity  as 

compared  to  that   of  the   flood   which   has   a   favourable   influence   on 

the  natural  flushing  conditions  of  the   inlet 
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Fig    1 - SECHEMATIC LONGITUDINAI   SECTION OF INLET CHANNEL 
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Fig k   - CHARACTERISTIC CURVES OF AN INLET-LAGOON SYSTEM WITH 

VERTICAL BANKS, AS OBTAINED FROM THE  COMPUTER 

Fig  5 - CHARACTERISE CURVES OF A TWO-BASIN LAGOON INLFT 
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CHAPTER 112 

MATHEMATICAL MODEL OF MIXING IN NEW HAVEN HARBOR 

by 

Michael D. Disko1 

Robert A. Noms2 

Francis C. Lutz1 

ABSTRACT 

A mathematical model of New Haven Harbor, a shallow embayment 
with approximately 8 square nautical miles of water surface with- 
in boundaries established by Long Island Sound and the mouths of 
the Quinnipiac, West and Mill Rivers, has been developed.  The 
Harbor has extensive tidal flats and dredged channels which help 
to produce large lateral variations of velocity and mixing over 
a tidal cycle. 

In order to adequately consider these lateral variations, a 
two-dimensional model of mixmq, dispersion, pollutant reactions, 
and reaeration is made bv linking together 28 segments of the 
Harbor, using a series of mass-balance equations.  Mixing, or 
dispersion, is a complex function of reversing tidal currents, 
salinity-induced circulation patterns, fresh-water inflow, and 
the physical boundaries of the Harbor.  Field measurements of 
salinity, dissolved oxygen, BOD, and tidal and hydraulic factors 
are used, in conjunction with laboratory studies, to evaluate 
coefficients and rate constants for the model.  The linked system 
of equations is solved by matrix inversion procedures on a large 
computer. 

After verification, the model was used to predict the effect of 
treatment levels, outfall locations, and hydrologic parameters 
on oxygen levels and water quality m the Harbor.  An important 
aspect of the work is that it presents a rational evaluation of 
estuarine water quality as a function of tidal mixing, outfall 
location, and the degree of BOD removal by proposed treatment 
plants, rather than the acceptance of arbitrary treatment standards, 

1.  INTRODUCTION 

A critical problem confronting engineers and scientists working 
in the field of water-quality control is the evaluation of the 
required degree of treatment necessary for waste effluent dis- 
charges into river or estuarine waters,  some typical sources of 

1 Consulting Engineers, M. Disko Associates, West Orange, N. J. 
2 Associate, Quirk, Lawler & Matusky Engineers, NYC 
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waste effluents are industrial and domestic discharges, periodic 
purgmgs of accumulated solids from combined storm and sanitary 
sewerage systems, surface runoff containing quantities of 
nutrients and pesticides, and seepage from sanitary landfill 
operations in marshlands. 

Each receiving water body has the capacity to assimilate a 
certain quantity of introduced waste materials as a direct re- 
sult of naturally occurring physical, chemical, and biological 
interactions and conversion processes. Evaluation of the assimi- 
lation capacity for a particular river or estuary is a complex 
and difficult task. 

Typical methods used to determine the required degree of waste 
treatment necessary to maintain oxygen levels and other water 
quality parameters, within the framework of the natural assimila- 
tion capacity, include field measurements and testing in the 
receiving water body, experimentation in verified hydraulic models, 
and formulation of a rational mathematical model. Each of these 
methods is only approximate.  A number of basic research ques- 
tions still remain to be answered before any engineer or scien- 
tist can predict, with complete certainty, the response of a 
receiving water body to a waste effluent discharge. 

The object of this paper is to describe the formulation and use 
of a mathematical model to determine the relationships between 
the degree of waste treatment prior to effluent discharge and the 
resulting level of dissolved oxygen in the receiving water body 
which is New Haven Harbor.  The mathematical model described, 
herein, is a two-dimensional system which considers pollutant 
variations in the lateral and longitudinal direction of the 
Harbor. 

Municipal sewage wastes are discharged into the Harbor from three 
existing primary sewage treatment plants, i.e. the Boulevard 
Sewage Treatment Plant, the East Street Sewage Treatment Plant, 
and the East Shore Sewage Treatment Plant, and from a secondary 
plant located in West Haven.  It was desired to evaluate the 
degree of BOD treatment required to insure water quality stand- 
ards, for a number of alternate design schemes under consideration 
in a sewage treatment plant modification program. 

2.  MATHEMATICAL FUNDAMENTALS FOR TWO-DIMENSIONAL MODELLING 

Transport of any substance in an estuary is governed by the Law 
of Conservation of Mass.  Figure 1 illustrates the application of 
this law in a one-dimensional estuary. Waste particles dis- 
charged to an estuary are transported from the discharge point by 
convection and by dispersion.  The rate of convective mass 
transport across any river section is equal to the product of 
fresh-water runoff, and the contaminant concentration. 

Mixing, or dispersion, is a complex function of reversing tidal 
currents, salinity-induced circulation patterns, fresh-water 
inflow, and the physical boundaries of the Harbor.  Dispersive 
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MASS  TRANSPORT RELATIONSHIPS IN 
A ONE-DIMENSIONAL  ESTUARY 
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transport occurs only in the presence of a concentratxon gradient 
of the material being transported.  The rate of dispersive trans- 
port is equal to the product of a dispersion coefficient, E, and 
the negative of the longitudinal concentration gradient, dL/dx. 
The dispersion coefficient, E, is a measure of the estuary's 
ability to transport material in the direction of a concentra- 
tion gradient, regardless of the direction of net water move- 
ment. 

The biochemical oxygen demand, BOD, is a measure of the oxygen 
required to reduce waste products by biochemical oxidation. The 
rate of BOD decay is equal to tne product of the first order 
decay constant, the BOD, and the volume within which the reactions 
are occurring. 

For the case of an estuary with both longitudinal and lateral 
mixing and dispersion, linked volume segments in a mathematical 
model can be used to represent the physical system.  In such a 
model, system parameters such as BOD are assumed to be approx- 
imately constant with depth.  Each volume segment can be con- 
sidered a regular polyhedron.  The top and bottom of each 
polyhedron represent the water surface and harbor bottom, respect- 
ively.  Figure 2 shows how each volume segment is directly linked 
to a number of other segments. 

A mass balance over any volume segment shown in Figure 2 is 
written 

INFLOW - OUTFLOW + PRODUCTION - LOSSES = ACCUMULATION ....(1) 

For a steady-state case, the ACCUMULATION of BOD within any par- 
ticular volume segment is zero, and EQUATION (1) gives 

INFLOW - OUTFLOW + PRODUCTION - LOSSES = 0 ., 

Each of the terms are described in detail below. 

(2) 

The INFLOW and OUTFLOW terms are the sums of convective and dis- 
persive transport across the faces of the volume segments.  A 
direction i«? assigned for convective and dispersive transport, 
and, using this sign convention, a consistent material balance is 
developed for each linked segment.  The convective components are 
the product of each flowrate, O, and each respective BOD concen- 
tration, L.  The dispersive component is the term, EA(dL/dS), 
where E is the average dispersion coefficient at the interface of 
each segment linkage, A is the mterfacial area, and S is a 
distance m the direction normal to the area, A. 

The PRODUCTION of BOD in a volume segment represents the sum of 
the inputs of waste effluents, surface runoff, and additions of 
BOD from the scour, by currents, of bottom deposits in the benthal 
layer of partly decomposed organic products.  The net PRODUCTION 
is, therefore, estimated as a BOD load of W pounds per day. 
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The LOSSES of BOD in a segment would xnclude the removal of BOD 
by sedimentation or absorption, and decay. The BOD reduction, 
by sedimentation or absorption, may be assumed proportional to 
the amount of insoluble BOD in the water.  The decay of BOD is 
assumed to be a first-order reaction, proportional to the con- 
centration of BOD. The net decay of BOD in any segment is 
given by KrLV, where Kr is the composite BOD decay coefficient 
(to the base e) due to decay and sedimentation, L is the average 
BOD concentration in the segment, and V represents the segment 
volume. 

In New Haven Harbor, losses of BOD due to sedimentation and 
absorption were small because of the high tidal flushing rate. 
If, however, these effects were substantial in any particular 
volume segment representing a portion of the Harbor, allowance 
could be made to reflect these parameters in the coefficients of 
that segment's mass balance equation. 

An algebraic substitution of tne individual contributions into 
Equation 2, for each volume segment, gives 

SOL - 2EA(dL/dS) + W - KrLV = 0   (3) 

Equations for each segment are developed and linked, noting the 
relative interconnection, the advective and dispersive transport 
conventions assumed, and appropriate coefficients such as 
Kr, E, and A. 

Dissolved oxygen concentration is used as a principal index of 
organic waste pollution in a waterway.  As the level of DO con- 
centration is decreased, the capacity of a waterway to assimilate 
waste discharges is reduced, requiring upgradmq of treatment 
facilities for waste flows.  The important source of replenish- 
ment of DO is atmospheric oxygen transferred to the waterway in 
proportion to the currents and other estuarme parameters. 

Application of Equation 2 to oxygen transport follows the approach 
outlined above for BOD and yields an equation analogous to 
Equation 3. The INFLOW and OUTFLOW terms are similar to the BOD 
terms.  The convective term is the product of 0 and D, the 
dissolved oxygen deficit or the difference between oxygen satura- 
tion and actual oxygen concentration in the water.  The disper- 
sive term is the product, EA(dD/dS). 

The PRODUCTION of DO in a volume segment is the external input 
of oxygen reaeration from the atmosphere through the water surface, 
and the addition of oxygen by photosynthesis.  The mechanism of 
reaeration is represented by KADV, where K. is the coefficient 
of oxygen transfer from the atmosphere into the seament. K, is, 
of course, a parameter that varies as a function of water depth 
and current velocity in various sections of the Harbor. 

The LOSSES of DO in a volume segment would include the removal 
of oxygen from the water by diffusion into the benthal layer to 



NEW HAVEN HARBOR 1853 

satisfy the oxygen demand in the aerobic zone, by the purging 
action of gases rising from the benthal deposits, and by the 
respiration of plankton, diatoms, and other life. The rate of 
removal of oxygen, or deoxygenation, is represented as KLV, 
where K is the coefficient of deoxygenation or rate of loss 
of oxygen associated with satisfying the BOD. 

The production of oxygen by photosynthesis, the removal of 
oxygen by respiration and benthic effects were all judged to be 
minor effects that tended to balance one another in New Haven 
Harbor over long-term periods. 

An algebraic substitution of the individual contributions into 
Equation 2, for each volume segment, gives 

2QD - SEA(dD/dS) - KftDV + KLV = 0   (4) 

The mass balance technique employed to develop Equations 3 and 
4 is used to formulate a series of equations for BOD and dissolved 
oxygen deficit, D, in each segment.  After solution of these 
equations, the corresponding DO in each segment is then obtained 
by subtraction of the dissolved oxygen deficit, D, from the 
saturation oxygen concentration. 

3.  GENERAL DESCRIPTION OF NEW HAVEN HARBOR 

New Haven Harbor is a shallow embayment with approximately 8 
square nautical miles of water surface within boundaries estab- 
lished by the Long Island Sound breakwaters and the mouths of 
the Quinnipiac, West, and Mill Rivers.  The Harbor width varies 
from less than a thousand feet just downstream of the juncture 
of the Mill and Quinnipiac Rivers to approximately two miles at 
its mouth.  Extensive tidal flats exist on the west shoreline of 
the Harbor, while the east shore is generally irregular. 

The existence of extensive areas of tidal flats, variable harbor 
width, shore irregularities, deep navigational channels, break- 
waters, and localized fresh-water inflows in a tidal waterway, 
all require that the mathematical modelling consider both lateral 
and longitudinal directions.  The generally accepted one-dimen- 
sional estuarine model leaves lateral mixing effects unaccountable. 
Such a scheme would be forced to employ a cross-sectional average 
velocity in its development, and would result in potentially 
substantial errors in contaminant concentration predictions. 

The mean depth of the Harbor below mean low water is about 11.5 
ft.  The mean tidal range for the Harbor is about 6.2 ft.  The 
tidal prism, which is the mean volume of water that is exchanged 
from the Harbor between mean high and mean low water, is approx- 
imately 1.87 X 109 ft.3.  The volume of the Harbor is about 
4.4 X 109 ft3 at mean water level.  The ratio of the tidal prism 
to the mean volume of the Harbor is a measure of the flushing 
that occurs.  It should be noted that this exchange occurs twice 
a day, since the period of the tide is about 12.4 hours.  The 
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total tidal flushing is equivalent to the replacement of 84% of 
the Harbor volume each day. 

The large variation m Harbor width controls the relative magni- 
tudes of fresh-water and ocean-water velocities. The shore 
irregularities, breakwaters, and the deep navigational channels 
produce localized currents.  Current data was obtained from 
"A Hydrographic Survey of New Haven Harbor, 1962-1963", by 
Alyn Crandall Duxbury of the Bingham Oceanographic Laboratory of 
Yale University. The survey is published as Connecticut Water 
Resources Bulletin No. 3A. 

Shellfish breeding areas are maintained within the breakwaters, 
and extensive shellfish harvesting grounds are maintained beyond 
the breakwaters.  In addition, portions of the Harbor are also 
reserved for recreational purposes. Bathing beaches line both 
the east and west shores at the Harbor entrance. 

4.  APPLICATION OF MODELLING TECHNIQUES TO NEW HAVEN HARBOR 

In order to apply the material balance approach described in the 
previous section of this report, the Harbor was divided into 28 
volume segments as shown in Figure 3. Segments 1 through 5 are 
associated with the Ouinnipiac River, segment 6 with the Mill 
River and segments 13 and 14 with the West River. 

Segmentation was made on the basis of current and depth patterns. 
Current patterns were determined from composite Bingham Oceano- 
graphic Laboratory hydrographic measurements of ebb and flood 
tide conditions. Depth patterns were obtained by constructing 
over 60 profile sections of the Harbor. 

Each segment was linked to the adjoining segments by applying 
the material balance, defined by Equations 3 and 4, for BOD and 
DO conditions.  Many of the segments are linked to four other 
segments.  Evaluation of Equations 3 and 4 often required con- 
sideration of ten or more separate coefficients for each segment. 

The model could have been divided into a larger number of seg- 
ments if comprehensive field surveys and measurements were avail- 
able to justify the additional complexity involved. The amount 
of total complexity increases as an exponential function when the 
number of segments increases.  Division of the Harbor into 28 
segments was judged to be the optimum segmentation for the avail- 
able field data on DO, currents, BOD, etc. 

Evaluation of the many parameters required for Equations 3 and 4 
was a time-consuming process. The following parameters had to 
be computed for each segment: the BOD load per unit of time; 
cross-sectional areas at each boundary; fresh-water flow into 
and out of each segment; volume of waste effluent into each seg- 
ment; the decay rate of BOD; the oxygen saturation concentration; 
the oxygen transfer from the atmosphere to water, the prevailing 
currents, and the mean water volumes. 
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Information required for cross-sectional areas, segment volumes, 
depths, and tidal range were obtained from u. S. Geological 
Survey maps, u. S. Coast and Geodetic Survey maps, and other 
published Harbor data. 

Fresh-water flowrates for the Ouinnipiac River Basin at 
Wallingford, Connecticut were obtained from Geological Survey 
records. Flowrates for the Mill River and the West River were 
estimated from a study of watershed areas, and watershed char- 
acteristics.  Critical flowrates from all three rivers into the 
Harbor were computed. 

Tidal currents were obtained from composite Bingham survey 
measurements for ebb and flood conditions. Average current val- 
ues were computed, based on tidal cycle relationships and the 
ebb and flood value . 

The longitudinal dispersion coefficient at each segment boundary 
was computed from a knowledge of tidal currents, fresh-water 
flow, and salinity measurements obtained by the Bingham hydro- 
graphic survey. Longitudinal dispersion can be directly com- 
puted from the mean salinity concentration, the salinity gradients, 
and the average current at the segment boundary.  In several 
non-critical areas of the Harbor, Bingham velocity data was not 
available.  In these cases, the longitudinal dispersion co- 
efficients were estimated from a study of the overall patterns 
of the computed longitudinal dispersion coefficients and the 
measured currents in the Harbor. 

The first-order, BOD decay rates, or coefficients, were deter- 
mined from a laboratory analysis of Harbor water samples.  Seven 
representative water samples were obtained from predetermined 
Harbor locations on April 9, 1969.  Long-term BOD evaluations 
were performed to determine the present Kr decay coefficient 
of Harbor waters.  The Kr rate was determined to be about 0.31/day. 
This measured value is normal for primary effluent and was used 
for model verification and to estimate the future decay rates of 
secondary effluent.  All seven samples showed Kr rates that were 
similar. An estimated decay rate of 0.20/day was used for the 
1990 secondary effluent. 

The coefficient of atmospheric reaeration, KA, was computed, 
using the well-known O'Connor-Dobbins formula, and another equa- 
tion developed by u. S. Geological Survey personnel.  Atmospheric 
reaeration in streams is a function of velocity and depth. The 
expressions developed for streams are commonly adopted for 
estuarine reaeration. 

Application of the mass balance approach to each segment, includ- 
ing all the above computed parameters, results in 28 equations 
for BOD and another 28 equations for the dissolved oxygen 
deficit, D.  A system of equations, based on Fquations 3 and 4, 
can be written in terms of the midpoint concentrations, in the 
following form 
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al-lLl  +  al-2L2  +   •••   +  al-28L28  = Wl 

* 

a28-lLl + a28-2L2 + ••• + a28-28L28 = w28   (5^ 

and 

bl-lDl + bl-2D2 + ••• + bl-28D28 = C1L1 

a 

b28-lDl + b28-2D2 + ••• + b28-28D28 = C28L28   (6) 

In the above system of equations, the a and b coefficients are 
obtained by summation of all the terms pertaining to a respective 
subscripted L or D parameter.  The C coefficients are equivalent 
to the respective segment values of KV. Many of the a and b 
coefficients have zero values. 

Equations 5 and 6 are sets of simultaneous linear algebraic 
equations with unique solutions, which are readily solved by any 
number of standard numerical techniques. Of those available, 
matrix inversion was chosen because of its ease of application, 
and directness for the system studied. 

Using matrix algebra, the BOD waste loads into each segment 
become a column matrix. This column matrix is equated to a co- 
efficient matrix which has 28 rows and 28 columns, and a column 
matrix which consists of the unknown BOD concentrations in each 
model segment. Each element of the 28 by 28 coefficient matrix 
is computed from the various parameters described above. 

The coefficient matrix is inverted using standard numerical 
techniques on a computer. After matrix multiplication of the 
inverted coefficient matrix and the waste load column matrix, the 
unknown BOD concentration column matrix can be computed. A 
similar procedure is performed on the 28 equations for D.  How- 
ever, the computed BOD concentrations are required in order to 
solve the D equations. 

The solution of the BOD and oxygen deficit system, Equations 5 
and 6, was programmed in FORTRAN V for processing by a UNIVAC 1108 
computer. One main program was constructed with a subroutine for 
matrix inversion. The program can be converted to most FORTRAN IV 
systems with few changes.  An overall flowchart of the program 
is shown in Figure 4. 
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FLOW  CHART FOR  COMPUTER  PROGRAMMING 
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\ 
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The computer program and mathematical mo3el can be adopted and 
modified to compute coliform patterns, raetjoactivity distribu- 
tions, temperature distributions, and contaminant patterns 
resulting from various input loadings. Program and model mod- 
ifications would require additional field measurements for the 
particular type of parameter simulated. 

5.  MODEL VERIFICATION IN NEW HAVEN HARBOR 

Model verification is accomplished by comparing predicted DO 
concentrations to measured DO concentrations. Measurements of 
DO in the Harbor are limited. The only survey giving a reason- 
able representation of the DO patterns of the Harbor was per- 
formed by the Bmgham Oceanographic Laboratory from October 1962 
through September 1963.  In this survey, DO measurements were 
made approximately once a week, at nine stations in the Harbor 
and at three depths at each station. 

The DO measurements showed significant variation, depending on 
the tidal phase of the survey and the cumulative rainfall for the 
period immediately prior to the survey date. The mathematical 
model, which was developed for steady-state conditions, is not 
applicable to measurements of a duration less than a full tidal 
cycle. Thus, for valid comparisons of model values to field data, 
predicted DO concentrations must be compared to measured DO 
concentrations that represent the average DO for a complete tidal 
cycle.  Since numerous measurements within a tidal cycle are not 
available, the exact tidal cycle average DO must be estimated. 

Absolute verification of the mathematical model requires complete 
and up-to-date field surveys to measure prescribed parameters. 
These types of field surveys must be designed with the mathe- 
matical model in mind so that the data obtained may be optimally 
employed. To accomplish this goal, the data must be collected 
at specific times and locations as predescribed by the model. 

Model analysis indicated that the model DO predictions were 
relatively insensitive to local variations in E, Kr, and Q when 
compared to its sensitivity to variations in waste loads. 
Changes in waste loads are directly related to changes in DO. 
Consequently, model verification depends upon accurate determina- 
tion of the waste loads that constituted an input to the Harbor 
coincident with the survey selected for verification purposes. 
All surveys that followed periods of excessive rainfall would 
be unsuitable for verification purposes because the actual waste 
loads during these periods are unknown.  During the Bmgham 
hydrographic surveys, the waste loads from the existing sewage 
treatment plants were determined from flow and BOD measurements 
made on the effluents. 

Industrial waste loads were computed based on discharge flow 
estimates as reported to the Water Resources Commission by each 
industry.  BOD measurements of the discharge flows were available 
for the largest flows. Where measurements were not available, 
reasonable estimates were used. 
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The following waste loads were estimated for dry weather con- 
ditions during the Bingham hydrographic surveys of 1962-1963: 

Source Load. Lb. BOD5/Day 

Boulevard STP 13,900 
East Street STP 14,500 
East Shore STP 3,940 
West Haven STP 9,900 
Central Business District 6,550 

(temporary during this period) 
Industries 3,800 

Total 52,590 

The Bingham survey of April 17, 1963 can be selected to illus- 
trate the problems involved in verification of the model. For 
a six-day period prior to April 17, 1963, the cumulative rain- 
fall was 0.07 inches. 

Measurements of oxygen were made on a rising tide. The hydro- 
graphic survey started at the breakwaters in the outer Harbor 
and proceeded inward to the Qumnipiac River. Bingham station 
OH2 is recorded as sampled within 2 hours after low water slack. 
Bingham stations MC3, MCI, FH2, OP3, OP2, and OP1 were sampled 
within one hour of mean tidal stage.  Stations HI and Ql were 
sampled within one hour after mean tidal stage.  In general, 
surveys will show a lower value of DO at low water conditions, 
and a higher DO at high water. 

Measurements from several of the nine stations are not suitable 
for direct comparison to the model output. Analysis of measured 
data at a station showed considerable variations in oxygen con- 
centrations, temperatures, and salinities for the three grab 
samples taken at the surface, 10-foot and 20-foot depths. The 
following listing shows a comparison between April 17, 1963 sur- 
vey estimates of oxygen concentrations and model predictions at 
several stations: 

Bingham Range of Oxygen 
Survey 
Station 

OPl 
OP 2 
OP 3 
FH2 
MCI 
OH 2 

Deficit from 
Survey Data 

Oxygen Deficit 
from Model 

(ppm) 

1.1-0.8 
0.8 

1.1-0.8 
0.4-0.1 
1.1-0.6 
0.7-0.6 

(ppm) 

0.9 
0.9 
0.9 
0.8 
0.6 
0.5 
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In general, the model output closely matches the oxygen deficits 
measured in the hydrographic survey.  Stations OPl, OP3, and OH2 
are within 0.2 ppm. Other stations are within the survey range 
or relatively close to it. 

6.  USE OF THE VERIFIED MATHEMATICAL MODEL FOR WATER QUALITY 
PREDICTION 

The mathematical model of New Haven Harbor was used to predict 
the effect of the degree of BOD removal during effluent treat- 
ment on the dissolved oxygen concentration in the waters, and 
also to evaluate the water quality resulting from the use of 
long outfalls to discharge waste effluent into deeper sections 
of the Harbor with higher mixing characteristics. The estimates 
of future waste loads, during the maximum month in 1990, were 
used for model predictions. 

The major waste contributions to the Harbor are discharged from 
the Boulevard, East Street, East Shore, and West Haven Sewage 
Treatment plants. Additional waste sources are direct industrial 
discharges and overflows from the municipal sewage system. 

At present, more than two-thirds of the tributary drainage areas 
of the Boulevard, East Street, East Shore, and West Haven Sewage 
Treatment Plants are served by a combined sewer system.  Conse- 
quently, sewage that settles and forms deposits in sewers during 
dry periods is flushed from the system during significant rain- 
falls, resulting in an instantaneous load several times larger 
than the normal BOD discharge.  These irregular, instantaneous 
loads are a direct cause of the low DO conditions that some- 
times occur.  Future plans for New Haven include modifying the 
present combined system into a completely separate system. 

The following is a list of the 5-day BOD loads for the maximum 
month in 1990 

Sewage Treatment Plant        Load, Lb. BOD5/Day 

Boulevard 52,500 
East Street 63,500 
East Shore 64,000 
West Haven 37,500 

217,500 

The Boulevard, East Street, and East Shore operations are older, 
primary treatment plants.  The West Haven operation is a secondary 
treatment plant. 

Since the primary treatment plants were under consideration for 
renovation, the model was used to evaluate whether any substan- 
tial water quality benefit could result from combining the flow 
in one or more larger, rebuilt operations. Five alternate treat- 
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ment schemes were proposed as follows 

Scheme 

BOD5 
lb/Day 

into 
Boulevard Site 

BOD5 lb/Day 
into 

East St Site 

BOD5 lb/Day 
into 

East Shore Site 

1 52,500 63,500 64,000 

2 
52,500 
63,500 

116,000 
— 64,000 

3 52,500 ~ 
63,500 
64,000 

127,500 

4 ~ 
52,500 
63,500 

116,000 
64,000 

5 -- — 
64,000 
63,500 
52,500 

180,000 

The estimated average monthly BOD loads for 1990 are about 
eighty percent of the maximum monthly loads above. The West 
Haven secondary treatment plant will, under all schemes, dis- 
charge 37,500 lbs. of 5-day BOD per day 

One positive result that the computer model showed was that no 
particular alternate scheme offered significant advantages over 
the others in terms of average BOD and DO levels resulting in the 
Harbor  The basic reason for the essentially similar water 
quality patterns produced by the 5 schemes was that the Boule- 
vard, East Street and East Shore Plants are all located in the 
inner section of the Harbor within a distance of 8,000 feet from 
each other. Hence, the high degree of tidal flushing that 
occurs effectively spreads and mixes the BOD waste loads through- 
out the inner Harbor, with similar dissolved oxygen concentration 
patterns resulting. 

The conclusion drawn from these computer model results is that 
selection of an alternate scheme, at a given BOD removal rate, 
should be governed by the economics of construction and opera- 
tion of the rebuilt plant or plants  In terms of the resulting 
water quality, and protection of the beach areas, outputs from 
all the schemes are essentially equal  This conclusion is pre- 
dicted on the condition that discharge at or near the shoreline 
will be into tidal waters and will not be allowed to spill onto 
tidal mud flats where BOD concentrations can build up. 

In order to evaluate the relationship between the degree of 
effluent treatment and resulting dissolved oxygen in the Harbor, 
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a series of computer runs was made for each of the 5 alternate 
schemes at BOD removal rates of 25%, 50%, 75%, 85%, and 90%. 
Printout 1 shows typical BOD output. Table 1 lists a 
typical result for the minimum dissolved oxygen in the Harbor, 
versus the percent of BOD removal. 

The type of output displayed in the above Printout and Table 1 
is an example of the type of rational engineering analysis that 
can be obtained from a predictive mathematical model.  Instead 
of designing a waste treatment operation to an arbitrary set of 
BOD removal standards or effluent concentration levels, a 
verified mathematical model can be constructed to determine the 
relationship between the degree of BOD removal and the approxi- 
mate distribution of dissolved oxygen, longitudinally and later- 
ally, in the receiving waterbody. For example, if a minimum 
tidal average of 6 ppm of dissolved oxygen was desired in the 
Harbor, approximately 85% BOD removal would be required for the 
projected effluent discharges. 

TABLE 1 

EFFECT OF DEGREE OF BOD REMOVAL 
ON MINIMUM DISSOLVED OXYGEN IN 

NEW HAVEN HARBOR 

TIDAL AVERAGED 
NEW HAVEN HARBOR MINIMUM DO, PPM 

% BOD 
Removal 
During 

Treatment 

25 
50 
75 
85 
90 

Scheme 1 Scheme 5 
Separate Effluent 

Discharges at 
Boulevard, All Effluent 

East St.,and Directed to 
East Shore STP East Shore STP 

3.8 4.1 
4.7 4.9 
5.6 5.7 
6.0 6.0 
6.1 6.2 

Another important predictive feature of the verified mathematical 
model is the ability to evaluate the effect of the use of outfalls 
to dilute the discharged effluent and, hence, to effectively re- 
duce the level of BOD removal required.  Table 2 shows a typical 
summary of computer runs at various percentages of BOD removal. 
Inspection of the table shows that extension of the outfall into 
deeper water of the Harbor allows reduction of the degree of 
sewage treatment, but maintains the desired minimum dissolved 
oxygen concentration. The economic feasibility of using outfall 
extensions must be evaluated after detailed construction cost 
estimates. 



1864 COASTAL ENGINEERING 

O 
o     «    *»ie 

u 3 
> o 
•-. o     m     «     m      «*    *> <a 

it «     o     r\     tfi      «f     o      »       -      -      -       -      -o 

3H      (MfOTlftl^w^wwWtM      (MO 

o o 
dO U 

I    I 



NEW HAVEN HARBOR 1865 

fa SH 

O D 

K r3 & 

sir 
**% 
CJ « w 

H < _ 
S3 « 

M O 
B3 Z fa 
*g 
fa < 
O SB 

5 * o w m z 

«S o 

o u 

z 

o w w 

z 

% 
w 
10 

r3 

fa 

Z 

u w 
to 

r3 

8 

e 
a a 
s 

I. 
s 

38 
2 

s 

a i 
H 
s 

So 
x ca 

2S 
s 

2 

04 

m 

m in 

o 
in 

in 

•a 
ai +» 
id • 
<D e. 
u & 

•p to 

to a 
n) HI 
4) > 
14 •a 
10 S3 * 

01 
(D •P •U 
Bi to C 
a* « 0) 

rl 
S 1 

ID •P 0 
M td 01 

•a 
•a l-l 

41 01 0 u 
0 2 
X! •a B 
CO 43 

0 1) 
4J 01 > 
w •H o 
id •0 J3 w 

•a 
id 

•0 (3 •u c id 0 
IB 

., a 1 s • t< •P H 
+> to a) O 
Ul 0) Q. 

01 1-1 ts 
4J u •p r-l 
01 o 6 
id .C 01 
H cn H o 

•P •» •P c 
•0 01 (V •P 
M id > « 
as w a) id 
• 33 H 
ID 
H s •P 

0. 

9 * 
0 n-i a m S M 

-a 4-1 

1 at a 01 
n u ri a 
t-l id <u 3 « rl 
•P 0 •p 
a a 13 r-l fl> H 0) r-l 
3T1 3 id 
H H m 
IH TJ <H •P 
*J a <H § W id w 

•P 
O z 



1866 COASTAL ENGINEERING 

7.   ACKNOWLEDGEMENTS 

This work was performed under the sponsorship of the Water 
Resources Commission of the State of Connecticut, and was 
performed by Quirk, Lawler and Matusky Engineers, NYC. 



CHAPTER 113 

FLUSHING PATTERN OF NON-REACTIVE EFFLUENTS 
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ABSTRACT 

In south central Louisiana non-reactive liquid effluents 
are introduced into man-made relatively straight prismatic 
canals which are comparatively narrow and have brackish 
watpr  To study the flushing pattern of liquid effluents 
introduced into those canals (or eptuanes), a one-dimen- 
sional numerical model is considered for a simplified sys- 
tem consisting of a long straight gently sloping reach with 
a sinusoidal tidal variation at the mouth of the estuary, 
sinusoidal tidal v^iation with a phase lag and an attenua- 
ted amplitude at the upstream end, a variable inflow hydro- 
graph, and a variable inflow or outflow.  For this system, 
the continuity and momentum eauations are solved numerica- 
lly by an explicit finite difference scheme.  The output of 
the model describes the spatial and temporal variations in 
flow velocity (also in water depth and discharge) from which 
the flushing pattern is obtained for a liquid effluent int- 
roduced at any time during the tidal cycle at any section 
along the estuary.  The numerical model is applied to Char- 
enton drainage canal m south central Louisiana and good 
agreement is obtained between the velocities and stage el- 
evations predicted from the model and recorded in the field. 
An IBIV 360/65 computer is utilized. 

INTRODUCTION 

In south central Louisiana non-reactive liquid effluents 
mainly from sugar mills are introduced into man-made rela- 
tively straight prismatic canals which are comparatively 
narrow and have brackish water.  Effluents introduced osci- 
late up and down the canals with tidal movement and are ca- 
rried slowly to the Gulf of Mexico with the net flow. 

1867 
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The study of the flushing pattern of effluents introduced 
into those estuaries is of interest in the selection of 
the location of new outfalls and the time of release of 
effluents  The flushing pattern would depend on the flow 
velocity and the density of the effluent.  The presence 
of tidal movement in the estuaries under consideration 
(for a 1.5 ft tide at the mouth of estuary, Gulf of Mexico, 
tidal variation of more than 1.0 ft is obtained about 6 miles 
upstream) result in unsteady flow which makes the evaluation 
of flow velocity based on steady state conditions no longer 
feasible.  Resort to the evaluation of the flow by either 
empirical methods or continuous field measurements are also 
not feasible because of the lack of generality m the first 
and the incredible amount of work and expense in the latter. 

Hydraulic and analog studies could be employed for predicting 
the flushing pattern in estuaries.  However, such models 
provide results that are unique to the particular tidal reach 
for which they are applied. Application of those models to 
another tidal reach would require the construction of new 
hydraulic or analog model.  On the other hand a general pur- 
pose numerical model would be applicable to any tidal reach 
in the area as long as the characteristics of the reach under 
consideration (such as length, roughness coefficient, shape 
of cross section of flow, tidal amplitude and phase angle, .. 
.. etc.) are provided as input to the numerical model. 

Techniques for one-dimensional numerical modeling of both 
natural and artificially induced transient flows in rivers 
and estuaries have been developed by investigators such as 
(1,2,4,5,8,10,11,12, and 18)*.  Recently work has begun on 
two-dimensional numerical modeling of tidal flows such as 
the work of (3,6,7,13, and 17).  Those techniques involve 
the solution of the shallow water equations for the appro- 
priate initial and boundary conditions. 

This paper constitutes the results of a pilot study on the 
numerical simulation of the flushing pattern of a non-reac- 
tive liquid effluent (no decay or absorption of effluent 
across flow boundaries) which has a density similar to that 
of the estuarine water.  The estuaries considered are 

•Numerals in brackets refer to similarly numbered items m 
Appendix i-References. 
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comparatively narrow and straight with brackish waters. 
The numerical model is applied to Charenton drainage canal 
(figure 1) in south central Louisiana and good agreement 
is obtained between predicted and measured water stage ele- 
vations and velocities in the canal. 

ANALYSIS 

Simulation of Spatial and Temporal Velocity Changes.- The 
estuaries considered are sectionally homogeneous making a 
one-dimensional presentation adequate for the study of the 
flushing pattern and concentration distribution of liquid 
effluents having density similar to that of the receiving 
waters.  The hydromechanics of the estuaries considered could 
be studied by developing a one-dimensional numerical model 
for a simplified system consisting of a long straight gently 
sloping reach with a sinusoidal tidal variation at mouth of 
estuary, a sinusoidal tidal variation with phase lag and 
amplitude attenuation at the upstream end, an inflow hydr- 
ograph, and lateral inflow or outflow. 

The equations of continuity and of motion for one-dimensio- 
nal unsteady flow of homogeneous density in  a straight gently 
sloping prismatic tidal reach are expressed as- 

=  0 -1- "Jt •*-& 
+  u   ^ o 

q      _ 
~   B      = 

au 
it 

3 u +   u—^  ax + V % 
q   U 

A 

Equations 1 and 2 are the familiar forms of the shallow water 
equations and are valid under the following assumptions 
1  the effect of the coriolis force and the wind stres° term 
are negliaable, 2. in the direction normal to the axis of 
the channel the surface particles lie transversely on a hor- 
izontal line  Since the reach section is prismatic m form, 
it follows that the width B would be a function of depth 
only, 3. hydrostatic pressure prevails at any point and a 
uniform velocity distribution exists over any cross section. 

•Symbols used are defined in Appendix II-Notation. 
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Further assuming that the coefficient of roughness for unst- 
eady flow is the same as that for steady flow and can be ex- 
pressed by the Manning's equation, the friction slope term 
in. eauation 2 could be expressed as 

^ e 

g k 

Substituting equation 3  into  2,   the later becomes, 

3u % u b a g k        ,    I „ I ^    g u n       . -r—-    +  u -r:—    +  g -=•—    +     ^   " /-     U     U     +  —r       =     0     -4- Bt Jx '   3x ,Rj4/3 I     I A 

Equations 1 and 4 are two simultaneous quasi-linear partial 
differential equations with two deoendent variables u and E 
and two independent variables x and t.  To solve equations 
1 and 4 numerically three methods were considered namely, 
characteristics,explicit, and implicit.  Results obtained 
from the explicit method only are reported herein. 

The computational scheme employed in this study is based on 
operating with finite differences by using a fixed rectan- 
gular net in the x-t plane In this case it is not neces- 
sary to calculate the values of the coordinates x,t of the 
net points themselves The reach of length L is divided 
into N equal sections of length AX. The time interval At 
is selected to satisfy the Courant condition for empirical 
stability, 

At  - Y (|u | + C) 5~ 

The boundary conditions of water surface elevation were 
selected since in canals considered gaging stations are 
usually operated by the Corps of Engineers and supply con- 
tinuous record of E .  The computational procedure starts 
by assuming the initial condition (values of u and E at 
t = t  ) along the reach length and advancing the solution 
one step to time ti = At.  Now that all values of u and E 
are known at each point in the grid at time ti = At,   the 
same procedure is used to advance the solution from t]_ = 
At to t2 =2 At.  In this case the values of u and E 
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obtained at ti = 4 t are considered as initial conditions. 

Simulation of Flushing Pattern of Index Particles.- The 
differential equationsdescribmg the movement of index part- 
icles released at any time at any location along the reach 
is expressed as 

f- = u (X,t) -6- 

A  particle released at Xo at t0 would be located at Xj+1 at 
time t = to + n. At. wheres 

XJ+1  = XJ + uxj.n.At ,  (n,j =0,1,2,3...)   -7- 

To obtain the flushing pattern of an effluent introduced at 
any time t at any section X along the reach, the value of 
u at that section at that time is read and multiplied by the 
time increment At to give the increment Ax' which the 
effluent has advanced. Ax1 is added algebrically to X to 
yield the new location X of the effluent at time t + A t* 
At this new location X •}  the value of u is obtained by linear 
interpolation from theJcorrespondmg values of u in the mesh 
of length Ax to the right and to the left of point X .  The 
same procedure is repeated to obtain the flushing pattern 
for any length of time. 

APPLICATION 

Simulation of Spatial and Temporal Velocity Changes.- To 
establish the range of conditions under which the computa- 
tional scheme would yield satisfactory results, the following 
factors are considered 
1. effect of assumed initial conditions, 2. effect of Manning's 
coefficient of roughness, 3. stability of the scheme. 

Effect of Initial Condition.- The initial conditions emplo- 
yed are the water level elevation E and the flow velocity u 
at t = 0.  Since the water level is known at the two ends of 
the reach from gaging stations, an elevation of the water 
level at different sections along the reach by linear inter- 
polation would be satisfactory for obtaining the initial 
values of S.  The corresponding values of u could be computed 
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from Manning's formula, in this case a value of uQ = 1.45 
ft/sec is obtained and is assumed to be the same along the 
entire reach at t = 0.  To establish the effect of u on 
the convergence of the solution, computations were carried 
out with u = 1.45, 0.725, and 0.00 ft/sec.  It was noted 
that all values computed converged to a unique value m less 
than 5 hours (figure 2).  Five hours would seem as a short 
duration in the study of the velocity variation during a 
whole tidal cycle.  However, in the study of the flushing 
pattern during periods of large velocities, the variation 
in the velocity obtained from the computational scheme during 
the first hours could result in an appreciable error in 
evaluating the flushing pattern.  This suggests that <* 
careful estimate of the initial velocity u would be necessary 
if accurate flushing patterns are to be obtained. 

Effect of Manning's Coefficient of Roughness - The effect 
of the value of n selected for the calculations on the spatial 
and temporal variation of the velocity wa« investigated for 
n values of 0.0, 0.02, 0.03, and 0.10. other par^mei-ers STP 
held constant.  The result's are "hown in figure 3 and indicate 
that convergence does not occur and a variation in the mag- 
nitude of the velocity of as much as 80°^ occurs by changing 
the value of n from 0.02 to 0.03.  Although the computational 
scheme is sensetive to variations in *-he value of n employed 
in the calculations, this should not be of great concern 
since the value of n can be estimated with a reasonable degree 
of accuracy for either an existina canal or for one which is 
in the planning stage. 

Stability.- Quest]ons regarding the stability of the explicit 
scheme has been raised.  For instance (14) showed that the 
method is unstable when Ax—»-0 even though At—*~0 m such 
a manner as to satisfy equation 5.  It was reporetd by (19) 
that satisfying equation 5 does not guarantee that the equa- 
tion of continuity would be satisfied. According to -the 
same author, over a long period of time the inflow might be 
greater or less than the outflow plus the accumulated storage. 
In his study of^verland flow (15) noticed a tendency of the 
hydrograph to ov^shoot at equilibrium flow,  jn the present 
study instability was observed when the rate of change of 
discharge with respect to time is large.  This was corrected 
for by selecting a value of Y variable in equation 5 to ensure 
stability in convenient means since a rigorous stability 
criteria for nonlinear equations cannot be established (16). 
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After exploring the effect of the initial conditions, the 
coefficient of roughness, ana the stability of the method 
on results obtained by the computational scheme, it would 
be necessary to examine the effect of the different hydra- 
ulic parameters (such as tidal amplitude and inflow hydro- 
graph) on the spatial and temporal variations of the flow 
velocity.  This is summarized in the following paragraphs. 

Effect of Tidal Amplitude.- The effect of tidal amplitude 
on the velocity, discharge, and water level for two semi- 
amplitudes of a = 4.00 ft, al = 3.5 ft, and a = 1.50 ft, 
al = 1.25 ft indicated minor spatial variation in the 
values of u,Q, and E obtained for the same tidal amplitude. 
This is believed to be due to the small coefficient of 
roughness (n=0.002) employed in the numerical model. 

Effect of Inflow Hydrograph.- The four inflow hydrographs 
tested have a sinusoidal form with a peak amplitude (h) 
of 7.5 ft above existing water level at upstream end of 
reach. The duration of the inflow hydrograph (f) varied 
from T/L6 to T/4.  The results are shown in figure 4 and 
indicate ar equal peak velocity for different values of T 
and a longer duration of high flows for larger values ofT . 

Simulation of Flushing Pattern of Index Particles.- After 
examining the effect of the different hydraulic parameters 
on the spatial and temporal variation of the flow velocity, 
two typical examples are selected for the study of the 
flushing pattern. The first situation is representive of 
conditions during unusual weather activities. The following 
hydraulic parameters are selected: a=4.0ft, al=3.5ft, q= 
0.10 ft /sec, Uo =1.45 ft/sec, h=4.0ft, T=T/2, T=24.83hrs., 
and n=0 02.  The flushing pattern of an effluent introduced 
at time to =T/2 at section 1 through 12 of the reach under 
study is shown in figure 5.  The second situation is repre- 
sentative of conditions that prevail during the dry season 
with normal tidal activity in the Gulf of Mexico.  The foll- 
owing hydraulic parameters are selected! a=0.75ft, al=0.50ft, 
q=0.0, uo=0.0, h=0.0, T=0.0, T=24.834hrs., and n=0.02.  The 
flushing pattern for an effluent introduced at time to=T/2 
at sections 1 through 12 of the reach under study is shown 
in figure 6. 



1874 COASTAL ENGINEERING 

VERIFICATION OF NUMERICAL MODEL 

For verifying the stages and velocities predicted from the 
numerical model the stage elevations recorded on three 
Stevens tide recorders were utilized. Tide charts were 
obtained for stations No.l (at Southern Pacific Railroad 
bridge), No.2 (1 mile downstream from station No.l) and 
No.13 (0.25 miles below junction with IWW 6 miles downstream 
from station No.l), figure 1.  The tide stages from stations 
No0l and 13 were digitized and provided boundary condition 
input to the model. A comparison between the predicted and 
measured stage elevations for station No.2 is shown m 
figure 7 for n=0.045. The agreement between the predicted 
and measured stage elevations is good and could be improved 
by optimizing for the value of n. The predicted and meas- 
ured temporal changes of the average velocity for station 
No.l is shown in figure 8 and indicates good agreement. The 
velocity measurements were made from the Railroad bridge 
utilizing a cub current meter. Agaj.n it is believed that 
better agreement between predicted and measured velocities 
could be obtained by optimizing for the value of n. 

CONCLUSIONS 

1. The numerical model is sensetive to input values assumed 
for starting the computations such as the initial velocity, 
and the Manning's coefficient of roughness.  This would call 
for a careful selection of these values but does not pose a 
great concern as to the validity of the model. 
2. The computational scheme has a tendency to become unstable 
when the rate of change of discharge with respect to time is 
large.  This difficulty is overcome by taking smaller time 
increments it, in equation 5. 
3. The flushing pattern depends on the prevailing hydraulic 
conditions and on the time and location of release of effluent. 
For instance during normal conditions where a tide amplitude 
at mouth of estuary is about 1.5 ft and about 1.0 ft at a 
distance 6 miles upstream of the mouth, with no lateral inflow 
or outflow and no inflow hydrograph, the flushing pattern 
shown in figure 5 is predicted for effluents released at low 
water slack (t0 =0.0).  It can be seen from figure 5 that an 
effluent released at the Southern Pacific Railroad bridge 6 
miles upstream of the IWW will be flushed in a downstream 
direction to a distance of about 14,700 ft after 5 hours. 
Figure 6 shows typical flushing pattern during unusual weather 
activities which may prevail during the hurricane season 
where the variation in water level at the mouth of the estuary 
may reach as high as 8.0 ft with an inflow hydrograph at the 
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upstream end of the reach and lateral inflow caused by rain- 
storms.  It can be seen from figure 6 that effluents released 
at the upstream end of the reach at t=t0 + 15.30 hours (i.e. 
15.30 hrs after high water slack) would be flushed in only 
1.39 hrs into the mouth of the estuary. The same figure 
indicates that effluents released during high water slack 
(t0 = T/2) as far downstream as 0.5 miles from mouth of est- 
uary would reach the upstream end of reach in 3.89 hrs. 
4. Computer time is an important factor in the appraisal of 
simulation techniques.  In the scheme represented herein, 
for a time interval <at = 1.0 minute and a section length 
Ax = 0.5 miles, a complete run required 2.67 minutes on a 
IBM 360/65 computer. A complete run involved predicting the 
spatial and temporal variations in water level elevation, 
flow velocity, discharge, and flushing pattern for a tidal 
reach 6 miles long during a tidal period of 24.834 hrs.  Time 
required for plotting or printing out of the results is not 
included in the 2.67 minutes. 
5. Agreement between predicted and measured temporal variat- 
ions of water stage elevations and velocities is good and 
could be improved by optimizing for the value of n. 
6. Development of two-dimensional stochastic models for pre- 
dicting the flushing pattern and concentration distribution 
for non-reactiive liquid effluents discharged into large water 
bodies such as rivers and lakes would seem to be the logical 
extension of this work. 
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APPENDIX II - NOTATION 

The following symbols are used m?this paper 
A== flow cross sectional area, (L ), 
a = semi-amplitude of tide at downstream end of estuary,(L), 
al= semi-amplitude of tide at upstream end of estuary,(L), 
B = surface width,(L), 
c = celerity of gravity wave, (L/T); 
E = elevation of water surface,(L)j 
g = gravity acceleration, (L/T2); 
H = average depth of flow in cross section, (L), 
h = height of inflow hydrograph above pre-existing water level 

at upstream end of reach,(L), 
k = a function of Manning's coefficient of resistance, (T2/L2'3) 5 
L = length of reach,(L); 
m = number of time intervals of duration A t. 
n = Manning's coefficient of resistance, (T/L

1
/
3
). 

N = number of reach sections having a length Ax, 
q = lateral inflow per unit length of reach,(L2/T), 
Q = discharge,(L3/T), 
R = hydraulic radius,(L)5 
Se= friction slope, 
SD= bottom slope, 
T = tidal period,(T)5 
t = time,(T)J 
T = duration of inflow hydrograph,(T), 
At= time interval,(T), 
u = flow velocity in longitudinal direction,(L/r)» 
u0= initial velocity in longitudinal direction,(L/T), 
x = distance measured in longitudinal direction*(L), 
Y = variable > 1, 
Ax= length of equal section of reach,(L), and 
£ = phase angle between tides at downstream and upstream ends 

of reach. 
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CHAPTER 114 

THE MEASUREMENT OF TIDAL WATER TRANSPORT IN CHANNELS 

R.E. Klein* 

Summary 

For the electromagnetic flow measurement in straits, channels 

etc use is made of the electric potential difference between 

two points m the bottom, near the moving water. The potential 

difference can be put down to natural causes the water is an 

electric conductor and moves m the magnetic field of the 

earth There are a number of quantities and variables that 

are of importance for the measured signal Beside this, the 

measurement is above all a matter of eliminating some dis- 

turbances 

Information about the two measuring systems as applied m The 

Netherlands is given m this article 

Introduction 

The principle of the electromagnetic flow measurement m rivers, 

straits etc. has been known now for about 140 years ever since 

Faraday conceived the idea in 1832. But it is only m the last 

30 years that it has more or less successfully been used at 

several places in the world[2, 3, 4-, 5> S] 

In The Netherlands it has now been adapted to far smaller flows 

(the measurements m Washington excepted [4-]) 

In 1964 Schumm started the investigations [7, 8] 

Several difficulties had to be overcome, some of them may be 

of importance to those who want to apply the method themselves 

At present there are two measuring systems m use 

This research work has been commissioned by the Rijkswaterstaat 

•Techmsch Physische Dienst TNO-TH (Institute of Applied Physics) 

Delft, The Netherlands. 
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The physical background 

The method makes use of a natural phenomenon Throughout the 

world, water moves m the magnetic field of the earth 

Because water is an electric conductor, an electric potential 

field occurs m the water and, as a result, also in the sur- 

rounding ground, fig  1  The potential difference measured 

between the electrodes in P and Q or P and R is a function of 

all velocities in the channel, and depends also on other 

quantities and variables such as "the" conductivity of the 

water and the bottom, the shape and size of the channel, 

relative changes of the depth by changes of the waterlevel, 

the vertical component of the magnetic field B etc 

The theoretical basis was laid by M.S. Longuett-Higgens in "194-9 

[1 ] and in 1964- extended by Schumm [7], but the problem is very 

complicated, so that our knowledge remains relatively limited 

The proposition is now, that this potential difference depends 

only little on the velocity distribution (except m very 

shallow, wide straits), so that m many cases it is allowed 

to calibrate against mean velocity, discharge etc 

The influence of the vertical component of the magnetic induction 

B on the calibration is obvious Fortunately in most cases it is 

constant enough when taken over a few years to neglect its 

variations. The magnetic disturbances are very small relatively 

and they are only an additional effect that can be compensated 

The effect of the other quantities and variables is very com- 

plicated Therefore the systems are calibrated with a number 

of simultaneous velocity measurements, for instance once a year 

The measured potential difference is highly dependent on the 

conductive proporties of the bottom The higher it is, the lower 

the potential difference measured will be and the higher the 

influence of changes of the conductivity of the water and the 

waterlevel (tidal range) In The Netherlands the conductivity 

of the bottom is very high up to a depth of 1 km it is about 

one tenth of that of seawater It causes a loss of 80 percent 

and it is necessary to take into account the influence of the 

temperature on the conductivity of the water (knowledge within 

3° C is adequate). 
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In the two cases with which we are concerned it was found that 

the influence of the waterlevel is such that the system does 

not give the mean velocity but the discharge 

It may be expected that the accuracy will range from 5 to 10% 

The problem of the disturbances 

The elimination of all kinds of disturbances is an important 

problem, e-specially in The Netherlands where the level of the 

signals is very low. 

Four kinds are mentioned here 

1. Magnetic_disturbances 

Along the surface of the earth potential gradients are 

generated by the fluctuating magnetic field (especially the 

horizontal component) of the earth 

As already stated they give additional signals 

They are eliminated by compensation by means of two signals, 

measured far away from any flow, m two directions perpen- 

dicular to each other, between electrodes in the ground m 

the same way as the measurement of the flow signal  fig. 2 

Thus 

Vflow " VPQ -«VAB " PVBC 

is formed, 

where « and /3 are suitable constants 

In our cases, where the distance between P and B is for 

example 15 km, the elimination is very satisfactory 

2 Earth currents_caused by_the_electric DC_railway_traffIC 

They may cause heavy disturbances, depending on the dis- 

tance to the railway system, the intensity of the traffic, 

the conductivity of the top layers of the bottom etc 
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In most cases the only thing to do is to avoid them, for 

instance by choosing great distances (10, 20 km) to the 

disturbing railway In one case the influence could be 

reduced by comnensation with a signal measured between two 

points m the neighbourhood of the railway and also by 

choosing an adequate direction of the line between the 

measuring points 

3  Electro-ehemical_disturbances in_the_bottom and m the 

electrodes 

There are always fairly constant potential differences 

between two points m the earth They are caused by local 

and extended differences m the composition of the ground 

water and the bottom The variations m the compositions 

result m a drift of the zero level  It can be a long-term 

drift, but drift with the tidal frequency is also possible 

for example if the electrode is placed m the neighbourhood 

of the boundary between the fresh and the salt water m the 

shore  This boundary may move under the influence of the 

tidal changes of the water nressure, giving a slight mixing 

each time 

The electrodes are now placed m 5 to 10 m deep pipes, as 

far as possible from moving or fluctuating ground water 

This also has the advantage of a sufficiently constant 

temperature 

We developed special purpose Ag-AgCl-electrodes  They are 

constant within + 0,5 mV for a period of one year (m the 

laboratory)  We found that many kinds of electrodes (and 

also ours) are extremely sensitive to electric currents, 

giving a long-term drift  Therefore it was necessary to 

place a voltage follower between the electrode and the long 

line that connects the measuring point with the mV-meter 

In one place we found a drift of the zero level as low as 

0,5 mV in a week, but at other places it is greater 
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4-.  Noise 

The noise that is picked up by the wires used m the tele- 

phone cables to connect the measuring points with the apparatus 

mainly consists of pulses and hum 

Sometimes the peak value is 1000 times the signal to be 

measured 

It is eliminated by normal filtering after the compensation 

of the magnetic and other disturbances has taken place, this 

to avoid differences between the compensating and the compen- 

sated signals 

The measuring systems in The Netherlands 

At present there are two measuring systems in use m the north 

of The Netherlands, fig. 3i for measuring the tidal flow m the 

Borndiep and the '"arsdiep A third, m the Eyerlandse Gat, is 

being prepared 

The Borndiep system 

The Borndiep system, fig 4, has three measurements for the flow 

(between tfD and WM, OD and WM and ZD and ZM)  The measurement for 

the magnetic compensation is between iffM and OM and WM and ZM 

There is a level gauge for additional data on the "Vrijheidsplaat" 

An example of the measurement between ZD and ZM, the two magnetic 

signals and the result is given in fig 5  The amplitude of the 

flow signal is 3 mV, it is the lowest signal we can measure (low 

electro-chemical disturbances.) 

Fig 6 gives an example of the flow according to "ZD - ZM" and 

the water level measured on the " Vnjheidsplaat" 

In the middle the effect of a storm in the far distance 

the region between the Atlantic Ocean and the North Sea 
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The Marsdiep system, fig 7 

The potential difference according to the flow has been measured 

between ZD and ND, between the electrodes in ZM, 1 and OM the 

two magnetic signals are measured 

The electric DC railway traffic causes heavy disturbances 

Fortunately it is an uncomplicated case  In this case compensation 

is possible We use the (larp-e) signal measured between ZD and T 

Due to the extensive clay ^ayers deep m the bottom pronounced 

induced polarisation influence occurs  It causes differences in 

the shape of the disturbances measured between the several points 

and these differences prow with the distance to the railway The 

ZD-T-signal must therefore be filtered so that it gets the right 

forms before it is used for compensation 

Fig 8 is an example  the disturbed flow signal, the three com- 

pensation signals and finally the result 

The compensation of the railway disturbances is satisfactory, but 

not of the same quality as that of the magnetic disturbances  If 

necessary, it is possible to make improvements by digital filtering 

or the extension of the compensation system. 

The only calibration available at the moment is that of a former 

experimental system at the tJiarsdiep, fig 9 

It did not work with ZD and ND but it did at two other points, 

one of them with more than normal electro-chemical disturbances, 

as will be seen on the right 

We are now building a third system for measuring the flow in the 

Eyerlandse Gat  It measures the flow signal between ZD' and N and 

uses the magnetic compensation signals of the Marediep sys"f em 

A fourth system may be built next year m the straits east of 

Ameland 

Other applications 

The method is also suitable to obtain information on the flow 

along a coast  The most simple set-up makes use of one electrode 

near the coast and one far inland 
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The signal gives a weighted average of all velocities, the 

weighting factor depending on the distances to the two elec- 

trodes Unfortunately we know only little about these factors 

theoretical research is necessary 

The flow signals of rivers are usually too small to he measured 

by applying the present method, due to the relatively small dis- 

charges 

We are now working on a modified method for fairly big rivers 

This method makes use of an artificial alternating magnetic field 

m order to separate the signal from the noise 
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CHAPTER 115 

WATER CURRENT METER FOR MEAN FLOW MEASUREMENTS1 

DAVID SMITH 

Instrument Research Division 
NASA, Langley Research Center, Hampton, Va 23365 

W HARRISON 

Division of Physical, Chemical, and Geological Oceanography 
Virginia Institute of Marine Science, Gloucester Point, Va 23062 

ABSTRACT 

A drag-sphere water current meter with  a 0  to 6  ft/sec range has been 
developed for velocity measurements of relatively steady  flows    A two-component 
strain-gage  type  force  transducer is mounted within a 3  7-inch-diameter perfor- 
ated drag sphere    Drag  force measurements  are  related to the  flow velocity 
around the meter    Several  drag sphere  configurations were tested in selecting 
the 336-hole pattern 

Frequency  response  data have been recorded and evaluation tests were made 
with  current meters  deployed in an estuary    Use of these  current meters  in 
studies  of steady-state  fluid processes  and sediment  responses is  feasible 
They are simple,  relatively inexpensive,  and well suited to applications where 
several simultaneous measurements  are needed to determine velocity profiles  or 
map  flow distributions 

Contribution 358 of the Virginia Institute of Marine Science 
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INTRODUCTION 

This water current meter was  developed to satxsfy the need for a relatively 
simple,  inexpensive  device to measure  generally steady  flows  characterize  certain 
nearshore waters * The  design is   compatible with automatic data acquisition and 
reduction equipment in order that  several meters  can be  deployed and monitored 
simultaneously    This  capability makes  it  feasible to  determine  and map the velocit 
distribution and/or profiles  in the nearshore  areas under study    The meter 
(fig    1)  employs  strain-gage  techniques  to measure  the  force exerted on a submer- 
ged drag sphere over a flow velocity range of 0 to 6  ft/sec    This drag  force is 
then related to the  flow velocity around the meter 

Inman and Nasu  [1] were perhaps  the  first  to  develop  a drag  force meter for 
measuring fluid flow in the nearshore environment    Their device  consisted of "a 
small  flexible beryllium-copper rod with  a sphere mounted on one end and the  other 
mounted rigidly to support " Other efforts toward developing this type current 
meter are noted  [2,  3,  4]  in which the  drag sphere or cylinders  used were  found 
to be subject to both  an acceleration-dependent  force  and a fluid drag  force 
Consequently,  this  type of  current meter is suitable for use only if fluid accel- 
erations  such  as  those in oscillatory  flow are of low magnitude  relative to the 
mean flow velocity 

DESCRIPTION OF THE   CURRENT METER 

The  current meter  (fig    1)   consists  of a two-component strain-gage  force 
balance  designed to  fit within a 3  7-mch-diameter polyethylene  drag sphere, 
similar to the  anemometer developed by Reed and Lynch   [5]    The  force balance 
is  constructed of Armco 17-4 PH Steel, with  a 1/2-inch-diameter mounting "sting" 
extending  approximately 14 5 inches  from the sphere    A machined flat  is  located 
on the "sting" for alignment purposes 

Each of two perpendicular force  components  is sensed by 4  active  foil-type 
strain gages    The meter is  designed to be insensitive  to moments  or couples  and 
detects  only  the  forces  exerted on the  drag sphere    The output  signal is  approxi- 
mately 2 4 mv per volt  for a one pound force    The 0 to ±6  ft/sec velocity range 
of interest  corresponds  to  an electrical signal of about 0 to ±18 mv for each 
component    Support equipment  for each meter consists  of a regulated power supply 
for the 4 0 to  6 0 v input  to each strain-gage bridge,   and a recorder with two 
channels    Strain-gage bridges  used in this  application are  compensated  for temp- 
erature variations  over a suitable 100°F range    A 3M product  designated EC870 is 
used to waterproof the strain gages  and wiring on these  devices 
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STRAIN    GAGE 
FORCE    BALANCE 

BALANCE     SHIELD 
(NYLON) 

MACHINED     FLAT 
FOR    ORIENTATION 

I      PIPE    THREAD 

3  7    DIAMETER 
DRAG    SPHERE 

(POLYETHYLENE) 

STRAIN    GAGES 

GROOVE     FOR 
ELECTRICAL     LEADS 

BRASS    BALL    JOINT 
COUPLING    WITH    3    DEGREES 

OF   FREEDOM    FOR    ALIGNMENT 

FIG I SCHEMATIC OF DRAG-SPHERE CURRENT METER 
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SELECTION OF THE DRAG SPHERE 

Inxtial tow tank experxments with drag spheres were made in the Virginia 
Polytechnical Institute's  towing basin at Blacksburg,  Virginia    Smooth spheres 
were  found to be very unstable m the  flow velocity range of interest   (0  to 6 
ft/sec)     The smooth spheres oscillated very erratically in the lateral  direction 
of perpendicular to the  flow past  the sphere,  as observed in other studies   [6,   7] 
Several methods  of stabilizing sphere  response were investigated,  including 
various hole patterns,  dimples,  and bumps on the surface of the sphere,  as shown 
in figure  2 

Several significant observations were made in the  tow-tank tests    Figure  3 
shows  the variation of  force with velocity  for three spheres    the dimpled sphere, 
the smooth sphere,  and the 336-hole-pattern sphere    All of the  data points lie on 
or very near the theoretical lines  for the  appropriate drag coefficients  Cj), 
showing that  the  force exerted on the sphere is  a function of the velocity squared 
Differences in the  drag  coefficients  of the  three sphere  configurations  are quite 
significant    Roughening sphere surfaces by  dimples  or bumps  tends  to  reduce drag, 
as  also noted by early golfers     Smooth golf balls  do not  go  as  far and as straight 
as  old balls  that  are battered or have  a roughened surface    On the other hand, 
placing holes  in the surface of the sphere increases the drag coefficient in the 
0 to +6  ft/sec velocity  range    Larger holes  or more holes  of the same size 
increased the  drag coefficients 

Based on these experimental  results,  the  3  7-inch-dlameter sphere with the 
336-hole pattern was  selected for use on this water current meter    The drag coeffi 
cient of  this sphere  configuration was  determined experimentally to be 0 69, with 
a standard deviation of 0 017  over the Reynolds Number range considered  (35,000 
to 211,000)    All the surface  alterations  discussed increased the stability of the 
spheres, but the  336-hole pattern had the most  stabilizing effect,  as shown in 
current meter outputs  in figure 4  ("component perpendicular to  flow") 

RELATION OF FORCE  TO FLOW VELOCITY 

Steady Flow 

In steady flow conditions, the drag force exerted on a submerged object is 
related to the flow velocity by the following equation 

F = CDQA (1) 
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TO    SMOOTH     SPHERE'S    OSCILLATION 
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1 0 
Substituting Q = -pU , and solving for U yields 

U = /_il_\ 1/2 (2) 
\PACD/ 

where H =  flow velocity,  ft/sec 
F = drag  force,  lb 
Cp = drag coefficient 
p = mass  density,  slugs/ft-^ 
A = frontal  area of drag sphere,   ft^ 

The velocity vector has  the same  direction as  the  force vector 

By having a well defined,  constant Cp m the velocity  range of interest, 
and knowing the density of the water as well as  the projected area of the  drag 
sphere, measuring the drag force vector enables the  determination of the flow 
vector    A significant point is  that  the total  force vector must be used in  calcu- 
lating the velocity,   i.    e_ ,  velocity  components   cannot be   correctly  computed  from 
the individual  force  components  using equation  (2) 

The velocity range of 0 to 6 0  ft/sec  corresponds  to drag forces  on the 
order of 0 to 1  7 lb for the 336-hole-pattern drag sphere used 

Accelerating flow 

In unsteady or accelerating flow conditions,  the  forces exerted on the  drag 
sphere  are  a function of both the  flow velocity  and the  acceleration of the 
water  [3,  8]    The general expression  for the  force exerted on  a submerged object 
in  an accelerating flow is  given as 

(u, i2.) pV i£ + I C^pAlnllT (3) 
\      dt/ dt       2    D 

where V = drag sphere volume,   ft^, 

and Cm = Cm   IU, iHI = coefficient  of mass 

Since  C^ is  a function of both the  flow velocity and any fluid acceleration 
in the  flow region near the drag sphere   [9,   10],  solving equation  (3)   for the 
velocity becomes very impractical,  if not impossible    Also,  experimental results 
show that Cn, is  the same order of magnitude as Cp (3)     Consequently,   force- 
sensitive  current meters must be used where the  fluid acceleration is of very low 
magnitude  and the -°^ term of equation  (3)   can be neglected 
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ERROR ANALYSIS 

Error is velocity measurements  can be  obtained  form a Taylor's expansion of 
equation   [2], which yields 

M . I (|* + AP + AA + Mo) (4) 
u      2 \F      p      r    CD / 

The following maximum percent errors were determined 

AF 
F 

= 0 57 

M = o 57 
P 

M- 1 07 
A 

ACD = k 07 

Substituting these values into equation [4] shows that the maximum overall error 
of the velocity magnitude is 3 percent of full scale A similar analysis of the 
vector direction shows that it is determined within 0 3° of the true value A 
significant point here is that only the M- term changes at lower range velocities, 
e_ j» , at half scale, the inaccuracy of  the current meter would be 3 25 percent 
of the reading, instead of 6 percent as would normally be expected 

FIELD TESTS 

Four  drag-sphere current meters were deployed simultaneously  in the York 
River estuary in an investigation of  the tidal  current  regime near Gloucester 
Point,  Virginia    The meters were deployed by mounting them to  rigid frames  as 
shown m figure 5    Orientations  of the  current sensors were established by re- 
lating the  location and position of the mounting frames  to fixed landmarks 
The sensors were oriented to  detect two horizontal  drag force  components,  from 
which the  flow vector in the horizontal plane was  determined at  each meter 
Because  four meters were used simultaneously,  the drag-force  data were acquired 
by a portable  digital  data acquisition system and recorded on  computer-compatible 
magnetic tape    Initial zeroing and force  calibrations  of each meter in the X and 
Y directions were made just prior to placing the current meters  in the water 
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FIG.  5 

RIGID     FRAME    FOR    DEPLOYING    DRAG-SPHERE    CURRENT    METERS 
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FIG     6      TYPICAL DATA FROM DRAG SPHERE CURRENT METERS       VECTORS REPRESENT 
TWO-MINUTE AVERAGES   OF SPEED AND DIRECTIONAL DATA       EQUftTOR OF 
UPPER DRAG SPHERE  1+6 IN    ABOVE BOTTOM,   LOWER SPHERE l6 IN 
ABOVE BOTTOM 
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At the end of one week,  the meters were removed from the water,   and the  force 
calibrations were  checked    Only small  descrepancies were noted for three of the 
meters     The  fourth meter had developed  an electrical short-circuit within  a  few 
hours  after deployment  and was  disconnected for the  duration of the  test    This 
short-circuit  appeared to  result  from a breakdown of the bond between the water- 
proofing compound and the  force transducer 

X and Y  force-component  date were  then resolved to  flow velocity vectors  via 
a computer program    Analyzed data (fig    6)   revealed vertical  differences  in the 
flow  consistent with expectable velocity profiles,  and directions  compatible with 
those of  the known tidal-current  field    The net  drift  for various  time intervals 
of interest was  easily  calculated 

CONCLUDING REMARKS 

These evaluations have shown that use of the  drag-force water current meters 
in  fluid-process  and sediment-response studies  is  feasible in the 0  to 6  ft/sec 
range    The net velocity vector at  several points  in a plane parallel  to  the  sea 
floor may be obtained with these  current meters  over periods  of  a few minutes  to 
several weeks 

Rigid frames  are  convenient  for deploying the  current meters,  or they  can be 
mounted to  a pile or permanent structure 

The meter can be oriented to sense either the horizontal or the vertical 
flow vector 

If the meters  are  deployed unattended for extended periods  during seasons 
of significant marine  fouling,   it will be necessary  to impregnate the polyethylene 
drag spheres with  an antifoulmg compound 

Since  drag-force  type current meters  sense both  acceleration-dependent  forces 
and velocity-dependent  forces,  application of this meter is  restricted to basic- 
ally steady  flows 

The  drag-sphere velocity meters are simple,  relatively inexpensive,  and when 
combined with  an appropriate data acquisition system,  they are well suited to 
applications where  a large number of simultaneous measurements  are needed 
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CHAPTER 116 

TRAPPING UF OUTFAiL COwSTIlUijNTb PLUIIMD SILL,S 

ay  1  CARbTtub, River ana harbour laboratory, 

iechnical University of Norway, 

Tronaheim 

ana A bu>eijRG, iiyuraulic Division, Chalmers Institute 

of lecnnology, Gotnenburg 

AoolRACl 

Communication Between sucn coastal resipients of waste 

water as Days and fjords ana tne ocean is often tnrougn 

an outlet of small cross section 

Ine comDineu effects of a topography with transverse 

riages ana a bracxisn surface layer creates a rather 

stagnant ooay of water.  The ridge or sill ueflects tne 

tiaal currents away from tne bottom so that only the 

upper part of the water column is continually flushed 

Ine stability of the pycnocline prevents surface- 

generatea turbulence from penetrating aownwaras, so tne 

turbulence in the aeep pool is weak. 

A scneme nas oeen proposea to store tne nutrients of 

sewage outfalls Denma tne sill at urjacaK in tne Oslo- 

fjora  Ine storage capability of that f^ora was esti- 

matec for a conservative outfall constituent by means 

of a one aimensional aispersion equation  From the 

analysis tne gams of aeep outfalls through 

aiffusors comparea witn surface outfalls can De esti- 

niatea for various perioas between aeep water inflows, 

wnicn are observea to occur. 

IiMiRODUC.il On 

Topographic traps 

The effect of a given waste water release on the coastal 
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environment aepencis to a large extent on tne coastal 

morphology  Indentations as well as promontories tend 

to create sheltered water bodies with long residence 

tunes m large scale circulations  Tnis tendency is 

otten enhanced by the constricted outlet of many bays 

ana floras 

A very efficient Kind of constriction is tne transverse 

oottom nages or sills wnicn are cnaracteristic of tne 

coastal miets carveo by glaciers ana known as fjoras. 

A longitudinal section of a fjoro (Oslofjoro) is shown 

in Fig. 1  beveral sills divide the deep fjord into 

smaller sub-basins of varying size  It is obvious tnat 

tnis type of topography prevents large ooaies of water 

from participating m tne normal movements of coastal 

waters.  In fact, only two significant transport 

processes seem to exist in tne aeep basins  One, the 

vertical diffusion, is continuous, wnile tne other is 

a discrete process of flood-lixe inflows. 

Inflows.  Occasional renewal of the water occurs when- 

ever the water density at the sill level exceeds tne 

aensity of the bottom water msioe the sill  Tne water 

mass occupying tne basin is then forced upwards oy 

aensimetnc displacement, ana a conplete or partial 

renewal of tne basin water takes place witnin a rela- 

tively snort period of tine  The inflowing volume de- 

pends on tne density surplus and its duration and is 

governed primarily oy meteorological variables sucn as 

wma ana atmospheric pressure (upwellmg). 

Vertical diffusion  Tne density surplus responsible 

for tne initial inflow is caused by a salinity surplus 

and a temperature defect, compared with tne overlying 

layers  Tnus a salinity gradient is estaolisned for a 

slow diffusive transport of salt upwards, and a tem- 

perature gradient for a similar transport of heat 
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downwards.  with time this diffusion depletes the 

density surplus* of tne basin water, ana tne stage is 

set for a repeat performance, beginning witn a new 

inflow. 

Fig  2 snows observed salinities in the two innermost 

Dasins of tne Oslofjora aurmg 1962-65, demonstrating 

the two processes described aoove, ana first by GADh 

(5). 

Ine pycnoclme lid 

Lven on open coasts pycnoclmes develop near river 

moutns, but tne f3ords are particularly prone to 

stratification, for topograpnic and climatic reasons 

A regular feature of any fjord is therefore a pycno- 

clme wnicn is usually very stable in the summer naif 

of tne year 

Tne pycnoclme acts as a lia on the aeep pool.  Verti- 

cal circulation that would go right to tne Dottom in 

water of constant density, is replaced Dy a layered 

flow  The shear motion in the pycnoclme filters out 

irost of tne horizontal momentum, so that only very 

weax flows are set up below the pycnoclme 

Tne effect of tne density gradient on the surface- 

generated turoulence is equally strong.  Wnen entrai- 

ning or eroding water of higher density, some of tne 

turhulent energy is converted into potential energy 

In this way the pycnoclme acts as a sinx of turbulence 

Tne comcmea effects of topography ano layering thus 

create cooies of water witn a rather special flow re- 

gine, characterized by   long residence times and a low 

exchange witn the surface layer 
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Sewage disposal benind sills 

Tne sneltered aeep basins inside the sill at Dr0bak 

(Fig l) nave Been proposed for disposal of sewage from 

Oslo (6,7).  Tne reasoning is tnat nutrients can be 

stored m these Dasins without causing algal blooms, 

in contrast to the disposal through shallow outfalls 

presently in use.  A nign production of algae is un- 

desirable for two reasons, first because it decreases 

tne esthetic ana recreational value of the f;jord, and 

secondly Because tne organic debris exhausts the oxygen 

supply at the lower depths. 

The usefulness of tms scheme ninges on tne inflows 

ciscusseu aDove.  A renewal of the deep water must take 

place before tne steady state of maximum storage has 

been reacned, for wmcn tne supply tnrough the sewers 

equals tne vertical diffusion of a nutrient 

A MOb^L FOR CIRCULATION AND DIFFUSION OF DISCnARGlD 

bhwAG*. 

.Lamer work 

A model for tne mixing and the convection in a confined 

region induced by a source of buoyancy has been ad- 

vanced by oAlatb and TURwtR (1)   neglecting the effect 

of turculence in the environment on the 

rising plume, tney obtained asynptotic solutions of the 

density districution valid at large times,  Tne model 

proposed oy CUDLRWALL (2) for mixing and convection 

induced oy uiscnargea sewage follows closely that of 

BAIMLS and TURwLR, but is mostly concerned with tne 

distribution of disposed pollutants 
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Ine simplifying assumptions made by CtD.t,RwALL, agree 

well witn tnose first introduced by tne autnors of this 

paper (3), However, ne neglects tne diffusion of con- 

stituents througn tne naloclme into tne surface layer 

Ine present model 

A cross section of tne fjord is snown m Fig  3  Tne 

source of tne constituent is the effluent outfall at 

level z -   0, and its strengtn is Q c_, wnere Q  is tne 

volume flux ana c tne concentration,  because of its o 
buoyancy, tne effluent jet will rise to tne level h m 

tne pycnoclme  Here tne density of the surrounding 

fluid equals tnat of the jet, and the diluted effluent 

is trapped m a subnergea field referred to as the 

cloud. 

Assumptions   In oraer to simplify tne analysis we 

introduce tne following assumptions 

1 JTnere is no excnange in the aeep waters after the 

complete renewal tnat we onoose as initial condi- 

tion 

2. Tne density profile is not significantly affected 

Dy tne induced circulation of sewage 

i       The vertical constituent flux is given by 

wnere D  is tne diffusion coefficient, dc/az the 

concentration gradient and A  the horizontal area 
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4. The effluent is trapped just below the nalocline 

and instantaneously spread into a thin layer wnich 

will jje successively convectea ana diffused down- 

warus as new sewage reaches the trapping level 

5. Any two scalar components are transported cy the 

same mecnamsm.  Thus the concentration distribution 

of the constituent across the haloclme in steady- 

state condition is just a scaling of the salinity 

distribution, or 

fac  - Ac ds ,„. 
dzn+ 

_ AS LazJh + 

where AC ana AS are tne difference in concentration 

of tne constituent.  z=n is tne trapping level anc 

h refers to "just aoove" and accordingly n~ to 

"just below"   The tune lag to reach stacy-state 

from initial conditions is of the oraer of one 

weex and ma> be neglected (3).  The vertical 

constituent flux upwards to the surface layer is 

then given by 

"[Dz Ai * H * Az]h
+ c(h't)= Qv

c<h.*> (3) 

For simplicity tne concentration of the constituent 

m the surface is assuneu to be zero 

Tne amount of sewage discharged to the fjord during 

a year is small compared with the fjord water 

available for dilution. 

Tne freshwater runoff is sufficient to maintain a 

density stratification, Dut does not induce 

appreciaDle upward entramment (CARbTt^b (4)) 
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Tne dispersion equation 

Tne convection and mixing within the trapped cloud 

outside the plume is now described by the one dimen- 

sional Dispersion model 

|£ _ u|£ = -± (D i£) <i») 
ot    oz   6z  z <5z 

where U = Q(z)/A(z) is the mauced convective velocity 

ana Q(z) tne plume flow rate at level z.  Eq. (4) can 

be solved numerically together with the continuity 

equation for the constituent within the cloud 

z 

Q c + f caQ-Q„c(h,t)+U(z)A„(z)c(z,t) 
O O   \        V ** 

o     h 

n  i£ A  = lie Uz 6z Az  J6t Azdz (5) 

which for z=n has the following form 
z 

Q   c   + xo o f cdQ-Qv 

o 

,c(h 

-k 6c(h,t) 
;        <5z si = 0 (6) 

h 

Xhe first term is the source, tne second term accounts 

for the recirculation of the constituent, and the 

thira term is the constituent flux into the surface 

layer.  The fourth and the fifth terms, respectively, 

represent tne convective ana the diffusive downward 

flux. 

A straignt forward numerical treatment of hqs. (4) and 

(6) is not feasible at present.  We have not completely 

solvea tne problem of supporting convenient mathematical 
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models witn sound physical arguments.  We shall, how- 

ever, use £qs. (5) and (6) to estimate the time history 

c(h,t) of the cloud concentration at the trapping level, 

we feel our solutions for small and for large values of 

t are acceptable, but we do not yet have a solution for 

intermediate values of t. 

bolution for small t  For small t the thickness of the 

cloud is small compared with the heignt h.  hence, the 

recirculation of the constituent may De neglected 

h 

fccQ»0, and U(h)-A (h)«*Q S        (7) 
I z     o o 

where b  is tne dilution at the trapping level. 

For small t we may also assume the vertical distribution 

of tne constituent concentration above the trapping 

level to be a mirror image of tnat below.  Tnus, the 

upward diffusive flux equals the downward flux ana 

_^6c(z,t) A^_   . c(hjt)=QvC(h8t)  (8) 

With these assumptions tq  (6) has the solution 

c(n,t) Qo 
c    " (l+a)Q +Q S 
o        xv xo o 

(9) 

where a*w2 for small t  As the concentration in the 

surface layer is assumed to be constant=0, a  decreases 

witn growing t.  Fig. 4 shows Eq. (9) for a particular 

case in tne Oslofjora. 

Solution for large t.  The effluent cloud is succes- 

sively convecteo ana diffused aownwaras.  In order to 

get a rough estimate of the transport velocity we 

consider only the convection and neglect the diffusion. 

We then nave to fma. tne rate of advance of the first 
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front.  If we taxe U  as tne front velocxty and z„ as o o 
the front level, it follows from continuity tnat 

uo = -HH (10) 
z o 

and tne  travel  time  T  is  given by 
h h 

f dz  .   C\ 
JUo"i    Q 
z z 

o o 

dz (11) 

For a particular diffusor arrangement (S =50) in tne 

Oslof]ora with Q =10 m /s and h=60, T required for 

z =0.1 h may be calculated to about 14 months 

For t>14 months most of the deep water has recycled 

once ana tne effluent may be assumed to be approximately 

uniformly mixed into the deep water  In this case of 

ideal mixing we have 

c(h,t) = c(z,t) = c(t) 

\ s v = n ]v ^ A„QZ = ^ \A„dz = |£ V      (12) 

where V is the deep water volume between the levels 

z=0 and z=h.  We also have U(0)=0.  With z=0 tq. (5) 

then takes tne form 

QoW(t) = if v (13> 

whicn has the solution    . , 

o  xv 

Fig. 4 shows Eq. (14) for a particular case in the 

Oslofjoro 

Qo=10 m
3/s, So=50, Dz=3-10"

5 m2/s 
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CONCLUSIONS 

fell/ °'15/m' Az(h)=l,1.10
8m2, 

h 

V=4,2.109m3 

A transverse ridge or sill on the bottom shelters the 

water mass below the sill depth from tidal flushing. 

A pycnocline provides additional sheltering from 

surface-generated turbulence, and so the bocy of water 

behind a sill and below a pycnocline is characterized 

by long residence times. 

The buildup of the concentration of an outfall consti- 

tuent released in such a stagnant body of water was 

investigated for the special case of the Oslofjord, 

based on a set of assumptions leading to a general one- 

dimensional dispersion equation. 

Solutions were obtained for small and large periods of 

constituent release, respectively.  The solution for 

small t assumes a rapid horizontal spread compared with 

the vertical transport  The solution for large t 

assumes ideal mixing.  A tentative "probable curve" has 

been inserted for intermediate times. 

From the analysis the gains of deep outfalls 

through diffusors compared with surface outfalls can 

be estimated for various periods between deepwater 

inflows. 
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FIG 3     SCHEMATIC   OF A   SECTION  THROUGH   THE   FJORD 

C (h,t ) 

FIG A     TIME    HISTORY   OF   CLOUD     CONCENTRATION 

AT   TRAPPING    LEVEL    (OSLOFJORD) 
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SUSPENDED LOAD CALCULATIONS IN A TIDAL ESTUARY 

By BRIAN A O'CONNOR 

Lecturer, Department of Civil Engineering, 

University of Manchester, Manchester, England 

ABSTRACT 

The present work describes the derivation of equations which can 

represent the vertical distribution of sediment in a well mixed tidal estuary 

The starting point for the analysis is the two dimensional longitudinal 

equation of motion, including the longitudinal salinity gradient term     Equations 

are given which represent a steady state sediment profile and it is shown that 

these are similar to the expression used in urn-directional flow e g    Rouse's 

equation 

It is argued that the derived equations could be applied to a real 

estuary, subject to certain restrictions on sediment size and estuary type 

An application of the theoretical equations to the Mersey Estuary 

indicates reasonable agreement between observed and predicted sediment quantities 

for medium and coarse sand particles     Agreement is shown to be worst for fine 

grained sediments and it is concluded that much better results can be obtained 

by using the non-steady one dimensional  sediment distribution equation in discrete 

steps throughout the tidal cycle 

INTRODUCTION 

The calculation of the distribution of sediment in a real estuary is an 

exceedingly difficult task     All the problems of um-directional flow are present 

together with the added complications of unsteady flow, varying bed resistance 

and salt/freshwater density currents 

The present paper endeavours to show how the distribution of certain 

sediment may be estimated in a particular type of well mixed estuary     It is not 

1931 
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intended to be the panacea for tidal sediment problems, but represents a 

comparatively simple engineering solution to certain tidal sediment distributions 

METHOD 

In urn-directional flow problems, the distribution of sediment is 

specified by assuming that a steady state is reached between sediment eroded from 

the river bed and sediment depositing on the river bed  Clearly, if no sediment 

is present in the water and erosion is started then a finite time is required for 

a steady state to be reached  The time will be dependent upon particle size, 

water depth, turbulence level and initial sediment distribution and will thus be 

expected to be small for large sized particles, whose equilibrium profile is close 

to the river bed and large for fine sediment, whose equilibrium is more uniformly 

distributed throughout the water depth  A first look at the sediment distribution 

in a tidal environment would thus be to assume that the sediment particles 

reached the steady state distribution in a short time, during which the tidal flow 

characteristics were unaltered 1 e the tide is considered to be a succession of 

urn-directional flows  The sediment distribution for the large sized particles 

would thus be given by the steady state profile appropriate for each elemental 

urn-directional flow 

The effects of the salt/freshwater density profile and the inertia of 

the flow system must also be incorporated into the problem  This can be done by 

assuming the tidal flow is frozen at each instant of time and then using the 

resultant shear stress distribution to predict the distribution of sediment 

ANALYSIS 

the equation 

The flow of water in a tidal estuary is governed in two-dimensions by 
1 

A + F + 2D(1.n) - -y   |i=I (1) 

where A = — tx- , U = horizontal water velocity in the horizontal direction (x), 
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3k  II       H  ix 
t =  time, g = acceleration due to gravity, F = ^ (j-),  D = j-   |£ , p = water 

density, n = n-, y = elevation above the bed, H = water depth, T = horizontal 

shear stress, I = water surface slope (positive in the ebb direction) 

U2 Equation (1) also assumes that the term -n- is small and the vertical 

velocity term is small 

The shear stress distribution with depth is obtained from equation (1) 

by integration w r t n, after first specifying the distributions of A and F with 

depth  It has been shown that simple linear distributers for A and F are not 

vastly different than logarithmic or parabolic distributions  Thus the 

variation of A and F are taken as 

A - Ab + (As - Ab) (2) 

F - Fb + (Fs - Fb) (3) 

where b and s refer to bed and surface values respectively  Equation (2) and (3) 

uses known or estimated values of A and F at small distances above the estuary 

bed and below the estuary surface 

Inserting equations (2) and (3) in equation (1) and integrating w r t n 

gives the expression for the shear stress distribution with depth as 

•fin'l'  d-n) - B(l-n2) - D(,l-n)2 (4) 

^H = s' -ZP'n-D* n2 (5) 

where I      = I-Afa - Ffa, B = J(AA + AF), AA = As - Afa,AF = F$ - Ffa, S    =1    - B - D, 

P    = J(s' - D'   ), D' = D - B 

The solution of equation (4) requires the knowledge of six prototype 

quantities at each instant of time     However, equation (5) is a function of only 
i i 

the two quantities S    and D       These quantities can be determined by considering 

the velocity distribution with depth, as follows 
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The shear stress (T) IS first related to the velocity gradient by 

PrandtVs mixing length concept I e 

„2 I du I du ,,, 
T = pl    I dy I dy <6> 

where X « a mixing length,  || = absolute value 

A suitable mixing length distribution to use in equation (6) is that 
2 

found by Agnew   in the Hanngvliet (Holland) I e 

1 = Ky I Tr* 1      for the region l>n>6 (7) M 
and   I =  Ky for the region 6>n>0 (8) 

where K = Von Karmans Constant, S  = tr , h = height of position of zero nett motion 

of the residual salinity circulation 

Equation (5), (6), (7), and (8) thus lead to the following expressions for 

the variation of velocity (U) with depth (n) 

K(U"V    = /TT [(IS* + p'n t)      dnforl>n>5 (9) 
rw s      " 

n 
—   = f   (js' - 2p'n - D*  n2 J)   dn for «>„>„ (10) 

0 

where nQ = yo/H   yQ = height at which U = 0 

The solutions to equations (9) and (10) depend on the magnitude and sign 
' ' 1 of the terms S   and D       If the sign convention, ebb slopes are positive is used , 

1 1 ' then S   is a maximum (+ve) about mid-ebb and mid-flood (-ve)   while D    is 
• 

negative near high water, and greater than S , and positive at low water and 
i 

greater than S  The latter is to be expected as the flow reverses at the bed 

first at low water due to the density circulation. Values of S and D can be 

found by fitting the prototype velocity observations to equations (9) and (10) 

viz table 3 

The sediment distribution may now be found from the general sediment 
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diffusion equation i e in two dimensions 

H = AKii-^^t'y 57 +uC)        (11) 

where e ,  e   are diffusion equations in the x, y directions    u = particle 
x    y 

fall velocity 

If attention is confined to a particular type of estuary in which the 

variation of U with distance (x) is small and the sediment is equally distributed 

along the estuary then JC/ix = 0 and equations (11) will reduce to 

II  • «y   <ey S7 +uC> (12) 

An analytical solution of equation (12) is unknown for £   = f(y,t) 

Finite Difference methods can be used and are being studied at present     However, 

if only large particles are considered then a steady state profile will be 

quickly reached and a mathematical expression for the distribution of the sediment 

can be obtained from equation (12) with 4C/ )t = 0 l e 

ln(§- ) =   -J   f 03) 

where C = a reference concentration at level "a" above the bed  The distribution a 

curve specified by equation (13), could also be used to describe the distribution 

of medium to fine sand particles by replacing C with an observed prototype 
a 

concentration value (C.)  Clearly, Ct< C and the concentration given by the 

modified equation (13) will be greater than in prototype, the error being greatest 

for the finest sized sediments 

The steady state solution is obtained from equation (13) by integration 

on specifying the variation of e with depth  This is done by relating e to the 

momentum transfer coefficient e I e 

<=y " s % 04) 
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and EL, is obtained from the equation 

(15) 

(16) 

(17) 

n«S (18) 

W    -Hr7fi|9H|S   + D njI for 6<n<l (19) 

T 

1    e       em m X     1 Ay 

Thus  e 
p 

ey = eKy [gH | s" - 2P' n - D'   n
2 j I    for o< 

^ |gH  | s' + o'nj for 6<n<l 

The variation of e   with depth as given by equations (18) and (19) is 
ii iii 

shown in Figure 1 for mean tide level   (S »D ) and near low water (S    = D   and S 

= 0) conditions together with field data (average tidal cycle values) taken by 
3 4 Bowden    and Sharaf    in the Narrows Area of the Mersey Estuary, England 

Bowden's data is seen from Figure 1 to indicate smaller values in the 

upper half of the vertical profile and indeed it was found that the velocity 

equations (9) and (10) gave better answers over the low water period if the 

following expressions were used for e    i e 

ey = 2B Kh(l-n)3/2 JgH| s' + D'„ |] (20) 
P h 

£y = 2V
r2rB Kh(l-n)2 |gH| s'+ D*,, \\ (21) 

for the region  <5<n<l 

Equations (20) and (21) are also shown in Figure 1 and give a better fit 

to Bowden's data 

The solution of equation (13) is thus dependent upon the sign and 
i    i 

magnitude of S and D , as were equations (9) and (10)  The various solutions to 
5 

equation (13) have been presented elsewhere  The solutions for the case 
•   i 

|S |>|D |>0, which apply for the majority of the tidal cycle are given below i e 
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C    =     f"(l/n - a0)+  [(1/n - a0)2 -  (Wp)2] ' 
Ca   [(1/v %>+ h\ - °o>2 - o-v2] *J 

9 i 

where Z =   •—*?   and 11* =    T./p    where %   = pgHS 

z 

for na<n<5 (22) 

(1+ /l+n   (1-Za  )'x  (1- /l+6(l-2a  )') 

(Wi+*(i-2o&y}(Wi+«(i-2o&F~ 

z(i-«); 

(  /2(l-a0)'-  /Un(1-2aon       (  /2(1-a0)'+  /j-H(1-2a0)') 

ZH-i)' 

(  /^F^T + /1+n(l-2a0)')       (/2(l-aQ  )' - /1+6(1-2aQ)') 

for  (S<ri<l 

/2(l-a0)' 

(23) 

where a„ i(l-D /S ), C = concentration at heights 

Equation (23) is seen to be indeterminate for the case a = £ i e D = 0  If 

this condition is substituted in equation (18), (19) and (13), the expression for 

the variation of concentration with depth is 

and 

ca   lo-zri)    ^ 

•[* 

- /R: 

+ /R^ 
for n <n<£ a 

•T=S 

Z(l-s)4 

for s<n<l 

(24) 

(25) 

Equation (24) is the same as that derived by Tanaka and Sugimoto    for 

uni-directional flow le    D = 0, A = F = 0 and S    =1      Thus equations  (22) and 

(23) are also similar to the expressions for uni-directional flow, except that the 

density circulation and inertia and kinetic terms are included      It should be noted 

that equation (22) reduces to Rouse's equation     for uni-directional flow for 

aQ = 1 0     However, equations (21-23) predict a greater quantity of sediment in 

suspension than found by Rouse's equation     This is shown in Fig    2      It will be 

noticed that both Rouse's equation and that of Tanaka and Sugimoto give values 
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almost identical to that of equation (22) below a0 = 0 50  However, the 

different mixing length distribution contained in equation (19) leads to smaller 

sediment values in the upper half of the water flow at ct =10 and 0 50 

respectively 

Application of theory to field data 

The theory was applied to the Mersey Estuary in order to predict the 

quantity of sediment in suspension at position H (Figure 3)  The latter satisfies 

the requirements, on the flood tide, of complete sediment cover and little 

velocity variation with distance  Prototype sediment data was also available at 

position H in sufficient detail to be usable  The sediment data available is 

shown in Figure 4 

In order to apply the theory, values of C or C., a , S or U* a,  6 

and K must be available or capable of being calculated from the field data  The 

determination of these quantities is now considered in detail below 

(1) Determination of u* values 

This could be calculated from equation (5), with n= 0, provided sufficient 

velocity and tide gauge data was available  A lack of data prohibits the use of 

this method An alternative method is to use semi-log plots of the horizontal 

water velocity and equate the slope of the graph to u*/K, where K = 0 40  This is 

likely to over-estimate U* on the ebb tide and under-estimate it on the flood tide 

A further method is to take U* = KO where 0 is the depth mean velocity and K has 

the value 5 2 x 10   The method used eventually was to make semi-log plots of 

velocity and adjust the answer if necessary by the third method  The results are 

shown in Table 2 

Table 2  Calculated U* values from Prototype Velocity Data - 25th Nov 1965 

Mersey Estuary  Position H 

Time (GMT)   0801    0845   0924   1003   1044   1115 

U„ (fps)   0 099   0 288   0 344   0 342   0 261    0 209 
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(2) Choice of   s 

Flume tests by Vanom , Laursen and River observations by Anderson 

indicate values of e between 0 63 - 4 10 Einstein  uses a value of $= 1 0 l e 

the momentum (* ) and sediment (r ) transfer coefficients are equal  In a tidal 

estuary, it is to be expected that B<1 0 due to the salinity circulation  It is 

also probable that the value of U* to be used in the suspension exponent (Z) will 

also be reduced (to U*) due to the presence of sand waves on the estuary bed  The 

product pu* will thus be expected to be less than u* 

In view of the lack of theory from which to estimate U*, the quantity 

(sll^/lly,) was determined from two simultaneous sand samples taken at a station in 

the Irish Sea  The samples were taken at maximum velocities from mid-depth and 

approximately 1ft above the bottom  The value of (gU^/U*) for sand sizes between 

63j* - 355/* was found to be 0 62  This implies a value of e = 0 62 for no 

reduction in U*  In the present work a value of (gu*/U*) of 0 658 has been used 

15 
It is interesting to note that Tofaletti's work  indicates a value of 

U* of 0 21 fps, which implies a S value of 1 065 for a U* value of 0 34  England's 

1 fi 
work , however, would suggest that in deep water (68ft ) the reduction in shear 

due to sand waves is small (<2%), this implies a value of g closer to 0 658 

The value of Z = u/S KU* is thus known at all points during the tidal 

12 
cycle,u was taken from standard tables  while a value of K = 0 40 was used since 

the concentration values are relatively low 

(3) Determination of a values 1 '  o  

•    i 

The circulation of a requires a knowledge of both S and D  These could 

be determined if all the terms in equation (5) are known  There are, however, no 

adequate tide gauge readings to the North of position H  a values are thus 

computed for position C (Figure 4) and used for the calculation at position H 

Velocity observations from positions H, C and N were used, together with the tide 

gauge information from Princes Pier and Gladstone Lock to determine approximate 
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values of S and D  The velocity expressions (9) and (10) were then used to give 

a better estimate of S and D  The values found at C are shown in TaDle 3 in 

terms of the density term (D)  D = 3 86 X 10 

Table 3 

S and D values calculated for Position C  Mersey Estuary 

for a Spring Tide (28ft H U above Liverpool Datum) 

TIME 
Rel to 
H W 
Princes 
Pier 

-2    -21    -3J    -4    -5    -5 3 

17 86 -10 0 -5 0 -0 885 -0 22 

0 38 6 15 5 27 1 77 1 73 

0 511 0 808 1 027 1 50 4 43 

S    -3 39  -7 58 -13 51 -18 88 

D'    -2 4  -1 78  14   0 5 

a      0 146  0 383  0 552  0 513 

The a values for position H were found by super-imposing the time scale 

for the prototype observations (25th November 1965) on the values shown in Table 3 

and simplifying the results - viz table 5 

(4) Determination of sediment concentrations 

The control concentration (C.) was determined from the prototype data 

Sediment samples were taken over successive half hourly periods from a fixed 

distance of 18 inches above the estuary bed using a pump sampler  The half hourly 

sampling trial was necessary in order to obtain sufficient sand for analysis 

The samples were washed, dried and weighed in the laboratory and the 

concentration determined  A grain size analysis was performed for each sample 

13 
using a sedimentation tube , where sufficient sediment existed, and sieves 

where the sample size was small  The results are shown in Table 4 
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Table 4 

Mean concentration (ppm) of sand at 18" above the estuary bed 

at Position H Mersey Estuary 25th November 1965 

Samnle  Mean Sample        Mean. Gram Size (f.) 
iample  Time (GMT) 

76 106 138  165 195 

0810 0 0 0    0 0 

A      0825 1 76 3 29 2 17  1 13 1 03 

B      0856 6 20 16 3 9 4   8 36 5 4 

D      0925 9 9 24 6 30 1 33 8 20 6 

E      0955 3 98 16 4 21 5 17 3 36 3 

G      1022 7 87 12 57 20 19 26 04 40 39 17 15 

I      1050 2 55 9 5 9 5 10 25 14 3 

J      1120 2 2 7 7 9 3 10 4 13 9 

K      1148 1 26 2 06 2 4   1 75 0 89 

1200 0 0 0    0 0 

The usefulness of the preceeding theory is checked by computing the 

quantity of sand that should have been caught in a suspended Delft Bottle  This 

was kept at approximately 10ft below the water surface during the period 0830- 

0930 (Sample C) and 0934 - 1030 (Sample F) HRS GMT 

In order to use the theoretical distribution curves, the C. values should 

be instantaneous values  A correction procedure was thus adopted to allow for the 

finite sampling time 

The method consisted of first calculating the quantity of sediment that 

would be collected over each sampling period, assuming that the variation of C. 

2  2-1 
with time was proportional to (U */U *  ), where U* is the value of U* at 

threshold conditions  The calculated quantity was then compared with the 

quantity that would be collected if conditions operating at the mean sampling time 

had prevailed over the full sampling period  Clearly, the ratio of these two terms 

I'ater 
Depth (ft ) 

227 298 

0 0 

0 04 0 05 60 

4 08 0 71 65 

15 1 2 46 68 

18 8 1 88 72 

17 15 0 38 73 

4 44 0 26 75 

14 5 0 76 

0 34 0 77 

0 0 
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should be unity for small time intervals or for little variation of C. with time 

Only those samples collected near maximum velocities showed ratios of about unity, 

all others indicated greater values 

The correction procedure thus made the above ratio equal to unity by 

finding an equivalent mean time, which was a function of grain size, during the 

sampling interval     The observed concentrations were then acredited to this 

equivalent meantime     The concentration at the actual sample mean time was then 

obtained by interpolation between the equivalent mean times of all the samples 

The position of the Delft Bottle varied between 5-25% of the depth 

during the two sampling periods (C and F)     The concentration at 25% and 5% was 

determined using the appropriate formula (equations 22-25)     The correction 

procedure was then used and the concentration at the Delft Bottle level found by 

interpolation     The corrected concentration values are shown in Table 5 

The quantity of sediment collected in the Delft Bottle was then 

determined by summing up the product of the theoretical concentration values and 

the observed water velocity at the Delft Bottle level      The latter quantity was 

found by mounting an Ott Mark V Arkansas current mater on the Delft Bottle framework 

Table 5 
Estimated Theoretical Concentration at Delft Bottle Level 

Time (GMT) Mean Grain Size (v.) % Level 

HRS 76 106 138 165        195       227        298 

0825 0 293       0 27 0 017 0 0 0 0 25 
_n7n0 0 0 0000 5 

Vu /u 0 173        0 117        0 01 0 0 0 0 16 7* 

0856 2 05 3 2 0 64       0 20     0 025    0 015       0 25 
1  24 1 45 0 20       0 036    0 004       0 0 5 

ao"u DU 1 66 2 36 0 43 0 1215 0 015 0 0078 0 15 4* 

0925 3 96 6 22 3 5 19 0 589 0 216 0 25 
_n ,n 2 89 3 93 169 0 712 0 175 0 051 0 5          . flv   , 

VU SU 3 29 4 79 2 37 1  157 0 33 0 113 0 12 5*        Level 

0955 1 61 4 21 2 56 0 99 1 04 0 28 0 25 

*De1ft 
Bottle 

a =0 50 1 14   2 67   1 25   0 38  0 33  0 07   0       5 
lo"u JU 1 184 2 81 1 37 0 436 0 396 0 0894 0 6 95* 

1022 2 79 2 617 1 716 0 97 0 684 0 133 0 25 
_n „ 1 985 1 559 0 7664 0 3264 0 1757 0 027 0 5 

o"u 3U 2 06 1 657 0 8544 0 3859 0 2221 0 037 0 6 85* 

1050 0 70 1 344 0 447 0 1755 0 092 0 0121 0 25 
_n cr, 0 46 0 7024 0 1635 0 0464 0 0175 0 0 5 

o"u 3U 0 526 0 9044 0 2525 0 087 0 0411 0 0038 0 11 3* 



SUSPENDED LOAD CALCULATIONS 1943 

The results of the calculation for sampling periods C and F are shown 

in Table 6  This also includes an estimated quantity which is the measured 

prototype values, corrected  for sediment loss due to high water velocities 

within the Delft Bottle 

Table 6 

Comparison of Theoretical and Observed Sediment Quantities 

Sample Grain size (y) 75 106 138 165 195 227 298 

Theory (gms) 4 06 5 89 2 11 0 925 0 261 0 094 0 

C Measured (gms) 1 61 3 74 2 18 2 18 1 30 0 40 0 09 

Estimated (gms) 2 48 5 20 2 84 2 70 1 56 0 465 0 095 

Theory (gms) 4 03 6 0 2 £6 1 15 0 72 0 164 0 

F Measured (gms) 0 72 1 26 0 86 0 63 0 40 0 116 0 012 

Estimated (gms) 2 04 2 56 1 44 0 97 0 59 0 16 0 015 

Comments 

It would appear, from Table 6, that the theory predicts the sediment 

quantities reasonably well for grain sizes in excess of 138p, but less well for 

sizes below this value  It is particularly noticeable that the 75y sand is 

predicted to be approximately double the observed value in both cases  The lack 

of agreement of the theory for small sized sediment is undoubtedly due to the 

longer time required for the fine sediments to reach an equilibrium profile as 

compared with the larger sized sediments, e g the majority of the steady state 

profile for 195u particles is much closer to the estuary than that of the 75y 

particles 

A better method of prediction, particularly for the fine sand size would 

be to solve equation (12) and use this solution in discrete time steps to determine 

the concentrations throughout the tidal cycle  Preliminary work on this method 

indicates that the difference between the non-steady state distribution and the 

steady state distribution is the order of 10% for 165u particles at a level of ]0% 

above the estuary bed  This increases to approximately 35% at the same level 



1944 COASTAL ENGINEERING 

for 75y particles  If the method is applied to the 75p particles and adjusted for 

the observed sediment concentrations, then values of 1 9 gms and 3 4 gms are 

obtained for samples C and F respectively  These qualities are much closer to the 

observed values than the steady state solution 

A further improvement, which is being developed at present, is to allow 

for variations in sedir „ concentration with distance and for diffusion in the 

longitudinal direction 

All three methods mentioned above are still dependent upon the values of 

6 and U* which were used in the present theory to determine the suspension 

exponent Z  Clearly, the shape of the distribution curve assumes less significance 

in view of the uncertainty of 0, U* and to a lesser extent u and K  The present 

results do, however, suggest that in the Mersey Estuary reasonable quantitative 

results can be obtained by using standard values of to and K, together with U* 

values calculated from the velocity data and a s value of 0 66 

Conclusions 

The present work leads to expressions for the vertical distribution of 

sediment which are similar to those of urn-directional flow  The derived 

equations indicate the vertical distribution of sediment in a real estuary 

subject to restrictions on grain size and estuary type  Preliminary work also 

indicates that the prediction of fine sediment concentrations is better represented 

by using the non-steady state equation in discrete steps throughout the tidal 

cycle 
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NOTATION 

a a distance above the estuary bed 

A inertia term 

B = \  (AA +AF), a composite slope term 

C concentration 

D density slope 

D effective density slope = D - B 

F kinetic energy term 

H water depth 

h height of zero nett motion 

I water surface slope (positive when sloping downwards from land to sea) 
i 

I the slope term I - A, - F, 

K Von Karmans Constant (=0 40) 

% a mixing length 

P the slope term J(S - D ) 

5 an effective energy slope =1 - B - D 

t time 

u velocity in the x direction 
i 

u*     ^b^)2 = snear velocity 

x distance measured along the estuary, seawards 

y distance vertically above tiie bed 

Z suspension exponent = u/B KU* 

aQ ratio P /S 

g Ratio of eddy diffusivities for sediment and momentum (es/em) 

6 '  h/H 

AA = As - Ab 

AF = Fs " Fb 

an eddy diffusivity coefficient 

= y/H 
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p «• density 

T = shear stress 

u = sediment fall velocity 

Subscripts 

a referring to level a and t = <» 

b bed and near bed 

S near surface 

t referring to time t 

y level y 

o level at which U = 0 
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PIG 2    VARIATION OF CONCENTRATION WITH THE PARAMETER 
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CHAPTER 118 

PARTICLE VELOCITY MEASUREMENTS WITH A LASER DEVICE. 

C.A. Greated1 and N.B. Webber2 M.A.S.C.E. 

ABSTRACT 

A laser velooimeter has been used to measure particle velocities 
in a turbulent suspension in open channel flow. 

Both mean and fluctuating velocity components  can be determined 
and the systtm may also be used to give records  of instantaneous  fluid 
velocities. 

INTRODUCTION 

Fundamental to the study of those  coastal engineering problems 
which involve  diffusion processes  or transport of sedimentary material 
by tidal currents  and <rave  action,  is the measurement of particle velocities 
in turbulent flow.       Particles  of neutral buoyancy which are small compared 
with the largest wave number eddies will follow the  flow pattern precisely 
and can therefore be thought  of as  fluid markers In diffusion  and 
sedimentation problems, however, the particles  of interest are  generally 
of non-neutral buoyancy  and the gravity effect  causes them to migrate 
vertically carrying them across  streamlines  of the mean flow.       In 
addition to this, the fact that the inertial response of the particles 
will be  different from that of an equal volume of fluid, will cause the 
particles to move relative to the fluid m accelerating turbulent eddies. 
Thus  detailed studies must involve the statistical properties of both 
the  fluid motion and the particle velocities. 

Experimental research on these complex motions has hitnerto 
been handicapped by lack of satisfactory instrumentation.       Photographic 
metnods have been used to measure particle movements in a Lagrangian 
manner but necessarily entail tne laborious  analysis  of exhaustive  data 
and tend to be very inaccurate        Hot  film probes  and other conventional 
turbulence measuring systems,  on the other hand,  are extremely difficult 
to use in water and further do not give  any indication of particle velocities 

In the optical system described here,  particles moving within a 
prescribed measuring volume cause a signal to be produced which has  a 
frequency directly proportional to their velocity and thus the Eulerian 

1. Lecturer, Mathematics Dept., Southampton University, England. 

2. Lecturer,  Civil Engineering Dept   , Southampton University, England 

1951 



1952 COASTAL ENGINEERING 

statistics of their motion can be determined        Fluid velocities 
can be measured by u&j.ng extremely fine grain neutral buoyancy tracer 
particles,  assumed to have a negligible influence on the  flow. 

OPTICAL 'MEASURING SYSTEM 

Optical Configuration      Light  from a small laser (here lmW helium-neon) 
is spread and collimated by two cylindrical lenses    L      and    L      and 

1 2 
the parallel beam is then split by a mask    M    containing two small square 
apertures of size    a    and spacing    b     (figure l) 

CYUN»MCAU 1 

LINIU 

-t-L/1 'I J=^( 
l_ a. 

f 1 
L* 

L 

Figure 1.      Optical layout. 

A spherical lens    L      is then used to bring the two beams to a focus 
3 

at the required measuring point in the flow,  a further spherical lens    L 
M 

being used to image to focus on to a photodetector    P  . 

Interference of the two beams  causes  a fringe pattern to be 
formed within a small volume  at the focus  and as particles move through 
this  volume with velocity    u  ,  small patches will move  across the image 
observed by the photodetector causing a signal of frequency 

f =rru i   XL 
where 

X = wavelength of laser light 
L = focal length of lens L 

3 

i.e. proportional to velocity. 
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Measuring Volume  Although the fringes die away gradually to infinity, 
the measuring volume at the focus from which significant signals are 
produced can he taken as being approximately of size Z x Z x Y where 

z=^ 
a 

and Y = ab 

This should be chosen so that 
largest particles. 

is greater than the diameter of the 

SIGNAL ANALYSIS 

Frequency Domain  The simplest method of analysis, illustrated in 
figure 2, is to feed the photodetector output directly into an analogue 
spectrum analyser and integrate the output with an R-C circuit   The 
spectrum, which can be recorded on an X-Y plotter, then represents the 
probability distribution of velocity for particles in the measuring volume 

PHOTpoieae 
SVSCTRUM x - r 

PLOTTER 

Figure 2.  Frequency domain system 

Ambiguity m the frequency measurement will occur here due to 
the finite number of fringes, but the magnitude of this can be predicted 
by taking the Fourier transform of the input signal giving 

r m 3. ambiguity 
a f. 

JSb 

This should normally be of order 1%    of f,  for negligible error in 

velocity measurement l ,e  — = 1*0 
a 

The details of this  analysis have  already been published (ref    ?) 
but  it is  assumed here that the spectrum analyser used gives the modulus of 
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the Fourier components of the signal i.e. the frequency spectrum, rather 
than the power spectrum        This is the case with nearly all commercial 
spectrum analysers        It is  also worth noting that the band width of the 
spectrum analyser should he small and the sweep rate long. 

Figure  3 shows  a tyracal spectrum obtained in a small flume. 

FREQUENCY K Hz. 

Figure  3.      Spectrum of signal from photodetector. 

Velocity Cross-Correlations      The technique of rotating a hot-wire probe 
relative to the mean flow direction, or alternatively using an     'X' 
probe, has been used extensively for the measurement of Reynolds stresses 
in wind tunnels        In the same way the fringe pattern in the laser flow- 
meter can be rotated relative to the optical axis to give cross-correlations 
of particle velocities        Referring to figure h, let us consider a mean 
velocity    u    with fluctuating component _u'     in that  direction, the 
fluctuating component perpendicular to    u    being    v1   . 

U. WL' 

Figure h.      Alignment positions of the fringes. 
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Take the constant of proportionality for conversion frorr 
frequency to velocity as K 1 e with the fringes m position 1 the 
mean frequency (see figure 3) will be 

f = K u 
1 

If the r.m.s. width of the spectrum is Af  then the r m s velocity 
fluctuation is 1 

/(u'2) = ± Af 

It  can then be shown  (Eef    2)  that by measuring tne r m s    spectral 
widths    Af      and    Af      from recordings taken in positions ? and 3 

2 3 
i e    at    +  U5°    and    - Ug0    to the mean flow direction,  the transverse 

velocity fluctuation 
found from 

(v'2)   and the  cross-correlation /(u'v*) can be 

A )   ul /(Af2  + Af2  -  Af2) 
K 2 3 1 

and /(Af2" 
3 

Af2) 
2 

For most  practical purposes   it will be  satisfactory to  assume that  the 
velocity probability distributions  are Gaussian whence the width at 
half the height is  equal to    2 35  Af  ,     as  indicated in figure  3 

Time Domain Analysis       If the system is to be used to record velocities 
of tracer particles  in the fluid then it is possible to construct the 
electronics  in such a way that a continuous  signal,  proportional to the 
instantaneous  velocity is  obtained        This will be  called the     'time 
domain'    method and the essential elements  of the circuitry are shown 
in figure 5        More deta^s  are piven m reference 1 

HlfrH 
PA*i 

FILTER 

FREQUENCY 
TO 

VOLTftfrt 
C0NV6RTE.* 

PHOTOPIOPE 
R-C 

Figure 5.      Time domim system 
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Firstly, the signal produced by the photodiode contains 
unwanted low frequencies produced by the total amount of light cut off 
as particles move across the observation volume, together with the noise 
caused by the passage of particles  across points  in the beam outside the 
observation volume.       These frequencies  are eliminated with a high-pass 
filter and a frequency-voltage converter is used to give an output 
signal proportional to the rate of zero crossings 

Lven if the fluid velocity were absolutely constant,  the 
signal from the frequency-voltage  converter would contain small 
fluctuations  due to the finite number of fringes, the r.m.s. value of 
this  fluctuation being equal to    a/(/?b)    times the mean value.      These 
can be damped before recording by using an R-C integrator, thus improving 
the resolution, but the integrating time should not be so long as to damp 
fluctuations  due to velocity changes 

PRELIMINARY RESULTS 

Some preliminary results using the   'frequency domain1 method 
are illustrated m figure 6 for the motion of glass spheres of diameter 
about    0.075mm    in steady free surface flow.      The velocities in the 
direction of mean flow were recorded in a channel 5cm wide with a 
measuring volume of size    z = 0 hmn ,  Y = 1 cm        These show the 
characteristic fall off in mean velocity and increase m r m.s.  velocity 
fluctuation towards the bed 

MEAN   VtlOCtTf SH)      VELOCITY 
FLUCTUMIONS 

10 zo 

U Cm /sec 

I 1 1 1 1 1 
O \        Z        3       <V       S 

JivJ*)      Cm I : 

Figure 6   Particle velocities in open channel flow 
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At present the  system is  oemr; adapted  for measurements  in 
a flume of    In   -width and it  is hoped that it will be possible to make 
simultaneous measurements  of velocities  and particle  concentrations 

POTENTIALITIES  OF MPASURIJG SYSTEM 

The system described would seem to fulfill the main requirements 
of a coastal engineering laboratory        Both  fluid velocities  and velocities 
of larger suspended particles  can be meisured with precision  and to within 
a fraction of a millimeter of a wall        The instrument  is  directionally 
sensitive  and rotation of the fringe pattern will give transverse velocity 
components  and cross-correlations 
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CHAPTER 119 

DENSITY CURRENTS AND TURBULENT DIFFUSION IN LOCKS 

by 

A   Roy Halliwell* and Martin 0'Dell+ 

ABSTRACT 

The paper describes a study of density-currents in locks where 

there is a net inflow of water into the dock  The velocity profiles 

occurring are different than might be expected by simply superimposing 

the net flow onto a normal density-current profile  The differences 

are shown to be due to the non-uniform salinity profiles occurring in 

the docks and a semi-theoretical study is presented which illustrates 

the importance of this salinity profile 

The accretion in the docks is explained by the transport of material 

into the docks during the levelling period  The quantitative agreement 

between estimates based on measurements during the levelling period and 

the dredged quantities from the dock are good  The locking operation 

is also shown to be an important factor in certain cases 

An attempt to describe the flow of silt into the dock using the one- 

dimensional diffusion equation has shown that allowance must be made for 

the pick up of silt off the bed of the lock and the settling of silt (as 

the velocities drop) if quantitative agreement is to be obtained 

* Senior Lecturer, Department of Civil Engineering, Liverpool 

University, Liverpool, England 

Research Student, Department of Civil Engineering, Liverpool 

University, Liverpool, England 

1959 
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INTRODUCTION 

It is common practice in some docks on the Mersey Estuary (and 

elsewhere) to have a "levelling" period of about one hour (before high 

water)  This is achieved, of course, by opening the gates at both ends of 

the lock communicating with the estuary, the water level in the dock having 

been run down (if necessary) in order to meet the rising tide level in the 

estuary  Thus, water can be impounded in the dock by inward flow, vessels 

can enter or leave without delay, and those longer than the lock itself 

can come and go at this time 

In the last few years, the problem of siltation in some of the Mersey 

docks has been investigated  Velocities, silt-concentrations and salinities 

have all been measured during the levelling periods  During this period, 

there is an influx of water into the dock, as the tide rises, but there is 

also a density-current between the estuary and the less-dense dock water 

The observations in two particular docks are discussed - Gladstone 

and Bromborough  In the case of Gladstone the water is impounded into the 

dock system by means of the levelling process and also by pumping  At 

Bromborough dock there is a fresh water discharge into the dock from a 

small river, which along with the levelling process provides the impounded 

water  Another important difference between the two docks is that the 

lock at Gladstone is long enough to cope with all the ships using the dock 

and therefore the levelling process is not essential (although of course 

it may be desirable) whereas the Bromborough lock is relatively small and 

the levelling period provides the only means for some ships to use the 

dock 

MEASUREMENTS 

The measurements made in each of the locks have been similar in type, 

but partly because the sizes of the locks are very  different the detail 
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execution of these measurements has been different at Bromborough than at 

Gladstone  In each case vertical traverses have been made of velocity, 

silt, salinity and temperature using in-situ measurement with direct- 

reading instruments  These traverses have been made throughout the 

levelling period and also for different tides (i e spring/neap) and 

different season (i e summer/winter)  In addition to these, measurements 

of the silt in suspension near to the river entrance of the lock were made 

These were made using the same type of silt-meter as for the traverses, 

based on the light-extinction method, along with a recorder  These 

allowed a continuous record of silt in suspension near the lock entrance 

to be made 

Bromborough dock is relatively small, the lock is some 70ft wide, 

160ft long and 30ft deep  The vertical traverses in this case were made 

using a cantilever truss fixed to a dock transport bogie, the observation- 

bogie was driven up to the edge of the lock, the truss being of sufficient 

length to reach the centre of the lock  Two sets of instruments were 

suspended from the truss so that traverses could be made at above 25ft and 

10ft from the lock wall  Each unit consisted of silt and salinity/ 

temperature probes attached to a current meter and the unit was lowered 

and raised by hand  Readings were made at approximately six or seven levels 

and each traverse took about twelve minutes to complete  In addition to 

these, measurements were sometimes taken at fixed levels above the bed so 

that an almost continuous record of velocity etc was obtained throughout 

the levelling period at these positions  This particular rig had the 

advantage of cheapness and more important still, it allowed the instruments 

to be removed from the lock when necessary, for example the passage of 

ships in and out of the lock 

Gladstone lock is some 130ft wide, 600ft long and 50ft deep and 

this meant that measurements were somewhat more difficult in this situation 
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than at Bromborouyh  In general, traverses were made by lowering the 

instruments from a vessel in the lock  However, some traverses were made 

at about the middle of the lock and on the centre line of the lock by 

raising and lowering the instruments from a swinging foot-bridge across 

the lock 

DENSITY-CURRENT PROFILES 

Although there is a considerable amount of literature published on 

density exchange flow the authors are not aware of any which deal with the 

situation where there is a net influx of water across the section  In the 

case of the Gladstone lock the influx of velocity at the start of the 

level (when the tide is still rising at approximately 5ft per hour) is 

considerably greater than the density current  At high water, of course, 

there is no net influx of water and the velocities are entirely due to the 

differences in density  In Bromborough lock the density differences are 

greater than at Gladstone, while the influx velocities are about the same 

as those at Gladstone 

When the lock gates are opened to the estuary, at say 1J hours before 

high water, water enters the dock through the lock due to the rising tide - 

this velocity is termed continuity velocity and is defined as 

H -  plan area of dock x rate of rise of tide    ,-•> 
v =      cross-sectional area of lock        ^ ' 

Superimposed upon this continuity velocity there is a density-current 

between the estuary and the less-dense lock water which produces an out.ward 

flow at the surface and an inward flow near the bed  Figure 1 shows some 

examples of the vertical velocity profile occurring at the centre of the 

Bromborough lock during the levelling period on a spring tide  The 

importance of the continuity velocity at the start of the level can be seen 

by comparing figure 1(a) with 1(c) 
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The average influx velocity is defined as 

u dy (2) 
H 

o 

where u is velocity into dock at depth y, 

H is the depth of water 

The velocity profile due to density differences alone is seen around 

the high water period in figure 1(c) when the average influx velocity is 

almost zero (and the continuity velocity is zero)  The zero velocity 

point occurs at a level above the mid-depth position (approximately 40% 

depth) and the velocities out of the dock (in the upper surface layers) are 

considerably greater than those entering the dock (in the lower layers) 

It is immediately apparent therefore that the velocity profile due to the 

density-current alone is not that occurring in the situation illustrated in 

case (A), Figure 2, where the zero velocity point occurs at 50% depth and 

the overflow velocity is approximately 1 25 x the underflow velocity (see 

refs 1 and 2) 

Measurements of salinity within the Bromborough dock on a number of 

occasions have shown that the salinity profile within the dock is in fact 

far from uniform  Two examples are given in Figure (3), and it is clear 

that the starting conditions are more likely to be similar to the situation 

illustrated in case (B) of Figure (2) than those of case (A)  Some model 

tests have been made of both cases A and B and these have indicated the 

velocity profiles for the two cases are indeed different as illustrated in 

Figure (2)  The model tests are still continuing and the results cannot 

therefore be discussed in detail in this paper but the profile indicated 

for case (B) in Figure (2) is clearly very close to that measured in the 

docks on a number of occasions and in particular to that given in 

Figure 1 (c) 
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The underflow velocity occurring in the situation illustrated in 

case A (fig 2) is given theoretically by 

VU " ° 5 VA (3) 

and has been assessed experimentally by a number of researchers (e g ref 1] 

as 

V„ = 0 465 VA (4) U        A v ' 

where 
VA = 

(4L gH)* 
pm 

g = the acceleration due to gravity 

p = the average density of the two liquids 

Ap = the density difference between the two liquids 

H = the depth of the lock 

Consider the general case for the situation illustrated in case B 

(fig 2), let the freshwater occupy the depth aH before the exchange 

flow starts  Assume that the exchange flow is rectangular block flow 

as illustrated in the sketch below and that the crossover point (or zero 

velocity) is at depth KH  Let the underflow and overflow velocities be 

denoted by V and V respectively  Then at time At after the barrier is 
u    o 

removed the fronts will be in the positions illustrated in the sketch 

P +   AP 
Vu     »- 

-«    v„ 
P  JL 

KH 

p +    Ap 

I ¥ 

aH 

H 

-L / //\-K\\; ; ; ; / /v vw\// //A\\ VW / ' / /A, \\\\//S/s 
V„   At 

0 -»+<- 
VuAt 
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The continuity equation gives 

vo        [ K ;    vu 

The gain in kinetic energy is 

\ P{KH(VO+VU) At}v
2 + HP+AP)((1-K)H (V0 + vu) AtjvJ (6) 

so substituting equation (5) into equation (6) and assuming Ap IS small 

compared to p 

3 1-K gam in kinetic energy = \  p   V      At    H      (~7~) 0) 
K 

The loss of potential energy is 

AP(VQ At) g KH (cc-0 5K)H 

-    AP(Vu At)g  (a-K)H {o 5(a-K)H} (8) 

or 

Ap g  At H2 Vu   [a-0 5 a2 - 0 5 K] (9) 

Equating the gain in kinetic energy to the loss in potential  energy 

gives 

V2    B A*2   (a -O^^a2 - 0 5K)1    y2 (1Q) 

Case 1   a = 1 0 and K = 0 5 equation 00) and (5) yields 

V=05V      andV=V (11) 
U A 0 U K      ' 

which is the theoretical  result for Case A and confirms equation (3) 

Case 2 ct=05andK = 04 equations (10) and (5) yield 

Vu = 0 33 VA    and VQ = 1  5 Vy (12) 

and this represents the model test results of Case B (fig 2) 

Case 3   a = 0 2 and K = 0 15 equations (10) and (5) yield 

Vu = 0 075 VA and VQ = 5 67 V (13) 



1966 COASTAL ENGINEERING 

Equation (10) shows the importance of the salinity profiles occurring 

within the docks. The overflow velocity may not alter very much with 

changes in salinity profile within the dock, but the underflow velocity is 

greatly reduced compared with that given by equations (3) or (4) 

If the density difference is expressed in terms of a difference of 

salinity then for the situations in Bromborough lock (H=32ft approximately) 

and Gladstone lock (H=50ft approximately),the underflow velocity according 

to equation (4) can be expressed as 

V  = 0 403 (A S)* at bromborough 

Vu = 0 507 (A S)* at Gladstone (14) 

Using equation (12) the corresponding relationships are 

Vu = 0 27 (AS)J 

Vu = 0 34 (AS)1 OS) 

(allowing for the theoretical value to be reduced by 0 93 in a 

similar way to equation (3)) 

The velocities measured at Bromborough and Gladstone compare very well 

with those obtained using equation (]$) whereas the values obtained using 

equation (14) which is based on equation (4) are considerably in error 

The profile is also more closely described by the modified block flow 

illustrated in the sketch and the surface velocity is close to the value 

given in equation (12) 

Fig (4) shows the velocities measured at a fixed level above the 

bed  These confirm that the resulting velocity during the levelling 

process is the simple addition of the average influx velocity (or 

continuity velocity) and the density-current  The density-current is 

almost constant throughout the level period and equal in this case to 

0 75 ft /sec  The maximum underflow velocity due to the density difference 

is about 1 0 ft /sec (occurring at a depth of about 65%) and compares very 

closely with the value obtained using equation (15) - the value of AS 

being approximately 12% 
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ACCRETION IN THE DOCKS 

The main practical interest of the work was centred on the dredging 

requirements for the docks and the possible means of reducing them  The 

transport of silt through the lock into the dock was determined from the 

measurements of velocity and silt  For example the variation of silt 

concentration with depth for the traverse corresponding to Fig 1(a) is 

given in Fig 6(a) and the resultant transport of silt is proportional to 

(velocity x silt concentration)  This figure immediately shows the silt 

burdened estuary water entering the dock in the lower layers and the 

relatively clear dock water leaving in the upper surfaces  By integrating 

traverses such as these the variation throughout the level period of silt 

transport into the docks has been determined (see for example Fig 6(a)) 

and thence the total amount of material entering during the level period 

In the case of Bromborough, measurements on the 10th December 1969 - 

a spring tide - showed that a total amount of 350 tons dry weight of silt 

entered the dock during the levelling period  The amount of solids in the 

material dredged from the docks depends on the type of material and the 

consolidation occurring  The density of the material in the hoppers of 

the dredgers has been measured on a number of occasions and has indicated 

that the percentage of solids is usually less than 40% and that a 

reasonable figure is 36% so that 

dredged tonnage = 2 8 x (tons of dry silt transported into the 

dock) 

This figure also implies that one cubic yard of dredged material weighs 

approximately one ton, assuming that the specific gravity of the solids is 

2 7  Using this value the amount of material entering the dock in the 

level period during a spring tide in winter conditions is approximately 

1000 dredged tons 

Before any attempt can be made to calculate the total amount of silt 
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entering the docks throughout the year the variation with tide and 

season of the silt in suspension in the estuary near the entrance is 

required  The silt concentration varies with tide range and with season 

and the silt pattern at any position can be very different from that 

occurring relatively short distances away (see ref 3)  Continuous silt 

measurements were therefore made near the entrance to the locks and the 

results from these instruments were used to allow for the variations 

throughout the year 

When this was done for Bromborough Dock the amount entering the dock 

during the levelling processes was estimated as 270,000 dredged tons (or 

cubic yards) per annum  The average amount of material dredged during the 

period 1964-68 was 300,000 dredged tons per annum  The estimated figure 

therefore compares very well with the actual amount, however there is 

another mechanism by which a significant amount of material can enter the 

dock - the locking procedure or operation 

During a locking operation the water in the lock is almost always 

of different density than that in the estuary  At Bromborough the water is 

usually less saline in the lock (due to the freshwater inflow into the 

dock) and the estuary water is also carrying a high suspended load which 

further increases the density difference  When the outer gates are opened 

therefore a density exchange flow starts with the heavier estuary water 

intruding into the lock near the bed and eventually, if the gates are 

open long enough, replacing almost all the lock water (ref 2)  If the 

water in the lock is more dense than that in the estuary, for example 

near the period of low water, then the heavier lock water leaves the lock 

in the lower layers bringing the estuary water into the lock in the upper 

layers  Whichever mechanism occurs silt is brought into the lock from the 

estuary during the locking operation  When the inner gates (into the 

dock) are next opened, then a similar mechanism carries the water and 



TURBULENT DIFFUSION IN LOCKS 1969 

silt from the lock into the dock so that all the silt earned into the 

lock during the locking procedure is eventually deposited on the bed of 

the dock 

The relatively small size of Bromborough lock and the large density 

differences mean that the time needed for say 80% of the lock water to be 

replaced by estuary water is not very great (of the order of 10 minutes) 

At Gladstone the lock is relatively large and the density differences are 

small so that the time needed for 80% of the lock water to be replaced by 

estuary water may be quite large (of the order of an hour)  Obviously, 

therefore, the locking procedure may be a significant factor for 

Bromborough, but is unlikely to be so in the case of Gladstone  Estimates 

for Bromborough, allowing for half the volume of water in the lock to be 

exchanged during each locking operation, indicate that approximately 75,000 

dredged tons per annum enter the dock through this mechanism  The estimated 

total quantity of material entering the Bromborough dock is therefore 

approximately 350,000 dredged tons per annum and this, considering the 

various assumptions made, compares very well with the actual figure of 

300,000 dredged tons per annum (averaged) 

A number of estimates have been made for the Gladstone lock and these 

have all shown that the average annual dredging figure of 265,000 hopper 

tons (1966-68) is accounted for to within a few percent by the levelling 

process (ref 4) and that the locking procedure does not contribute 

significantly in this situation 

As a result of this work the levelling process at Gladstone dock has 

been stopped - the water now being impounded entirely by pumping - and at 

Bromborough (where the levelling period provides the only means of some 

ships using the dock) the levelling period has been reduced to a minimum 

There has been immediate reductions in the quantities dredged at both 

docks 
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ONE-DIMENSIONAL TURBULENT DIFFUSION EQUATION 

The one-dimensional convective diffusion equation for a soluble 

substance in turbulent flow is (see ref 5) 

5t + u 57 "57 (Dtx 5x} 

where  U  is the average flow velocity across the section 

D  is the turbulent diffusion coefficient 

c  is the concentration of the soluble substance 

If a point injection of material is made into the flow at position 

x=0 and time t=0 then the concentration at time t and position x is given by 

Taylor as , 
(x - Utr 

c =   !J _ e     4D.t 
Ap (4it Dtt)

J z 

where  M is the mass of material introduced 

A is the cross-sectional area of flow 

p is the density of the fluid 

The solution for a series of point injections can obviously be obtained 

by superimposing the solutions for each separate injection  This type of 

solution is well suited to the digital computer and a computer program has been 

written (ref 4) incorporating the Taylor solution for finite source 

injections  The program allows for the possibility of injections at various 

points along the x-axis (i e at points other than x=0) and this allows 

various initial boundary conditions to be imposed upon the system, l e at 

t=0, c=c(x) is simulated by a series of injections of different strengths at 

various points along the x-axis 

Silt measurements in the estuary at the entrance to the Gladstone 

lock presented the attractive possibility of comparing the measured dis- 



TURBULENT DIFFUSION IN LOCKS 1971 

tributions of silt at stations along the lock with computed values 

using the computer program  The vertical distribution of silt was 

simulated by dividing the lock into five layers with injections being 

made into each layer, the magnitude of each injection being arranged 

to produce the measured vertical distribution of silt occurring at the 

time near the river entrance to the lock  The technique for determining 

a suitable dispersion coefficient for each layer was empirical and to 

some extent arbitary (ref 4)  Eventually after consulting the various 
2 

literature a value of approximately 100 ft /sec was used 

Comparison of the field measurements taken with the results obtained 

from the computer solution showed that there were large differences in 

magnitude between the two sets of curves  However, the basic patterns 

exhibited by corresponding curves were similar  The computed concentra- 

tion results showed that the times of the peaks occurring in the 90% and 

70% layers agreed reasonably with the observed results  The average 

difference in concentration over the levelling period between the computed 

and observed results were determined for each layer and these suggested 

that material was being picked up from the bed and being diffused upwards 

into each layer, the quantity becoming successively smaller towards the 

surface layer  This process is almost certain to be occurring since on 

the day in question a layer of fluid mud was present on the lock sill at 

most times during the levelling period 

Close to high water the observed concentration in the lock decreased 

especially in the 70% and 90% layers, whereas the computed concentrations 

were still slowly increasing  This is thought to be due to the occur- 

rence of flocculation which in turn causes rapid settling of the sus- 

pended silt  If quantitative agreement is to be obtained therefore it 

would seem that allowance must be made for both pick-up and settling of 

silt 
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CONCLUSIONS 

(1) When there is a net influx of water superimposed upon a density- 

current situation the resulting velocity distribution is given (to a 

first approximation) by superimposing a uniform velocity throughout the 

depth(equal to the influx flow] upon the density-current profile 

(2) The density-current profile is considerably influenced by the salinity 

profiles occurring within the docks 

(3) The practice of levelling is responsible for most of the accretion 

occurring in the docks examined in the Mersey Estuary  The locking 

operations account for some material and of course if water is impounded 

by pumping this may also be an important contribution 

(4) Comparison of field measurements of suspended solids in the lock, 

with results obtained using a computer solution incorporating the Taylor 

solution for a finite source injection (and dividing the depth of flow in 

the lock into layers), show that the general pattern of silt transport 

into the dock can be qualitively described by the semi-theoretical results 

However, quantitative agreement is poor and this is considered to be due 

to 

(a) the pick-up of silt off the bed of the lock 

(b) the settling of silt (when flocculation occurs) 

neither of these processes being allowed for in the computer solution 
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CHAPTER 120 

MEASUREMENT OP DENSITY CURRENTS IN AN IDEALIZED MODEL 

By Timm STUCKRATH ^ 

1  INTRODUCTION 

The mixing of salt and fresh water in estuaries of tidal 

rivers is related to two major phenomenons turbulent diffu- 

sion and density currents 

The turbulent diffusion can be read off from the horizontal 

and vertical salinity distribution, the density current can 

be determined from the velocity distribution on the verti- 

cal axes 

The physical description of tidal mixing in a mathemati- 

cally closed system is not possible, because turbulent dif- 

fusion and gravitational convection are varied by such dif- 

ferent influences as tidal action, fresh water flow, river 

bed form and roughnes, and gravitational and CORIOLIS forces 

Most research in this field has been done on turbulent dif- 

fusion, especially to predict the mean horizontal (longitu- 

dinal) salinity distribution IPPEN, HARLEMAN (ref 11, 12), 

and others have found out by various model tests that PICK'S 

law of diffusion used in one-dimensional form is a good 

physical description for the longitudinal salinity distri- 

bution and that the tidal energy dissipation, the cross 

section, and the fresh water flow are a good means of 

classifying tidal estuaries from the viewpoint of stratifi- 

cation 

1) 
Diplom-Engineer, Scientific Assistent of the PRANZIUS- 
INSTITUT, Technical University of Hannover, Germany 

1979 
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Much research is still needed to predict the density 

currents in tidal estuaries Most theoretical and practical 

research on density currents is still limited to rivers or 

model tests without tide and with high stratification In 

these channels salt and fresh water are seperated into 

layers The model tests which were carried out with spon- 

sorship of the DEUTSCHE FORSCHUNGSGEMEINSCHAFT in the FRAN- 

ZIUS-INSTITUT in Hannover, were assigned to obtain informa- 

tions about density currents in mixed estuaries 

2  EXPERIMENTAL EQUIPMENT 

The flume that was used, is shown in fig 1 It was 40 m 

long, 0 4 m wide and 0 3m deep The flume was supplied with 

fresh water from the upstream end and with salt water from 

the ocean end The tide was generated on both sides with 

tidal weirs which were moved by excentric disks The flume 

should represent the zone of brackish water in an estuary 

Due> to the water supply the upstream end of the brackish 

zone during the whole tidal circle was within the flume, 

while the ocean end of the brackish zone could move down- 

stream past the ocean end of the flume (fig 2) 

As the intensity of turbulence in the model was nearly zero, 

artificial turbulence was generated by an air supply from 

the bottom of the flume (fig 1)  Constant supply with air 

gives constant energy dissipation per unit of mass, even if 

there are great differences in water depth due to the tidal 

amplitude or changes in bed level An artificial air supply 

is therefore a good means of achieving a definite turbulent 

energy dissipation in tidal models 

About 70 model tests were carried out with variation of 

fresh water velocity from 0 20 to 1 35 cm/sec (4 series), 

ocean salinity from 0 to 35 °/oo, 
3       2 air supply from 4 to 85 cnr/sec  m 
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FIG TIDAL AND FRESH WATER FLUX 
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Since the tide in the model had nearly no influence on tur- 

bulence, the experiments were carried out with a single 

tide which changed the depth from 14 cm (low water) to 

15 8 cm (high water) The time for one tidal circle was 

30 minutes The tidal flux on both ends of the flume during 

one tidal circle (24 tidal phases) and the fresh water flux 

of the 4 series conducted, can be read from fig 3 

The salinity was measured by the electrical conductivity of 

salt water at 9 fixed points (3 vertical axes with 3 levels) 

(fig 1) The low spead currents were measured in the veci- 

mity of these points with elastic pendulums as shown on 

fig 4 

The elastic flexion of the pendulum is restricted to a 

short spring plate and recorded by strain gauges which were 

attached to both sides of the spring Currents of 0 2 cm/sec 

up to 10 cm/sec could be measured with this technique with 

good accuracy 

declined 
position 

current 

PIG     4 

// 
/ 

I spring p/ote with 
strain gouges 

m/s $ 1mm 
length >300mm 

T^^stolks   <f> 3mm 
o length-150m rn 

INSTRUMENT FOR 
MEASURING LOW SPEED 
CURRENTS 

3  SALINITY DISTRIBUTION 

Tidal research has shown 

that FICK's law of dif- 

fusion can be applied to 

rivers of various condi- 

tions of mixing (ref 5» 

8, 9, 14, 15)  It was 

therefore also important 

to verify the model 

tests of the FRANZIUS- 

INSTITUT with this theo- 

ry Since the applied 

theoretical developments 

and their agreements 

with the test results 

cannot be shortened 
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appreciably without harming their understanding, they shall 

not be explained here It was worthwile to know that all 

test results could be approximated with this theory closely 

(fig. 2) and that the longitudinal and vertical salinity 

distribution in the model could be expressed by physical 

parameters 

Instead of the tidal energy dissipation - which is the major 

cause for mixing m prototype estuaries - the energy dissi- 

pation of the air introduced was used, similar to the expe- 

riments which were carried out at the MASSACHUSETTS INSTI- 

TUTE OP TECHNOLOGY with occillating grids (ref 6, 7, 10) 

For the analysis of density currents it is not neccessary 

to have a theoretical prediction of the salinity distribu- 

tion It is however presumed that the salinity at any point 

and at any time is known, because its distribution and 

changing is the cause for density currents 

H     DENSITY CURRENTS 

pne classical problem of density current was to determine 

the initial velocity v which occurs, when a vertical sepe- 

ration between two liquids of different density (p1 and p„) 

is suddenly removed (fig 5) 

The equation which describes this velocity is 

v
x = K  \| Pl n   Pg  g  h 

K = constant 

p. = density of the water with greater density 

P2 = density of the water with lesser density 

n  . pl * p2 
P g  

g = acceleration of gravity 
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PIG 5  THE INITIAL VELOCITY v. 

h = water depth 

Many model experiments 

have been carried out to 

determine the initial 

velocity. O'BRIEN and 

CHERNO (ref. 13), KEULE- 

GAN (ref 4), YIH 

(ref. 3), BARR (ref k), 
and others have proved 

that the constant before 

the root, which can also 

be computed by theoreti- 

cal considerations as 

ABRAHAM and v d. BURGH 

(ref. 2) have shown, has 

nearly the value of 

K = 0,5. 

ALLEN and PRICE (ref. 3) ascertained this value at ship 

locks. 

After the vertical seperation is removed (fig 5) the den- 

sity current is 

Av 2v 
l * 

So the equation of the initial velocity can be rewritten 

i 1 

Av = 2K • g ' h 

Pd = 2K - Av 

pl " p2 

F^ is called the densimetric FROUDE number For the initial d 
velocity (fig 5) is F, = 1. 
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In a river mouth the density current can be determined as 

in fig 6 as the difference between the measured velocity 

and the tidal velocity without density. 

1 

ttda/ velocity 

definition 
H-l-Aii 

*•£ 

PIG. 6 DEFINITION OP DENSITY CURRENT 

The experiments in the flume of the FRANZIUS-INSTITUT have 

shown that the densimetric PROUDE number is a good parameter 

for approximating the density currents in mixed channels al- 

so. In one vertical axis p1 is the density on the bottom 

and p_ is the density on the surface of the flume 

Pig 7 compares the average density differences (which are 

linear to the salinity differences) over the whole tidal 

circle in the three vertical axes of fig 1 with the average 

density current Pig 7 shows that all experiments give an 

average densimetric PROUDE number smaller than F. = 1 

The compensating straight line gives 

F. = 0 6 
d 

The computed densimetric FROUDE numbers for every test re- 

sult of fig. 7 are shown on fig. 8 with the average hori- 
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zontal salinity gradient of the same experiment The average 

horizontal salinity gradient here is explained as the de- 

crease of longitudinal salinity in a horizontal distance of 

the same length as the water depth 

Prom fig 8 can be derived what ABBOTT (ref 1) has proposed 

in a different form from prototype observation If two 

estuaries have the same vertical salinity distribution and 

the same depth but unequal lengths of the salinity intrusion, 

the estuary with the shorter intrusion length has higher 

density currents than the longer one 

Pig 8 cannot show the dependence of density currents on the 

change of the salinity distribution, because it is derived 

from time-averaged measurements This dependence can be read 

from fig 9 which shows the maximum density currents In the 

flume the maximum density currents occured shortly before 

the highest density on the bottom was reached On fig 9 the 

densimetric FROUDE number is compared with the change of 

density difference during the time of two tidal phases 

(2/24 of one tidal circle) 

Ap denotes the vertical density difference at the tidal Mn * 
phase of maximum density current, Apn_p denotes the vertical 

density difference measured 2 tidal phases before If the 

change of density difference is zero, the value on the abs- 

zissa is 

Ap     AS Kn      n 
Ap   " AS 

n-2    n-2 

At this point fig 9 gives P. = about 0,5 So the maximum 

density current in an estuary where the salinity differences 

do not change quickly,can be computed as the average density 

current in fig 8 

If 
Ap„ AS 
-r-^-— = -^—  tends to <°, P. tends to 1 
Apn-2 ASn-2 d 
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This is evident, because estuaries in which density diffe- 

rences change abruptly, approach the state of the initial 

velocity as in the experiment of fig 5 

5  CONCLUSIONS 

The model experiments of the FRANZIUS-INSTITUT represented 

the salinity distribution in an idealized estuary of various 

mixing stages The density currents show a dependence on the 

vertical salinity distribution (densimetnc PROUDE number), 

on the longitudinal salinity distribution, and on the change 

of salinity with time 
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CHAPTER 121 

Computation of Storm Surge 

RICHARD SILVESTER 
Professor of Coastal Engineering 

Asian Institute of Technology, Bangkok, Thailand 

ABSTRACT 

From knowledge of wind resistance coefficients measured over the 
sea, it is possible to compute the shear stress of a wind field on its 
surface  Where a body of water is relatively shallow, such a shear 
stress will transport water to the downwind end and so create a high 
water level or surge  Graphs are presented for ready application of 
the relevant formulae to cases of lakes and Continental Shelves  The 
wind fields of either uniform or triangular horizontal distribution in 
velocity are included, as well as conditions of stationary or moving 
fetches  Surges from seven typhoons travelling towards Hong Kong are 
computed and compared to actual records 

INTRODUCTION 

Wind stress on a water surface is a function of its roughness, 
particularly in respect to the shorter period waves in the spectrum 
Hence an enclosed body of water can be hydrodynamically rougher than 
the open sea where the shorter waves are dissipated with the assistance 
of the longer ones  Formulae available can be put m graphical form for 
the computation of surge heights  These apply to lakes or Continental 
Shelves  With the latter the ratio of fetch length to Shelf width 
assumes importance, as well as velocity of approach of the fetch and 
the horizontal distribution of the wind velocity  Application of the 
graphs to a number of typhoons approaching Hong Kong indicates the 
accuracy of the procedure 

WIND STRESS 

The shear stress applied by the wind to a water surface depends 
upon its smaller roughnesses and hence the wave conditions  Wu^l) 
has shown that waves in the order of 0 7 seconds period and 0 1 metre 
height are the mam roughness element  The stress thus varies with 
the wind velocity and the fetch available  For this reason it is 
understandable that optimum values can be reached which are different 
for enclosed bodies of water of limited size and the open sea  The 
former contain a larger proportion of short waves that are reaching, 
or are at, their limiting steepness  The latter, however, when they 
approach the fully arisen state, contain less of the short period com- 
ponents and more of the longer period waves*' '      For this reason the 

1995 
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sea is slightly smoother as far as wind stress is concerned It can be 
presumed therefore that the stress of a given steady wind can also vary 
with duration 

The shear stress is given by 

T = pU2  (1) ra 

where  p = density of air 
Ua = shear velocity near the water surface 

this can be expressed as 

T = p C U2         (2) va    y y 

where C = resistance coefficient varying with U 
II" = wind velocity  at y metres atiove water surface 

Many workers        have evolved relationships for C and V 
from measurements over lakes and the sea  WuA°' has summarised these 
data and discussed their significance, from which Figure 1 has been 
prepared  This shows C^Q for a range of VIQ,  

as most wind measurements 
have been made at the 10 metre height  Within the boundary of the ex- 
perimental values the relationships presented by various workers is 
also shown, including the stepped curve of Wu  It is now generally 
accepted that a limiting value of C-IQ = 2 6 X 10"3 can be applied to 
limited water bodies when the 10 metre high wind exceeds 10 metres/sec 
or 30 knots  The optimum for the ocean is C^Q = 2 4 X 10"J  For winds 
less than this a relationship of 

C1Q - 0 65 10"3UJ0      (3) 

would follow Sheppard's curve reasonably well to the aforesaid limits 
To convert wind velocities from other levels to the 10 metre height, 
graphs have been provided elsewhere (7) 

In storm surge calculations it is more appropriate to use the 
relationship 

T = k p U2Q  (4) 

where p = density of the water 
pa 1 so that k = — C , which for seawater = -rrrrr C.n p  y' 800  10 

the limiting values of k = 3 3 x 10  and 3 0 x 10  apply to lakes 
and ocean areas respectively 

A scale for k is included in Figure 1, together with scales for 
U.„ in knots and designations of Beaufort Number and Sea State 
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Fig 1    Variation of wind resistance coefficient with wind velocity 
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ENCLOSED BODIES OF WATER 

Considering a lake of rectangular proportions m plan, its long- 
itudinal cross-section can be equated to a rectangular one of equal 
area, giving an equivalent depth d and length or fetch L  The 
equation for the water surface profile^)(9)(10) when a steady wind 
velocity U,„ is applied to it is 

s _  kiouioL  _ k10U10L 

d 2gd(d+S)  =  2gd2 
(5) 

where S = surge height at the down wind end  The last form of the 
equation assumes S to be small in respect to d  Equation (5) also 
approximates the nodal point at the centre of the length L 

The variables in this dimensionless equation must be chosen con- 
sistently  The values of the fall and rise of the water surface at 
the upwind and downwind ends of the lake are presented in graphical form 
in Figures 2 and 3, for the two conditions of bottom exposure at the 
upwind end  The surface passes through the mean depth plane around the 
centre of the water body'°) even when part of the bed is exposed  Lakes 
of irregular depth can be treated similarly by determining an equivalent 
rectangular section 

In the case of narrow bodies of water such as canals the same 
value of k-^o = 3 3 x 10•° is applicable since the optimum roughness 
is due to waves of about 1 second period'*•*•' reaching their maximum 
steepness of 1/7 

For the case of non-rectangular planar shapes, of uniform depth or 
sloping bottoms, Keulegan' *•"•'  has derived some form factors N by which 
the values of S/d in equation (5) should be multiplied  These are 
illustrated in Figure 4, where the exponential form analysed by Langhaar 
for constant depth d, and trapezoidal shapes with uniform depth or 
uniformly sloping bottom are presented  The high values of N resulting 
from the downwind depth decreasing should be noted  The same order of 
magnification will be observed for similar shoaling on the Continental 
Shelf 

CONTINENTAL SHELF - STATIC WIND FIELD 

Where a wind is applied to the Continental Shelf blowing towards 
the shore, the Shelf width can be taken as half the length of the lake 
considered previously  The water feeding the surge comes from the deep 
ocean  The major difference from the previous situation is the 
decreasing depth towards the shore  For the purposes of surge cal- 
culation it is reasonable to assume a uniform variation from a depth 
d. at the Shelf edge to d. near the coast (see inset of Figure 5) 

Surge problems assume importance on reasonably wide Continental 
Shelves  The majority of these have been constructed by sediment 
deposition for which waves are the predominant distributing factor 
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It is not surprising, therefore, that most of these Shelf edges occur at 
around 65 fathoms(12), or the reach of the 12-14 second waves, which are 
the most persistent swell waves of the oceans(l^)  Thus, unless more 
specific information is available the depth d-^ may be taken as 400 feet 
(120 metres)  On sandy shorelines the beach profile is parabolic from 
the breaker line, which produces depths of 5 fathoms very close to shore 
It is such depths, rather than zero values at the beach, that are more 
effective in the surge phenomenon  Where a large tidal range occurs, 
or sediment of silt c-iaracter exists, large tidal flats will necessitate 
the use of much smaller values of d„ 

The width of the Shelf will be designated as L, which can be diff- 
erent from the fetch length F of the wind zone  As seen in Figure 5 
the depth ratio &\l&2  can be equally expressed by L/x where x is distance 
inland where the plane of the bed meets the mean water level 

Where a storm zone has a fetch length (F) m excess of the Shelf 
width (L), only that portion across the relatively shallow zone is 
effective in producing surge,  thus F = L  This is likely to be the 
case in extra-tropical cyclones, where wide expanses of ocean can suffer 
winds of uniform speed and direction  In tropical cyclones the fetch 
lengths are smaller and are more likely to be less than the Shelf width 
This case is discussed later, together with the problem of velocity of 
advance (V) of the wind field 

(a) Uniform Wind Velocity (V=0) 

For a wind of steady and uniform speed applied to a Continental 
Shelf the following formula has been derived(l^) 

s " £ V <n ln  (T45°      <6> g(dj-d2-S)    d24S 

Since S is small compared to d_ equation (6) can be rewritten 

s  - k U2 f    L 1 t    dl c-n — - —-— (-——) i-a —        (7) 
di     gdi   drd2     d

2 

so that  •§-    =      • •}•  P L  In  -ji         (8) 
dl    gd^l-d^dp   d2 

2   2 
Values of S/dj^ versus k U L/gd^ have been graphed in Figure 5 for 

the range of L/x = F/x = 0 01 to 1000 or d1/d2 = 1 01 to 1001 (the 
latter approximating d„ = 0) 

(b) Triangular Wind Velocity (V=0) 

The wind in a tropical cyclone is circular in character, but is 
deflected towards the centre such that it is around 45° to the radii 
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Fig 2 Upwind and downwind surge levels in a lake of uniform depth 

Fig 3 Surge levels in a lake when the upwind bed is exposed 



STORM SURGE 2001 
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l-j        l-fc       l-| (dotted) 

oi.-z 

-15 

-10 

Fig 4 Amplification factor N for Langhaar shaped and trapezoidal lakes 
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WIND VELOCITY 

Fig 6 Typical surface wind structure inside a tropical cyclone 

(See Figure 6)  As the cyclonic centre moves forward the critical 
conditions as far as surge as well as wave generation is concerned 
are contained in the quadrant for which the centre and wind vectors are 
in same direction  The cyclone depicted in Figure 6 represents air 
circulation for the northern hemisphere in which the right rear quadrant 
contains the critical conditions for surge generation  The worst affect- 
ed coastal zone will be that in line with fetch Fi passing through the 
high velocity annulus  The assessment of wind components along this 
alignment will result in a triangular distribution of velocity (See 
Figure 6), the shape of which depends greatly on the radial distribution 
of the wind around the centre 

For a triangular wind distribution of more-or-less isosceles shape 
Reid'") has derived the following surge formula 

s = *p. A>* z  (9) 
Cl  d2 

where T = mean time for surge wave to traverse the Shelf  ^__ 
C. = celerity of the surge wave at the Shelf edge (= v'gdT) 
2 = factor, (= 0 56 for F = L and V = 0) 

Substituting 

_S_ 

T = 

2 
k Umax L r 1 12 

§<*: 1 +^^7d^ a2 

into equation (9) gives 

AT -(10) 
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Equation (1) has been graphed in Figure 7 in a similar manner to 
dl   L 

Figure 5 for a similar range of — or —b  1. 

CONTINENTAL SHELF - MOVING WIND FIELD 

In the case of the storm centre travelling towards the coast the 
initial surge wave is being reflected as later portions are still 
approaching  The interaction of these establishes a new surge system 
which Reid•5' ^as analysed for various ratios of F/L and V/5 

where        C = L/T = k(.JgZ[ + JsQ  (11) 

From the graphs so presented the ratio R of maximum surge (S  ) to that 
for static storm conditions (S)(i e F = L and V = 0) has beS8xplotted 
as in Figure 8, for both uniform and triangular wind distributions  To 
find Smax it is necessary first to compute S for a hypothetical shelf 
whose width L equals the fetch length F (not the reverse)  With this 
noted, then R is obtained from the combination of F/L and V/C  It is 
seen that the influence of the storm-centre speed differs in the two 
wind distributions  Reid's analysis(!5) also provides information on 
the timing of the maximum surge in respect to the location of the fetch, 
but this has not been included 

The absolute resultant is determined also by the depression of 
atmospheric pressure, which may precede or be concurrent with Smax 
from the wind alone  The surge       due to air pressure is given by 

1013"Pc 13 59 
Sa " (  34  >12 1 003 - <1013-PC>° 

033    <12> 

where S = storm surge in feet of seawater 
and   ha = pressure at the storm centre in millibars (34 millibars = 

1" mercury) 
This value should be added to that obtained in the previous equations 

EXAMPLES OF HONG KONG TYPHOONS 

Since 1962 the Department of Public Works in Hong Kong has collated 
some valuable data on typhoons approaching the vicinity of the island 
These have been summarised in a data sheet for each event, in which 
rainfall, wind speed, wind direction, atmospheric pressure, and sea- 
level are plotted against time in hours  On the sealevel graph is 
traced the normal tide curve as predicted in tide tables, from which the 
surge level can be obtained  The chronological relationship between 
the variables listed provides sufficient information to draw a plan of 
the cyclone and to determine its diameter  A geographic plan of the 
ocean area with the typhoon path traced on it with time markings, permits 
the speed of travel to be assessed  The distance across the Continental 
Shelf that the typhoon has traversed can also be measured  The wind 
speed trace indicates whether a triangular or rectangular distribution 
has produced the surge  A modified reproduction of one PWD data sheet 
is illustrated in Figure 9 
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Data as above are available for seven typhoons, as listed in Table 
I, where relevant parameters leading to the final surge (St) are in- 
cluded  Comparison of the computed and measured values indicates the 
accuracy of the procedure presented 

To determine a surge prior to its arrival, the possible path in 
respect to the site must be assessed  The maximum wind speed at the 
boundary of the eye is a function of the atmospheric depression at the 
centre Kraft'16) provides an equation for Atlantic hurricanes as follows 

U    = 14 V1013-P         (13) max      ^    rc 

where U   is expressed in knots for p in millibars max rc 

Equation (13) may not be applicable to typhoons or more modest tropical 
cyclones 

From table I the only typhoon which was centered on Hong Kong, and 
for which values could be used for verification, is that of Wanda 
when Umax •" 80 knots for 1013-952 = 61 millibars  This would indicate 
a relationship of 

U    = 10 3 J1013-P        (14) max        ^    rc 

The overall diameter of typhoons in the Western Pacific is around 
half of those normally recorded for Atlantic hurricanes  It is not 
unreasonable, therefore, to expect lower wind velocities for any given 
atmospheric depression  Such data should be compiled for a region 
under study, when optimum storm surges are required to be calculated 

The optimum water level to be expected can be computed from a 
knowledge of the most severe tropical cyclones known to exist in the 
area  The fetch for this should then be traversed across the Continent- 
al Shelf at the critical speed, to hit the coast just to the left 
(northern hemisphere) or right (southern hemisphere) of the port under 
study  This maximum surge should then be added to MHWS level which can 
occur during the cyclone period of the year  Should the harbour be 
located near the head of a funnel shaped inlet, or one that has a shoal- 
ing approach channel, an amplification factorCl?) may have to be deter- 
mined for the surge level computed for the mouth 
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Table I Comparison of computed and measured surges at North Point, Hong 
Kong harbour 

Name Wanda Faye Viola Ida Ruby Sally Shirley 
Date Sept 62 Sept 63 May 64 Aug 64 Sept 64 Sept 64 Aug 68 

Ap (mb) 61 17 21 38 45 24 44 

S    (feet) 
a 

2  02 0 57 0 70 1 27 1 50 0 80 1 47 

U         (knots) 
max 

80 25 30 45 60 35 42 

Distribution A tZ3 1=1 A A A A 

F  (NM's) 55 220 110 210 166 107 90 

d    (feet) 400 400 400 400 270(1) 400 400 

k U2F 103/gd| 3  55 1 4 1 0 4 3 13  7 1 32 1 6 

S/d1xl03(Figs 5&7T5 5 5 3 8 2 7 6 5 20 0 2 0 2 5 

S  (feet) 2 2 1 52 1 08 2 6 5 4 0 8 1 0 

L (NM's) 180(3> 240(4) 120 120 80<» 120 120 

F/L 0 3 0 92 0 92 1.75 2 08 0 89 0 75 

V  (knots) 12 10 8 15 12 8 13 3 9 1 

v/c 0 280 0 234 0 187 0 350 0 348 0 312 0 213 

R (Fig 8) 1  9 1 3 1 4 0 9 0 7 1  6 1 5 

S         (= RS) max 4 18 1 98 1 51 2 34 3  78 1 28 1 5 

S_(= S    + S       ) t        a        max 
S  (measured) 

6 20 

4<P> 
2 55 

2 8 

2 21 

3 0 

3 61 

4 0 

5 28 

5  0 

2 08 

1 8 

2 97 

3 0 

(1) Typhoon changed direction part way across Shelf where d. 
and L = 80 NM's 

(2) Assuming d = 30 feet 

(3) Approach was from ESE, equivalent L = 180 NM's 

(4) Approach was from east, equivalent L = 240 NM's 

(5) Tide gauge out, water mark observations only 

= 270 feet 
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CHAPTER 122 

STATISTICAL PREDICTION OF 
HURRICANE STORM SURGE 

by 

C Y Yang, A M Parisi, and W S Gaither* 

Abstract 

High water associated with a hurricane is an important design 
parameter in coastal engineering  Long range rational predic- 
tions can be made on the basis of Gumbel's theory of extremes and 
Wemelsfelder's theory respectively  Fundamentals and underlying 
assumptions of the two theories are investigated and predictions 
are made for Breakwater Harbor, Lewes, Delaware, and Atlantic 
City, New Jersey  Gumbel's theory is found satisfactory according 
to a criterion  A crucial point, the ground rule of counting 
exceedances, is found to be vague in Wemelsfelder's method  The 
ground rule must be made definite in a meaningful prediction 

Introduction 

In coastal protection projects, marine operations in harbors, 
and marine structural design, a reliable prediction of the ex- 
treme sea state associated with a hurricane is of utmost importance 
because of damages to lives and property   The engineer would 
want to know the answers to the following simple questions  How 
high will the sea level rise' How often do the high water levels 
occur in the future' How long does each high water level last 
when it occurs'  How high will the highest wave crest be'  How 
often does the high waves occur and how long do they last' What 
are the oscillatory characteristics of the extremely strong waves' 
In answering these questions a large amount of research work has 
been conducted generally in two categories — deterministic and 
probabilistic approaches  In 1966 Harris investigated the charac- 
teristics of observed hurricane surges in the States   Bretschneider 
in 1959 studied local surges for the Delaware Bay   He made pre- 
dictions of water level and waves in the bay for a given hurricane 
storm nearshore by a deterministic approach  Such a study and 
similar ones as by LaSeur and Moore  in 1966, provide useful in- 
formation for short-time (days) forecast and warning systems 

All superscript numbers refer to those in the Bibliography 
* 
Associate Professor of Civil Engineering, Research Fellow of Civil 
Engineering and Dean of the College of Marine Studies, respectively, 
University of Delaware, Newark, Delaware  19711 

2011 
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For long-time (50 years) predictions, a deterministic approach based 
on laws of mechanics is too complicated and consequently the only 
rational approach is one based on laws of probability and statistics 
of past records  Indeed this was recognized for quite sometime 
and important research work was published by Wemelsfelder in 1961, 
on high water levels , by Pierson and Marks in 1952 on wave spectrum 
analysis , and by Cartwright and Lonquet-Higgms in 1956 on high 
wave crests   More recently Frendenthal in 1969 outlined the many 
important aspects of probabilistic design of marine structures   ,.. 
He and Gaither further investigated the economic aspects in design 
In a series of papers Borgman investigated,wave force on piles 
and spectral density for ocean wave forces 

In this paper we are concerned with the prediction of ex- 
treme mean sea levels generally associated with hurricanes near 
the Delaware coast by a statistical approach  The term hurricane 
surge is used as by Weigel  to indicate a general association be- 
tween extreme high water and a hurricane storm, though the analysts 
is not restricted to those caused by hurricanes  This study is 
aimed at answering the question of how high the extreme water 
level will be and how often each extreme water level will occur 
near the Delaware coast in the future years and decades  It is 
based on a rational analysis by Gumbel and Wemelsfelder, respec- 
tively 

Gumbel's Theory 

The well known statistical theory of extremes now associated 
with Gumbel's name was originated in the early twentieth century 
In the 1930's in a series of papers Gumbel presented important 
developments of the theory and its applications in a variety of 
problems — breaking strength of materials, floods and gust winds 
and stock market trends    The fundamentals may be introduced 
by its application to our title problem 

At Breakwater Harbor, Lewes, Delaware mean sea-level records 
have been obtained giving monthly maximum levels for the period 
1953-1969  Our problem is to predict the occurance of high water 
levels in the future based on these available records and Gumbel's 
theory  First we concerntrate our attention on the maximum height 
in each year of 365 days  Clearly the annual maximum level is a 
random variable which we can not predict definitely rather only 
with probability statements  Let the random annual maximum be 
denoted by X  The probability that X be less or equal to a certain 
quantity x is the same as the probability that all 365 daily water 
levels are less or equal to x  Furthermore, if we assume that ran- 
dom daily levels are independent to one another and have a common 
probability distribution, then 

Fx (x) = [Fx (x):,n 
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where Xodenotes the random daily level and n = 365  Therefore, 
if the probability distribution F  (x) of the random daily level 
X is known, the above simple relation gives the desired pro- 
bability distribution of the annual maxima  Since F   (x) is de- 
rived from Fx (x), the latter is known as the parent distribu- 
tion  Now clearly the parent distribution is not known  For- 
tunately, it has been shown that if we can assume that the number of ran- 
dom daily levels can be very high, then the distribution 

„ , ,   -a(x-u) 
x(x) = e 

for large n , in which a and p are parameters  This is known 
as the first asymptote of the extreme distribution  The problem 
is reduced to one of determination of the parameters a and y 
suitable to our particular case  This may be accomplished by 
plotting all available data points on an extreme probability 
paper and then fitting the points by a straight line  The two 
independent parameters of the line then correspond to the de- 
sired parameters a  and u respectively  So if all goes well 
we now find what we are looking for, namely, the probability 
distribution of the annual maximum water levels, F  (x)   Whether 
all things go well or not must be pointed out so that reliable 
predictions can be made and the direction of future improvement 
can be understood  These are the basic assumptions of independ- 
ence among dally random levels, common parent distribution, the 
ground rule of plotting data points on the probability paper and 
the quality of fitting a straight line to these points   In 
addition, the assumption of time mvarient of the parent distribu- 
tion must also be valid 

Wemelsfelder's Theory 

The essential difference between Gumbel's and Wemelsfelder's 
theory lies in the initial manipulation of available data and m 
the final presentation of results  Instead of picking annual 
maximum out of 365 daily records in a year, Wemelsfelder proposed 
to count the number of exceedances of high water levels m the 
entire period of observations  Thus in any one year the number 
of exceedance of a level may range from 0 up to 5 or 10, and 
all high water occurances are to be counted in a year  This is 
a clear distinction from the data collection method under Gumbel's 
theory in which one and only one high water level, the annual 
maximum, is considered in one year  Having counted the number 
of exceedances of high water levels, Wemelsfelder proposed to 
plot the yearly rate or the number per year v versus the corre- 
sponding level H and called such a plot a frequency curve  As- 
suming that the high water levels are rare and independent events, 
he then applied the Poisson probability law    According to this 
law we can state that the probability p of no exceedance of a 
level in a specified period of T years is 
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where the parameterv is the mean rate of exceedance  This 
parameter can be estimated from the frequency curve  Finally 
the probability of exceeding that level is 

This probability implies a chance of failure and is therefore, 
defined as the risk  In summary, an analytic relation is 
thus established among three variables, namely, the risk q, the 
design period T and the design wacer height H  Recall that the 
mean ratev is a function of the height H as established by the fre- 
quency curve  Wemelsfelder presented the theory in a two dimen- 
sional plot, with ordinates H, abscissa T for various risks q 
This presentation is very appealing and different from that by 
Gumbel as will be shown later in applications 

Applications and Results 

All data used m this paper was recorded by the Coast and 
Geodetic Survey, Environmental Science Services Administration, 
O S  Department of Commerce through tide gauges located at 
Breakwater Harbor, Lewes, Delaware, and at Atlantic City,New 
Jersey  Highest tides above the 1929 Mean Sea-Level Datum in 
each month were tabulated by the Coast and Geodetic Survey for 
Lewes from 1953-1969, and for Atlantic City from 1923-69  These 
are reproduced here as Tables 1 and 2 respectively  The number 
in parenthesis indicate estimations and the blanks indicate missing 
data  Based on some of this data, the Corp of Engineers in 1964 
made studies on hurricanesfialong the Atlantic Coast Delaware- 
Maryland line to Virginia, ' and presented frequency curves* with 
extrapolations   In our study the same frequency curves were used 
but were extrapolated by means of linear regression computer program 
where a polynomial was fitted to the curve    The output of the 
program yields a straight line for Breakwater Harbor, Lewes, Delaware, 
and a curve for Atlantic City  These extrapolated frequency curves 
are shown as Figures 1 and 2 

Figures 3 and 4 show the predictions of high water levels 
for Breakwater Harbor, Lewes, Delaware and Atlantic City, New 
Jersey, respectively by Gumbel's theory and with the data ob- 
tained from Tables 1 and 2 The ordmate is water height in feet 
the abscissa on the bottom is probability distribution of the 
asumptote of the annual extremes and on the top is the return 
period m years  A fourth scale is a linear transformation 

The references used there is Mean Low Water which is 2 5' and 4 53' 
above the datum of 1929, Mean Sea-Level for Lewes, Delaware, and 
Atlantic City, New Jersey, respectively 
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variable which is not important m physical interpretations  The 
plotted points are data points  The theoretical prediction is re- 
presented by the central straight line  A point on the line in 
Figure 3 for example, indicates that the height of 11 feet has a 
chance of  9 of not being exceeded m any one  future year, ana on the 
average it will be exceeded once in every ten years  Looking at 
the upper portion of the line for Breakwater Harbor, Lewes, Delaware, 
in Figure 3, we find that a height of 12 2' has a chance of  98 
of not being exceeded in one year and on an average of once in 50 
years  The remaining feature m Figure 3 is the two curves forming 
a band along the theoretical line  These curves are called control 
curves, indicating an allowable deviation of data points from 
the line  When all data point fall within this band, the theory 
is considered valid according to Gumbel  Fortunately, this is the 
case for both Breakwater and Atlantic City  Furthermore, the 
control curves supplement the straight line predictions  For 
example, in Figure 3, in addition to the statement made for the 
point 12 2' height, we can make two more statements  First, the 
height 12 2' will be exceeded within the interval of 18 to 160 
years on the average with probability of  68   Secondly, in 50 
years on the average the height will exceed 11 41 and not exceed 
13 1', with a probability of  68   This fixed probability corre- 
sponds to a one standard deviation from the straight line  Con- 
sequently, different control curves can be plotted for different 
probabilities, and standard deviations  Figure 5 shows a com- 
parative prediction for Atlantic City, New Jersey  Important 
computations are presented in Tables 3 and 4 

Now consider applying Wemelsfelder's theory to available 
data, monthly extremes in Tables 1 and 2, and frequency curves 
in Figures 1 and 2  By the method previously outlined risk curves 
of Breakwater Harbor, Lewes, Delaware, are constructed and shown 
m Figure 5 and for Atlantic City, New Jersey in Figure 6   In 
Figure 5 the ordmate is height of the water level and abscissa 
design period in years   The curves indicate, for example, m 50 
years a height of 13 5' will be exceeded with probability or risk 
of 10%, 15 31 with a risk of 1% and 17 2' with a risk of 0 IS at 
Breakwater Harbor, Lewes, Delaware 

Conclusions and Discussions 

Through the course of study, we feel that both Gumbel's 
and Wemelsfelder's theories are founded on rational basis and 
are useful in practical predictions  However, it is very important 
to be cautious about the validity of assumptions when applied to 
a particular location  Unfortunately, no rational method is known 
to the authors in case any assumption is violated  Consequently, 
an educated guess must be made to modify the theoretical prediction 
in those cases  As for the questions of which of these two theories 
is more reliable, our investigation at this point does not permit us 
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to answer it satisfactorily  However, we did find out one crucial 
point which must be resolved before any meaningful comparison can 
be made  That is in the Wemelsfelaer's theory, we could not find 
a clear ground rule for making the count of exceedances  Suppose 
that a severe hurricane storm hits a coastal area for three days 
with highest water levels on the first and third day  Such an event 
may be counted as two if the unit of time intervals is a day, 
counted 1 if it is a month, or counted as 1 if the entire hurricane 
event is considered a unit  This ambiguity must be removed by a 
clearly defined ground rule  Since we have not been able to find 
out the precise ground rule  in Wemelsfelder's paper nor that used 
by the Corp of Engineers in their frequency curves, we can only 
assume that the count was made in a more or less arbitrary manner 
depending on the engineers  As a result it is proposed here that 
a universal ground rule be established, say a daily unit so that 
the ambiguity can be removed and precise communication among 
engineers can be established 

Finally, we wish to point out that neither of the two theories 
take into account the important parameter of the time-span of an 
occurance of high water  Since this parameter is obviously significant 
in the characterization of the damaging effect of a storm, even a 
crude modification of the two theories for this effect is extremely 
useful  Also, we wish to mention that during the conference pre- 
sentation of the paper Lee hams raised an important question  he 
argued that the astronomical tides should be substracted from the 
total water heights to get that part of the height due to hurricane 
surge alone  This question was responded by both J B Schijf and 
C L Bretschneider  The general agreement is that ir> a location 
where the water heights are governed by a non-linear law and 
sufficiently large quantity of records are available, then the 
separation of the astronomical tide and hurricane surge is neither 
possible nor useful  However, if a linear law prevails then the 
separation is justifiable 
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TABLE  7 

Gumbel  Analysis  of Breakwater Harbor Data 

i 
* 

H H2 i 
N+l y 

1 8.9 79.21 0.056 -1.059 
2 8.9 79.21 0.111 -0.788 
3 9.0 81.00 0.167 -0.582 
1 9.1 82.81 0.222 -0.109 
5 9.2 81.61 0.278 -O.2I7 
6 9.2 81.61 0.333 -0 095 
7 9.1 88.36 0.389 -0.057 
8 9.1 88.36 0.111 +0.208 
9 9.1 88.36 0.500 0.366 

10 9.7 91.09 0 556 0 533 
11 9.7 91.09 0.611 0.708 
12 9.8 96 01 0.667 0.901 
13 9.9 98.01 0.722 1.122 
11 10.0 100.00 0.778 1.382 
15 10.1 102.01 0.833 1.700 
16 10.5 110.25 0.889 2.110 
17 12.0 111.00 0.911 2  85I 

2H=161.2 SHd=1595.08 

yN=  0.5181 

crN= 1.0111 

1/*N =  0.761 

H =  9.65 

H2=  93.292 

^ = 93.828 

"H 0.535 BH 0.731 

uM = H -  (l/<M)y- *N N'*N 
9.261 

$ 0.150 0.200 0.300 0.100 0 500 0 600 0.700 0 800 0 850 
<y(y)fil 1.255 1.213 1.268 1.337 1.113 1.598 1  835 2.211 2 585 

er(H) 0.232 0.230 0.231 0.217 0.267 0.295 0.339 0.111 0 178 

H N 
0.869 H.N-1 

0.578 

* Yearly Extremes  from Table 1 
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TABLE 8 

Gumbel Analysis of Atlantic City Data 

i H* H2 i 
WfT y 

1 10.5 110 25 0.021 -1.35 
2 10.6 112.36 0 0I3 -1 11 
3 10.7 111.19 0.061 -1.01 
1 10.7 111.19 0.085 -0.90 
5 10.7 111.19 0.106 -0.80 
6 10.9 118.81 0.128 -0.72 
7 10.9 118.81 0.119 -0.61 
8 10.9 118.81 0.170 -0.57 
9 10.9 118.81 0.191 -0.50 

10 10.9 118.81 0.213 -0.11 
11 11.0 121.00 0.231 -0.37 
12 11.0 121.00 0.255 -0.31 
13 11.0 121.00 0.277 -0 25 
14 11.0 121.00 0.298 -0.19 
15 11.0 121.00 0 319 -0.13 
16 11.1 123.21 0.310 -0.08 
17 11.1 123.21 0 362 -0.02 
18 11.1 123.21 0.383 +0 01 
19 11.1 123.21 0.101 0 10 
20 11.2 125.11 0.126 0.16 
21 11.2 125.11 0.117 0.22 
22 11.2 125.11 0.168 0.28 
23 11.3 127.69 0.189 0.33 
21 11.3 127.69 0.512 0.10 
25 11.1 129.96 0.532 0.16 
26 11.1 129 96 0.553 0.52 
27 11.1 129.96 0.571 0.59 
28 11.1 129.96 0.596 0 66 
29 11.1 129.96 0.617 0.73 
30 11.5 132.25 0.638 0.80 
31 11.5 132.25 0 660 0.88 
32 11.5 132.25 0.681 0.96 
33 11.6 131.56 0.702 1.01 
31 11.7 136.89 O.723 1 13 
35 11.8 139.21 0.715 1.22 
36 11.8 139.21 0.766 1.32 
37 11.8 139.21 0.787 1.13 
38 11.9 111.61 0.809 1.55 
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TABLE 8 (Continued) 

i H* H2 1 
N+l y 

39 12.1 116.11 0 830 1.68 
10 12.1 116.11 0.851 1.82 
11 12.2 118.81 0.872 1.99 
12 12.2 118.81 0.891 2 19 
13 12.3 151.29 0.915 2.12 
11 13.2 171.21 0.936 2.72 
15 13.1 179.56 0.957 3.12 
16 13.8 190.11 0.979 3 85 

SH=526.7   ZH2=6053.03 

yN= 0.5168 H = 11.15 ff2 " 131.103 

crN= 1.1538 H2" 131.588 

s2, = 0.185 sH = 0.697 

1/*, 0.601 (l/«N)yN = 11.120 

§ 0.150 0.200 0.300 0.100 0.500 0.600 0 700 0.800 0 850 

er(y)/¥ 1.255 1.213 1.268 1 337 1.113 1.598 1.835 2.211 2.585 
o-(H) 0,112 0.111 0 113 0.119 0.128 0.112 0 163 0.199 0.230 

H,N 0.689 AH,N-1   "  O'*58 

* Yearly Extremes  from Table  2 
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CHAPTER 123 

ANALYSIS OF HURRICANE TIDES AT PADRE ISLAND,   TEXAS 

Frank D    Masch1,  Robert!    Brandes2, 
Floyd R    Hill3 and William A    White4 

ABSTRACT 

To establish design data,  a study was undertaken to determine expected 
hurricane tide elevations,   durations and frequencies of occurrence for events of 
various magnitudes in the vicinity of a proposed development at Padre Island, 
Texas      A set of synthetic hurricanes with selected sizes,   translation speeds, 
wind fields,   and pressure patterns were generated corresponding to various 
frequencies of occurrence of the CPI     Two numerical computer models were 
developed to determine the offshore surge hydrograph and to route the surge 
through the bay waters for each synthetic hurricane moving directly over the site 

Results included storm tide hydrographs at selected locations near the 
development Synthetic storms were also routed across the coast at locations 
north and south of the site and storm hydrographs again computed 

INTRODUCTION 

This study was undertaken to investigate hurricane tides on the Laguna 
Madre and Corpus Christi Bay sides of Padre Island     The location shown in 
Fig    1 represents an extensive property development on the northernmost end 
of Padre Island and is connected to the mainland near Corpus Christi,   Texas, 
by the John F    Kennedy Causeway     Of particular concern at the site were 
hurricane tide elevations,  durations,  and frequencies of occurrence of storm 
events of various magnitudes 

The specific objectives of this study are summarized as follows     (1) 
Determine the offshore storm tide hydrographs near the site which result from 
hurricane events of various frequencies of occurrence,   (2) Route these same 
hurricanes over the shallow waters of Corpus Christi Bay and the Laguna 
Madre and calculate the storm tide hydrographs generated on the bay side of 
the development site on both the Corpus Christi Bay and Laguna Madre sides 

4 

Special Consultant on Fiscalm,  Austin,   Texas and Zurich,  Switzerland, 
on leave from The University of Texas at Austin 

2 Special Consultant on Fiscalm,  Austin,   Texas and Zurich,  Switzerland 
3 Engineer,   Frank D    Masch and Associates,  Austin,  Texas 

Engineer,   Texas Water Development Board,  Austin,   Texas 
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of the causeway, and   (3) Determine the effects of hurricanes moving across 
the coastline at distances north and south of the development site and calculate 
the storm tides generated on both sides of the causeway and at the development 
site 

Because there are insufficient data to develop a reliable statistical 
representation of hurricane tides in Corpus Chnsti Bay and the Laguna Madre, 
two computer models based on the fundamental equations of motion were 
developed for computing offshore storm surge and for routing this surge through 
the shallow bay waters     These models were first verified for measured 
astronomical and hurricane tides      They then were used to develop synthetic 
offshore hydrographs for storms of various frequencies of occurrence and to 
compute the storm tides at selected points m Corpus Chnsti Bay and the Laguna 
Madre resulting from these hurricanes 

For calculating hurricane tides, many of the hydrographic and 
physiographic features characteristic of the region needed to be described 
These features include shallow water depths m Corpus Chnsti Bay and Laguna 
Madre,   small islands,   spoil dumps and limited exchange of waters between the 
Gulf of Mexico and the bay and lagoon     In the immediate vicinity of the develop- 
ment,   other conditions exist that could affect the magnitudes of hurricane tides 
A step type seawall,  Ref    [1],  is now in existence over a portion of the Gulf side 
of the development site and is proposed to be extended to eliminate the possibility 
of Packery Channel cutting open to the Gulf of Mexico during hurricanes 

The John F    Kennedy Causeway which connects Padre Island with the 
mainland is an earth-fill dike with openings for the Intracoastal Canal and the 
Humble Channel     For hurricanes crossing the coast north of the development 
site,  the causeway serves as a barrier and restricts the flow of water into 
the Laguna Madre until tides reach an elevation that produces overtopping of the 
causeway     Similarly,  the causeway restricts flow into Corpus Chnsti Bay for 
hurricanes moving up the coast from the south     Islands formed by placement 
of dredge spoil from the construction of the Intracoastal Canal on the Laguna 
Madre side of the site also act as partial barriers to restrict somewhat the flow 
of water and consequently lower peak hurricane tide elevations slightly 

PROBLEM ANALYSIS 

To obtain answers to the stated objectives,  the problem analysis was 
divided into the following three parts     (1) Establishment of storm 
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characteristics for synthetic hurricanes with various frequencies of occurrence, 
(2) Determination of synthetic hurricane surges offshore of the site, and   (3) 
Determination of storm hydrographs at the development site utilizing the hydro- 
graphic and physiographic features of Corpus Christi Bay and Laguna Madre, 
the synthetic hurricane characteristics and the corresponding offshore surges 

Frequency Analysis      After an extensive literature review,  it was decided that 
within the scope and time frame available for this study,  the most meaningful 
frequency analysis could be accomplished through the generation of a set of 
synthetic hurricanes      The U    S    Weather Bureau,   Ref    [2],  has divided 
hurricanes affecting the Gulf Coast into three zones of approximately 80,000 
square nautical miles each,   one of which covers the Texas Coast and a small 
portion of the coasts of Louisiana and Mexico     Hurricanes within each zone 
have been analyzed for frequency of occurrence of the Central Pressure Index 
(CPI) and for size,  translation speed,  wind magnitudes,  and other characteristics 
From these analyses,   the frequency of occurrence of the CPI is determined for 
selected locations along the Gulf Coast,  including Corpus Christi     The CPI is 
the minimum estimated pressure m a storm and is a good indicator of storm 
intensity 

Once the CPI has been determined for a specified frequency,   Ref    [2] 
presents a series of steps by which synthetic hurricanes or "standard project 
storms" can be constructed      Utilizing the CPI as basic information,  it is 
possible to determine the radius to maximum winds for various radii storms, 
the variations of this radius with longitude and latitude,   the translation speed 
of the storm,  probable azimuth,  maximum cyclostrophic wind,  maximum gradient 
wind and maximum wind speed 30 feet over water     Table I is a summary of the 
principal characteristics of synthetic hurricanes developed at Corpus Christi 
with frequencies from 3   3 years to 100 years      These characteristics were 
determined in part by the methods of Ref    [2] and by adjustments based on 
judgment to more nearly reflect conditions near the Corpus Christi area 

In reviewing the relation between CPI and the radius to maximum winds, 
it was noted that data for the Texas coastal zone and in particular that for the 
Corpus Christi area indicate that the local mean radius storm is smaller than 
the average mean radius storm for all events     Similarly,  the longitudinal 
correction to the radius to maximum winds shows a negative departure from 
the mean of about five nautical miles for a longitude near 96    W     Hence,  the 
values of radius to maximum wind were adjusted to reflect these Corpus Christi 
characteristics      Also in selecting the translation speed for the hurricane 
center,  a modal value based on the cumulative percent of occurrences of all 
events was chosen      From Ref    [2],   eleven knots is considered as a representative 
moderate speed and was taken as constant for all frequency hurricanes 
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TABLE I     SUMMARY OF SYNTHETIC HURRICANE CHARACTERISTICS 

S„ T CPI R V V V 
or ex gx x 

(ft  ) (yrs   ) (in  ) (n    mi  )        (mph) (mph) (mph) 

2 0     100       27 44      12     110       108 2    99 9 
2 0      75       27 50      12 5   108       106 2    98 3 
2 0 50 27 60 13 107 105 1 97 3 
2 0 30 27 73 13 5 103 101 1 93 8 
1 5 20 27 88 14 99 97 0 90 4 
1 5 15 27 94 14 5 97 95 0 88.3 
1 5 10 28 16 15 92 90 0 84 2 
1 0 5 28 56 15 5 82 79 9 75 3 
1 0 3 3 28 84 16 68 65 9 63 3 

LIST OF SYMBOLS 

SQ    = Initial hurricane surge 
Tr    = Return period of storm 
CPI = Central Pressure Index or the estimated minimum pressure for a 

particular hurricane 
R      = Distance from center of storm to region of maximum winds 
Vcx = Maximum cyclos trophic wind 
Vgx = Maximum gradient wind 
Vx   = Estimated maximum 30 foot over-water speed 

Synthetic Storm Development    Before the storm tide hydrographs  could be 
determined at selected points in Corpus Christi Bay and Laguna Madre, it 
was necessary to know the hurricane surge hydrograph offshore in the vicinity 
of the development     It is this storm surge that acts at the tidal inlets and, 
depending on magnitude, may overtop Padre Island     As such,  offshore tide 
represents one of the boundary conditions necessary to calculate     tides within 
the bay and lagoon 

In hydrograph form the offshore surge gives a complete picture of the 
effects of the hurricane      Information required for the solution of this tide 
includes definition of the bottom profile offshore from the site to the edge of 
the continental shelf and knowledge of the wind's magnitude and direction across 
the entire width of the hurricane     U S C G S    Hydrographic Charts provided 
the required data for the bottom profile     Wind patterns for the design storms 
could be taken either from actual historical hurricanes which have been 
documented or from synthetic storms such as illustrated in Ref    [2] 
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Total storm surge offshore associated with a given hurricane is 
normally broken into several components for calculation     The total 
hurricane surge above mean sea level consists of an initial surge,  an 
astronomical tide,  a pressure tide and the components of wind tide due 
to winds blowing perpendicular and parallel to the coast     The initial 
surge is that associated with Gulf hurricanes and usually varies from one 
to two feet     To be conservative,   the astronomical high tide above mean sea 
level was selected to coincide with the peak of the storm tide      The pressure 
tide was taken as 1   14 times the pressure differential expressed in inches of 
mercury      Wind tides were computed from wind magnitude,  wind direction, 
duration and from a consideration of bottom and water surface shear stress 
coefficients 

In determining hurricane tide hydrographs there is the problem of 
appropriate values for the bottom friction and surface wind stress parameters 
used m the calculations     The most direct way to evaluate such parameters is 
to compare actual measured hurricane tide hydrographs with computed hydro- 
graphs,  determined as above but with actual data on the wind patterns,  wind 
magnitudes,   storm directions,  CPI,  etc     It then becomes a matter of adjusting 
the bottom friction and wind stress coefficients until the computed hydrograph 
can be made to agree reasonably well with that actually measured 

The final hydrographs at the coast for a series of synthetic storms 
were obtained by placing the hurricane wind patterns with their leading edge 
at the coast,  calculating the wind tides shoreward from the edge of the continental 
shelf,  and then moving the wind patterns shoreward a prescribed distance and 
again performing the wind tide calculations     This process was repeated until 
the end of the hurricane passed over the coastline     Synthetic surge hydrographs 
were computed for hurricanes with return periods of 3   3,   5,   10,   20,   30,   50 
75 and 100 years,  and those for 10,   30 and 100 year return periods are included 
in Fig   6       The isovel pattern used in the calculations is that of a mean radius 
moderate speed of translation standard project hurricane      To reflect the lower 
winds in the more frequent hurricanes,  the wind magnitudes at specified radii 
were scaled proportionally by the ratio of the maximum wind speeds of the 
lesser storms to that of the standard project storm 

Storm Hydrographs at the Development Site     The calculation of the storm tide 
hydrographs in Corpus Chnsti Bay and the Laguna Madre involved a numerical 
solution to the two-dimensional vertically integrated equations of motion and 
continuity     These equations were solved for the boundary configurations of the 
bay and lagoon and included such significant features as spoil banks,  cause- 
way,  barrier islands,   tidal inlets,   flow controls,   and the Intracoastal Canal 
The boundary conditions for the equations included the storm surge hydro- 
graphs off-coast at Port Aransas,   other tidal inlets and locations where Padre 
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Island was likely to be overtopped     Wind was another external surface force 
applied to the water surface within Corpus Christi Bay and the Laguna Madre 

The method utilized in the bay tide computations is based on work 
described m Ref    [3]     The first step was construction of an Eulerian type grid, 
one nautical mile square,  which approximated the general physiographic and 
hydrographic features of the development area      Figure 2 is a small scale map 
of Corpus Christi Bay,  Laguna Madre and Baffin Bay with the computational 
grid superimposed     Figure 3 illustrates the control features included within 
the computational model     The dash lines correspond to reefs,  spoil banks or 
other flow control situations     The solid lines correspond to impermeable 
barriers such as islands    and the causeway 

In a manner similar to that used for the offshore hurricane surge 
hydrographs,  it was also necessary to calibrate this computational model     In 
a complicated configuration such as that represented by the combination of 
Corpus Christi Bay,  Laguna Madre and Baffin Bay,  this calibration was done 
in two steps      The first involved calibrating the bay for normal astronomical 
tides without the influence of wind,  or with wind effects minimized     When the 
model was verified for astronomical tides, it was then operated using the 
offshore hurricane surge at tidal inlets and with varying wind on the water 
surface to compute the hurricane tide within the bay 

Verification of the computational model for astronomical tide was 
obtained by comparing the computed tide with the actual tide measurements at 
the Naval Air Station in response to a known tide imposed at Aransas Pass 
The Naval Air Station is a location near the development site,  Fig   2 ,  where 
normal astronomical tides were recorded by the Corps of Engineers     Figure 
4 illustrates an astronomical tide measured at Corpus Christi Naval Air Station 
compared with the computed tide from the numerical model     The maximum 
departure of the computed curve from the measured tide is on the order of 
0   1 feet     For the purpose of this study,  this agreement is considered adequate 
verification of the astronomical tides and bottom friction conditions in Corpus 
Christi Bay 

Further hurricane tide verification was accomplished by introducing 
into the model,  conditions associated with Hurricane Beulah     The storm tide 
recorded at Port Aransas was introduced at the jetties,  and utilizing the winds 
associated with Beulah,  the hurricane storm tide was computed at the Corpus 
Christi Naval Air Station     This hydrograph is illustrated in Fig    5 where it 
can be seen that the model reproduced the actual measured tide quite satisfactoril 
Tides were also computed at several other locations but are not included m 
this paper     The major difficulty m this calibration process was the inclusion 



HURRICANE TIDES 2037 

of the high runoff resulting from the large rainfall which accompanied Beulah 
and the rainfall on the bay itself     These conditions were approximated for 
this model from available data in Ref    [4]     Winds recorded at the Corpus 
Christi Airport during the passage of Hurricane Beulah were applied m the 
time-dependent fashion measured at the airport to duplicate the tides recorded 
at different stations within Corpus Christi Bay- 

To predict the tides on the Corpus Christi Bay and Laguna Madre side 
of the development and to simulate those conditions during which the Kennedy 
Causeway would be overtopped,  the model had to be extended to include the 
Laguna Madre to a point south of Baffin Bay     Another extensive data search 
was undertaken to acquire quantitative information on the hydrodynamic 
characteristics of the Laguna Madre-Baffm Bay area     No tide data were 
available for this location and it was necessary to synthesize the behavior of 
tides south of the causeway     Although it was not possible to verify the computed 
tides in the Laguna Madre or Baffin Bay area, it was possible to compare 
qualitatively the computed results with those obtained during Hurricanes 
Beulah and Carla,  and to note that the same general trends and characteristics 
existed     It was found that after allowing the Kennedy Causeway to be overtopped, 
very good verification of the Beulah hurricane tide at the Corpus Christi Naval 
Air Station was achieved     For this reason,  it is believed that the total model 
including Corpus Christi Bay,  Laguna Madre and Baffin Bay was sufficiently 
verified for the analysis used in this study 

ASSUMPTIONS AND MODEL LIMITATIONS 

It is not difficult to envision a great number of combinations of hurricane 
events each of which may contribute to the storm hydrographs developed offshore 
and m the bays and lagoons      Such factors as storm path,   storm size,   CPI, 
translation speed,  winds,   and storm azimuth are some of the variable hurricane 
characteristics     Similarly,  unpredictable factors such as the time during which 
the storm remains offshore and any unusual changes in storm course also 
control the formation of hurricane surge     Once within a bay,  such variables as 
the amount,  intensity,   distribution and duration of rainfall on the bay itself and 
the runoff from contiguous land areas are also factors which affect the height, 
shape,  and duration of the storm tide hydrograph     Obviously with so many 
variables very few of which are statistically predictable,  caution must be used 
in attempts at generalizations of hurricane events at a given site 

Although it was necessary to make assumptions on the distribution of 
rainfall during Hurricane Beulah for proper verification of storm tides at the 
Naval Air Station, the synthetic storms on which the results of this study are 
based do not include rainfall Since the storms themselves are synthetic and 
rainfall frequencies are not established relative to the hurricane frequencies, 
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attempts at introducing rainfall and rainfall distributions within the time frame 
available for this study would not be meaningful     It also was noted in the 
offshore storm hydrographs that the surges rise and fall rapidly,   even though 
a decay factor was included in the model     Part of these rapid changes is due 
to the synthetic nature of the storms,  but part is also due to the absence of 
rainfall which normally accompanies such storm events 

The computational model used in this study does not allow for inundation 
of adjacent land mass     The 10 and 15-foot contours lie very near the water 
line throughout most of the area in the vicinity of the development with the 
exception of the Laguna Madre side of Padre Island     Actually the volume of 
water involved in land inundation m the area covered by the model is very 
small in relation to the volume of water m Corpus Christi Bay and the Laguna 
Madre,  and omission of land inundation should not have a noticeable effect on 
the computed tides in this area     Furthermore,  this assumption is conservative, 
for if there is any effect at all, it would be to produce lower tides than those 
calculated 

Although the results in the following section are based totally on 
synthetic storms,   they provide an indication of the magnitude and duration of 
hurricane tides due to storms of specified frequencies      The results are also 
conservative in that the lesser magnitude storms are based on the isovel patterns 
for a 100-year storm with a linear adjustment applied to the wind velocities for 
the less severe events     Hence,   the duration of the smaller events may be some- 
what greater than would occur m an actual small storm     On the other hand, 
these storms do not include rainfall and runoff and the computed tides could be 
of lower amplitude than those of a true storm with heavy precipitation 

DISCUSSION OF RESULTS 

The operation of the simulation model of Corpus Christi Bay,  Laguna 
Madre,  and Baffin Bay with synthetically generated offshore inputs at Port 
Aransas,  Corpus Christi Pass,  and Yarborough Pass has permitted the 
computation   of tide hydrographs at selected points at the development site 
Synthetic hurricanes were routed across the shoreline with the eye crossing 
approximately 15 miles south of Port Aransas     This produced maximum storm 
tides at the Port Aransas jetties,  the major tidal inlet to the Corpus Christi 
Bay area     Since the actual development site is protected on the Gulf side by a 
seawall and by proposed stabilization measures for Packery Channel and vicinity, 
it would appear that even though the maximum storm tides were allowed to 
exist immediately at the site, it would be unlikely that serious overtopping of 
Padre Island would occur at that point     However, m the computational model, 
allowances have been made for flow and tide at Corpus Christi Pass,  which 
presumably will be opened and maintained m the future     Port Aransas also was 
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selected as the point for application of maximum storm tide since it was a 
location for which some surge data were available and was the input location 
for verification tides at the Naval Air Station during Hurricane Beulah     Also, 
since frequencies are based on average conditions for the Texas Coast,   the 
probabilities of an event crossing at a specific point are undoubtedly less 
Thus,   the slight shift of the storm to permit tide computations at a point where 
some data were available is not considered significant 

Development Site Tides      Corresponding to the offshore hydrographs from the 
synthetic storms,   tide hydrographs m the bay were computed near the develop- 
ment site at the points defined in Fig    1      The location of the two points considered 
most representative    of the site were defined as Packery Channel and Padre 
Island Site West     Three of the computed hydrographs for these two locations 
are shown in Fig    6 and are based on a causeway elevation of 4  5 feet which is 
near the present average elevation      These hydrographs account for overtopping 
of the causeway when storm tides increase beyond an elevation of 4 5 feet     For 
convenience,   the input tides used in the calculations have also been included on 
these figures 

The maximum storm tide elevations at Aransas Pass,   Padre Island 
Site West,  and at Packery Channel are summarized in Fig    10 where the 
maximum computed storm tide has been plotted against the probability of 
occurrence in any one year      The input tide at Aransas Pass varies from 6  2 
feet for a storm with 3  3-year return period to 11   7 feet for the 100-year 
storm     The 30-year computed storm tide elevation is 11   2 feet although the 
curve indicates an elevation of about 10  8 feet      Figure 10 also shows that the 
storm tides at Packery Channel,  l  e   ,   on the Corpus Christi Bay side of the 
causeway,  are always higher than tides on the Laguna Madre side of the 
development site     The maximum storm tide at Packery Channel computed 
from the 100-year storm is 7  9 feet whereas at Padre Island Site West it is 
7 feet      The 30-year storm for the same sites produces tides of 7  4 and 6   7 
feet respectively 

It is also significant to note that for the less frequent storms there is 
less change in the magnitude of storm tide at all locations including Aransas 
Pass For example, it can be seen from Fig 10 that for the existing cause- 
way elevation of 4 5 feet, the tides expected from a 30-year storm differ from 
a 100-year storm by less than 0 6 feet This small change in maximum tide 
is due to the small difference in maximum average wind speed between the less 
frequent storms      This can be noted in Table I 

As also illustrated in Fig    6,   the Padre Island Site West tide always 
lags the Packery Channel tide indicating the delaying influence of the cause- 
way     Actually the storm tides on the Laguna Madre side of the development 
do not begin to increase appreciably until the tides on the Corpus Christi Bay 
side are of sufficient magnitude to overtop the causeway at elevation of 4  5 
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feet     The Intracoastal Canal alone is not large enough to enable the exchange 
necessary for the tide to build up on the Laguna Madre side as rapidly as it 
does on the bay side     This delay varies from about six to eight hours depending 
on storm magnitude     It can also be noted that the Packery Channel tide reaches 
a peak shortly before the eye crosses the coastline and then falls rapidly as the 
eye crosses the coast and winds reverse direction     This wind reversal also 
contributes to the rapid rise in the Padre Island Site West tide immediately 
after the storm passes the coast and winds begin to blow up Laguna Madre 
When the Padre Island Site West tide reaches its peak the eye has already 
crossed the coast and the Packery Channel tide has begun to fall     Water from 
the Laguna Madre then flows back over the causeway into Corpus Christi Bay 
This,  coupled with the fact that no sudden changes m wind direction occur after 
the eye has passed the site, produces a flatter peak on the Laguna Madre side 
The oscillation noted m the storm hydrographs after the passage of the peaks 
actually represents the astronomical component of the total tide 

Further insight into the tide behavior on both sides of the causeway for 
different storm events can be obtained from Fig    7      These curves are computed 
for various frequency storms at points identified as Intracoastal Canal South, 
Intracoastal Canal North,  Humble Channel South and Humble Channel North     The 
locations of these points also are illustrated m Fig    1     These hydrographs 
give comparisons of the storm tide elevations for the three storm events of 10, 
30 and 100 years at two points on each side of the causeway     It is not possible 
to construct a duration of overtopping-frequency relationship because by the 
nature of the synthetic hurricanes the more severe events tend to be somewhat 
tighter storms in order to produce the lower CPI's     This leads to the apparently 
anomalous condition in which the less frequent events produce shorter periods 
of overtopping once overtopping is significant     The study of the isovel patterns 
for less severe storms requires analysis considerably in excess of that avail- 
able to this study 

It can also be noted from Fig    7 that the tides on the south side of the 
causeway are characterized initially by very low tides followed by a rapid rise 
in the water surface     In fact,  the tide at Humble Channel South becomes less 
than mean sea level meaning that water is blown out of the computational cell 
at that point     No verification data of this condition are available, however, 
qualitative data obtained during Carla,  Ref    [5],  indicates very low tides in this 
area     Also an astronomical tide study south of the causeway,  Ref    [6],  shows 
that tides change very rapidly with relatively small changes in wind velocity 
or direction     In the case of the synthetic hurricanes,  the winds are northerly 
to northeasterly until the eye crosses the coast     As already noted,  overtopping 
of the causeway occurs at about this same time     This overtopping together 
with the sudden reversal to winds from the south and southwest lead to this 
very rapid rise m water surface elevation 
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Storms at Other Locations      In order to obtain some insight into the tides 
generated from hurricanes crossing the coast at locations other than at the 
development site,   two conditions were considered      These included the 30-year 
storm crossing the coast at points 50 miles south and 50 miles north of the 
site      The storm hydrographs computed for these conditions at Packery 
Channel and Padre Island Site West are shown m Fig    8      Also the corresponding 
tides on each side of the causeway are given m Fig    Q     These computations 
have been carried out for a causeway elevation of 4 5 feet 

Rather than re-rout the 30-year storm with its attendant adjustments 
into the coast over different offshore profiles,  a linear adjustment based on 
observations made during Hurricane Carla,  Ref   [5] was applied to the input 
tide used m the previous computations      It is well established that hurricane 
tides to the right of the eye when viewed in the direction of travel are larger 
than tides to the left of the eye     This is because of the large component of 
tide resulting from onshore winds      Thus,   a hurricane crossing the Texas 
Coast south of the development site will produce a larger tide at the site than 
if the same storm moved inland north of the site     Corresponding to the Carla 
results,   the input tide at Aransas Pass was reduced to  90% for the storm 
south of the site and by 75% for the storm north of the site      No adjustment 
was made to the storm duration 

All the tides thus computed are lower than those produced by the 30- 
year storm at the site     This can most easily be seen in Fig    11 which 
summarizes the maximum tides at Aransas Pass,   Packery Channel and 
Padre Island Site West for the various storm locations     One point of note 
is that for the storm south of the site,   the Padre Island Site West tide is 
slightly higher than the Packery Channel tide      Although the difference in 
actual magnitude may not be of numerical sigmficane,   the behavior of the 
tide in Laguna Madre relative to the Packery Channel tide is different than 
for a storm crossing at the site or to the north of the site      It is possible 
that a slightly more severe storm or possibly one at some other location 
south of the site could produce a higher tide m the Laguna Madre than in 
Corpus Christi Bay     This,   of course,   assumes that sufficient overtopping 
of Padre Island occurs so that a large enough volume of water is available 
for the tide buildup     Although different storm paths were involved,   a similar 
effect can be noted by comparing the computed tides with the spot tide elevations 
reported for Hurricane Carla and Beulah     Carla which crossed the coast 
at Port O'Conner caused high tides at the Naval Air Station near the site and 
very low tides in the Laguna Madre      Beulah,  which affected the southern 
part of the coast,  produced high tides in the Laguna Madre as well as Corpus 
Christi Bay 
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TURBULENCE IN HURRICANE-GENERATED COASTAL CURRENTS 

By Stephen P Murray 
Coastal Studies Institute 
Louisiana State University 

Baton Rouge, Louisiana 70803 

ABSTRACT 

Wind and current meter records taken during the passage of a hurri- 
cane were subjected to time series analysis  Filtering techniques iso- 
lated the speed fluctuations m the 10-60 CPH frequency band  These 
turbulent fluctuations proved to follow the Gaussian distribution for 
both wind and current  With the passage of the storm front the turbu- 
lence intensity of the wind actually decreased, while, on the other 
hand, the turbulence intensity of the current rose to extremely large 
values, even exceeding 27 percent of the mean flow speed 

Three phases of the storm were examined separately, and the energy 
density of the wind varied with the -1 power of the frequency in all 
phases  With respect to the energy density of the current, a -1 power 
dependency on the frequency was approximated by the first two phases, 
whereas m the third phase, which was the most intense, the energy 
density varied approximately as the -0 5 power of the frequency  The 
characteristics of the spectra indicate that there is little direct 
transfer of energy from the wind to the current m the frequency range 
studied  Energy is passing into the 10-60 CPH band of the current from 
still lower frequencies 

INTRODUCTION 

Hurricane-generated coastal currents can attain enormous magni- 
tude and are instrumental m inflicting material damage and producing 
changes in coastal topographies which result m great monetary losses 
The undermining of piers and jetties and the destruction of sea buoys 
and other navigation aids illustrate this point clearly However, 
owing to scarcity of data, the characteristics of currents produced by 
hurricane winds remain essentially unknown 

Hurricane Camille traversed the Gulf of Mexico on a northwesterly 
track during the period August 15-17, 1969, and made its landfall at 
Gulfport, Mississippi (Fig 1)  During this time the Coastal Studies 
Institute was conducting a shallow-water oceanographic measuring pro- 
gram at its field facility on the Eglm Air Force Base Santa Rosa Island 
Testing Grounds  This locality, 160 km to the east of the hurricane 
landfall, was subjected to severe winds, high waves, and storm surge 
Of several current meters installed on the nearshore bottom prior to the 
storm, one placed at the depth of 6 3 meters beyond the outer bar pro- 
vided an excellent time series record of the current during the storm 
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An anemometer mounted 12 meters above 
the water level on the adjacent beach 
operated concurrently 

The correlative aspects, especially 
in respect to the coastal circulation, of 
mean speeds and directions of both the 
current record and the wind record were 
discussed in Murray (1970)  The purpose 
of the present paper is to discuss the 
properties of the turbulence associated 
with the hurricane winds and currents, 
with special reference to the turbulence, 
the energy density spectra, and cross 
spectra and coherence between these two 
signals 

INSTRUMENTATION 

Fig 1 Track of the eye of 
Hurricane Camille, August 16 
and 17, 1969 

The current sensor was a Marine 
Advisers bottom-mounted Q-16 bidirec- 
tional integrating meter which utilizes 
a ducted impeller assembly of small mass 

with a threshold speed rated at 0 08 knots  The duct is fitted with a vane 
that is long relative to the wave's orbital diameter, thus the vane holds 
the meter with its axis aligned with the steady current  A magnetic com- 
pass assembly within the instrument determines magnetic north, the orienta- 
tion of the vane then determines the current direction 

The current speed sensor contains two reed switches that are acti- 
vated by magnets on the blades of the impeller  The reed switches are 
mounted so that they open and close at slightly different times, which 
allows the electronic circuitry to determine the direction of rotation of 
the impeller  If the impeller is turning in the direction of the net 
current, a differential amplifier integrator integrates the pulses in the 
positive direction, if the impeller turns m the opposite direction, the 
amplifier integrates in the negative direction  There is then produced 
at the output of the amplifier a DC voltage proportional to the net cur- 
rent through the speed sensor  This voltage represents a time average 
over a time interval determined by the fixed time constant T of the 
proper RC circuit  Given a step function increase in the current speed 
up to a value V0, the output speed V lags the true speed V0 according to 

V = V  (1 
-t/x. 

e   ) 

Thus one time constant is the time required for the output speed to reach 
(1 - e-!) ^ 63 percent of the true speed  In the present case, the time 
constant was fixed at 6 2 seconds 

Instruments with time constants function as filters which smooth, 
lag, and damp cycles in the output as a function of the frequency f  The 
frequency response R(f) (the ratio of output amplitude to true amplitude) 
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of a "time constant" filter is (Holloway, 1958) 

and the phase lag is 

R(f) = (1 + 4 ir2T2f2)"1/2, (1) 

_1 <-2TTTf) (2) 

The frequency response function with T = 6 2 seconds, together with the 
phase lag, is shown in Figure 2  It is seen from the figure that there is 
at least 88 percent response for frequencies below 50 CPH  Since the fre- 
quency range of surface waves during the hurricane was between 450 and 720 
CPH (5-8 second periods), the sensor response to waves was held to only 
12-20 percent (frequency response at the output) 

The Q-16 current meter assembly was situated on the bottom 360 meters 
seaward of the shoreline in 6 3 meters of water  The speed sensor duct 
was 1 5 meters above the sandy bottom 

The anemometer was a Science Associates No 162 General Purpose Wind 
Recording System  The response characteristics of this particular instru- 
ment are not precisely known, but the sensitivity of this standard type 
three-cup anemometer has been well studied in the past  Fergusson (1935) 
measured 2 30, 0 60, and 0 33 seconds for a standard three-cup anemometer 
to accelerate from zero speed up to 5, 20, and 35 m/sec respectively  It 
is conservative to say that our anemometer of this type has a full response 
for cycles with a period of 10 seconds or 360 CPH 

ANALYSIS TECHNIQUES 

Strip chart recorders were used which had response times of 0 8 
seconds for the current recorder and 0 5 seconds for the wind recorder 
The factors exerting ultimate control over the frequency response, how- 
ever, were the recorder chart speeds—4 inches per hour for the current 
recorder and 3 inches per hour for the wind recorder  The trace width 
allowed only frequencies less than 50 CPH to be absolutely discriminated 
on both strip charts at these chart speeds 

The strip chart records were digitized on a Calma Model 303 Digi- 
tizer, which transfers graphical analog data to digital magnetic tapes by 
visually tracing the graphic data  Visual tracing in this case represents 
a smoothing filter which insures that no frequencies higher than about 60 
CPH are transferred to the magnetic tape  The digitizer was set to record 
incrementally the coordinates of 100 points per inch of strip chart data 
Owing to the two different chart speeds, this procedure produces a data 
density discrepancy which is eliminated by an interpolation option in the 
Calma software programs  The selected interpolation procedure yielded 
100 data points per hour of record 

Thirteen hours of data between 0400 and 1700 hours August 17 (2600 
data points) were placed on the magnetic tape for analysis This inter- 
polated version of the original observations was plotted by computer and 
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Fig 2  Frequency response and phase lag for a "time constant" filter 
with T = 6 2 seconds 

is shown as Figure 3  Inspection of the figure shows that (a) the ini- 
tial one third of this record (phase I) represents a pre-storm front 
phase, (b) the middle one third (II) represents an accelerative phase 
during which both the wind and current speeds increased rapidly after 
the storm front passage, and (c) the final third is a relatively steady 
phase (III) for both mean wind and mean current speeds 

The data length and time increment selects the highest and low- 
est frequencies which are present in the data  For N observations 
taken at AT seconds apart this spectral band is approximately 

2NAT 
< f -5 

2AT 

In this study N = 2600, AT = 0 005 hours, and the observable frequency 
band is 0 04 < f < 100 CPH  The frequency 1/2AT = 100 CPH is known as 
the Nyquist frequency fc  In spectral analysis all power contained in 
frequencies higher than fc is folded back into the spectra below fc, 
resulting m aliasing  One method of avoiding this problem (Bendat and 
Piersol, 1966) is to select a Nyquist frequency sufficiently higher 
than the maximum frequency of interest to insure that there is little 
power in the frequencies f > fc  From the discussion of the digitizing 
of the relatively slow chart speeds and the frequency response curve in 
Figure 2, it is clear that there is little power above fc = 100 CPH for 
aliasing 

Before spectral analysis of time series data is performed, any 
trends or very low frequency oscillations must be eliminated from the 
data, or the resulting spectra may be considerably distorted (Bendat 
and Piersol, 1966)  A smoothing function which is essentially a low 
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pass filter can be used to isolate the trends and low frequency compo- 
nents  In Figure 3 the smoothed curve running through the observed 
data was derived from a 201-pomt binomial filter whose frequency 
response R(f)BF201 ls plotted in Figure 4 using the relation R(f) = 
cosn(rrfAT) where n is the number of terms in the filter less one  This 
smoothing function passes only 8 percent of the amplitude of frequencies 
above 10 CPH and completely cuts out those amplitudes with f £ 15 CPH 

The next step is the subtraction of the smoothed time series 
from the original time series, which is a high pass filtering tech- 
nique (Holloway, 1958, Panofsky and Brier, 1963) with a frequency 
response R'(f) in this case 

R'Cf) = 1 - R(f)BF201, 

also plotted in Figure 4  All frequencies with f -  10 CPH have at 
least 90 percent of their amplitudes transmitted through the filter, 
and, again considering the filtering performed in digitizing, the final 
form of the data is a band pass 10 $ f - 60 CPH 

Also plotted m Figure 4 for comparison is the response of a high 
pass filter produced by subtracting a 30-pomt equally weighted running 
mean from an original time series  This type filter provides a sharper 
cut with minimal data loss but has distinct disadvantages in that it 
amplifies and damps certain frequencies, the troughs m the response 
curve turn maxima into minima and may produce a falsely rippled power 
spectrum (Holloway, 1958)  A preliminary analysis of the present data 
with a 30-point equally weighted running mean high pass filter did in 
fact produce pronounced peaks at 30 and 50 CPH which could have been 
erroneously interpreted as surf beat effects 

TURBULENCE 

Let us denote the original time series observations of speed by 
uQ and the smoothed record using the 201 binomial smoothing "function" 
by Ugy  The turbulent speed u' may be defined following the conven- 
tional theory by 

U" E Uo " UBF 

The random nature of u' is indicated by the histograms of u' (both 
wind and current), which show a good agreement with the corresponding 
best-fit Gaussian curves (Figure 5)—typical of most turbulence meas- 
urements 

2 1/2 
In Figure 6 the turbulence intensity (u )   and the relative 

2 1/2 - 
turbulence intensity (u' )  /U.,,-, are plotted as a function of time 

2 1/2 
The term (u' )   was calculated each half hour as the root-mean-square 
value of the 100 observations in that time interval, whereas the term 
UBF !S the average of the corresponding 100 values of UBF m that same 
time interval  The turbulence intensity of the current increased fairly 
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Fig 4  Frequency response curves for the high and low pass filters 
discussed in the text 

regularly as the storm progressed from 8 cm/sec up to 22 cm/sec, while 
relative to the mean speed it oscillated around a value of about 0 18 
cm/sec, even reaching as high as 0 27 cm/sec near the end of the record 
Many previous studies m both field and laboratory have shown that the 
turbulence intensity under more normal conditions varies between 0 05 
and 0 15 cm/sec of the mean flow speed  The turbulence intensity of 
the wind increased from an initial value of 75 cm/sec up to 150 cm/sec 
m the seventh hour  The relative value stayed at about 0 20 cm/sec 
until it dropped precipitously with the arrival of the storm front and 
its high mean speeds at hour 5 3 (see Fig 3b) 

It is notable that the turbulence intensity of the wind was 
decidedly damped after the front passed (excepting the effect of the 
large gust at 8 9 hours)  The current turbulence intensity, on the 
other hand, mversed after the front passed  It is significant that 
the current direction abruptly shifted (see Murray, 1970) after the 
wind front passed from westerly to southwesterly and south, reflecting, 
it is believed, a seaward return flow caused by setup against the coast 
The increase in current turbulence intensity was probably caused by (a) 
the large vertical shear inherent within a reversing velocity profile 
and (b) the effects of large groups of wind-driven waves associated 
with the suddenly increased mean wind 
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TURBULENCE SPECTRA. 

Energy density spectra F(f) of the two u' time series were calcu- 
lated from the procedure outlined in Bendat and Piersol (1966, p 291) 
and modified by the use of a Fast Fourier Transform  The 2400 data 
points were first divided into three segments (I, II, and III), as dis- 
cussed earlier, each containing 800 points, so that the change of the 
energy density with the progress of the storm could be investigated 
The resulting current speed spectra are shown m Figure 7  In the fre- 
quency range 15 < f < 60 CPH there are no significant gaps or peaks 
apparent in any of the intervals, the energy density decreases smoothly 
with increasing frequency  The apparent peak in spectrum II is not sig- 
nificant at the 0 05 level at f = 50 CPH  The peaks at about 12 CPH, of 
course, are a result of the low frequency cutoff by the filter  As 
shown in Table 1, the total relative energy (the area under the spectral 
curve) more than quadruples from intervals I to III  There is consider- 
ably more energy at all frequencies in successively higher intervals, 
but the greatest increase is clearly at the lowest frequencies  Also 
listed in Table 1 is the absolute energy E associated with the turbulence 
m the mean flow direction, which is given by Taylor (1935) as 

E - | (u'2) 

The spectra in Figure 7 have also been corrected for the instrument 
frequency response R(f) plotted in Figure 2  The corrected spectral 
density F'(f), shown as a dashed line in Figure 7 and calculated from 

F'(f) = 
F(f) 

R(f)5 

has little effect other than to increase the energy at the high fre- 
quencies 

The wind speed spectra in Figure 8 display the same lack of peaks 
or gaps as the current spectra  Most notable is the fact that the 
energy content (see Table 1) does not increase at all from intervals II 
to III, in sharp contrast to the twofold increase observed in the con- 
tent of the current spectra between these intervals  This suggests 
again a lack of direct energy transfer between wind and current in the 
frequency band 10 < f < 60 CPH under study here  This inference is 

Table 1  Total Energy Associated with Energy Density Spectra 

RELATIVEJ?(f) 
2 

df (cm/sec) ABSOLUTE E (ergs/cm ) 

Interval Current Wind Current Wind 

I 
II 

III 

69 
119 
279 

8281 
15006 
15126 

34 
59 

139 

4 1 
7 5 
7 6 
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Fig 7  Energy densxty spectra of the current for the three phases 
of the storm  The dashed line is a correction for the instrument 
frequency response 
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Fig 8  Energy density spectra of the wind speed for the three phases 
of the storm 

supported by the data in Table 1, which shows that there are more ergs 
of energy per unit volume associated with the turbulence m the water 
than with that in the air at these frequencies 

The data seem to indicate that the energy is entering the 10-60 
CPH frequency band of the current from the lower frequency oscillations 
of the current itself, which are presumably generated by the low fre- 
quencies of the wind  A good correlation does clearly exist between 
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the DC levels (mean values) of the wind and the current (see Fig 
Murray, 1970) 

3 and 

In Figure 9 the F(f) spectra of the wind are replotted on a log- 
log scale  In studies of air turbulence over water Pond e_t al  (1966) 
found that in the low frequency ranges of their data the energy density 
dropped off with the -1 power of the frequency F(f) <* f~l  Their -1 
power range extended between 10"^ < k < 3 x 10~3 where k is the wave 
number  Using Taylor's hypothesis f = Uk/2ir (Taylor, 1938) and the 
limits of the mean values for this study 500 < UBF < 1300 cm/sec, the 
corresponding frequency band for their -1 power range is 3 < f < 2300 
CPH  The present data which fall in the low frequency end of the range 
are also represented very well by the -1 power slope  Tchen (1953) has 
suggested that the -1 power law would hold below the inertial sub-range 

20   30     50 

Frequency, CPH 

70  100 

Fig 9  Energy density spectra of the wind on a 
log-log plot  The straight lines show a -1 and a 
-5/3 power dependency on the frequency 
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in the presence of strong vertical shear—a situation which certainly 
existed in the lower 10 meters of the atmosphere during this storm as 
a result of surface drag 

So that the energy drop-off with frequency of the F(f) spectra of 
the current speed may be similarly investigated, the spectra of Figure 7 
are replotted on a log-log scale m Figure 10  Cannon (1969) has pre- 
sented excellent and comprehensive data which clearly established the 
presence of a -5/3 law governing the drop-off of energy with frequency 
m an estuarine tidal flow m the frequency band 1 < f < 72 CPH  Cannon 
also reported, however, several experiments in which strong vertical 
shear was suspected and the log-log plots showed that F(f) <* f-1  During 
a large part of the 13-hour record used in this study the Q-16 meter was 
bounded by two shear zones  (a) the bottom boundary layer and (b) the 
transition zone (probably near mid-depth) between upper-layer wind-driven 

X 
a. 

70 

50 

30 

20 

E u 
- 10 

4) 

CO 

 Corrected 

 Uncorrected 

10 20 30 50 
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70  100 

Fig 10  Energy density spectra of the current 
on a log-log plot  The straight lines show a -1 
and a -5/3 power dependency on the frequency 
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currents and lower-layer return flows caused by the setup against the 
coast (Murray, 1970)  Figure 10 may reflect that this phenomenon as the 
-1 power is a reasonable fit for the spectra (both corrected and uncor- 
rected) in intervals I and II  However, in interval III of the current 
record, when the energy content was highest (Table 1), the slope of the 
spectra (on a log-log plot) was considerably flatter than the -1 value— 
having a value close to -0 5  These observations suggest that with 
increasing energy content (or perhaps increasing vertical shear) the F(f) 
dependency on the frequency may shift from f~5/3 to f~l to ^f~0 •> in this 
intermediate frequency range 

CROSS CORRELATION 

All attempts to relate the turbulent energy distribution m the wind 
to that of the current yielded negative results  Figure 11 shows a typi- 
cal wind-current coherence function (interval II), the coherence level is 
insignificant at all frequencies  Similarly, the phase lags (Fig 12) 
from the same data set oscillate with no apparent pattern  Such results 
are not unexpected since Cannon (1969), in carefully controlled experi- 
ments, found no significant coherence between the records of adjacent 
current meters in frequencies above 10 CPH 

CONCLUDING REMARKS 

The principal conclusions from this study of wind and water turbu- 
lence in the frequency band 10 < f < 60 CPH are as follows 

1 As the storm progresses there is no systematic change in the 
energy spectra common to both wind and current 

2 As the storm progresses the energy content of the current 
spectra increases markedly, the maximum increase m energy 
is in the lowest frequencies 

3 The coherence between wind and current is insignificant (< 1) 
in this band 

4 For reasons 1, 2, and 3 above it is concluded that energy 
is fed into the 10-60 CPH frequency band of the current 
from the lower frequencies of the current itself 

5 The energy density of the wind decreases proportionally to 
the -1 power of the frequency in all three storm intervals 

6 The energy density of the current decreases proportionally to 
the -1 power of frequency in the first two intervals of the 
storm but proportionally to ^0 5 power of the frequency during 
the third storm interval, which was the most intense 
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Fig 11  The coherence function between the wind and the current 
from interval II 



HURRICANE-GENERATED CURRENTS 2067 

04   - 

0 0- 

0 4- 

10 20 30 40 

F req u en cy,   CPH 
50 60 
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CHAPTER 125 

Jamaica Bay Hurricane Barrier 

by      1/ Frank L Panuzio —' 
Fellow American Society of Civil Engineers 

ABSTRACT 
A 12 4 mile beach erosion control and hurricane flood protection project includes 

Jamaica Bay and the Rockaway Inlet in the southwest corner of Long Island, New York«i 
The project would provide 6 1 miles of beach fill and floodwalls along the Atlantic 
Ocean shore and 6 3 miles of inland structures to tie back to high ground, including 
a 0 9 mile barrier across the inlet  The barrier, with a 300 foot gated opening and 
a 300 foot ungated opening, would permit suppression of the design hurricane surge 
so as to eliminate the need of flood protection works within the bay  Linear mathe- 
matical models were used to determine these openings  Because of the limitation of 
these models to produce adequate data m the bay pertinent to environmental and 
ecological considerations, three hydraulic models were utilized  General conclusions 
drawn from the hydraulic model test data are that  the results of the mathematical 
models were upheld, a design storm with high peak is critical for determining the 
height of protection, a design storm with high volume rather than high peak plus 
rainfall runoff is critical in determining ungated openings and suppression of bay 
levels, and there is a combination of gated and ungated openings that would meet 
the flood protection, navigation, environmental and ecological objectives 

GENERAL 
Project The Jamaica Bay hurricane barrier is a part of a 12 4 mile, Federal 

beach erosion control and hurricane flood protection project, authorized by the 
Congress of the United States in June 1965 at more than 50 million dollars *>2 
Location  The project extends along the Atlantic Ocean side of the Rockaway 

peninsula from high ground m the vicinity of East Rockaway Inlet to high ground 
in the vicinity of Rockaway Inlet and includes Jamaica Bay (Figure 1)  Jamaica Bay 
is a coastal body of water in the southwest corner of Long Island and connects to 
the lower bay of New York Harbor and the Atlantic Ocean through the Rockaway Inlet 
The bay is bounded by the boroughs of Brooklyn and Queens and Rockaway peninsula m 
New York City and by Nassau County, all in the southeast corner of New York State 
Long Island is a long, narrow island m the north Atlantic Ocean at a significant 
indentation of the northeastern coast line of the United States  The Rockaway 
peninsula is a barrier beach which extends westward from the mainland of Long Island 
and separates Jamaica Bay from the Atlantic Ocean 

Objectives  The project objective is to provide protection against storm water 
flooding due to hurricanes along the developed shore line of the Rockaway peninsula 
and of Jamaica Bay and to restore and to stabilize the beach along the ocean shore 
line of the Rockaway peninsula 
The barrier objective is to provide a practicable solution of a tieback to high 

ground for the coastal works and to suppress the design hurricane surge to a non- 
damaging level in the bay so as to eliminate the need of protective works along the 
shores of the bay without any detrimental change in the existing bay environment 
and ecology during the no-storm period 
Problem  In the preauthorization studies, the size of the barrier openings 

during normal and storm periods was determined by the use of a simplified linear 
mathematical model  While this model is adequate to predict water surface eleva- 
tions and the discharges and average velocities in the openings, it did not 
produce adequate values of local hydraulic changes in the bay such as local 

— Senior Engineer Consultant for Civil Works 
U S Army, Corps of Engineers, New York District 
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FIGURE!   JAMAICA  BAY,LONG  ISLAND,NEW YORK. U.S.A. 
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velocities and currents, salinities, tidal levels and circulation which are essen- 
tial to pollution, fish and wildlife, and other environmental and ecological 
considerations 1>5,6 Therefore, environmental and ecological interests, 
recognizing this deficiency, requested that additional field studies and hydraulic 
model investigations be conducted during the final design of the project to 
determine the specific effects of the hurricane barrier on water quality, fish 
and wildlife, and currents m Jamaica Bay  The authorization by Congress was 
subject to this consideration 

AUTHORIZED PROJECT 
Description  The authorized project from east to west, with all elevations 

referred to mean sea level, would consist of (Figure 1)  a 0 3 mile concrete 
closure wall at East Rockaway Inlet with a top elevation from 18 to 15 feet at 
closure and with a 6 foot high and 40 foot wide stoplog structure, a beach fill of 
more than 4 million cubic yards with a 100 to 200 foot wide berm at an elevation of 
10 feet and with a 1 on 20 oceanward slope, backed up by a concrete-clad, steel 
sheet pile floodwall with a top elevation of 18 feet along 6 1 miles of the ocean 
side of the Rockaway peninsula, a 0 9 mile flood dike with a top elevation of 18 to 
15 feet across the Rockaway peninsula to Rockaway Inlet, a 0 6 mile concrete flood- 
wall and levee along the inlet with a top elevation of 15 to 18 feet, a 0 9 mile 
gated barrier across the inlet with a top elevation of 18 feet, a 1 2 mile levee 
and dike, and a 2 4 mile natural ground closure with a top elevation of 18 feet at 
the barrier to 15 feet at the closure 
The Barrier  The solid portion of the barrier would consist of (Figure 2) two 

sections with lengths of 1,860 and 1,670 feet, with a top width of 12 feet at an 
elevation of 18 feet, with side slopes of 1 on 1 5 and with fishing platforms on 
both sides at an elevation of 8 0 feet  The middle 1,000 feet of the barrier with 
a bottom elevation of minus 42 5 feet would consist of a 600 foot navigation opening 
and two side rolling gates, each 150 feet wide with gate recesses, to permit closure 
of this opening to 300 feet during the storm periods 

Still Water Level  The design still water level for the authorized project is the 
peak of the Standard Project Hurricane surge occurring at the mean astronomical 
tide (Figure 3)  For the prediction of surges at the mouth of the New York Harbor 
for a design storm, a research investigation was conducted at The A and M College 
of Texas ^ From this research, a correlation-prediction formula was developed 
empirically, with some degree of theoretical guidance, from observed tides and 
corresponding meteorological parameters of storms inducing them  On this basis, 
using the meteorological parameters of the September 1944 hurricane transposed to 
a path critical to the New York Harbor area, the Standard Project Hurricane surge 
was determined to be 12 3 feet -*,4 The meteorological parameters were a maximum 
wind of 116 miles per hour, a central pressure range of 27 55 to 27 95 inches of 
mercury with a normal pressure of 30 12 inches of mercury, a radius to maximum 
winds of 30 nautical miles and a foreward speed of 40 knots 

Protection Height  The design height of the protection works is the design still 
water level plus the wave runup  Based on the solitary wave theory, the maximum 
breaking wave at the beach fill was found to be 20 5 feet with a 12 second period 
Using the composite slope method and experimental data, '  the runup for this wave 
would be 5 7 feet  Thus, the top of protection was placed at an elevation of 18 
feet  At the barrier, based on a generalized relationship between winds and wave 
observations, 8 atl effective fetch of 3 9 miles, a wind speed of 80 miles per hour 
and an effective depth of 32 feet at the design still water level would result in a 
wave of 6 7 feet with a period of 5 seconds  This wave, based on experimental data 
on riprap structures, 7»° would produce a wind setup and runup of 5 7 feet  Thus, 
the top of protection was also placed at elevation 18 
Mathematical Model  The propagation of tides inside a bay may be expressed by 

dynamic and continuity equations 1>5,6 These equations, due to boundary conditions 
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and many complex terms involved, could not be solved analytically within the scope 
and time frame of the study  In order to obtain a practical solution, assumptions 
were made to simplify the equations by neglecting and simplifying the terms of the 
equations without substantial loss m accuracy  The bay is, basically, a basin 
connected to the ocean by a relatively long and narrow channel of the Rockaway 
Inlet  So, a simple, one-dimensional model for current natural conditions of the 
bay was developed on the assumption that the flow through the channel is governed 
only by the functional resistance in the channel with negligible inertia forces and 
that the level inside of the bay is variable only with time with an adjustment for 
wind setup and rainfall  The adequacy and adjustment of this model were developed 
by routing the hurricane of September 1960 to produce recorded bay levels  When the 
barrier is placed across the natural Rockaway Inlet, the mathematical model must be 
adjusted for the increased resistance to flow at the barrier  Thus, the one- 
dimensional model was based on two principal assumptions  The resistance to flow 
through the barrier opening and the inlet channel is the only significant force 
acting on the dynamic system  The water surface throughout the bay is assumed 
horizontal and related to the ocean surface elevation only by the law of continuity 
and the loss through the barrier and inlet channel  With these basic assumptions, 
the dynamic relationships were expressed by the following equations 

Q = + C AtY^yZa - Z} 

in which Q = discharge through barrier opening, C = discharge coefficient, Aj> 
area of opening, Za = water surf 
surface elevation  on bay side 
area of opening, Za = water surface elevation on ocean side, and Z-. -  water 

Q = Si dZj - Ir 
dt 

m which Sj = surface area of bay, and dZj = change in bay water surface elevation 
for time interval of dt and Ir = rainfall-runoff inflow rate 

Barrier Opening  The initial barrier opening was sized to be large enough to 
minimize any change m the natural bay environment and ecology during no-storm 
periods, to satisfy the projected navigation vessel and traffic, and to suppress the 
design hurricane level to about zero damage stage in the bay  To accomplish the 
first two objectives, 14 routings were made for the spring astronomical tidal range 
of 5 7 feet, utilizing the mathematical model, the area capacity curve, navigation 
depths of 15 to 42 6 feet mean sea level and openings from 100 to 1,000 feet with 
results as shown on Figure 4  On the basis of these results, the minimum opening 
that would have minimal effect on the astronomical spring tidal range and would 
satisfy the navigation depths and velocities was the 600 foot opening with a depth 
of 42 5 feet at mean sea level, a 4 5 knot maximum velocity m the opening, and a 
reduction m range of 0 10 feet  The 1,000 foot opening showed no significant 
change in tidal range, and a 3 0 knot maximum velocity  The average velocity in the 
Rockaway Inlet for the existing conditions is in the order of 2 7 knots  However, 
average velocities up to 5 knots are considered tolerable for navigation 

Based on a gross appreciation of the hydraulic system of Jamaica Bay and Rockaway 
Inlet, a quasi theoretical mathematical model of BOD vs Tidal Prism relationship 
for Jamaica Bay was developed ' This relationship assumed that change in total 
waste load as measured by the BOD is directly related to the volume of the tidal 
prism  This model was used with waste loads measured during the summer of 1959- 
1962 and anticipated future waste loads obtained from city sources to predict 
accumulation of waste m Jamaica Bay and Rockaway Inlet for the tidal prism change 
estimated from the effect of each barrier opening  The results from the model for 
the 600 and 1,000 foot openings were that the change m waste load accumulation 
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would be virtually zero and that there would be no significant damage to water 
quality  In the interest of minimum first cost, since the selected opening would 
have to be gated to obtain suppression of the design hurricane, the 600 foot opening 
was selected for the normal operating conditions 

To obtain the third objective, to suppress the design hurricane level to about 
zero damage stage m the bay, 13 routings were performed utilizing the mathematical 
model, the area capacity curve, navigation depths of 25 and 42 6 feet below mean sea 
level and openings of 150,300, and 550 feet with results as shown in Figure 4  On 
this basis, the storm opening of 300 feet with a depth of 42 6 feet at mean sea 
level was selected to produce a bay level for the Standard Project surge on mean 
tide of 5 3 feet at mean sea level, about zero damage stage 
Limitations  While these models are adequate to predict water surface elevations, 

discharges and average velocities in the opening, and gross evaluation of the water 
quality, they cannot produce adequate values of local hydraulic changes m various 
parts of the bay such as velocities and currents, salinities, tidal levels and 
circulation which are essential to pollution, fish and wildlife, and other environ- 
mental and ecological considerations  Therefore, recognizing this deficiency, the 
Congressional authorization was subject to the condition that additional field 
studies and hydraulic model investigations would be conducted m the final stage of 
design to evaluate and to minimize the specific effects of the hurricane barrier on 
water quality, fish and wildlife, and currents in Jamaica Bay 

FIELD INVESTIGATIONS 
Measurements  Field measurements were started in January 1967 with a view to 

developing data to construct and verify a hydraulic model of Jamaica Bay  To 
develop the physical characteristics of the bay, a photographic and topographic 
survey of the area was made to a horizontal scale of 1 inch =» 1,000 feet and to a 
vertical relief of two foot contours up to elevation 20 feet mean sea level  The 
underwater contours were developed by a sounding survey at sufficient sections to 
delineate the underwater topography  For hydraulic verification, measurements were 
made on 12 and 13 June 1967  Current velocities were recorded at nine stations in 
Jamaica Bay at locations shown on Figure 1 and identified by letter V  Current 
velocities were taken every one half hour over a complete tidal cycle at surface, 
mid-depth, and bottom  Tidal current observations were timed generally to cover a 
period between successive low tides, during daylight hours, for a period in excess 
of 13 hours when the diurnal inequality was a minimum  Simultaneous measurements 
were taken at stations IV, 2V, and 3V, at stations 2V, 4V, 5V, and 6V, and at 
stations 2V, 7V, 8V, and 9V in order to obtain the distribution of flow in the 
channel system of the bay  Each group of stations was tied into the other two 
groups through continuous reading at station 2V  Three Ott meters with F4 counter 
and two Gurley Price meters with 611 counter were used  Each meter was connected to 
an electric revolution counter and watch  Reduction of field data was by use of 
laboratory calibration curves for each meter  At each station, current meter 
measurements were made for a total period of one minute at just below the surface, 
at 2 feet above the bottom and at mid-depth where depths exceed 6 feet at mean low 
water  At each velocity station depth, water samples were taken with one or two 
liter Kemmerer samplers after water was permitted to flow freely out of the sampler 
The temperature of each sample was taken immediately with armored thermometers with 
a range of -1° to 50° Centigrade m 0 1° divisions The salinity of each sample was 
determined m the laboratory and recorded in parts per thousands of chlorides  The 
hydrography at each of these stations was also obtained with depths referred to mean 
sea level  Data were also developed as to sanitary and storm water inflow at four 
sewage treatment plant overflows and five storm water outfalls and on weather 
conditions as to rain, wind, and temperature 
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Results  The Jamaica Bay characteristics measured as to tidal currents, tidal 
range, temperatures, salinities and hydrography are shown m Figure 5     The 
water depth varies from 15 to 55 feet at mean sea level  For the measured tidal 
cycle, the tidal range varies from 4 6 to 4 9 feet with the higher values in the 
interior of the bay and with time of high and low water almost identical at the 
five interior stations  The surface tidal currents vary from 2 5 to 0 7 feet per 
second on flood and from 2 8 to 0 7 feet per second on ebb with the lower values at 
the interior  The currents were found to be greatest at the surface and minimum at 
the bottom  Slack water was found to be coincident with or within one half hour of 
the times of high and low tides  The surface water salinity varied between 15 2 
and 14 0 parts per thousand of chloride with the higher values at the entrance  The 
salinities increased with depth and were maximum near the end of flood and minimum 
near end of ebb  The surface water temperature varied from 17 3° to 21 0° Centigrade 
with the higher temperatures m the interior  The temperature decreased with depth 
and was greatest near end of ebb and least near end of flood 

HYDRAULIC MODEL INVESTIGATIONS 
Purpose  The model studies of Jamaica Bay were to determine the effects of the 

hurricane surge protection barrier in the Rockaway Inlet on (a) water quality in 
the bay as to public health, recreation, and fish and wildlife, (b) recreational 
and commercial navigation, and (c) suppression of the design storm surge to such a 
level as to provide protection to the area surrounding the bay from storm flooding 
Facilities  The hydraulic model studies were carried out in three research 

facilities at the U S Army, Corps of Engineers, Waterways Experiment Station, 
Vicksburg, Mississippi, Figure 6  Jamaica Bay is a small section of the basic 
comprehensive model of the New York Harbor complex  This model, constructed to 
linear scale ratio (model to prototype) of 1 100 vertically and 1 1,000 horizontally, 
produces velocities at the ratio of 1 10, time at 1 100, discharge at 1 1,000,000 
and salinity at 1 1  The Jamaica Bay area was reconstructed to reproduce prototype 
hydrographic and topographic conditions below +20 feet mean sea level as of June 
1967  Tides and their associated flood and ebb tidal currents are controlled in 
the model by the interaction of a primary programmable tide generator located m the 
Atlantic Ocean at Sandy Hook and two secondary tide generators, one located m Long 
Island Sound and another located in the Hudson River at Hyde Park at the upstream 
limit of the model  Weirs are used to control the upland freshwater inflow from 
tributaries  A surge generator is used to produce the time-elevation history of the 
design storms  This model is used to develop data on the tidal regime, currents, 
salinities, dispersion characteristics, surge suppression and the barrier composition 
A second model reproduced a short reach of the Rockaway Inlet to an undistorted 

linear scale of 1 100  The velocity or time ratio is 1 10 and the discharge 
ratio is 1 100,000  Various designs of gated and ungated barrier openings were 
tested to determine their hydraulic efficiency under conditions of normal tides and 
storm surges and to determine in detail the flow patterns and velocities m and 
adjacent to the openings that might be significant to the design of the structure 
or to navigation through the structure 
The third model, to the scale of the basic model, was used to develop the 

distorted scale structures that have the hydraulic efficiencies as developed in the 
undistorted model for use in the distorted comprehensive model  This procedure 
ensured that when the distorted scale structures are placed in the comprehensive 
model they would pass the proper flows into and out of Jamaica Bay under any 
combination of head differentials imposed by the tides and storm surges 
Bay Model Verification  The Jamaica Bay portion of the comprehensive model was 

first corrected to reproduce the latest topographic and hydrographic conditions 
Then, the bay area was adjusted to reproduce prototype data for tides, tidal cur- 
rents, and salinities, as observed on 12 and 13 June 1967 (Figure 5)  1°  The high 
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degree of accuracy attained in the model verification as to tides, current veloci- 
ties, salinities, and design storms is illustrated by the comparative model and 
prototype curves shown on Figure 7 *•*•      While there are some differences between 
model and prototype data, these differences were probably attributable to local 
winds and other disturbances that occurred when the prototype measurements were 
taken and that could neither be identified nor simulated to scale in the model 
verification tests 

Barrier Model Verification  The barrier gated and ungated openings were cons- 
tructed to the undistorted scale of the second model (Figure 6)  For steady flood 
flow conditions, and various combinations of the ungated opening with open gates, 
the ocean level was varied and the bay levels were determined  The procedure was 
reversed for the ebb conditions, the bay levels were varied and the ocean levels 
were determined  The results of this procedure for a 150 foot opening are shown on 
Figure 8  A distorted model was designed and adjusted until its calibration by the 
same procedure would match the undistorted model calibration  The results of this 
procedure for a 150 foot opening are shown on Figure 8  These tests were made to 
develop undistorted models for ungated openings of 300, 150, and 110 foot openings 
with combinations of 12 or 16 gate openings and sill levels in the ungated openings 
at natural ground, -23 feet and -26 feet at mean sea level  The hydraulic effi- 
ciency of the openings expressed as a discharge coefficient for various degrees of 
submergence and differential head for various steady flow discharges were developed 
as shown for the 150 foot ungated opening on Figure 8  It is noticeable that with 
decrease of submergence and increase m differential head and discharge, the 
efficiency of the opening becomes constant as the discharge coefficient becomes 
constant, a value slightly greater than 0 90  The conditions of surface currents 
are developed by vertical photographs of three-second time lapse exposure of float- 
ing confetti in the undistorted model (Figure 8)  The length of confetti streak is 
converted to surface velocity  The barrier openings so developed in the distorted 
scales were inserted m the comprehensive model for water quality, navigation, and 
environmental tests 
Base Tests  Once the model verification was accepted as being sufficiently 

accurate, model base tests or tests of existing conditions under carefully controlled 
conditions of tides, freshwater inflow, pollution input and hurricane surges were 
conducted  The results of these base tests (Figure 9), rather than the verification 
tests (Figure 7), were used to evaluate the effects of the barrier plans investigated 
in subsequent model tests  Thus, the model tests with and without barriers were 
made under identical and carefully controlled conditions  In this manner, any 
differences noted in tides, tidal currents, salinities, dispersion of pollutants 
or surge elevations with various barrier plans installed are attributable to the 
barrier plan under study and are not affected m any way by minor differences 
between model and prototype phenomena noted during verification 

The base tests were conducted with a mean repetitive tide, a constant source of 
salinity, freshwater inflows and pollution sources and rates  All necessary 
phenomena were measured at predetermined sampling stations that would reflect 
conditions throughout the bay area  The repetitive mean tide had a duration of 
12 45 hours and a range of 4 7 feet measured at Sandy Hook  The sump salinity was 
maintained at 30 parts per thousand (ppt)  The primary freshwater inflow was 
12,000 c f s from the Hudson River at Hyde Park and 1,770 c f s from the 
Raritan River at head of tide  Additional freshwater inflow sources were from 
treatment plant outfalls and storm water overflows in the amount of 130 69 c f s 
from two sources into the inlet downstream of any barrier and of 236 93 c f s from 
seven sources into the bay upstream of any barrier  Under these conditions, the 
model was operated for 25 cycles, equivalent to 12 5 days m nature to assure that 
salinity stability had been obtained before data collection was begun  Tides were 
measured with point gauges graduated to the nearest 001 foot (0 1 foot prototype) 
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Current velocities were measured for each  lunar half hour at 23 locations through- 
out Rockaway Inlet and Jamaica Bay (Figure 1)  At each location where depths were 
15 feet or more, velocities were measured at surface and bottom depths  Where 
depths were less than 15 feet, only mid-depth measurements were made  Current 
velocity measurements were made in the model by using miniature Price-type current 
meters  The meter cups are 0,02 foot in diameter, and the diameter of the cup 
wheels is about 0 08 foot  Wheel revolutions per 10 seconds were visually counted 
and subsequently converted to current velocities in feet per second prototype by 
referring to calibration curves which were checked frequently  The meters are 
capable of measuring actual velocities of 0 05 foot per second (0 5 fps in 
prototype) 

Salinities were measured for each lunar hour at surface and bottom depths at 18 
stations located throughout Rockaway Inlet and Jamaica Bay  At each station, 5 
milliliter samples were taken, labeled as to depth and time, and stored under a 
constant temperature until salinities were determined  Meters, operating on an 
electrical conductivity principle, were used to measure the sampled salinities 
The electrical output of the conductivity meter, attached to a dip cell, is 
calibrated in terms of total salts within the concentration range of 0 to 40 parts 
per thousand 
Water samples for determination of dye concentration were taken at 34 stations 

at surface and bottom depths during high and low water slack periods  The model 
was operated until salinity stability had been obtained  Then, either uramne or 
pontacyl, brilliant pink dye, was injected at the nine pollution sources (Figure 9) 
Freshwater with pontacyl dye adjusted to an initial concentration of 10,000 ppb was 
released continuously at the two sources in the Rockaway Inlet, located oceanward 
of Jamaica Bay  Freshwater with uramne dye adjusted to an initial concentration of 
10,000 ppb was released continuously at the seven pollution sources inside Jamaica 
Bay. The introduction of the dyed inflows was continued for 100 tidal cycles, 
which is equivalent to about 50 lunar days  During this time, water samples were 
taken and stored for later analysis  Dye concentrations were measured by utilizing 
G K Turner Fluorometers capable of accurately measuring concentrations ranging 
from 0 to 10,000 ppb,(parts per billion) 
The hurricane surge generator used to simulate hurricane surges m the model was 

a vertically displacing steel constructed box with variable speed automatic drive 
mechanism which could be programmed to cause the water surface elevation to rise 
and fall as required with respect to time to reproduce the desired hurricane 
surges  Elevations were recorded throughout the problem area by means of automatic 
float-type recording gauges and by utilizing manual observations with the permanent 
point gauges described previously 
Barrier Plan 3  The first plan subjected to model testing, Barrier Plan 3, 

consisted of a 300 foot wide, ungated opening at natural bottom at about 32 5 feet 
below mean sea level, flanked by two gated sections (Figures 2 and 6)  Each gate 
section consisted of six 75 foot wide tainter gates with sills at 26 feet below 
mean sea level (Figure 2)  The tidal ranges with the gates fully open were not 
affected significantly (Figure 7)  The time phasing of the tides m the interior 
of the bay was somewhat delayed, a matter of minutes  The mean low water was 
raised slightly, a matter of tenths of a foot (Figure 7)  The current velocities 
on the whole throughout the bay were not changed significantly (Figure 7) 
The results of the dye dispersion test of plan 3 are summarized in Figure 9 For 

the purpose of this summary, the region seaward from the barrier was divided into 
three areas (the approach channel, Coney Island Beach, and the basins), and 
Jamaica Bay was divided into four areas (Beach Channel, Island Channel, the tidal 
flats, and the basins) For the last 10 tidal cycles of the base and plan tests, 
the results of all sampling performed in the above seven areas were averaged, and 
the average concentrations are shown on Figure 9 for both dye sources seaward and 
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LEGEND 
 BASE TEST 
 PLAN 3BOOFT UNOATED OPENINO) 
•      AFTER MOON S TRANSIT OF 74 TM MERIDIAN 

SIMULATED CONTINUOUS PROTOTYPE IN FlOWS 

STATION NAME OF PUNT 

INLET 

CFS 

1 BC 

CONEY ISLAND PLANT ft OVERFLOW- 

BAY 

_I28 83 

»• WARD PLANT ft OVERFLOW  _77 38 

TOTAL 387 82 

FOR STATION LOCATION SEE FIGURE I 

MEASURED OYE CONCENTRATIONS* 

DYE SOURCES OYE SOURCES 
OUTSIDE INSIDE 
BARRIER BARRIER 

BASE     FLAN BASE    FLAN 

LOCATION (SEC FIGURED 

AREAS OUTSIDE BARRIER 

APPROACH CHANNEL 
CONEY ISLAND BEACH 
BASIN 

AREAS INSIDE BARRIER 

BEACH CHANNEL 
ISLANO CHANNEL 
TIDAL FLATS 
BASINS 

•PARTS PER BILLION (PPB) 

INITIAL OYE CONCENTRATIONS AT RELEASE POINT   100 000 PPB 

100 CYCLES   90 LUNAR OAYS 

DYE DISPERSION TESTS 

70 47 704 927 
•« 93 947 »7» 
79 93 419 •M 
•0 9» !»«» 1407 

FIGURE 9     BASE TEST RESULTS 
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landward from the barrier  For dye sources seaward from the barrier, average dye 
concentrations for the plan test were reduced slightly in six of the seven areas 
from those observed in the base test  For dye sources inside Jamaica Bay, the plan 
test showed slightly reduced concentrations in all seven areas as compared to the 
base test  The results of these tests do not prove conclusively that pollutants 
will be flushed from Jamaica Bay as rapidly or more rapidly under plan 3 conditions 
than under existing conditions, since the sampling performed was not sufficiently 
comprehensive to account for all dye released in the model for the tests  However, 
the fact that the average plan dye concentrations for plan 3 were less than those of 
the base test in essentially all areas used for this evaluation suggests strongly 
that the flushing characteristics of the bay will be as good or better under plan 3 
conditions than for existing conditions 
The two storm surges were used for the hurricane surge tests in the model as 

shown on Figures 2 and 7  One is an actual hurricane surge that occurred in November 
1950 and the other is the Standard Project Hurricane (SPH) surge that would be 
produced by a hurricane of maximum recorded intensity moving over the problem area 
on a critical path  It is important to note that the November 1950 surge with a 
peak of 8 2 feet is considerably less in amplitude but is of much longer duration 
than the SPH surge with a peak of 12 3 feet  The duration of rise of the surge or 
the volume of the surge is critical in considering total flow through an ungated 
opening, and the resulting bay level due to available bay storage 

These surges were reproduced with the model water surface pooled at mean sea 
level  For these tests, the gated openings were closed so that the passage of the 
surge into the bay was only through the ungated opening  A comparison of levels with 
and without Barrier Plan 3 is shown on Table 1  The maximum elevation recorded in 
Jamaica Bay for the Standard Project Hurricane base test was 11 3 feet above mean 
sea level for a natural bay suppression of about 1 foot  Under the Barrier Plan 3, 
the bay elevation was reduced to 4 8 feet above mean sea level for an additional 
bay suppression of 6 5 feet  For the November 1950 hurricane surge, the maximum 
elevation recorded m the bay was 8 4 feet above mean sea level for no natural bay 
suppression  Under Barrier Plan 3, the bay elevation was reduced to 6 6 feet 
above mean sea level for a bay suppression of 1 8 feet  These suppressions 
would have to be reduced because of the increase in bay level that would occur due 
to runoff from a coincidental rainfall  No correction was made for wind setup 

Bay Rise Due to Rainfall  The drainage area that reaches Jamaica Bay through 
drainage systems or overland was determined from U S G S quadrangles as being 102 
square miles of which 18 square miles would represent bay water area at mean sea 
level  A study of rainfall associated with hurricane storms and extra-tropical 
storms for the last 30 years showed that rainfall accompanying the hurricane of 
September 1944 would yield the greatest rainfall excess  The study also revealed 
that the bulk of the rainfall would preceed the hurricane surge so as reasonably to 
assume that the rainfall excess would totally contribute to the bay rise  The 
total rainfall for this storm would be 3 62 inches of which 1 15 inches would be 
rainfall excess  On this basis, the runoff into the bay would result m a rise of 
3 74 inches which, added to rainfall onto the bay of 3 62 inches, would equal 7 36 
inches or about 0 6 foot rise in the bay surface 
Discussion of Barrier Plan 3  The plan could meet the environment and navigation 

objectives  Further, the plan could meet the flood damage level objective of 5 3 
feet mean sea level if the Standard Project Hurricane were the critical storm 
However, it is apparent from the surge tests that although the Standard Project 
Hurricane Surge with the higher peak is the basis for establishment of the height 
of the protective works, the November 1950 surge with the greater volume is critical 
for determining the size of the ungated opening that will obtain the no-damage 
level for the bay  Therefore, the Barrier Plan 3 opening does not meet the zero 
flood damage bay level objective 
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TABLE I - EFFECTS OF BARRIERS ON HURRICANE TIDES 

A - DIMENSIONS OF BARRIER OPENINGS FOR SURGE TESTS 

Ungated Opening a Gated Op enmgs a' Total Opening 
Depth Area Below No of Depth Area Below Area a of 

Width 
(FT) 

at MSL 
(FT) 

MSL Gat es at MSL 
(FT) 

MSL 
(SQ FT) 

Op enmgs Below MSL 
Plan No (SQ FT) (SQ FT) 

Base 3,700 __ 117,750 __ __ __ 117,750 
6 110 33 3,630 16 26 31,200 34,830 
8 150 23 3,450 16 26 31,200 34,650 
7 150 26 3,900 16 26 31,200 35,100 
9 200 23 4,600 16 26 31,200 35,800 
3 300 33 9,900 12 26 23,400 33,300 

a - MSL = = mean sea level b - all gates 75 feet wide 

B - MAXIMUM BAY LEVELS FOR PLANS 3 AND 6 (FT MSL) 

1950 Surge Standard Pro 
Without Barr 

lee 
Ler 

t Hurricane(SPH) 
Location Without Barrier With Barrier With Barrier 

Plan 3 Plan 6 Plan 3 Plan 6 
OUTSIDE BARRIER 
Fort Hamilton 8 2 8 1 8 2 12 3 12 3   12 3 
Parkway West 8 2 8 0 8 3 11 7 11 6   11 6 

INSIDE BARRIER 
Parkway East 8 3 6 6 4 8 11 0 4 6    2 6 
Canarsie 8 3 6 7 5 0 11 3 4 8    2 9 
Grassy Bay 8 4 6 7 5 0 11 3 4 8    2 8 
Rosle's Boats 8 3 6 6 5 0 11 3 4 9    2 8 

C - SUMMARY OF MAXIMUM BAY LEVELS FOR ALL PLANS (FT MSL) 

Plan No 1950 Surge Ram Runoff*  Total Des Lgn Surge  Ram Runoff*  Total 
Base 8 4 0 6 9 0 11 3 0 5      11 8 
6 5 0 0 6 5 6 2 8 0 7      3 5 
8 5 3 0 6 5 9 2 9 0 7      3 6 
7 5 6 0 6 6 2 3 3 0 6      3 9 
9 6 0 0 6 6 6 3 7 0 6      4 3 
3 6 6 0 6 7 2 4 8 0 6      5 4 

* - computed based on 3 65 inch rainfall and 1 15 inch rainfall excess 

AREA OF UNGATED OPENING BELOW MSL 
IN 1,000 SO FT 
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Other Barrier Plans  Alternative plans were developed to meet the multiobjec- 
tives  The overall open area through the barrier was generally maintained to meet 
the environmental objective as to tides, currents, velocities, salinities, and 
diffusion and flushing of pollutants by compensating any loss in ungated area by an 
increase in the gated area (Table 1)  The reduction in ungated area to meet the 
zero damage flood level was effected by reduction m width and depth of the 
ungated opening  The principal elements of four alternative plans are shown in 
Table 1  The Barrier Plan 6 with 110 foot ungated opening and with all gates open 
had only minor effects on tides, current velocities, salinities, and dye dispersion, 
generally less than measured for Barrier Plan 3  The results of the suppression 
tests for both the November 1950 and Standard Project Hurricane surges, as shown in 
Table 1, most closely meet the flood surge suppression objective  However, the 
needs of commercial navigation require that the ungated opening be not less than 
150 feet wide with a sill at a depth not less than 28 5 feet below mean sea 
level  From the test results for the plans tested, it is noted that either a 110 
foot wide opening at natural depth, or a 150 foot wide opening with a sill at 23 
feet below mean sea level, would hold the maximum water surface elevation in 
Jamaica Bay essentially at or below the critical zero damage level  Wider open- 
ings, or those with lower sill elevations, would have to be partially gated to 
insure necessary surge suppression during a recurrence of the November 1950 
hurricane surge to about zero damage level in the bay 

CONCLUSIONS 
General Findings  Hydraulic model techniques, utilizing distorted and undistorted 

scale models, can be used to resolve the multiobjectives with a moderate amount of 
field investigations to assure acceptable degrees of verification of the model 
required to obtain reliability and acceptability of results  The results of the 
mathematical models were upheld  The discharge coefficient of the ungated opening 
is fairly constant except for low discharges and submergence above 97 percent  The 
suppression is more sensitive to width changes than depth changes  The design storm 
for determination of height of protection must be based on a high-peak storm such as 
Standard Project Hurricane  The design of ungated barrier openings to suppress bay 
levels must be based on the hurricane of critical volume, in this instance, the 
November 1950 hurricane  Any future change m bay storage would effect the degree of 
suppression  A bay barrier having the necessary combination of ungated and gated 
openings can be constructed that will simultaneously meet the requirements of hur- 
ricane surge suppression, recreational boating and commercial navigation, and 
environmental and ecological objectives as water quality, recreation, and fish and 
wildlife considerations 
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ABSTRACT 

For the city and harbour of Kochi, including Urado Bay, 
facing the Pacific Ocean, an experimental study has teen carried 
out on the problem of protection from tsunami disasters, and 
future harbour planning; that is, dredging, reclamation and 
construction of breakwaters against tsunamis. A hydraulic model 
of horizontal scale 1/250 and vertical l/lOO was used according 
to Froud's similitude. The transformation of the design tsunami 
m the hay was studied to find the effect of the tsunami break- 
waters, dredging and reclamations by use of the model which was 
able to reproduce the Chilean Tsunami. 

INTRODUCTION 

The city and harbour of Kochi, including Urado Bay, located 
m Shikoku Island facing the Pacific Ocean as shown in Fig.l, 
have m the past 30 years been severely damaged by several 
tsunamis, for instance, the one due to the Nankai Earthquake m 
1946 and the Chilean Tsunami in i960. Tsunamis are mainly caused 
by Japan's position in a sesmic active zone so that a historical 
review will show plenty of damage by the tsunamis and their 
causative earthquakes. 

The characteristics of tsunamis have been studied theoreti- 
cally, experimentally, and through field observations; but they 
should be studied too from the view point of coastal disaster 
prevention. A countermeasure has been the construction of sea- 
walls. Recently the development of industries and of the harbour 
m Urado Bay haire been planned, so it is necessary to study the 
effects of the construction of breakwaters and of the dredging 
andland reclamation m the bay on the behaviour of tsunamis. It 

2089 
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was decided that the best approach would "be conducting hydralic 
model studies. 

This paper deals to study the transformations of tsunamis 
in the hay before and after completion of this project. 

TSUNAMI GENERATOR 

For this study, a tsunami generator of the plunger type 
was constructed, driven by an oil-hydraulic servo system. The 
plunger was made of steel, 7 mX3 mXO. 5 m, located as shown in 
Fig.,2. Power is supplied by an oil-hydraulic controller, shown 
in Fig.3. Transmission of an input signal is performed by a 
servo system, schematically given in the block diagram of Fig.l, 
to drive the plunger. The input signal is given by the cam of 
acrylite. In order to produce not only sinusoidal regular waves 
but arbitrary waves, cams of various forms were used. According 
to the radius of the cam, the servo system controls the displace- 
ment and phase of the plunger through which the amplitude of 
the mouel tsunami wave is produced. By controlling the angular 
velocity of the cam, the period of the generated wave will be 
given. The stroke of the plunger is continuously variable and 
its maximum is t 100 mm, and the period of the cam for a cycle 
is variable continuously m the range of 3 to 30 min. 

SIMILITUDE AM) THE MODEL 

First of all, the area of the model should be determined 
wi-ehi consideration of tsunamis around the bay mouth. 

The tsunamis which attacked this bay were from off Nankaido, 
Hyuganada, the Aleutian Islands, the Chilean coast, and so on. 
These tsunamis propagated and attacked the bay aftex refraction, 
deflection and rectifying the wave rays to the contours. The 
propagation maps of the tsunamis show that the fronts of the 
tsunamis were almost parallel to the contours in the coastal 
area of 15 to 20 m deep, which was taken as a criterion to 
limit the model area. The tsunamis which entered the bay should 
run up the rivers so that the phenomena caused by the tsunamis 
should be found in the estuarys. The other criterion to limit 
the model is to find the limit of the tidal and the tsunami 
influences refering to the field data. 

Second, the distortion of the model should be checked in 
relation to the characteristics of the tsunamis. When the model 
experiment is carried out by use of a distorted model which has 
different vertical and horizontal scales, the slope of the bottom 
is distorted so that the reflection and refraction of the tsunamis 
might be generally different compared to those m the non- 
distorted and distorted models. And graphical analysis to give 
a refraction diagram of the tsunami in the bay shows a little 
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difference up to the  distortion of 2.5   ( 1/50 of horizontal and 
l/lOO of vertical   )  with consideration of recording and process- 
ing errors of the  data.   It was  reported that  the Hilo harbour 
tsunami model gave a distortion 3.0  ( 1/600  of horizontal  and 
1/200 of vertical   )  without  effect  of distortion to refraction 
and reflection of the tsunamis   ( Palmer et al.,  1965  )• 

In the estuary,   saline water contacts fresh river water to 
mix vertically or to stratify into a stable double layer by the 
effect  of the density difference of the waters.  The river dis- 
charges flowing into the bay were so small  compared to the tidal 
flushing that there.should be prevailed vertical mixing which 
suggests that the  consideration of the density difference might 
give little errors  m the model  experiment. 

The  similitude  for the model was derived by the equation 
of motion and continuity.  Proud's similitude was applied to the 
model experiment;   the scale ratios of the prototype to the model 
are 250 for horizontal length,   100 for vertical length,  10 for 
current velocity,   25 for time,   2.5X105 for river discharge,  and 
100 for kinetic energy,   respectively. 

Generally,   the  flow regime  og the prototype are turbulent 
so that  the  friction coefficient  may be taken as a certain 
constant value.  And for the model the  coefficient  is a function 
of a  Reynolds number,   therefore  it  is difficult to hold   b/ie 
similitude mentaonpd  ^bove foi   v vbo1<   pe-raod   of experiment. 
Siruilstion wa- ;,iver fur   HH pv< <r£e  of oiuifni, velot i i,v   n   the 
mouel   vca. 

Roughness  of the bottom was simulated by use  of Manning's 
formula for the  current velocity as an average.  The  similitude 
gives the  scale ratio 1.365  of Manning's roughness parameter. 
An artificial roughness was given m the model  for simulation 
fulfilling the above  condition.   With the consideration of size 
distributions of sediments,   the  roughness parameter is  0.03  m 
the harbour part which is simulated as 0.022 in the model  to 
give the roughness of 0.2 to 0.3  cm by brushing up the mortar 
surface.  For the river part  in the model,   the roughness was given 
by fixing sands of 0.3 to 0.5 cm in size on the river bed mortar. 
Judging from the result  of the experiment,   the effect  of the 
roughness was not distinctive compared to topographical  influences. 

The water level was recorded   on the photographic chart 
continuously and simultaneously.   For dynamical understanding, 
current velocity was  obtained from movies tracking floats  of 
1  cm in diameter in several areas  m the model. 

The model  of Urado Bay is  schematically shown in Fig.l 
for present topography and is shown in Fig.4 as a bird's eye 
view. 



2092 COASTAL ENGINEERING 

REPRODUCTION OF CHILEAN TSUNAMI 

There are many records of damage caused by tsunami 
inundation, there is a few records of tsunamis for Urado Bay. 
One of the representatiove tsunamis m Urado Bay was the Chilean 
tsunami ofl960, which was recorded at three stations m the bay: 
Katsurahama(St.l), Urado(st.3), and Wakamatsu-cho(St.21). The 
locations are shown in Fig.l. Trials were carried out to reproduce 
this tsunami m the model basin. Tsunami records for the first 
four hours were reproduced using a cam as input under the 
dynamical consideration and repeating correction of the cam 
until the tsunami records of the prototype coincide with the 
wave records in the model experiments. One of the records is 
shown in Fig.5> m which the scales of elevation and time are 
m prototype according to the similitude. From Fig.5 it is found 
that the wave forms in the model coincide well with each other 
m amplitude and phase as a whole. Especially, the wave form at 
St.l is well reproduced. The details do not perfectly coincide 
at St.3 and St.21. At St.3, the experimental result shifts 
about 20 cm high compared to the prototype records. The distorted 
model might give the shift of the water level. At St.21, t&e wave 
height in the experiment is up to twice as large as the tsunami 
records m the mareograms, which might be caused by the local 
topography around St.21. The river elevation increases from the 
end of the navigation cource to the Kagami river so that the 
water passing St.21 is affected by local topographical effects 
and shoaling effect. These detailed discrepancies between the 
prototype and the experiment should be studied for more accurate 
reproduction of the tsunami in the model experiment. 

DESIGN TSUNAMI AND ITS TRANSFORMATION 

Inundation from tsunamis m Kochi Harbour was studied by 
numerical computation ( Hamada et al., 1961 ). Scouring problems 
near the tsunami breakwaters at the entrance of Kochi Harbour 
were studied experimentally by Shibayama et al.( 1944 )• The 
behaviour of tsunamis at the junctions of rivers were studied 
numerically by Horiguchi ( 1965 ). These computations and 
experiments were carried out by use of a design ysunami 
determined by the records of the tsunami of the Nankaido Earth- 
quake and ©f the Chilean tsunami. Hamada ( 1961 ) gave the design 
tsunami at St.l such as the crest height is 2.4 m above and the 
trough 1,5 n below the mean high water level with the period of 
30 min for the numerical computation. 

Spectral analysis of the Chilean tsunami gave the signifi- 
cant period of 30 to 35 mm. For the Hyuganada Earthquake 
tsunami in 1968, the significant period was about 25 mm. 
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These results suggest that the suitable period of the design 
tsunami is probably to be 30 mm ( Iwagaki et al., 1970 ). In 
this experiment the same conditions were given for the design 
tsunami.The initial water level before the tsunami inundation 
was taken to be the mean high water level ( 9.L. + 1.89 m ). 

The design tsunami that entered the bay propagates through 
the bay mouth; that is, the waves are transformed and their 
phases are delayed with the progress including the effects of 
the boundary and topography of the bay. There should be many 
factors affecting the transformation of the design tsunami, 
such as* phase velocity as a function of water depth, refrac- 
tion caused by the bottom slope, deflection around a sharp 
edge, reflection at the coast and shoaling1 in the river mouth. 
The resultant effect of these factors gives the wave trans- 
formation. When the design tsunami at the entrance of the bay 
is given, the transformation of the wave m the model is 
obtained through the experiment as shown m Fig.6 m model 
scale. In Pig.6, wave height and time are shown m the model 
scale. The wave profiles are arranged ordmally for the sta- 
tions, the locations of which are illustrated by numbers m cir- 
cles m this figure. 

The wave profile at St.l is a sinusoidal which is found the 
lowest part of Fig.6. The wave is transformed and decreases 
its height at the narrow, the fact of which is found by com- 
parison of the wave form at St.l, St.2 and St.5. There should 
be energy dissipation of the wave at the narrow caused by the 
confused configulation of the coast lines and to the curved 
water way. At the inlets, resonance   occured by produce higher 
harmonics of the incidental tsunami. For example, the wave form 
at St.10 suggests that the third harmonics of the tsunami is 
amplified in the small rectangular resonator m which the 
location of St.10 is included. 

In the river part, the wave height increases with inun- 
dation of the tsunami as found the wave forms of St.22, 23 and 
25 in Fig.6. In the Kuma river, the wave height increases from 
St.23 to St.25. The wave form is transformed to be assymmetry; 
that is, the steep profile before the crest and the gentle 
slope after the crest of the wave. These transformed wave pro- 
files differ from the incidental sinusoidal wave at the 
entrance of the bay. 

CHEST HEIGHT CHANGE AND TSUNAMI BREAKWATERS 

The crest height distributions of the design tsunami were 
considered for the model of the present topography, the model 
without the tsunami breakwater for after dredging and reclama- 
tions, and the model with the tsunami breakwaters for after 
dredging and reclamations. The distributions were obtained as 
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two dimentional or areal distubutuons which wil] give under- 
standing about the complexity of the wave characteristics m 
the hay. In this paper, the distributions are shown only along 
the navigation course from the entrance to the head of the bay 
and along the Kagami River and Kokubu River or Kama River, 
as shown in Pig.7. In Pig.7, the distances of the stations 
from the bay mouth are shown m reduced prototype scale m Kin 
and the crest height of the tsunami m meter with reference to 
the elevation of the mean high water level. The locations of the 
stations m Pig.7 are shown by the numbers m circles. The dots, 
the circles and the semi-circles show respectively the case for 
the present topography, the case for after dredging and recla- 
mations, and the case with the tsunami breakwaters for after 
dredging and reclamations. The model for the conditions after 
dredging and reclamations is shown m Pig.8. Tsunami break- 
waters are under planning for construction at the narrow point 
of the entrance of the bay, as shown in Pig.8. 

The crest height distributions are shown m Pig.8 along 
the navigation course and the Kagami River. Comparing to the 
distribution for the present topography, the distribution for 
after dredging and reclamations suggests that the tsunami pro- 
pagates with a little decrease of wave height because of water 
depth increase. But it is not clear why the crest height at 
St,2 beoame anomalously high after dredging. The effect of the 
reclamations is not so remarcable for the crest height distri- 
bution. When the tsunami breakwaters are constructed for the 
harbour after dredging and reclamations, it is found a remark- 
able effect of the tsunami-break-waters to dimmish the wave 
height in the bay and to protect the harbour from tsunami 
inundations around the bay mouth and m the bay. For the crest 
height distributions, the effect of the tsunami breakwaters is 
not remarcable at the end of the navigation course. In the 
Kagami River, there should be found a topographical effect for 
the tsunami inundations. 

About the Kama River or Kokubu River, the crest height 
distributions are shown m the up-right part of Pig.7 to compare 
those to the main profiles of the crest height m the same scale. 
There are found a little effect of the tsunami breakwater, 
dredging and reclamations in the profiles of the creslr height 
distributions of the design tsunami. 

CONCLUSION 

Prom the results of the model experiment on tsunamis m 
Urado Bay, the authors obtained the following conclusions. 

l) By use of the tsunami generator with consideration of 
Proude's similitude, the Chilean tsunami was reproduced in the 
model expenmant. This result shows the possibility of studying 
future problems in the bay. 
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2)  Transformation of the  design tsunami and crest height 
distribution of the tsunami were studies to find the negative 
effect  of dredging of the navigation course  and to find the 
active  effect  of tsunami "breakwaters for protection of the 
harbour from tsunami inundation.  Reclamations gave a little 
influence  on the crest height distribution and on the wave 
height  of the tsunami. 

Kochi was attacked directly by the typhoon 7010 on 21, 
August,   1970 so that  they suffered from heavy damages by the 
storm surge  accompanied with the typhoon.  This fact  suggests 
that  it  should be promoted not  only to study on tsunami but to 
investigate  on storm surges  m Urado Bay.  Future plan of the 
harbour should be refered on the  studies mentioned above to 
protect  from coastal  disasters. 
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MODEL SCALE 
Japan Sea 

urvo 
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Plg.l     SCHEMATIC PLAHE OP THE TSUNAMI MODEL OP 
URADO BAY  (  including locations  of stations 
where water levels were  recorded m the 
tsunami model,   and tide gauges are located 
at St.2, St.3, St.7, St.17 and St.21 in the 
prototype of the harbour ) 
UP-RIGHT: LOCATION OP URADO BAY 
DOWN-RIGHT: BLOCK DIAGRAM OP THE SERVO SYSTEM 
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Fig. 2 PLUNGER OP THE TSUNAMI GENERATOR 

Pig.3 OIL-HYDRAULIC  CONTROLLER OP THE 
TSUNAMI   GENERATOR 
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Fig. 4 BIRD'S EYE VIEW OF THE TSUNAMI MODEL 
( The plunger shown in Pig.2  is at 
the end of the model.  The  controller 
is in the white  cottage.  The head 
tank at the center of this photograph 
supplys river discharges  in the model.) 
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TIME { h) 

Fig.5 REPRODUCTION OF THE CHILEAN TSUNAMI IN URADO BAY 
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Fig.8 TSUNAMI MODEL AFTER DREDGING AND RECLAMATIONS 
( The location of the  tsunami "breakwaters  is 
indicated "by an arrow.   ) 



CHAPTER 127 

TSUNAMIS     SOME LABORATORY AND 
FIELD OBSERVATIONS 

by Fredric Raichlen    Assoc    Prof    of Civil Engineering 
W    M    Keck Laboratory of Hydraulics and Water Resources, 

California Institute of Technology,   Pasadena,   California,   USA 

ABSTRACT 

A unique laboratory facility to generate waves by impulsive movements of 
the bottom of a wave tank is described and examples of the wave forms which 
result are shown     An analytical model is presented for the case of rapid bottom 
movements which describes,  in a qualitative way,   certain features of the 
experiments 

Marigrams from various field stations for the tsunamis from the Chilean 
earthquake of I960 and the Alaskan earthquake of 1964 have been analyzed 
using spectral analysis techniques to determine the harmonic components of 
these records      Comparisons are made between the spectra of the two tsunamis 
at each of several locations 

INTRODUCTION 

The problems associated with earthquake generated sea waves,  known as 
tsunamis    are serious in many parts of the world particularly around the rim 
of the Pacific Ocean which is such a seismically active region      Perhaps one 
of the worse tsunamis of historical times was generated off the coast of Japan 
on June 15,   1896      The maximum wave which was generated ran up on the near- 
by land to an elevation of 75 ft to 100 ft above the normal tide level resulting 
in the death of more than 27, 000 persons and the destruction of over 10, 000 
homes      A much more recent example of the widespread property damage that 
such a wave system can cause is the tsunami associated with the Alaskan earth- 
quake of March 27,   1964      This tsunami which originated m the Gulf of Alaska 
caused loss of life and extensive damage as far away as Crescent City    Califor- 
nia  ($11 million damage)     In addition to this distant damage,   an estimated 
$350 million damage to a number of coastal towns in Alaska could be attributed 
to the combined effect of the tsunami,   soil failure    and vibrations 

To learn more about the generation,   propagation,   and coastal effects of the 
tsunamis a laboratory study has been initiated which deals with the generation 
of waves by impulsive bottom movements and the propagation of these waves in 
the near field      (The near field region is of particular importance to Southern 
California which appears to be reasonably protected from distant tsunamis,   but 
may be vulnerable to sea waves generated by earthquakes near the coastline   ) 
This investigation is directed toward understanding the phenomenon of bottom 
generation and the effect of linear and nonlinear dispersion on the resultant 
wave system     Some preliminary results of the laboratory study are presented 
herein,   thereby demonstrating some of the characteristics and capabilities of 
the wave generating system which has been developed 

In addition to this laboratory program,  field data have been analyzed to 
gain a better understanding of the interaction of tsunamis with the coastline 
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Using spectral analysis techniques certain conclusions can be drawn regarding 
the effect of the tsunami which resulted from the Alaskan earthquake of 1964 
and that resulting from the Chilean earthquake of 1960 on the harbors and em- 
bayments where tidal records are available     Hence,  this paper is divided 
into two parts     the first dealing with the laboratory simulation of earthquake 
generated sea waves and the second dealing with the analysis of field data 

LABORATORY OBSERVATIONS 

Experimental Equipment - The experimental program is being conducted in a 
wave tank which is 31   6 m long,   39 cm wide,  and 61 cm deep with glass side- 
walls throughout      The impulsive wave generator is located at one end of the 
wave tank and consists,  in the initial phases of this study,  of a moveable 
section of the bottom of the wave tank 61 cm long and nearly the same width 
as the wave tank (39 cm)      The section of the bottom can be moved in a pre- 
determined fashion either upwards or downwards,  hence,  this system can be 
thought of as modeling a tectonic movement in nature which is either a simple 
block upthrust or downthrow     In the laboratory the maximum movement of 
the bottom in a vertical direction is ±15 cm with one of the design criterion 
being that the bottom should be capable of moving ±3 cm in 0  05 sec      With 
some modifications the surface area of the generator can be changed 

A schematic drawing of the tsunami generator and the wave tank is pre- 
sented in Fig     1      It should be noted that the wave system under investigation 
is two-dimensional and the rigid wall which exists at x = 0 represents a plane 
of symmetry in the true problem     Therefore,  with reference to Fig    1,  the 
total length of the moveable section of the bottom,  t,  is one-half of the length 
of the block in nature which is being modeled 

+x . _  /v— w k 

, I Jz 
f 
d 

i  K 
IVAVE GENERATOR m          X          * 

Fig    1    Schematic Drawing of Impulsive Wave Generator 

The wave generator is driven by a hydraulic-servo-system which accepts 
an input voltage which is proportional to the desired displacement of the bottom, 
and in this way a variety of bottom motions can be obtained      Basically the 
system can be divided into three parts     the hydraulic supply unit,  the servo- 
system,   and the moveable bed unit assembly 

The hydraulic supply system consisting of oil reservoir,  pump,  filter,   and 
heat exchange unit supplies the main hydraulic cylinder which actuates the bed 
with hydraulic fluid at a pressure of 3200 psi     An accumulator is installed in 
the system primarily to provide a sufficient supply of hydraulic fluid at high 
pressure to drive the bed for programs which initially demand large flow rates 
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The servo-system consists of a servo-valve and its associated electronics 
used in conjunction with a linear variable differential transformer (LVDT) which 
senses the motion of the bed      The LVDT with its core mounted to the moving 
bed and the coil fixed in position provides the electrical feed-back signal which 
is compared to the input signal supplied by the function generator,  by comparing 
these two signals minor adjustments of the movement of the spool of the servo- 
valve are made automatically to achieve the desired program of bed movement 

A photograph is presented in Fig    2 showing in detail the moveable bed unit 
assembly consisting of     the hydraulic cylinder,   its supporting structure,   two 
flexures,  the load cell,  the guide cylinder,  the bearing support box,   and the bed 
unit      The hydraulic cylinder which drives the bed is a double-throw type mounted 
vertically and attached by means of flexures to the laboratory floor and to the bed 
unit      The flexures provide a means of correcting for any small vertical mis- 
alignment of the hydraulic cylinder upon installation      The upper flexure is 
connected to a load cell,  for measuring the total applied force,  which mturn is 
connected to the moveable bed unit     The guide cylinder,   seen m Fig    2 moves 
against two fixed bronze bearings and insures that the bed unit moves in a vert- 
ical direction      The bed unit is firmly fixed to the upper surface of the guide 
cylinder 

Fig    3 shows the tsunami generator attached to the upstream section of the 
wave tank with the bed unit in its maximum upward position      A problem in the 
design of the generator which had to be overcome for successful operation was 
the sealing of the bed unit around its four sides      two of which are m proximity 
to glass walls and the other two near machined aluminum surfaces      The seal 
which was designed and fabricated was a one-piece unit molded of a relatively 
flexible material and mounted directly to the moveable portion of the bed 
Details of this seal can be seen in both Figs     2 and 3,   this type of design (with 
water on only one side of the generator)  minimizes the forces which arise in 
wave generation 

Some Experimental Results - The time-displacement of the bed which is being 
used initially is an exponential motion described by the following expression 

J^=l-e-at (1) 
o 

where z is the motion of the bed measured  positive upwards from the fixed 
elevation of the bottom of the wave tank,   z    is the maximum motion of the bed, 
varying time is represented by t,   and a is     a coefficient which is equal to the 
bed velocity divided by the maximum bed displacement,   z       at t = 0 

Figs    4 and 5 are examples of the water surface motions -which are gener- 
ated by such exponential motions of the generator for a water depth of 10 cm 
and for positive and negative motions respectively      The ratio of the maximum 
displacement to the depth,   zQ/d,   for all cases shown was 0   1,   and for positive 
and for negative motions examples are presented for two different non-dimen- 
sional times,   tR(g/d) 1/s,   the time tR is defined as the time that it takes the 
bed to rise to one-half its maximum value      The two values of the non-dimen- 
sional time for which results are shown in Fig    4 and 5 are tR(g/d)1/3= 0  4 and 
3   5 which,  for these experiments,  correspond toa=17  2 sec"1  and 1   96 sec"1 

respectively      The motion of the bottom is shown as the upper record in each 
of these figures and is labelled as z 
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In Figs     4 and 5 the variation of the water surface with time measured 
using resistance wave gages is shown at five different locations along the 
wave tank      The first location is x/d = 30 which is approximately midway 
over the moveable bottom      (Since the wall at x/d = 0 also can be thought of 
as a plane of symmetry for the case of a moving block of length 2-t centered 
at x/d = 0    for this depth the location x/d = 3   0 represents the quarter-point 
of that moving block,   l   e       K/ZI"0   25   )   It should be noted in the oscillograph 
records which are shown,  for the motion of the bottom (z) and for the variation 
of the water surface at the first location (x/d = 3   0) positive movements and 
water surface displacements are downward    at all other locations the positive 
water surface displacements which are shown on the oscillograph records are 
upwards      In all of the records time increases to the left,   the length of the 
record which corresponds to one second is indicated in the figure      Four of 
the wave gages are equally spaced (x/d = 6   4,   81   4,   156   4,   and 231   4)  with 
the first gage located quite close to the "leading edge" of the moving bottom 
Since the electronic amplification of the various wave gages has been adjusted 
to be approximately the same and the gages are equally spaced,   a character- 
istic diagram could be constructed from these four records 

In Fig    4 for the two different non-dimensional times,   the upper records 
show the exponential motion of the bottom      At the location x/d = 3   0 for the 
condition of rapid bottom movement the water surface rises in nearly the 
same way as does the bottom and begins to fall near the time of maximum 
bottom displacement      For the experiment with a slower bottom motion the 
water surface at the same location reaches a maximum before the bottom 
has fully risen and then begins to fall      For the former case    the ratio of the 
maximum amplitude to the maximum bottom displacement is approximately 
unity whereas for the latter this ratio is about one-half       thus,   one effect  of 
the magnitude of the non-dimensional time,     tR(g/d)1/,a ,   can be seen 

For a non-dimensional time of 0   4,   near the edge of the generator  (x/d = 
6   4) the water surface rises quickly to a maximum and remains there for a 
short period of time before falling      In falling,   the water surface elevation 
first becomes less than the still water level,   then  rises above the still -water 
level and then oscillates m a damped periodic manner about the quiescent 
level     As the lead wave progresses downstream it tends to change radically 
as additional waves are generated from it      In addition to this,   groups of waves 
are evident in the lee of the main wave system and these waves appear to be 
left further behind in time as the distance from the generation area increases 
probably due to frequency dispersion 

Similar effects can be seen for the example at a larger non-dimensional 
time (3   5)  except that the dispersive effects are not nearly as pronounced as 
for the case of the faster bottom movement     Comparing the amplitude of the 
lead wave for locations x/ds 6  4 to that at x/d = 3  0 it is seen that the waves 
are approximately 0   8 of the amplitude of the wave over the generator      For 
the case of a more rapid  bottom movement this same ratio was about 0   5 
demonstrating another effect of the velocity of the generator on the waves 
generated 

The comparable case for negative waves is presented in Fig 5 The 
conditions for the two cases shown are identical to those presented in Fig 
4 except a negative motion of z   /d = -0   1 is used     In this case,  for the 
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displacement of the bottom and of the water surface at x/d = 3   0 negative dis- 
placements are upwards on the oscillograph paper,  at all other locations nega- 
tive displacements are downwards      Comparing the water surface displacements 
in Figs    4 and 5 at x/d = 3  0 and 6  4 for both non-dimensional times it is seen 
that the negative displacements are nearly mirror images of the positive dis- 
placements     However,  for a normalized distance of 81   4 major differences 
are seen between the positive and negative cases      Perhaps the most obvious 
is the significant growth of a train of waves in the lee of the negative system 
compared to the positive case which supports the arguments proposed by 
Keulegan and Patterson (1940) in their paper dealing with non-linear long waves 
The effect of dispersion on the lead wave can be seen readily in Fig    5 for the 
example with the rapid bottom motion from the decrease of the slope of the lead- 
ing edge of the mam wave as the distance from the region of generation increases 

Similar features are evident for the case of a slower bottom movement,  I  e   , 
a larger non-dimensional time (3   5)     Again the features in the lee of the main 
wave have grown much more rapidly than their positive counterpart     If a com- 
parison is made of the amplitude of the lead wave over the generator to those for 
x/ds 6  4,  for the case of rapid motion it is found that away from the generator 
the amplitude is approximately 0   6 of that over the generator      For the slower 
generator motion this ratio varies from about 0  85 to 0  90      The ratio of the 
amplitude of the lead wave to the maximum displacement of the generator for 
the two examples of negative displacements are comparable in magnitude to 
the corresponding positive cases      Thus,  with respect to wave amplitudes there 
is little difference between the lead wave amplitude resulting from the negative 
and positive bottom motions for comparable initial conditions 

Some Analytical Considerations - To investigate,  in a qualitative sense,   some of 
the features of the wave systems observed in Figs    4 and 5 an analytical method 
developed by Peregrine (1966) for the treatment of non-linear long waves has 
been applied      The equations of continuity and momentum can be written in non- 
dimensional form as 

an   _a_ 
3t     8x [(1+TI)U] = 0 (2) 

8u 9u  ,   9r|      1    3  u     ,  m-3-3-. ,,, 
"at  +uEb? + ^=3 9x^8F + 0(e  a   > (3)' 

All length quantities in Eqs    2 and 3 have been normalized with respect to the 
depth    d,  the velocities with respect to the shallow water wave velocity,   (gd)      , 
and time by multiplying by (g/d)1'' 2      (In the following discussion the same no- 
tation as used in Eqs    2 and 3 will be used to denote dimensional and dimension- 
less quantities    the meaning will be clear from the context of the discussion  ) 
In Eqs    2 and 3 the distance T) to the water surface is measured from the still 
water level,  the velocity u is the horizontal velocity averaged over the depth, 
a is the ratio of water depth to wavelength,  e is the ratio of wave amplitude to 
water depth,   and the notation 0(    ) indicates terms of the order of the quantity 
in parentheses and smaller      The solution of these two equations allows for 
waves traveling in the positive and the negative x-directions,   Peregrine's 
finite difference scheme was used for the numerical solution 

The problem of waves which are formed by an impulsive movement of the 
bottom was then treated as an initial value problem where the fluid in a long 
tank is initially at rest everywhere and a mass of fluid is added to (or subtracted 
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from)  the still water surface over a portion of the tank at t = 0      This theoretical 
model is crude in the sense that the movement of the bottom is not   included    in- 
stead an assumed form of the water surface is chosen at a time near the end of 
the wave-maker stroke and before the wave has left the generation area (defined 
for this analysis as t = 0)      The assumption that the horizontal velocity is initially 
zero everywhere just when this surface disturbance is formed is probably reason- 
ably close to the experimental conditions for rapid bottom movements      In addition 
to these features of the analysis,   similar to the laboratory conditions,   the two ends 
of the tank in the theory are considered to be solid walls with zero water particle 
velocity at these walls for all time      This type of initial value problem is similar 
to that treated by Long (1964) using basically the same expressions as Eqs    2 and 
3 but manipulated in such a way that solutions could be obtained by integrating 
along the characteristics in the (x, t) plane 

The initial amplitude distribution of the water surface which was used was 

3- = ±0  05 [l -tanh (| - 6)] (4) 

From Eq    4 it is seen that for x/d < 3 the amplitude of the water surface is 
essentially constant and approximately equal to 0   1     and for x/d > 9 the ampli- 
tude is essentially zero      Such an  expression allows for a smooth transition 
from one water surface elevation to another    for the conditions chosen the 
length of the moveable bed corresponds to x/d = 6      With reference to Figs    4 
and 5 it is evident that Eq    4 compares more favorably with the example which 
corresponds to the rapid bottom movement      Consider first the amplitude at 
x/d = 3,   Eq    4 gives this amplitude as essentially 0   1 times the depth      In Figs 
4 and 5 the amplitude at this location for the case of rapid motions is approxi- 
mately the same as the maximum bed motion which is,   in relative terms, 
zo/d = ±0   1      From Eq    4 the relative amplitude at x/d = 6 is ±0   05 which corres- 
ponds reasonably well to the observed values of +0  046 and -0  057 at about this 
location in the experiments for t^ (g/d)1/'3 = 0   4      Thus,   although this represent- 
ation of the water surface is perhaps crude,   it does retain some of the important 
features of the observed distributions 

The analytical results for the case of the positive disturbance are presented 
in Fig    6 where the variation in the water surface displacement,   r]/d    is plotted 
as a function of non-dimensional time    T = tig/A)1'    ,   for various values of nor- 
malized distance,   l   e     x/d = 0   3,10   20   30   40       A number of interesting features 
of the problem emerge from this analytical treatment and these will be dis- 
cussed separately before comparing them to the experimental results      At 
•</d = 0 the wave amplitude decreases with time from the initial value of r|/d = 01 
to a magnitude less than zero and then oscillates with time about the still water 
level with the amplitude of oscillation decreasing with time and approaching 
zero     At x/d = 10 the water surface increases gradually with time from zero 
reaches a maximum,   decreases and then increases slightly before decreasing 
and approaching   zero      Hence,   a second wave appears to be forming from the 
lead wave      An additional interesting feature of Fig    6 is that another group of 
waves appears in the lee of the main wave for T>30      Both of these occurances 
is a strong indication of the dispersive nature of such a wave system      For larger 
values of x/d the main wave appears to begin to move out m front,   leaving behind 
the secondary wave system      If the computer storage had been sufficient to enable 
the computations to be made for a larger tank and thus to proceed to large values 
of x/d and T it might have been possible to see the lead wave approach a solitary 
wave in form      As it is,   because of this limitation the reflection of the wave from 
the far tank wall can be seen at x/d = 40 for  T > 80 
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It is interesting to compare Figs     4 and 6 in a qualitative sense      In Fig    4, 
for either x/d = 3   0 or 6  4 the same trailmg-edge wave system is observed as 
at x/d = 0 in the analytical solution   (Fig    6)      The wave systems in both cases 
decrease to zero with increasing time      Unfortunately,   as mentioned previously 
the analytical solution could not be extended further than x/d = 40  so that a 
station comparable to the next experimental station    x/d = 81   4    could not be 
reached      However,   in the analytical results similar changes in wave form are 
observed as in the experiments although perhaps the dispersion occurs more 
rapidly in the analytical solution than it does in the experiments 

In Fig     7 analytical results are presented for the comparable case of a 
negative disturbance which propagates from the initial conditions given by Eq    4_ 
At x/d = 0 the shape of the disturbance is nearly the mirror image of the positive 
disturbance shown at the same location in Fig    6,   and again trailing waves are 
seen in the lee of the lead wave      Fig    7 shows that the slope of the leading edge 
of the  main wave decreases with distance as the wave propagates downstream 
the same effect is observed when the results are plotted as a function of distance 
for constant times      If Fig    6 and 7 are compared it is seen that the lead negative 
disturbance is well formed for a given location compared to the positive wave, 
and also the trailing waves appear to have grown more rapidly in the case of 
the negative disturbance compared to the positive one      In addition it has been 
found that for the last station shown m Fig    7 the variation of the normalized 
velocity with time is nearly identical to the water surface variation even though 
at x/d = 0 these distributions are different 

If, as before,   Fig    7 is compared to its experimental counterpart,   Fig    5, 
the same general trends can be seen     the decreasing slope of the lead wave with 
distance,  the rapid development of the form of the lead wave,   and the rapid 
growth of the waves in the lee of the main disturbance 

In summary,  it is felt that this analytical method describes the changes in 
a wave system due to both linear and nonlinear dispersion     Even though the 
initial conditions assumed appear crude,   the resultant wave forms agree 
qualitatively with the experiments 

ANALYSIS OF FIELD OBSERVATIONS 

In addition to the experimental and analytical studies    of which this paper 
presents only some preliminary results,   tide gage records of various tsunamis 
obtained at certain locations around the Pacific Ocean have been studied to 
investigate the interaction of these waves with the coastline      An obvious feature 
of such records is that,   even though the particular earthquake has a relatively 
short duration   (of the order of minutes or    less),   the tide gage records generally 
exhibit oscillations which last longer than 24 hrs      In addition,   the major waves 
at many of these locations occur within the first few hours of the arrival of the 
lead wave      An example of such records is presented in Fig    8 for three locations 
in Southern California for the tsunami which resulted from the Alaskan earth- 
quake of March 27,   1964    these and subsequent records were taken from Spaeth 
&   Berkman (1965)   and Berkman & Symons   (1964)      Such water surface fluctuations 
at the coastline raise the question whether the wave train which is measured at the 
coast bears any resemblance to the wave which existed in the open-sea      It is 
possible that the waves where are recorded are the result of a short impulsive 
wave train triggering the oscillation of the water masses in local embayments 
and coastal waters which then oscillate with small damping for long periods of 
time 
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To investigate this type of question by obtaining information regarding 
the distribution of wave energy in these records as a function of frequency 
(or wave period)    the wave records were analyzed using spectral analysis 
procedures similar to those used for analyzing ocean wave records      In 
essence these methods treat the record as if it were a stationary process 
This is not considered too serious a limitation since the primary objective 
is to compare spectra from various harbors for the same event and from 
the same harbor for various events,   and if approximately the same length 
of record is treated in the same way for all cases a reasonable comparison 
can be made      (Of course the same questions regarding stationarity also can 
be raised about other analytical methods such as harmonic analysis   ) 

The spectra of the tsunami associated with the Alaskan earthquake of 
March 27,   1964 for three Southern California locations are presented in 
Fig    9      The ordinate in Fig    9 is the normalized energy density,  normalized 
with respect to the mean square of the deviation of the water surface from the 
tide level in units of hours and the abscissa is the frequency in cycles per hour 
(cph)      Therefore,   the area under each spectrum is unity     The spectra were 
obtained after subtracting from the marigram the effect of the tide so that this 
low frequency component would not completely distort the energy content of the 
spectrum      This was accomplished by first subtracting the predicted or fitted 
tide from the record and then passing the resultant digitized record through a 
numerical high-pass filter such as that described by Kinsman  (1965)      This, 
as well as the spectral analysis computation was accomplished on a digital 
computer using the procedure for spectral analysis described by Blackman 
and Tukey (1958)  and by Raichlen  (1967)      In all cases the confidence limits 
of the spectra were obtained by applying the method described by Kinsman 
(1965)      For the spectra which are presented it is expected that,  for a given 
frequency-band,  if the process were stationary,   there is a probability that 
90% of all spectral estimates will exceed 0  69 times the ordinate and 10% of a 
all values will exceed 1   30 times the ordinate with 50% of all values exceeding 
0 98 times the ordinate value      The frequency resolution which was used was 
chosen based on the available record lengths,  the confidence limits,   the sampling 
interval,   and the fact that spectra from different events were to be compared 

Returning now to Fig    9,   spectra are presented for Santa Monica,   Los 
Angeles Harbor   (Berth 60)    and La Jolla,   all in Southern California with the 
first and last of these locations approximately 125 mi (200 km) apart in a 
North-South direction      Values of the root-mean-square of the water surface 
fluctuations about the tide (r  m  s   ) are shown in Fig    9 for these locations 
The r  m  s    tends to decrease in a Southerly direction with distance from the 
tsunami source,  in fact,  the r  m  s    decreases by a factor of nearly 2  5 com- 
paring the two furthest stations      Considering the problems usually associated 
with spectral analysis,  the spectra for these locations are remarkably similar 
indicating a major concentration of energy between frequencies of 1   6 cph and 
1 8 cph  (wave periods between 33  4 mm   and 37   5 min )     In addition,   there is 
a secondary concentration of energy between frequpncies of 0  4 cph and 0  6 cph 
(wave periods between 1   67 hrs    and 2   5 hrs   )      Before discussing in detail 
some conclusions which may be drawn from these spectra it is useful to view 
others that have been obtained 

Spectra for four locations are presented in Figs    10 and 11 for both the 
tsunami which resulted from the earthquake in Alaska of March 27,   1964 and 
the earthquake in Chile of May 22,   1960     In all cases the spectra were obtained 
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05 10 15 20 25 30 
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Fig     10   Normalized Energy Spectra for Tsunamis at 

Los Angeles Harbor (Berth 60) and Ensenada    B   C   ,   Mexico 

Caused by Chilean (I960) and Alaskan (1964) Earthquakes 
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Fig 11 Normalized Energy Spectra for Tsunamis at Pago-Pago 

Harbor, American Samoa and Midway Island Caused by 

Chilean (I960) and Alaskan (1964) Earthquakes 
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and plotted in the same way  as those shown in Fig    9 and the values of the 
r  m   s     are indicated in the figures      There are two obvious features of Figs 
10 and 11     (1)   the spectra at each location for the two different tsunamis are 
quite similar,   and   (2)  in all cases the r   m   s    value for the Chilean tsunami 
is greater than that for the Alaskan tsunami   (the ratio varying from nearly 
1   4 to 4) 

Wilson (1969) in a general investigation of earthquake movements and 
tsunamis concludes that the tectonic movement associated with both the Chilean 
earthquake of 1960 and the Alaskan earthquake of 1964 were probably similar 
and that evidence indicates that a molar upthrust combined with a down-throw 
played an important role in the earth movement      This similarity may be the 
reason for the relatively good agreement between spectra at each of the locations 
shown m Figs     10 and 11      It is also quite possible,   as suggested earlier    that 
each location is very strongly responsive to particular frequencies which are m 
the tsunami wave train      Therefore,   even if the tsunamis were quite different in 
the open-sea    as long as a small amount of energy existed at the preferred 
frequencies for that particular location,   due to the resonant nature of harbors 
and coastal waters,  frequencies to which the harbor is not strongly responsive 
would be masked     In this way it is possible that spectra at a particular location 
could be similar even though the spectra of the events in the open-sea were quite 
different     For the records analyzed it is probable that both of these explanations 
are true in part,  however,  from these limited data a more definite conclusion 
cannot be made 

Wilson   (1969)   and Munk et    al     (1959)   also have discussed the possibility 
of the excitation of harbors by these transient wave systems      Munk and Cepeda 
(1962) have attempted to analyse in some detail the mangram at Acapulco, 
Mexico due to the tsunami associated with the Mexican earthquake of 1957 to 
determine whether the response of Acapulco Harbor could be the cause of a 
sharp peak observed in the spectrum at a frequency of 1   98 cph (a period of 
about 0   5 hrs)      They treated the harbor as if it were a rectangular harbor of 
constant depth and applied the method of Miles and Munk   (1961) to determine 
the frequencies of various modes of oscillation of this harbor      Their conclusion 
was that the observed wave period of 0   5 hrs    was probably not due to the harbor 
alone but it was probably caused by the oscillation of a much larger body of water 
offshore      Their method of determining the response was admittedly crude,   and 
without determining the response by a more exact method such as that developed 
by Lee   (1969) it is difficult to draw a definite conclusion as to the cause of the 
observed periodicity except to say that the peak which was observed in their 
spectrum was probably due to local excitations 

Comparing Figs    9,   10,   and 11 it is seen that for both tsunamis at three of 
the four locations investigated there is a peak in all spectra in the period range 
between 1   67 and 2   5 hrs      (For the Alaskan tsunami alone this periodicity is 
common to five of the six sites studied   )   Ensenada,  Mexico is the only location 
which does not exhibit such a peak,   and this may be due to the method of analysis 
If the tide is not completely subtracted in the procedure,   and if small amounts of 
energy exist at frequencies near that of the tide,  it is possible that the remaining 
tidal energy can completely mask penodicities with small energy content at low 
frequencies 
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The peaks which are observed in the spectra of Figs     10 and 11  at higher 
frequencies appear to be common for a particular location,   however,   these 
frequencies are not common among locations      Therefore,  the energy con- 
centrations which appear at wave periods between 20 min    and 50 mm    are 
probably due to the bathymetric and coastal configuration of the particular 
location 

Wilson (1969) and Wilson and Tjirum   (1968)  have concluded that the period 
of the primary tsunami wave for both the Alaskan tsunami of 1964 and the 
Chilean tsunami of 1960 was of the order of 1   7 hrs      Since the peaks at the 
lower frequencies in the spectra presented herein are approximately at the same 
frequency independent of location,   the same conclusion may be made      If one 
agrees with this conclusion then,   considering the periodicity between 33 mm 
and 38 min ,   Fig    9 indicates that the Alaskan tsunami of 1964 must also have 
excited a large mass of water off the coast of Southern California extending at 
least from Santa Monica,   California to La Jolla    California      Therefore,  m 
order to learn more about local tsunami effects such as run-up and forces on 
structures,  which are important from engineering considerations,  then more 
must be understood about the response of off-shore water masses to impulsive 
wave systems 

CONCLUSIONS 

The unique laboratory wave generating facility described herein is capable 
of producing an impulsively generated wave system which shows the same 
dispersive effects as predicted by a simple theory      The analysis which is used 
considers the wave system to originate from an initial condition of a disturbed 
water surface in a still tank of water      It shows,   in addition to dispersive effects, 
the same distinct differences between positive and negative initial disturbances 
as are observed in the laboratory 

Spectra determined from the tide gage records at four locations around the 
Pacific Ocean for the tsunamis from the Alaskan earthquake of 1964 and the 
Chilean earthquake of I960 had similar shapes at each location      The results 
indicate that there is  a periodicity of approximately 2 hrs     which is common 
to nearly all of the locations investigated      Other concentrations of energy at 
higher frequencies which for a given location are similar in period for both 
tsunamis are not similar for different locations      This shows that local em- 
bayments and bathymetry tend to influence significantly the wave amplitudes 
due to tsunamis measured near the shore 
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CHAPTER 128 

HEAD LOSS AT TSUNAhl-BBEAKWATER OPENING 

by Yoshiyuki ITO* 

Abstract 

The head loss at breakwater opening is an important factor for 
evaluating the effect of breakwaters against tsunami.  This paper 
examines the coefficient of the head loss term xn the equation of 
motion by comparing the results of numerical calculations with the 
actual record observed in the Port of Ofunato at the time of 1968 
tsunami.  Numerical calculations are repeated changing the head loss 
coefficient from zero to 3.0 with the interval of 0,5.  The 
calculated water level variation is quite different from the record 
if no head loss is taken into consideiation.  Although the most 
suitable value of the coefficient is not definitely determined, the 
value of 1.5> which has been adopted in our previous calculations, 
seems to be reasonable for practical purpose. 

Introduction 

The construction of tsunami-breakwaters in the Port of Ofunato 
and several other harbours was started after the disaster due to 
Chilean Earthquake Tsunami in i960.  Concerning this project the 
author studied the effect of breakwaters against tsunami mainly by 
numerical calculations   The method of calculation and some results 
obtained were reported to 10th Coastal Engineering Conference held in 
Tokyo in 1966 (Reference 1). 

In May 1968, the tsunami-breakwater in the Port of Ofunato 
experienced the first remarkable tsunami since its completion in 1967. 
The water level variation was recorded by two tide gauges located 
outside and inside the breakwater.  The author immediately applied 
the method of calculation and obtained a good agreement between 
calculation and observation.  The effect of the tsunami-breakwater 
was also confirmed by this analysis.  The details were already 
reported to 13th IAHB Congress in Kyoto, 1969 (Keference 2). 

The term of head loss included in the equation of motion at the 
breakwater opening plays an important role in numerical calculation. 
If no head loss is taken into account, the effect of breakwaters 
against tsunami is not appropriately evaluated due to the appearance 
of so-called harbor-paradox. The author has so far adoted the head 
loss coefficient of 1.5 in previous calculations. The influence of 
this coefficient on the calculated results is examined in this paper 
by comparing the calculations with the actual observation of 1968 
tsunami in the Port of Ofunato. 

* Hydraulics Division, Port and Harbour Research Institute, Ministry 
of Transport     3-1-1, Nagase, Yokosuka, Japan 
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Basic Equations 

The principle of calculation is to solve numerically the 
equations of motion and of continuity for two-dimensional long wave 
under certain initial and boundary conditions.  Fundamental 
equations are as follows, 

3u as 
at = " s ax 
av di 
9t " " S 3y (D 

ii 
at 

_a_ 
ax (hu) •£<*r> 

where, u,v=velocity component in x- and y-direction, respectively 
5 =water level elevation with respect to mean water level 
h =water depth below mean water level 

These differential equations are transformed into difference 
equations.  Figure 1 shows the grid system around the breakwater in 
the Port of Ofunato.  The grid interval m this case is 280 metres 
and the time interval is 10 seconds. 

The outer sea is replaced by a channel of constant depth and 
width, where the computation is only aimed at supplying the incoming 
tsunami without being affected by reflected waves from the breakwater 
and shorelines.  As a boundary condition, velocity components normal 
to the breakwater and shorelines are given to be zero.  The 
calculation is started from the time when the front of tsunami 
arrives at the bay-mouth.  Initial water level and velocity inside 
the bay are accordingly zero, while those in the outer sea correspond 
to the incident tsunami profile. 
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Figure 1  Grid System for Numerical Calculation 
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Although higher order terms for inertia or bottom friction are 
neglected in Equation (1), a term representing the head loss is added 
to the equation of motion at the breakwater opening as shown in the 
following difference equation, 

Au     4«?   1        „,„,        /,s 
"ZT " -g^-2^-u|u|       (2) 

The head loss coefficient f in this equation has been assumed to 
be 1.5 m previous calculations.  In this paper numerical calculations 
are carried out with f of 0, 0 5, 1.0,    .., 3.0. 

1968 tsunami in the Port of Ofunato 

Figure 2 shows the plan of Ofunato Bay situated in the north- 
eastern part of Japan along the Pacific Coast.  The tsunami- 
breakwater near the bay-mouth, where the maximum water depth reaches 
almost 'tO metres, was constructed after Chilean Earthquake Tsunami in 
i960 and was completed in 1967. 

On May 16, 1968, an earthquake of magnitude 7.8 occurred off 
this district   A tsunami accompanied by this earthquake attacked 
the coast and caused certain damages to several ports.  The tsunami- 
breakwater in the Port of Ofunato effectively protected the harbour 
and the city by reducing the water level elevation in the inner basin. 

Ofunato 
Tide Gauge 

Figure 2   Tsunami-breakwater and Tide Gauges 
in the Port of Ofunato 
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Actual records of water level variation were obtained at two 
tide gauges, the one is located between the bay-mouth and the 
breakwater (Nagasaki) and the other is at the innermost part of the 
bay (Ofunato).  The position of these tide gauges is indicated in 
Figure 2. 

Figure 3 shows the water level variations during the first two 
hours, the astronomical tide being subtracted. 

In the analysis of this tsunami by applying the author's method, 
the incident tsunami profile for calculation was determined so that 
the calculated water level variation at the outside tide gauge might 
be as close as possible to the observation.  The outline of the 
procedure for this determination is as the following, 

1) The water level variation at the outside tide gauge during 
the first 12k minutes, in which most of the major fluctuations 
are included, is analyzed into Fourier sine series. 

2) Calculations are repeated for component regular sinusoidal 
waves in order to obtain the amplifying factor at the outside 
tide gauge.  The amplifying factor obtained varies from 1.7 to 
2.9. 

3) The amplitude of each component obtained in the item 1) is 
divided by the corresponding amplifying factor in the item 2). 
The Fourier sine series consisting of thus determined amplitudes 
gives the approximate profile of the incident tsunami. 

With this incident tsunami profile, a good agreement was 
confirmed between the calculation and the observation at the inside 
tide gauge.  A calculation with the same incident tsunami was also 
carried out for the harbour before the construction of the tsunami- 
breakwater.  The highest water level elevation in the harbour after 
the breakwater construction is 1.1-1.2 metres, while without the 
breakwater it reaches more than 2 metres.  The effect of the tsunami- 
breakwater is definitely evaluated by these numerical calculations 

Influence of the head loss coefficient on calculated results 

The incident tsunami profile determined by the above-mentioned 
procedure will be affected to a certain extent by the head loss 
coefficient at the breakwater opening.  However, the profile for 
f=1.5 is commonly used in this paper to all the cases from f=0 to 
3.0.  The influence of the value of f on the water level at the 
outside tide gauge is comparatively small, as shown in Figure k. 

Figure 5 is the comparison between calculation and observation 
at the inside tide gauge.  This figure indicates that the curve for 
f«0 is quite different from the actual record, not only in the value 
at each peak or trough but also in the form of the curve itself. 

Table 1 shows the computed and observed water level elevations 
at several peaks and troughs.  The value of f fitted to the 
observation differs at each position, as indicated by the mark (*) 
in the column of calculation. 

Figure 6 shows the goodness of fit of computed water level. 
The goodness is measured by the root mean square (a~) of the 
residuals at every two minutes during two hours (N=60). 

<r- /£<*c.X-?ob.)2/"       (5) 
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Table 1 Comparison of Calculation and Observation 

at Peaks and Troughs (unit cm) 

Observation 
Calculation 

2 5 
Position 

f=0 0.5 1.0  1.5  2.0 3.0 

1st peak 124 169 140 123* 111  103 96 91 
1st trough -102 -159 -137 -120 -108 -101» -95 -90 
3rd peak 74 153 104 88   80   75* 7? 69 
4th peak 112 153 108* 100  94  90 85 81 
6th peak 102 119 138 134  129  123 119 115* 
6th trough -101 -180 -121 -111 -105 -102* -99 -97 

Although the incident tsunami profile has been determined so 
that the computed water level at the outside tide gauge might 
coincide with the observed record, there still remain some 
differences between calculation and observation.  The deviation of 
calculation for the inside tide gauge wi31 depend on both the 
accuracy of the incident tsunami profile and the value of the head 
loss coefficient f. 

At the inside tide gauge, the root mean square of the residuals 
is very big at f=0.  It decreases rapidly with the increase of f 
and becomes almost constant for f of bigger than 1,0. 

It is not easy to find out definitely the most suitable value 
of f from these results.  However, the analysis in this paper 
suggests the practical validity of the adoption of 1.5 or so as the 
head loss coefficient at the tsunami-breakwater opening, as far as 
the form of the equation of motion in our method of calculation is 
concerned. 
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CHAPTER 129 

TIDAL WAVES IN SCHEMATIC ESTUARIES 

Hans Vollmers 

Bundesanstalt fur Wasserbau  Hamburg 

and 

Jurgen Sundermann 

Institut fur Meereskunde der Universitat Hamburg 

ABSTRACT 

An investigation of txdal waves in schematic estuaries has 
been carried out simultaneously for hydraulic and hydro- 
dynamic-numerical (HN) models  Thereby a far-reaching agree- 
ment of results is obtained for geometrically simple shapes. 
In these cases hydraulic investigations can be replaced 
equivalently by HN-computations. 

INTRODUCTION AND GENERAL VIEW 

The knowledge of the tidal caused motion processes in the 
near shore area, especially in the estuaries, is of great 
importance for coastal engineering and navigation. The 
quantitative determination of these processes, e g. find- 
ing out of water levels and current velocities depending 
on space and time, can be done by direct measurements in 
the natural area  In recent years for this purpose also 
hydraulic and hydrodynamic-numerical (HN) models are used 
which simulate the natural conditions  The application of 
such models requires e g. much less effort and costs and 
gives, further on, the possibility to study the effect of 
prospected coastal engineering structures  On these grounds 
model techniques succeeded in the last years on a large 
scale  Especially, the HN-methods belong to the meet ef- 
fective tools of dynamical oceanography. 

The following results on the propagation of tidal waves 
in estuaries are obtained by means of hydraulic and HN- 
models  It was a main intention thereby to find out by a 
systematic investigation of geometrical simple estuarine 
shapes the degree of agreement and the possibilities and 
restrictions of the two principally different methods. It 
appears, that in this way a senseful mutual completion of 
both methods could be reached. Now, the more expensive hy- 
draulic model experiments will be carried out only in those 

2133 
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complicated cases, for which theoretical solutions are not 
yet available  On the other hand, HN-mvestigations can re- 
lieve the hydraulic model testing plants of time-consuming 
routine experiments and be very useful if the constructio- 
nal equipment of the laboratory do not allow the study of 
certain questions e g. the influence of the Conolis force 
The investigations which result from a co-operation of the 
Bundesanstalt fur Wasserbau Hamburg and the Institut fur 
Meereskunde der Universitat Hamburg, are sponsored by the 
Deutsche Forschungsgemeinschaft (Vo 153/1/2)  The whole 
study will be reported later on  We are very thankful to 
W  Wulzinger for his assistance in the hydraulic model in- 
vestigations 

The hydraulic processes in a tidal estuary without a stea- 
dy inflow are mainly influenced by two aspects 

(a) Geometry of the estuary 

(b) Shape of the incoming tidal wave 

In the following only the effect (a) is discussed  Fig. 1 
shows the considered schematic estuaries  The types B and 
E are developed from tidal rivers at the German coast  By 
this time the comparison between the two models was reali- 
zed for the types A and D. 

1  Types of Estuaries Fig 

In all cases a uniform M -tide with a mean amplitude of 
1,5 m has been used 

Actually, the HN-models produce vertically integrated hori- 
zontal velocities  It is intended, furtherly, to consider 
the vertical dimension too. 
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THE NUMERICAL MODEL 

of the mathematical model is, that flow 
ecially instationary tidal waves which are 
re) take place according to the well-known 
uations of hydrodynamics. Therefore, the ma- 
atment of these equations gives the possibi- 
ipal, to determine the motion processes m 

The mathematical model has to be adapted 
natural conditions 

e to the nonlmearity of the hydrodynamic 
quations, an analytic solution is not avail- 
e the application of numerical methods is 
. the HN-difference method (HANSEN [ij)  This 
pplication of electronic computers  In the 
e HN-method was proved for many natural sea 
al Report [k],    SUNDERMANN [2])  The following 
quations have been used 

(1) 

(11) 

[1 2) 

(13) 

du 
dt 

•   r 

dv •   r- 
dt h+£ 

d€ ..*- 

"V^ +v  -AH Au-fv+g 

v"yu2+vz-AH Av+fu+g 

dx 

dy 

dt      dx 
((h*«)u 

dy >*)v) 

0 

=  0 

= 0 

The first two equations are motion equations and 1 3 is the 
continuity equation  The system is two-dimensional  For this 
a cartesian system of coordinates has been used  The x-axis 
is directed to East, the y-axis to North, the z-axis indi- 
cates the vertical direction (see Fig  2) 

1 Z 

Instantaneous 
Water  Level V, V; ^ 

Fig  2  System of Coordinates 
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Herein denotes 
u,v   components of the vertical averaged current velocity 

10 in the x- or y-direction, respectively 

§     water level = distance from the mean level 

h    mean water depth = distance between the mean 
water level and bottom 

t time 

AD horizontal turbulence coefficient 

f Coriolis parameter 

g gravitational acceleration 

r friction factor 

(2.1)   iOn = 0 along the coastline 
(2) 

(2 2)   £(t) = AcOS(5t-3€)  at the entrance of the 
estuary 

The boundary conditions are given in the equations (2) 
2.1 signifies that no normal component of the velocity ap- 
pears at the coast. In 2.2 A denotes the amplitude, g   the 
frequency and "X.   the phase of the incoming tidal wave  Geo- 
metry, A and 36 must be given 

The initial conditions are 

(3)   u = v = 0,        £ = 0 

The water level § is included in the total depth H = h + § 
and the bottom friction is given by a quadratical law 
Therefore, the system (l) becomes nonlinear 

As shown by computation with and without horizontal turbu- 
lence term, this effect can be neglected for the model ty- 
pes A, C, D and F (A„ = 0)  The Coriolis parameter has been 
taken as f = 0, because the hydraulic model installations 
did not allow to realize this effect  A numerical experi- 
ment has shown however the influence of the earth's rota- 
tion on the distribution of current velocities, while the 
water level nearly did not change 

With these assumptions it is sufficient to use instead of 
(1) the one-dimensional equations for the types A,C,D,F 
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Because the used calculation method was utilized mainly 
for natural areas, the hydraulic model was fitted with a 
corresponding scale. 

For the difference method the use of a horizontal grid 
system is indispensable. Fig  3 illustrates the two-dimen- 
sional grid system of a rectangular estuary. 

M=2     3     4     5     6     7     8     9 
I I 

N=1 x+x+x+x+x+x+x+x+x 

Constants 
Ax  = t y  = 500  m  Net 

distance 
2X + X+X + X + X+X + X + X + X 

3X+X + X+X+X+ X 

I *   *  *   * I 
It   X + X + X + 

I. . . 
5 x + x + 

31 * 

4 t = 27,9 sec 

h = 15 m 

H 
,«8  2-1 10 cm s 

f = 1,2 10 

r = 0,003 

4-1 

32 X + X + X+X + X + X+X + X + X 
L._._._._._._._.J 

+ = £ - Calculation point 

x = u       "        " 

Time step 

Depth 

Turbulen- 
ce coeffi- 
cient 

Coriolis 
parameter 
(North 

Sea) 
Friction 
factor 

.   =   v 

A  =   150   cm 

6  =   28,984   °/h 
vo 3e = 90 

Amplitude of the tide at the entrance 
of the estuary 

Angular velocity of the M„-tide 

Tidal phase at the entrance of the 
estuary 

Fig  3  Grid System for 16 km Estuary (Type A) 

Steady flow conditions occur in the two-dimensional conside- 
ration after about 12 periods 

The one-dimensional treatment is based on a 55 km canal 
(Type A)  The grid system and the constants are given in 
Fig h 
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2 3 t 

+    X    +    X   + - 

109     110 

-X    +    X    +• X 

1 
Constants 
Ax  =   500  m Net   distance 
A t   =     30   sec  Time   step 

h  =     15  m       Depth 
r = 0,003   Friction 

factor 

SAK-//A V/&MA VSAVAt V// y^x//~ Y//^// 

+   = £- Calculation  point 
x   =  u- " " 
A = 162,5 resp l6k   cm Amplitude of the tide at the en- 

trance of the estuary 

<S  = 28,98^ °/h 
,0 

X = 90 

Angular velocity of the M -tide 

Tidal phase at the entrance of 
the estuary 

Fig k     Grid System for 55 km Estuary (Type A) 

In the HN-model, the amplitude of the incoming tidal wave 
was adapted to the value measured m the hydraulic model 
The steady state was reached after about 5 periods 

All programs are written in FORTRAN IV 

As an example, in Fig. 5 the tidal and the velocity curves 
are given for 3 selected points  The tidal wave increases 
to the end of the estuary  The velocity curves show the 
typical steep gradient in the flood branch and the smoother 
distribution of the ebb 

THE HYDRAULIC MODEL 

The hydraulic model of type A is 55 m long, k  m wide, the 
mean water depth amounts 0 15m  Fig  6 shows the model in- 
stallation. The entrance of the model has a fixed bed with 
artificial roughness. The estuary itself was filled by sand 
which was not moved by the current  In this part of the mo- 
del the roughness was simulated by artificial 1-cm-npples 
This kind of roughness corresponded with the assumed fric- 
tion factor r = 0 003 in the HN-model 

According to natural conditions, the following scales were 
appointed  the extensions of length and width 1 1000, depths 
1 100, e.g  the distortion is tenfold  The whole hydraulic 
data were reduced by Froude. The tidal period is 7 ^5 minu- 
tes in the model. The water levels were measured with mecha- 
nical and electrical water gages and the current velocities 
with micro-current meters (V0LLMERS [3]) 
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Fig. 6  Model Installation 

The first tests were carried out in a 16 m long rectangular 
basin (e.g. 16 km in natur), but it was not possible to get 
clear results because the model was too short and therefore 
the differences for the speed are too small for measuring. 

The measurement of the hydraulic data yields good results 
in the long canal (55 k• in nature) of the Type A. Fig. 7 
demonstrates side by side the measured and calculated water 
levels for different points during one tide. It was neces- 
sary to draw the curves side by side, because the good agree- 
ment shows nearly no differences between measurement and cal- 
culation. The tidal curve increases, as it is well-known, 
at the end of the canal and the time ratio between flood and 
ebb will be displaced. The tidal range increases from 3.28 
to U.18 m, the time ratio, tide low water to tide high water 
and tide high water to tide low water decreases from 1 at 
the entrance to about 0.80 at the end of the canal. 

The current velocities were measured at different water 
depths. 

Due to the restriction of the HN-model to vertically aver- 
aged velocities, the comparison between the two models was 
possible only for mean conditions. Fig. 8 shows this com- 
parison for a mean calculated and measured curve. The agree- 
ment is good as well in shape as in order of magnitude. 
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Calculated Tide Curves 

HW   L=55km 

Model Tide Curves 

HW 

Fig 7 

Section 

Entrance 

0        L. 8        12       16       20      2U       Hours 

Rectangular  Estuary  55 km 
(Type A) 
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The characteristic shows, that acceleration and decelera- 
tion are considerable and oscillations are small during 
the flood  The distribution curve is more filled and the 
oscillations are greater during ebb stream 

Tide Curve 

L = 55 km 
A = 164 cm 

0   60 
I—i— 

600 _|— 
10 

Time 
900 mm 

—h 

 calculated 
 measured 

Fig  8  Typical velocity curve 

The mean current velocities, averaged over cross section 5 
(see Fig k)   for different water depths, are drawn in 
Fig. 9- The agreement with the corresponding calculated 
curve is satisfactory. 
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100 [cm/sec] 

Mean   Velocity 
100 [cm/sec] 

Fig. 9  Typical -vertical distribution of velocity 

Fig  10 shows the tidal ranges along the canal  In order to 
make also a comparison between other canal sizes (16 km and 
50 kilometer), the calculated curves are listed with another 
amplitude  The differences between calculation and measure- 
ment for the 55-km canal are small  With regard to the model 
scale, only differences of 0 3 to O 6   mm are present. 50 $ 
of these data are already inside of the accuracy of measure- 
ment 

SUMMARY 

It was shown by a systematic comparison between the hydrau- 
lic and the mathematical model, that the water levels and 
the mean current velocities for the investigated estuarine 
forms are in a fair agreement  In these cases the one-dimen- 
sional method was sufficient 

For the types B and E, however, the cross extension place 
an important role. Therefore the corresponding HN-model 
must be considered two-dimensionally 

Finally, further investigations will include the vertical 
dimension, in order to study the shear stress distribution 
at the bottom 
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CHAPTER 130 

DEFORMATION OF ROTATIONAL TIDAL 

CURRENTS IN SHALLOW COASTAL WATER 

Dr -Ing Harald Gohren 

Strom- und Hafenbau Hamburg 
Forschungsgruppe Neuwerk 

Abstract 

Along gently sloping coasts of seas having rotary tidal 
currents, the symmetry of the rotary current is interrupted 

where the water is shallow As a result, residual counter 

currents are formed The dynamics of such a current system 

are described based on current measurements in the Elbe 

Estuary (southeastern North Sea) The residual currents of 

this area result in the movement of bottom sediment and are 

most likely responsible for a series of similar appearing 

morphologic features. 

1 Rotary Tidal Waves 

A typical effect of tidal motion in oceans as well as 

m bays is the formation of rotary tidal waves They are 

characterized by cotidal lines radiating out from a nodal 

or amphidromic point, where the tide vanishes to zero 

Amphidromic regions can be developed through the superpo- 

sition of longitudinal and transverse oscillations Nor- 

mally, however, they form as a result of the Coriolis 

2147 
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Right  currents 



ROTATIONAL TIDAL CURRENTS 2149 

force acting on progressive or on standing long-period 

waves This effect was described by W Thomson (Lord 

Kelvin) in 1879 (Kelvin Waves) 

Observations of tidal currents within an amphidromic 

system show characteristic circular or elliptical current 

patterns when the measurements from a complete tidal phase 

are plotted in vector form (Fig 1) Figure 2 shows Tay- 

lor's (1920) mathematical description of a Kelvin Wave m 

a basm open at one end The dimensions of his theoretical 
basin are comparable to the North Sea Two counterclockwise- 

rotating amphidromic systems are developed, the southernmost 

of which has rotating currents The general pattern of this 

example corresponds to the actual tidal motion found m the 

North Sea 

2 Deformation of Rotational Current in Shallow 

Coastal Water 

In the theoretical model of Fig 2, simplified margi- 

nal conditions result in the formation of reversing currents 

along the coastline On natural coasts the relationships are 

much more complex The deformation of the rotary current flow 

along the shallow coasts of the southern North Sea results m 

an interesting effect which can be of consequence for sand 

transport Large parts of this coast are composed of tidal 

flats ("Wattenmeere") (Fig 3),  which are covered with water 
at high tide and fall dry at low tide Even further away from 

the coast the southern North Sea remains quite shallow, seldom 

reaching depths of over 30 or 40 m 

If symmetrical rotary currents with elliptical current 

patterns exist in deep water off such a shallow coast, then 

this symmetry will be altered in the shallower water zones 

This is illustrated in schematic form in Figure 4 The left 

drawing shows the symmetrical rotary current in deep water. 
The pattern is based on a counterclockwise current flow 

whose maximum velocity (reached during flood an ebb) is 
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developed normal to the coast, and whose minimum velocity 

(at high and low water) runs parallel to the coast In ge- 

neral this compares to the relationships in the southern 

Elbe Estuary. 

On the tidal flat (right m Fig 4) only the high 

water phase of the tidal current ellipse can be effective 

The current vectors yield a garland pattern with a strong 

residual current developed in the current direction which 

prevails at high tide 

Two factors lead to the conclusion that opposing 

residual currents, like those on the tidal flat, must 

also develop in the shallow water zone between tidal flat 

and deep water (middle, Fig. 4) Even without a net trans- 

port of water, the current velocities reached during low 

water are greater because of the decreased water depth in 

comparison to the tidal range Consequently, the vectorial 

plot takes the form of a series of elongated loops showing 

a shift m the direction of flow at low water. This shift 

is intensified through an actual transport of water in the 

same direction; the total movement counterbalances the residual 

flow in the tidal flat 

The combination of these two factors changes the ti- 

dal ellipse into a spiralmg current pattern which has a 

residual flow corresponding to the current direction found 

at low tide In this way a system of opposing residual 
currents is developed which can influence both bottom 

morphology and sediment movement 

5. Data from the Elbe Estuary (southeastern North Sea) 

The Elbe Estuary is presently the site of a wide- 

ranging scientific program concerned with harbor planning 

(Laucht, 1968) Figure 5 shows the "Scharhornriff" portion 

of the investigation area (cf Fig. 3), a broad shallow- 
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water zone bordering the Neuwerk tidal flat. Using the 

continuous recording current meters pictured in Figs. 10 

and 11, current measurements have been made at numerous 
points throughout the zone (Gohren, 1969) Each recording 

lasted approximately two weeks Calculations based on these 

records show a uniform residual current toward the northeast 

in the outer portion of the zone and an opposing southwest 

residual current in the inner portion and on the tidal flat. 

A sharp boundary line can be drawn between these two resi- 

dual current systems 

Plots of current velocity and direction for several 

stations are given in Fig. 6 The rotary nature of the 

current can be clearly seen, especially at the outermost 

stations (6 64 and 54 66). 

At stations 55 66 and 56.66 the decreased water depth 

is reflected in a disturbance of the rotary current pattern. 

On the tidal flat itself (stations 11.65 and 8.65) the 
motion is interrupted during the low tide period, however, 

during the time when the flat is covered with water, the 

rotary nature of the current is clearly present, especially 

at station 11.65 

Figure 7 presents further substantiation that the re- 

sidual counter currents illustrated in Fig 5 are actually 

caused by the distortion of the rotary current in shallow 

water Here, the measurements from several stations are 

presented as vector tracks The closely spaced measure- 

ment intervals (5 mm ) result in nearly continuous curves. 

The loop-shaped current paths correspond exactly to the 

theoretical picture presented in Fig. 4. This seems to be 

confirmation that the residual current system in Fig 5 

is not an isolated occurrence but rather a hydrodynamic 

process, which may be expected on any shallow coast where 

rotary tidal waves are developed Similar measurements 

are not yet available for other coastal sections in the 
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southeastern North Sea This is due to the fact that 

current measurements in exposed shallow water areas are 

extremely difficult to obtain and were possible in the 

Elbe Estuary only after the development of the equipment 

pictured in Figs 10 and 11 

4 Influence of Residual Counter Currents on Sand 

Movement and Morphology 

The direction of sand movement cannot be categorically 

equated with the residual current direction Figure 6 shows 

how difficult it is, when rotary tidal currents are present, 

to single out a dominant sand transport direction However, 

the maximum velocities developed in the "Scharhornriff" area 

are sufficient to move sand grains, particularly when one 

considers the added action of wind generated waves and surf 

In order to establish the principal directions of 

sediment movement within this area of complex currents, 
a large number of tracer sand experiments were carried 

out (Gohren, 1969) Figure 8 shows the dispersion of the 

tracer grains at the conclusion of 5 of these experiments 

A comparison with Figure 5 shows good agreement between 

tracer movement and residual current direction The sedi- 

ment movement on the outer portion of the "Scharhornriff" 

is toward the northeast or east, on the tidal flat near 

the island of Scharhorn it is clearly toward the south 

A circulation of bed material is present which almost 

certainly exerts an influence on the bottom morphology 

Southwest of the "Scharhornriff", the V-form sand 

banks of the "Robbenplaten" form conspicuous morphologic 

features bordering the tidal flat Figure 9 shows this 

area together with the outlying parts of the Trischen 

and Knechtsand tidal flats, which lie north and south 

of the Elbe Estuary (cf Fig 3)  Isolated measurements 
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Fig 9 
Influence of residual counter currents on the 
morphology of the outlying parts of the Tri- 

schen, Neuwerk and Knechtsand tidal flats 
(cf Fig 3) 
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Fig. 10 

Recording current meter 
for use in tidal flats 

Fig. 11 

Recording current meter for 
use in shallow coastal water 
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have revealed opposing residual currents similar to 

those of the "Scharhornriff" in these areas, and it 

is apparent that the morphologic development in all 

three areas exhibits great similarity The sand banks 

seem to be areas of accumulation for the south or south- 

westward moving sediment This is also apparent from 

the configuration of the larger tidal channels south 

of the three flat areas (Neufahrwasser, Till and 

Robmsbalje). All three exhibit a decided S-form in 

their channels; the bends opposite the sandbanks re- 

flect the southwestward directed forces. Further sea- 

ward the channels revert to a northwesterly course 

Here, as previously indicated, the sediment transport 

is directed toward the northeast and most likely exerts 
a force against the channels in this direction 

The morphologic character and general similarity 

of the three areas mentioned above indicate an analo- 

gous mode of development which probably has its basis 

m comparable hydrodynamic conditions, le , the gene- 
ration of residual counter currents caused by the 

interruption of the rotary tidal current in shallow 
water 
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CHAPTER 131 

RESONANCE IN HARBORS  OF  ARBITRARY  SHAPE 

by Jun-Jen Lee, '   Visiting Assistant Professor of Civil Engineering, 
University of Southern California    Los Angeles,   California,   USA 

and 
Fredric Raichlen    Associate Professor of Civil Engineering, 
W    M    Keck Laboratory of Hydraulics &  Water Resources 

California Institute of Technology    Pasadena    California    USA 

ABSTRACT 

A theory is presented for analyzing the wave induced oscillations in an 
arbitrary shape    harbor with constant depth which is connected to the open-sea 
The solution is formulated as an integral equation which is then approximated 
by a matrix equation      The final solution is obtained by equating,   at the harbor 
entrance    the wave amplitude and its normal derivative obtained from the 
solutions for the regions outside and inside the harbor 

The results of experiments conducted using a harbor model of the East and 
West Basins of Long Beach Harbor (Long Beach,   California) are presented and 
compared to the theory      Good agreement has been found between the theory and 
experiments 

INTRODUCTION 

Experience has shown that a natural or an artificial harbor can be excited by 
incident waves from the open-sea in such a way that large water surface oscilla- 
tions can result for certain wave periods      This phenomena of resonance is 
similar to the dynamic response of mechanical or acoustical systems when exposed 
to time-varying forces,   pressures,   or displacements 

Resonant oscillations in harbors (also termed seiche and harbor surging)   can 
cause significant damage to moored ships and marine structures especially if the 
resonant period is  close to that of the ship-mooring system      In addition    the 
currents induced by these oscillations can create navigation hazards      Such 
resonant oscillations have occurred at many locations around the world and have 
damaged moored ships and dockside facilities,   e   g       Table Bay Harbor    Cape 
Town,   South Africa     In order to correct an existing resonance problem or design 
a harbor which is free of such problems one must be able to predict the resonant 
frequencies and the expected wave amplitude at various locations within the harbor 
as a function of the wave period 

Many previous investigators have studied various aspect of the harbor 
resonance problem     McNown   (1952)   studied seiches in circular harbors with 
small entrances by assuming an antmode occurred at the harbor entrance when 
the harbor was in resonance      A similar method was applied to rectangular 
harbors by Kravtchenko and McNown   (1955)      Thus,   due to this assumption    the 
resonant periods were identical to those of the eigenvalues for the free oscilla- 
tions of a completely closed circular   (or rectangular)  basin      The problem of a 
rectangular harbor connected directly to the open-sea was investigated by Miles 
and Munk   (1961)      They included the effect of the wave radiation from the harbor 
*   Formerly Research Fellow in Civil Engineering    W  M  Keck Labr    of Hydr 

&  Water Res   ,   California Institute of Technology,   Pasadena,   Calif  ,   U  S  A 
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mouth to the open-sea thereby limiting the maximum wave amplitude within the 
harbor for the mviscid case to a finite value even at resonance Ippen and Goda 
(1963) also studied the problem of a rectangular harbor connected to the open- 
sea by using the Fourier transformation method to evaluate ihe wave radiation 
from the entrance to the open-sea good agreement was found by them between 
the theory and experiments 

In recent years     studies on more complicated harbor geometries have been 
conducted      Wilson    Hendrickson     and Kilmer   (1965)   studied the oscillations 
induced by long waves in a basin with a complicated shape and variable depth 
incorporating an assumption of a nodal line (a line of zero amplitude)   at the 
harbor entrance       Leende rtse   (1967)   developed a fimte-diffe rence numerical 
scheme for the propagation of long-period waves in an arbitrary shape    basin 
of variable depth given the water surface elevations at the open boundary 
Recently,   Hwang and Tuck   (1970)    in a study independent of the authors'  study 
investigated the wave induced oscillations m an arbitrary shape basin    with 
constant depth connected to the open-sea      Their approach was to superimpose 
scattered waves    which were computed using a distribution of sources     on the 
standing wave system      In their analysis the calculation of the source strengths 
along the entire reflecting boundary must be terminated at some distance from 
the entrance    the location of such a termination is not obvious unless trial 
solutions are made 

The present theoretical analysis is developed by applying Weber's solution 
of the Helmholtz equation m both the regions inside and outside the harbor with 
the final solution obtained by matching the wave amplitudes and their normal 
derivatives at the harbor entrance      In this way some of the problems of appli- 
cation which other investigators have experienced are eliminated    since only 
the wave characteristics at infinity in the   open-sea need be specified to obtain 
a complete solution      Experiments were performed m the laboratory to verify 
the theoretical solutions 

THEORETICAL ANALYSIS 

For the theoretical analysis     the flow is assumed irrotational and the fluid 
incompressible    thus     one can define a velocity potential $  such that the fluid 
particle velocity can be expressed as a vector as u = v"$f   where V is the gradient 

Still water 
level ^ 
z = 0       =• 

/ 

Bottom (z ~ -h) * 

Fig    1    Definition sketch of the coordinate system 
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operator       (The coordinate system is defined in Fig     1   )    The velocity potential 
$ must sati&fy Laplace's equation 

a3*     azi , a3$ _ ... 
ap-+ a^r + gpr - o (1) 

and a number of prescribed boundary conditions     one of these is that the fluid 
does not penetrate the solid boundaries which define the   limits of the domain 
of interest    i  e       9$/9n = 0 on solid boundaries   (where n is normal to the boun- 
dary and directed outward) 

If the water depth is considered constant    the method of separation of vari- 
ables can be used to obtain the function which represents the depthwise variation 
of the velocity potential $       Thus,   within the limitation of small amplitude water 
wave theory the following form of the velocity potential § is found 

,     Ax g cosh k(h+z) ,-f 

where, a is the angular frequency defined as 2rr/T   (T is the wave period)    X=tf-l, 
Aj.   is the wave amplitude at the crest of the incident wave    h is the water depth 
(assumed constant),   g is the acceleration of gravity    k is the wave number 
defined as ZTT/L, (L. IS the wave length),   and the function f(x, y)     termed the wave 
function    describes the variation of $ in the x-y directions      The function f(x  y) 
must satisfy the Helmholtz equation 

0 + 0 + ^f=O (3) 
To complete the expression for the velocity potential $ the remaining 

problem is to determine the function f(x y) which satisfies Eq 3 (known as 
the Helmholtz equation) and the following boundary conditions 

(1)    9f/9n = 0 along all fixed boundaries  such as the coastline 
and the boundary of the harbor 

(11)    as A/X   + y   -*<*>    there is no effect of the harbor on the wave 
system    this is termed the radiation condition      Mathemati- 
cally    the radiation condition is necessary to ensure a 
unique solution of the function f(x  y) in the unbounded domain 

A method for solving the Helmholtz equation    Eq    3    for an arbitrary shape 
harbor is presented in the following      The domain of interest is divided    at the 
harbor entrance    into two regions as shown in Fig    2    the infinite ocean (Region 
I) and the region bounded by the limit& of the harbor   (Region II)      For convenience 
the function f of Eq    3 in Region II is denoted as fs     and in Region I it is denoted 
as fa 

In Region II the function fa that satisfies the Helmholtz equation at any 
position x inside the harbor can be expressed as the following line integral 

fa(x) = -i J   {f3(xo)£[H^(kr>] -H»>(kr)£fa(xo)}ds£o) (4) 
s 

whore x    is the position vector of the boundary point    r is the di-tance  |x-x   | 
and n is normal to the boundary and is directed outward      The   function 
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H      (kr) = J   (kr) + XY   (kr) and is termed the Hankel function of the first kind and 
zeroth order      The integration in Eq    4 is to be performed along the boundary of 
the harbor traveling in a counter-clockwise direction 

ww//w>ww//wwy. 

  ,   X 

~*- direction of 
integration 

Fig    2   Definition sketch of an arbitrary shape harbor 

Eq    4 indicates that if one knows the value of f2   and 8fP /9n at the harbor 
boundary the function is  at any position x inside  the harbor can be obtained 
readily     However    the valuo of f2  at the boundary   (including the harbor 
entrance)  is not known at this stage of the development    the value of 9f8 /9n 
at the harbor entrance is also not known although it is known that 9fE /9n is 
zero on all solid boundaries within the harbor      In order   to evaluate fE (x   ) 
at the boundary as a function of the value of 9fE /9n at the_harbor entrance 
the field point x is allowed to approach a boundary point X!      If the boundary 
is sectionally smooth an integral equation is obtained as follows 

*.<*,)=-£ J C£»(xc ^"o1^* •H>r>^,;c 
)]db(x   ) Ci) 

where r =   x Although the exact solution of the integral « qxiation (Vq    5) 
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is difficult to obtain    it is posbible to obtain an approximate solution of Eq    5 by- 
converting this integral equation into a matrix equation      This is accomplished 
by dividing the boundary into a sufficiently large number of segments   (N)   and the 
value of fs   (or 8f2 /3n)   at each boundary segment is considered constant and equal 
to the value at the mid-point of each segment      Thus Eq    5 can be approximated 
by the following matrix equation 

N N 

«F>i = T[I(GnVF,J-   !{GWFnO' (6) 

J=l J=l 
for l = 1   2 N 

using the notation 

(F^fa^)     , i = 1,2 N (7a) 

d),v,    , _JJ_ (G   )     = -kH    '(kr    ) -~^- As n'lj 1 ij'    3n j 

= -k[Jl(kr    ,UYl(kr    ,][.^fL(U)+ri2j(|£)>.     , 
J ' ij 1      V J 

l,s i.J =1.2 N   i£,   (7b) 

<°n)li-J 1(-H»'(kr,|^)dr 
o 

^-(l^l^-l^f^) As    , 1=1,2 N (7c) 
IT \8s 8s^       3s"  9s/       l 

l 

(G)     =H(1)(kr    )As     , ij = l,2, N I^J   (7d) 
y ° ij      J 

(Fn)x= afs/8n(Xi), 1 = 12, N (7e) 

r*Asi   (i) (G)     =2 Hl   ;(kr) dr 11        J o 

[l+i,-]lO| 
kAs -, 
—— - 0   42278]    As i = 1   2 N (7f) 

The vector Fn m Eq    6 involves the unknown value of 9f3 /9n at the harbor 
entrance as well as the value of 9fE /8n at the solid boundaries (these latter 
values are zero)      Thus    the vector Fn can be represented as 

P a 6    C   = UC (8) 
ij    J 

J = l 
where p is the total number of segments into which the harbor entrance is 
divided    the vector C represents the p unknown values of 9f2 /3n at the mid- 
point of each entrance segment,   and the matrix 
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U = 6     = |j f      i_
3 (with the index 1=1   2 N    and the index 

1 = 1,2 p) 

Substituting Eq    8 into Eq    6 and rearranging    one obtains 
P 

f?K'~ZM   C   = M-        (for i=l   2 N)    , (9) 
J = l 

in which the matrix M = (X/2Gn +1)     (X/2GU) is a N x p matrix and can be 
computed directly (I is an identity matrix)      Eq    9 shows that the function 
f3 (xx) on the harbor boundary can be expressed as a function of the unknown 
value of dip /9n at the entrance      Eq    19 can also be interpreted as the contri- 
bution to the value of f3  on the harbor boundary from the superposition of the 
effect of p small harbor openings 

In order to evaluate the unknown vector C defined m Eq    9,  i   e      the value 
of dip /8n at the entrance    the function fx   in Region I at the harbor entrance must 
be expressed as a function of 9fx /9n      Thus     using the "matching condition" at 
the entrance     f^ = f3 ,   dfx /9n = ~9f3/9n    one is able to solve for the vector C    and 
the complete solution to the response problem can be obtained 

For the region outside the harbor   (Region I)    the function fa   may be ex- 
pressed as follows 

Mx,y) =fL(x  y)+fr(x  y)+f3(x,y) (10) 

where fx represents an incident wave function    fr represents a reflected wave 
function considered to occur as if the harbor entrance were closed    and f3 
(termed the radiated wave function) represents a correction to fr due to the 
presence of the harbor      For the case of aperiodic incident wave with the wave 
ray perpendicular to the coastline     the function f-^x  y) can be represented by 
|e      y (the factor ^ is taken for convenience)      Thus    the reflected wave function 
fr can be represented by fr(x  y) = fi(x, y) = $e -Xky 

The function 13 (x y) can be obtained by the same   procedure as used m Eq    4 
for determining the function f2     the reader is referred to Lee (1969) for its 
development as well as other details of the analysis 

For the condition of a periodic incident wave propagating m a direction 
perpendicular to the coastline   (x-axis)    the function fj   at the harbor entrance 
can be expressed as 

fl(x  0) = l+(-f)_|H<I)(k|x-xol)[|rf3(xo  0)]dxo (11) 

AB 

The first term on the right-hand side of Eq     11 represents the incident wave 
plus the reflected wave if the harbor entrance is closed,   the second term 
represents the contribution from the radiated wave function f3      It is noted 
that in deriving Eq    11 the relation     9^ /9n = 9f3/3n = -9f3 /9n has been used 
at the harbor entrance 
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Eq    11 can be approximated by a matrix equation as 
P 

M^) = l+("f)I   H^C    , (for 1=1   2 p) 

J = l 

(12) 

where 

H     =H(1)(kr    )As for 1  j = l   2 p   I^J 
!J o ij      J 

H ± = [l+X-(log(—A)-0   42278)]ASI   for i = l   2 p, 

and the vector C is the derivative 3fa /9n at the harbor entrance as defined 
in Eq    8 

Eqs    9 and 12 can now be equated to solve for the unknown value of 8f2 /9n 
at the harbor entrance    l   e       the vector  C      This is done by first taking the 
first p equations from Eq    9 

P 
f2(Xi) =£   M^C   =Mp'C (13) 

J = l 
in which the index 1=1   2, p and the matrix M    is a p x p matrix obtained 
from the first p rows of the matrix M      Then by equating Eq    13 to Eq    12 and 
solving for the unknown vector C  one obtains 

^(V^H)-1 i      x 
(14) 

where (Mp + .-Hy"    is the inverse of the matrix (Mp + ;TH/>   and 1_ is the vector 
with each p element equal to unity 

With the value of 3f2 /8n at the entrance    l   e       the vector C   determined 
from Eq    14    the value of fs (xj) at the harbor boundary can be evaluated from 
Eq    9    and the value of fs (x) at any position inside the harbor can be obtained 
from the following discrete form of Eq     4 

N p 

f2W=-f{l4(xj)[-kH«1»(kr)|i]Asr);H(1)(kr)CAsj} (15) 

J=l J=l 
where x   is at the midpoint of the j      boundary segment    and r = |x-x  | 

The response of a harbor to incident waves is described by a parameter 
called the "amplification factor" which is defined as the ratio of the wave 
amplitude at any position (x y) inside the harbor to the sum of the incident 
and the reflected wave amplitude at the coastline   (with the harbor entrance 
closed) 

A f2(x,y)e •Xat 
ln,(xyt)| .   iv^'.yje       i 
... -xoc, - TJWTT^ = lf3(x.y>l 

|Ai(fi+fr)e-X°C|    "        lA-l-e'^" 
(16) 
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EXPERIMENTAL EQUIPMENT 

Experiments were conducted m the laboratory in a wave basin 1 ft 9 m 
deep    15 ft 5 in    wide,   and 31 ft 5 in    long      An overall view of the wave basin 
is presented m Fig    3      The wave generator was a pendulum type 11 ft 8 in 
long,   2 ft high located at one end of the basin and it was designed to operate 
either as a paddle- or piston-type wave generator with a maximun stroke of 
±6 in      (For detailed description and design considerations the reader is 
referred to Raichlen (1965) )   Wave periods ranging from 0   34 sec to 3   8 
sec can be obtained 

The wave period was determined by a pulse counting technique   the pulses 
are generated by interrupting a light beam which was directc d at a photo cell 
by a disc with 360 evenly spaced holes arranged in a circle around its outer 
edge      The voltage pulses which are produced m this manner are counted by 
an industrial counter over an interval of 10 sec      Thus the wave period mea- 
sured was an average over 10 sec and throughout an experiment this period 
varied at most by ±0   05% 

Wave amplitudes were  measured electronically using resistance wave 
gages and an oscillograph recorder      The wave gage was calibrated before 
and after an experiment   (approximately one hour apart)      Even though these 
calibrations showed very little difference    a calibration curve representing 
an average over the duration of an experiment was used m reducing the ex- 
perimental data (see Lee (1969)) 

In order to simulate the open-sea m the laboratory wave basin    two types 
of wave energy dissipators were employed     a wave filter placed m front of the 
wave generator     and wave absorbers located along the side-walls of the wave 
basin    these can be seen in Fig    3      The wave filter was  11 ft 9 in    long,   1 ft 
4 in    high    and 5 ft thick in the direction of wave propagation and was con- 
structed of 70 sheets of galvanized iron wire screen with each sheet spaced 
0   8m    apart      The wire diameter of the screens was 0   011 in    with 18 wires 
per inch in one direction and 14 wires per inch in the other      The wave absorbers 
placed along the    sidewalls   of the basin were each 1 ft 6 in    high     1 ft 10 in 
thick normal to the sidewall,   and 30 ft long and consisted of 50 equally spaced 
layers of the same galvanized iron screen as used in the wave filter      The 
majority of waves used m the experiments were reduced in amplitude by at 
least 80% as the result of passing through the wave filter  (or absorber) 
reflecting from the wave machine (or wall)     and passing through the wave 
filter   (or absorber) again      Such wave energy dissipating materials were 
necessary in order to simulate the open-sea condition satisfactorily      With- 
out this wave filter and these absorbers    wavts radiated from the harbor 
entrance would be reflected from the wave paddle and the sidewalls of the 
basin creating a wave system which is quite different from the open-sea 
This problem was described by Raichlen and Ippen (1965) in which it was shown 
that,   due to coupling between the harbor and the wave basin    the response of 
a rectangular harbor in a highly reflective basin was radically different from 
that of a similar harbor connected to the open sea 

In order to fully test the theory developed    it was di cided to use a model 
of Long Beach Harbor which in the past experienced problems from long period 
waves      This model shown in Fig    4    was constructed from \ in    thick lueite 
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Fig.   3   Over-all view of the wave basin and wave generator with 
wave filter and absorbers in place 

Fig.   4   Model of the East and West Basins of Long Beach 
Harbor   (Long Beach,   California,   U. S. A. ) 
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plate with a planform which was simplified from the prototype East and West 
Basins of Long Beach Harbor The harbor model built to a horizontal scale 
equal to 1 4700 was designed so that it would fit into an opening at the center 
of a false wall simulating a perfectly reflecting coastline which was installed 
27 ft 6 in    from and parallel to the wave paddle 

PRESENTATION AND DISCUSSION OF RFSULTS 

Prior to applying this theory to a complicated harbor    the theory was applied 
to harbors of simpler shapes     circular and rectangular      The circular harbor 
represents an extreme where the harbor boundary is curved and the tangent to 
the boundary is continuously changing direction      The rectangular shape harbor 
represents the other extreme since the harbor boundary is composed of 
straight lines,   along each line the direction of the tangent to the boundary 
remains the same      It has been found   (see Lee 1969     1970)   that the results 
of this theory applied to circular and rectangular harbors agree well with 
corresponding experiments 

As mentioned previously    m order to verify the theory for a harbor of 
complicated shape    Long Beach Harbor was studied theoretically and experi- 
mentally m the laboratory      A sketch of the harbor model which was used is 
presented in Fig     5 which shows the width of the entrance as 0   2 ft and the 
characteristic dimension of the harbor    a    equal to 1   44 ft      The water depth 
was constant m both the harbor and the "open-sea" and equal to 1 ft 

Re sponse curves at four different locations inside the harbor are pre- 
sented m Figs     6 to 9       The four points are designated as A    B,   C,   D and 
their relative positions m the model are shown m Fig    5 as     A (0   30 ft, 
-0   525 ft),   B (0   30 ft,   -0   96 ft)    C (1   32 ft,   -0   96 ft),   and D (-0   45 ft, 
-1   245 ft),   -where the first number inside the parenthesis is the x-coordmate 
and the second number is the y-coordinate      For all the response curves the 
abscissa is the wave number parameter    ka (where k is     the wave number, 
and "a" is shown m Fig     5)    the ordmate is the amplification factor R,   de- 
fined as the wave amplitude at point A   (or B,   C,   D) divided by the average 
standing wave amplitude at the  harbor entrance when the entrance is closed 
(see Eq    16) 

The theoretical results obtained are shown as solid lines in the response 
curves while   the experimental results are shown as circles      In applying the 
theory the boundarv of the harbor is divided into 75 unequal straight-line 
segments including two segments for the harbor entrance      The segments are 
numbered counter-clockwise starting from the right-hand limit of the harbor 
entrance and this numbering system is also shown in Fig     5       For accurate 
results the length of these boundary segments should be less than approxi- 
mately one-tenth of the smallest wave length investigated (see Lee     1969) 

From Iigs    6    7    8,   and 9 it is seen that the theoretical results agree 
well with the experimental data at all four locations which were invc stigated 
The complicated shape of the response curves are due to the irre gular shape 
of the harbor and the fact that this harbor really consists of two coupled 
basins      One common feature of the four response curves is that while th< 
theory has prediced the frequency of every resonant mode of oscillation 
correctly    the theoretical amplification factor at resonance is slightly 
larger than the experimental data especially for the resonant modes at larger 
values of ka      There are two possible reasons for this      First    in applying 
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Fig    5    Dimensions sketch of the Long Beach Harbor model 

  Arbitrary Shaped 
Harbor Theory 

o       Experiment (h = 10 ft) 

Fig    6   Response curve at point A of the Long Beach Harbor model 
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Arbitrary Shaped 
Harbor Theory 

Experiment (h = I Oft) 

Fig    7   Response curve at point B of the Long Beach Harbor model 

Arbitrary Shaped 
Harbor Theory 

Experiment (h-IOft) 

Fig    8   Response curve at point C of the Long Beach Harbor model 
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Arbitrary Shaped 
Harbor Theory 

Experiment (h = IO ft) 

Fig    9   Response curve at point D of the Long Beach Harbor model 

60 - 
- Arbitrary Shaped Harbor Theory (for present harbor model) 

600 ft Gate Opening  1 
2000 ft Gate Opening) Mod<" S,u<* "» Knapp « V-non,(l945) 

Fig    10   Response curve of the maximum amplification for the model 
of Long Beach Harbor compared with the data of the model 
study by Knapp and Vanoni (1945) 
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the theory     the harbor boundary was divided into the same number of segments 
for all wave numbers    thus the ratio of the segment length As to wave length L 
is smaller for the smaller values of ka than for lctrger values of ka      Therefore 
the theoretical results for small ka are more accurate than the results which 
correspond to large ka    and    thus    better agreement between the theory and 
experiments is to be expected      Second    energy dissipation is larger near 
resonance for large values of ka which also tends to decrease the experimental 
amplification factors compared to those determined theoretically 

It can also be seen from the response curves that the agreement between 
the theoretical solution and the experimental data is uniformly good at each of 
the locations       This suggests that the theory has also accurately predicted the 
wave amplitude distribution inside the harbor for each mode of resonant 
oscillation 

It is interesting to note that for larger vahies of ka,   the shape of the mode 
of oscillation inside the harbor becomes more complex      For example    for the 
first resonant mode   (ka    0   61) the amplification factors at the four positions 
{ABC    and D)   are approximately the same      In fact    for this mode of 
oscillation the wave amplitude is fairly uniform throughout the harbor and 
either positive or negative water surface displacements occur simultaneously 
throughout the harbor       Thus     the first resonant mode   (ka •= 0   61) is usually 
termed the "pumping mode"      However    for the mode corresponding to 
ka = 7   62    the amplification factors at the four locations differ considerably 
indicating that this is a much more complicated mode of oscillation than the 
"pumping mode" 

The variation of the maximum amplification within the entire basin plotted 
as a function of ka is presented in the respone curve of Fig    10      The ordmate 
is the ratio of the maximum wave amplitude within the harbor     regardless of 
location    to the standing wave amplitude with the entrance closed       This curve 
shows every possible mode of resonant oscillation for the range of ka that has 
been investigated,   as well as the maximum amplification for each mode 
Experimental data from a model study conducted by Knapp and Vanom (1945) 
are included in Fig     10 for comparison      (The gate or entrance width used m 
the present model corresponds to a prototype width of 940 ft   )     The original 
data of Knapp and Vanoni were presented by them as the maximum ampli- 
fication factor as a function of prototype wave period      In order to convert 
their wave period to the wave number parameter (ka) used herein    an average 
prototype water depth of 40 ft was used throughout the harbor along with a 
characteristic dimension of the harbor   a = 6768 ft      These hydraulic model 
data and the present theoretical curve show qualitative agreement of the wave 
periods of resonant oscillations    especially    the mode of oscillation at ka = 3   38 
However     there is a considerable difference between the predicted maximum 
amplification and the measured       There are two factors that may contribute to 
such differences       First    the maximum amplification factor used by Knapp 
and Vanoni was defined as the ratio of the maximum wave amplitude inside the 
harbor model to the maximum wave amplitude measured outside the harbor 
thus    it differs from the definition used m the present theory      Second,   the 
water depth m the model used by Knapp and Vanoni was small increasing the 
importance of viscous effects in their model compared either to the inviscid 
theory or the experiments of this study 
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Fig     11   shows the distribution of wave amplitude inside the harbor for 
the resonant mode at ka = 3   38 determined from the present theory      The 
wave amplitude has been normalized with respect to the wave amplitude at 
point C   (the coordinates of this position are shown in Fig    8)      Two nodal 
lines   (line** with zero ampljtude) occur    one m the East Basin and one in the 
West Basin with maxima at the ends of each basin and a minimum near the 
confluence of the two      Data are presented in Fig     12    from Knapp and 
Vanoni (1945) on the wave amplitude distribution for a prototype wave period 
of 6 minutes (ka =3   30)      By comparing Figs     1 1 and  12 it is seen that the 
general shape of wave amplitude are similar for the two models  (e   g   ,   the 
location of the two nodes and the maximum) even though the boundary of the 
model used for present study is  simplified compared to the hydraulic model 

Fig     13 shows the average maximum total velocity at the harbor entrance 
(maximum in time averaged across the harbor entrance)   as a function of the 
wave number parameter ka      The ordmate has been noimalized with respect 
to the maximum horizontal water particle velocity for a small amplitude 
shallow water wave    ygh Ax/h      From this figure    it is seen that there are 
nine maxima in the range of ka presented which correspond to the nine 
resonant modes  bhown in Fig     10 demonstrating that each maximum of the 
total entrance velocity is assiciated with a mode of resonant oscillation inside 
the harbor      Fig     13 also shows that the velocity at the entrance for the pump- 
ing mode   (ka = 0   61) is significantly laiger than tnat of any other mode of 
oscillation      Using the prototype dimensions mentioned previously the wave 
period of this mode is about 33 minutes and could possibly be excited by 
tsunamis      If A1 = 0   5 ft and h = 40 ft,   Fig     12 indicates that the maximum 
entrance velocity for the pumping mode would be  10 fps     and for other modes 
it would be of the order of 2 fps    such velocities may cause damage to structures 
located near the entrance as well as  creating navigation problems 

CONCLUSIONS 

The following major conclusions may be drawn from this study 

1 The present lmear-mviscid-theory predicts the response to periodic 
incident waves of an arbitrary shape harbor -with constant depth connected to 
the open-sea quite well even near resonance 

2 The theoretical prediction of the resonant wave numbers  (or reson- 
ant frequencies) agree well with the experimental data      The theoretical 
amplification factor at resonance is generally somewhat larger than the 
experimental data especially for the resonance modes at larger values 
of ka 

3 The average total velocity across the harbor entrance reaches a 
maximum when a resonant oscillation develops inside the harbor     the mag- 
nitude of such entrance velocities may be much larger than the corresponding 
water particle velocity of the incident wave 

4 The present theoretical results also agree qualitatively with the 
experimental data obtained from a model study conducted by Knapp and 
Vanoni (1945) although the planform of the model investigated by them 
was more complicated and their study included depthwise variations 
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•J^Z. 

Fig    11 The theoretical wave amplitude distribution in the Long 
Beach Harbor model (ka = 3  38) 

Fig    12    Wave amplitude distribution inside the harbor model of 
Knapp and Vanoni (1945) for six minute waves (ka = 3   30) 
(see Knapp and Vanom (1945)    p    133) 
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CHAPTER 132 

SPECTRAL RESPONSE OF HARBOR RESONATOR CONFIGURATIONS 

William James* 

ABSTRACT 

An outline is given of methods devised recently "by the author 
to predict the spectral response of rectangular resonators, and to 
improve the response of resonators generally  A simple small scale 
acoustic model of the ocean-resonator-harbor configuration was dev- 
eloped and is described  The acoustic "ocean" is effectively decoup- 
led from the rest of the system by means of sound absorbent material- 
placed along the "infinite" boundaries, and standard audio-frequency 
equipment is used  The results demonstrate that the open end contrac- 
tion for rectangular resonators may not differ significantly from the 
contraction for resonators of similar geometry placed in a semi-infi- 
nite (or effectively decoupled) wave channel, at least if the wave- 
lengths are not smaller than the width of the harbor entrance channel 

INTRODUCTION 

It is desirable to design harbor entrances to eliminate (as 
far as possible) those bandwidths in the incident wave spectra that 
cause difficulties such as range action, high mooring forces, unrea- 
sonable wave impact, wave overtopping and drift of littoral sediments 
into the harbor  In many problems these difficulties are functionally 
related to approximately the second (or higher) power of the wave 
height, and hence any reduction in the incident wave height will pro- 
duce real benefits 

Resonators placed at the harbor entrance can be tuned to radiate 
back into the ocean those frequency bandwidths considered to be harm- 
ful without hindering navigation-'- Readers are cautioned against 
using the blanket quarter-wavelength recommendation^ '3*1*, the initial 
design should accord with the fact that the tuning of individual res- 
onators is considerably dependent on the width of the harbor entrance 
channel-' >b  Readers should also note that resonators are not effective 

*Senior Lecturer,  University of Natal,  Durban, South Afrvca, present- 
ly visiting at Queen 's University,  Canada 
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for wavelengths smaller than the width of the harbor entrance channe] 
Hence this paper relates to incident wavelengths that exceed the hori- 
zontal distance "between the leading edges of symmetrically opposed rec- 
tangular resonators 

The transmitted and reflected spectra can he predicted for given 
geometry and incident spectra, assuming a linear system?, and this pro- 
cedure is outlined below  Certain innovations^ that "both broaden the 
tuning of the resonators and decrease the cost of construction are 
also briefly described in this paper  An acoustic model has been de- 
visedo and this is used to check the ocean-resonator-harbor coupling 
The results of the latter tests constitute the major contribution of 
this paper 

SPECTRAL RESPOHSE 

The method devised for computing the spectral response of indi- 
vidual rectangular resonators is based on experimental results  It is 
usual to plot frequency response curves m the frequency domain^ but 
in this study observed transmissivity and reflectivity were plotted 
against the tuning parameter d/L (l e , m the ka domain)  For de- 
tails of the wave measurement and wave analysis procedure, readers are 
referred to earlier publicationslO,11  The geometrical conditions for 
distinct resonance are summarised in fig 1 

Approximate rectilinear apexes were fitted into the ka domain 
resonance curves, and the resulting maxima and minima are summarised 
in fig 2  The tuning parameter bandwidths at the half resonant 
values were measured and found to be reasonably constant for various 
values of W/L  The information is summarized in fig 3  Sufficient 
data are available in these three figures to allow the computation of 
the spectral response of any rectangular resonator to given incident 
spectra, hut only for the first resonant mode 

Briefly, the procedure is to transform the incident spectrum 
into an amplitude/wavelength relationship for the particular harbor 
entrance  The dimensions of the resonator are chosen such that dis- 
tinct resonance obtains for the dominant wavelength, using fig 1 
For discrete wavelengths the ratios W/L, w/L and d/L are calculated 
The resonant tuning parameter is obtained from fig 1, and the reson- 
ance curves "reconstructed" graphically or digitally using figs 2 
and 3  Values of transmissivity and reflectivity are then interpol- 
ated for various tuning parameters 

Finally, the incident spectra are transformed using these values 
Two examples are presented elsewhere?, and it is shown that a standard 
quarter-wavelength resonator may reflect only one quarter of the peak 
energy,  nearly all of which is reflected by a resonator designed 
according to fig 1 
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TWO IHNOVATIONS 

Experiments were performed on 
(a) variable distances between three resonators in a "battery 

configuration, and 
(b) non-uniform depths m a resonator/harbor entrance area 

Triple Resonator Batteries 
1P Rayleigh  recommended that the ratio of the fundamental per- 

iods of the individual resonators in a battery configuration should 
le 1 /2  In this study resonators were constructed from 3/h  inch 
thick "perspex", geometries are shown in fig k 

Reflectivity and transmissivity were measured at points approx- 
imately one wavelength upstream and downstream of the battery respec- 
tively   In these tests the water depth was held constant, and wave- 
lengths were systematically varied 

The results showed resonant peaks at those individual resonator 
frequencies obtained in earlier tests on single resonators, as is to 
be expected  Hence fig 1 can be used to predict the response of 
battery configurations  superimpose the equation (a straight line) for 
each battery geometry (e g w/L = 1 6l d/L) on fig 1 and scan the 
line for the location such that the harbor entrance and resonator 
geometry satisfy the geometrical conditions for resonance  This iden- 
tifies the tuning parametei for resonance, and performance can be 
estimated using the same computational procedure for spectral response 
described above 

By increasing the distances between the resonators, the water 
mass m the entrance channel contiguous with the leading edges of 
two adjacent resonators is brought into the system response  This 
effectively broadens the overall tuning of the battery configuration 
and hence improves the spectral performance of the battery  Because 
of the end-contractions, the distance should be significant, e g 
commensurate with resonator dimensions, and chosen by careful ad hoc 
model tests (acoustic models preferably) 

Non-Uniform Depths 

In the experiments on non-uniform depths an artificial invert 
was inserted into a single resonator, as depicted in fig  5  The 
si ill water depth and wavelength were held constant md the resonator 
planform was varied systematically (by gradually retracting the rear 
wall outwards)  Reflectivity and transmissivity were measured as in 
early testsl 

The results indicated a reduced efficiency for resonators of 
comparatively small still water depth, but less upstieam agitation 
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FIG. 5    NON-UNIFORM   DEPTHS 
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(reflectivity) was associated with given transmissivity 

It was found that the length of the resonator could easily be 
halved, if the still water depth in the resonator is reduced to a 
fraction of the harbor entrance channel depth, a point of considerable 
practical significance  However, tidal ranges will detune the reson- 
ator, the effect being related to the proportional reduction in depth 
and to the actual tidal range 

THE ACOUSTIC MODEL 

An acoustic model evidently has certain advantages over a hy- 
draulic model wave generation and absorption are easier, the fluid 
does not have to be isolated, wavelengths are generally shorter, and 
measuring equipment, speed and accuracy are generally better 

To test the model, earlier experiments on resonators in a water 
wave channel were reproduced  The variable geometry was built up from 
3 inch movable timber walls and placed on a glass plate on top of a 
desk  A second glass plate was placed on top of the walls, and a 
loudspeaker was connected to an oscillator and placed against sponge 
rubber at the entry to the main duct  A microphone was placed 
against the sponge rubber absorber at the harbor end of the mam 
duct, and was connected through a small pre-amplifler to an oscillos- 
cope  By setting the widths of the mam entrance duct and of the 
resonator, and by holding the oscillator frequency constant, the 
length of the resonator was adjusted until resonance occurred  This 
was monitored by a minimum signal on the oscilloscope 

The effect of imperfect sound absorption was checked and found 
to be unimportant  Tests on scale effects were also negative, although 
these were not exhaustive  In addition the effects of sound waves 
entering the duct along its length were also found to be insignifi- 
cant  The signal-to-noise ratio was easily improved by means of the 
amplifier on the oscilloscope 

The results showed slight differences from those of the water 
wave experiments  Reasonably accurate predictions of harbor reson- 
ance modes for frequencies can be obtained in this way, but further 
development of the method will be necessary if absolute values of 
harbor amplification are required 

OCEAN-RESONATOR-HARBOR COUPLING 

Fig 6 shows the experimental apparatus used to examine the 
coupling problem  In this case the model was set up on a reasonably 
clean office floor, again using 3 inch high timber walls  The cover 
to the ocean domain was supported on 3 inch iron nails  Cotton 
batting (reflectivity about 5%)  was arranged along the "infinite" 
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FIG. 6 ACOUSTIC MODEL: OCEAN-RESONATOR-HARBOR 
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boundaries, and this effectively decoupled the ocean domain  Total 
cost of the model excluding audio equipment was $8 50 

Acoustic waves were generated from a virtual point source, and 
so the ocean domain had to be long enough for the radiating incident 
waves to achieve an approximately parallel wave front at the harbor 
entrance  It follows that re-reflections from the harbor off the 
loudspeaker were negligible 

The experimental procedure adopted was similar to that above 
resonance monitored by a minimum acoustic pressure signal in the 
harbor, and achieved by systematic variation of resonator geometry 
This method was better than incident wave frequency variation, since 
system attenuation, transmissivity and reflectivity, parasitic vib- 
rations , and also wave generation and recording were frequency dep- 
endent 

Geometrical conditions obtained for distinct resonance are 
presented in fig 7  Results for semi-mfimte ocean coupling and 
semi-mfmite wave channel coupling almost coincided, consequently 
both results could not be plotted on the figure  However the ocean 
coupling curves were slightly flatter, as indicated by the dashed 
curve 

Evidently, then, harbor resonance studies may be carried out at 
the end of water wave channels (provided that the incident wavelength 
exceeds the width of the harbor entrance channel) without material 
loss of accuracy 

Further tests on the acoustic model confirmed that resonators 
should be located at the ocean end of the entrance channel, and at 
an amplitude ant mode in the wave envelope, if the harbor is reflective 
at the resonator tuning frequency  Since partial re-reflections 
occur off the ocean end of the entrance channel, the downstream harbor 
and channel oscillations are generally not amplified by resonators 
For transparent  frequencies there is no effect and for opaque  frequen- 
cies there is no penetration 

COHCLUSIOHS 

Three figures are presented for estimating the spectral response 
of individual rectangular resonators, but only fop the first resonant 
mode      No account is taken of the second resonant mode even though 
this is important when considering the response of a battery of reson- 
ators 

Individual resonators in a battery respond in an additive manner, 
and hence this response can also be predicted  The mass of water 
contiguous with adjacent resonators in the harbor entrance channel can 
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also be incorporated in the system response  For this reason the re- 
sonators should not be contiguous, if at all possible 

Comparatively shallow still water depths in individual resona- 
tors detunes the resonator downwards, 1 e towards smaller frequen- 
cies  Hence, for a particular tuning, non-uniform depths, with 
smaller depths in the resonator, result m smaller geometry, and con- 
commitant savings in construction and excavation costs  Large tidal 
amplitudes would effectively detune such systems, however 

The acoustic analogy is an extremely fast and aheap method for 
evaluating eigen frequencies for any harbor planform      The method 
could probably be elaborated for estimation of orbital velocities and 
even of mooring forces, for uniform water depths in the harbor and 
harbor entrance  Ho scale effects were detected in the tests repor- 
ted 

An acoustic model was constructed to check the ocean-resonator- 
harbor coupling The results  indicated that the end-effeot does not 
differ significantly from the contraction for resonators of similar 
geometry placed in a semi-infinite wave channel,  at least for wave- 
lengths greater than the harbor entrance width 

This result validates the experimental results obtained in the 
wave channel, the method for predicting the spectral response of 
resonators for a real situation (1 e on the edge of a semi-infinite 
ocean) is evidently reliable to the first order 
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H0TATI0H 

a = lineal dimension 
d = length of resonator 
k = wave number 
L = incident wavelength 
w = width of resonator 
W = width of harbor entrance channel 
a - reflectivity 
0 = transmissivity 
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HARBOR STUDY FOR SAN NICOLAS BAY, PERU 

By James M Keith1 and Emmett J Murphy2 

ABSTRACT 

A pair of ducted impeller current meters, one mounted vertically and the 
other horizontally, were used to measure wave action at San Nicolas Harbor, 
Peru  The horizontal water velocity records are superior to conventional 
wave records because they measure directly the wave property which induces 
adverse horizontal ship motion, and provide directional wave data  Spec- 
tral analysis methods proved well-suited to detailed interpretation of the 
particle velocity records, while considerable insight into the wave phenom- 
ena was gained by simple, rational inspections and interpretations of the 
records  Time-lapse movies of a moored ship, when correlated with simul- 
taneous water particle velocity records, provided an exceptionally clear 
picture of ship response to wave action, and led to the rather surprising 
observation that long-period ship motion is not necessarily caused by 
long-period waves  The foregoing ship response was duplicated in hydrau- 
1ic model tests 

INTRODUCTION 

The results of a study program were used to determine the source of dif- 
ficulties in mooring ore carriers at Marcona Mining Company's iron ore 
loading facility at San Nicolas Harbor, Peru  Observations of wave ac- 
tion were primarily obtained by time-lapse movies of a moored ship and 
by an orbital velocity meter consisting of two ducted impeller current 
meters, one mounted vertically and the other horizontally  The horizon- 
tal water velocity records are superior to conventional wave height rec- 
ords in two important respects  (1) They provide direct data regarding 
the wave property most directly affecting horizontal ship movement, and 
(2) they provide directional wave data 

Analyses were performed in two distinct stages  A direct, rational appli- 
cation of the records as a time-history of the horizontal water velocity 
was used to derive the time-history of horizontal water displacement 
Using this approach, a mechanism was established whereby a relatively 
short-period swell of 16 sec induced long-period (50 sec to 150 sec) 
ship motion transverse to the pier  Spectral analyses by digital com- 
puter were then employed to derive a clear insight into the various wave 
trains existing at particular times, and to quantitatively evaluate the 
relative energy contents of selected wave frequencies  Simple hydraulic 
model tests were utilized to verify that swell generated periodic trans- 
verse ship motions having a period many times longer than the period of 
the swell  This occurred when a quartering stern swell acted on a ship 
moored with slack elastic mooring lines to a pier with elastic fenders 

1 Vice President, John A Blume 6 Associates, Engineers, San Francisco, 
Cal i forma 

2 Project Manager, Marcona Corporation, San Francisco, California 
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BACKGROUND 

The port at San Nicolas Bay is utilized by Marcona for the annual ship- 
ment of approximately 9 million tons of iron ore concentrates and pellets 
The bay is a typical hooked embayment not fully protected from the ocean 
At times, serious mooring problems have been experienced at the pier due 
to adverse water motion which has resulted in the breaking of many moor- 
ing lines and damage to the pier by the ship's impact (see Fig 1)   In- 
dividual ships have broken more than twenty mooring lines and some of the 
impacts against the pier have been estimated to exceed the pier's design 
load by a substantial margin 

In general, rough water conditions in the bay occur during the winter 
months when storms in the lower southern latitudes frequently cause heavy 
swells along the coast  During these periods, which vary from a few 
hours to three or four days, ships are forced to anchor well out from 
the pier awaiting calmer water, and many ships have been delayed in this 
manner 

The pier deck (see Fig 2) is constructed of prestressed concrete sec- 
tions supported on prestressed concrete piling  The fender system con- 
sists of hollow, end-loaded rubber cylinder buffers 18 in OD, 9 m  ID, 
by 21 in long for energy absorption  Timber piles bear on the outer 
ends of rubber cylinders and support 12-in x 12-in rubbing timbers 

Fig 3 is a map of San Nicolas Bay showing the pier projecting into the 
bay from the south shore line  The harbor is relatively deep, water 
depth at the pier when the latter was completed in 1962 was ^5 ft at the 
south end and 59 ft at the north end 

The mooring problem at San Nicolas Bay is further complicated by the large 
vessels currently using the pier facilities  Marcona Corporation owns 
and operates a fleet of the largest dry bulk, ore, and combination ore- 
oil carriers available  These carriers are used to transport Peruvian 
iron ore mined and concentrated by Marcona to Japan  To date, ships of 
over 100,000 DWT have been loaded at San Nicolas pier, by early 1970, 
ships of 130,000 DWT will be in service  Use of carriers exceeding 
150,000 DWT is foreseen in the future, and the west side of the pier, 
where ships are moored for loading, has been dredged to 57 ft to meet 
the draft requirements for vessels of this size  Table 1 shows typical 
dimensions of bulk and ore carriers 

The economic advantage of larger ships is easily demonstrated by compa- 
rison of crew requirements and tonnage capacities  A crew of ^5 was re- 
quired to man a 10,000-ton Liberty ship, the highly automated 100,000- 
ton ships of today require 35~man crews  The 10-knot Liberty ship could 
make about four Peru-Japan voyages per year for a total annual ore lift 
of about 39,000 tons, or about 850 tons for each crew member, the 16- 
knot 100,000 DWT ore carrier can average about 6-1/4 voyages per year, 
lifting about 635,000 tons annually or over 18,000 tons per year for 
each crew member, 21 times the rate of the Liberty ship 
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FIG. 1. - FENDER DAMAGED FROM IMPACT OF MOORED SHIP 
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FIG 3 - SAN NICOLAS BAY, PERU 
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TABLE 1  - TYPICAL DIMENSIONS, BULK AND ORE CARRIERS 

Vessel 
type 

Vessel 
size, DWT 

Di splace- 
ment 

Length 
overal1, 
in feet 

and inches 

Beam, in 
feet and 
inches 

Depth, in 
feet and 
1nches 

Draft 
s umme r, 
in feet 

and 1nches 

(1) (2) (3) (4) (5) (6) (7) 

Liberty 10,800 14,100 441-6 56-11 37-4 27-8 

Oread 31,662 41,641 655-0 87-0 46-6 34-2 

San Juan 
Pathfinder 71,205 89,122 835-0 106-0 65-0 44-9 

San Juan 
Exporter 106,000 123,852 865-3 124-8 68-11 50-10 

- 130,000a 154,400 948-2 138-10 74-2 51-9 

- 150,000b 180,000 1,014-0 150-0 75-0 53-0 

a Under construction 
Possible design 
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Considering the trend toward larger ships and the problems encountered in 
mooring ships currently in service, Marcona Corporation retained John A 
Blume & Associates, Engineers, to conduct a study to define wave action 
in the harbor  This information was considered essential to an evaluation 
of various proposals for improvement of the harbor 

Initial observations suggested that the ship motion to and from the pier 
was caused by harbor surge, since the period of motion ranged from 1 mm 
to 3 mm, and since the pier tide gage indicated occurrence of long-per- 
iod waves ranging up to 20 mm  Some ships at anchor appeared to swing 
on their anchors at periods approximately 20 mm, an additional indica- 
tion of surge  Discussion of the problem with local pilots indicated 
that swell might be a dominant factor in disturbances to moored vessels 
The pilots relied upon the height of breakers on the north side of Point 
San Nicolas and the height of the surf along the beach southeast of the 
pier to estimate mooring conditions   It was therefore evident that if 
surge was the problem, it occurred only during periods of adverse weather 
as evidenced by the heavy swell 

The offshore swell approaching San Nicolas Bay from the south and south- 
west is refracted around Point San Nicolas and directed toward the pier 
from a northwesterly direction  It was noted that placement of a break- 
water west of the pier would provide an excellent means of shielding the 
pier from the swell  Additional information, however, was needed to de- 
termine the effects of the breakwater on ship motion caused by surge, 
since a breakwater might well have little effect on reducing a long-per- 
iod surge  An observation program was initiated to determine whether 
swell, surge, or a combination of these forces was causing the adverse 
motion 

OBSERVATION PROGRAM 

Most conventional wave instruments record only wave height, and additional 
observations must be made to determine wave direction  Since wave direc- 
tion at San Nicolas Bay is difficult to observe because of relatively low 
heights of swell and surge, a method of measurement was required which 
would eliminate the need to determine horizontal water motion from wave 
height data and observations of wave direction  Horizontal water motion 
from the swell or surge or both of these was the dominant factor causing 
ship motion, the most promising approach to the problem, therefore, was 
to measure this motion directly at the pier location 

Several marine instrument manufacturers were contacted for proposals to 
supply instrumentation which would record horizontal water particle di- 
rection and velocity  Two ducted impeller current meters arranged ortho- 
gonally on vertical and horizontal axes (see Fig 4) were purchased from 
Marine Advisors, Inc  These meters were suspended approximately 10 ft 
below the low tide water surface and readings from each were simultaneously 
recorded on strip charts  A direction-sensing vane was installed in addi- 
tion to the meters, and data from the vane was also recorded on a strip 
chart  Fig 5 shows the instruments being placed off the north end of 
the pier 
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FIG. 4. - PROTOYPE: ORTHOGONALLY MOUNTED DUCTED IMPELLER 
CURRENT METERS 

FIG. 5. - INSTALLING METER AT SAN NICOLAS PIER 



SAN NICOLAS BAY 2203 

Marine Advisors, Inc  indicated that threshold current velocity for oper- 
ation of the meters would be less than 3 era per sec (0 06 knots), and that 
the meters would have a response time of 40 msec to 70 msec and a direc- 
tional response approaching a cosine function of the angle between the 
meters' axes and the direction of water motion  Development data for 
these meters  ., available in another publication (3) 

Since conditions caus'ng mooring problems occurred relatively infrequently, 
readings were only Ljkcn during the rough sea periods  Recordings were 
made at 30° mtrements for six successive headings from 270° to 60°, with 
a A-hr recording period tor each heading  On April 8, April 15, and April 
19, !jC8, recordings of moderately rough conditions considered typical of 
problem-type ctorms were obtained  On July 26-27, 1968, recordings of 
the most severe wave disturbances since construction of the pier were ob- 
tained  These disturbances were considerably worse than any conditions 
previously e*p3rienced at the pier  The storm generating these waves 
caused damage to many marine installations along the Chilean and Peruvian 
coasts   In addition to the instrument records, a time-lapse motion pic- 
ture study was filmed on April 19, 1968, of an ore carrier of 7^*,730 tons 
displacement moored at the pier  The camera mounted on the mole at the 
south end of the pier and focused on the bow of the ship recorded one 
frame every two seconds  Data from the wave instruments and the camera 
records were used to analyze water motion conditions within the harbor 

INITIAL ANALYSIS 

The initial data analysis was a noncomputerized, rational comparison of 
the time-lapse movie and the horizontal water velocity record as shown 
in Fig 6  The movement of the ship's bow was obtained by plotting se- 
quential positions of a point on the ship's bow as the film was projec- 
ted one frame at a time  The horizontal movement of a water particle 
was obtained by integrating the horizontal velocity record   Integration 
was done by measuring the area between the velocity curve and the zero 
line with a planimeter  The ship's bow movement consisted of a clock- 
wise circular motion which showed excellent correlation with the swell 
period, but which was distorted by a long-period motion toward and away 
from the pier  Although the horizontal water motion also has a long- 
period component, the correlation between the long-period motions of 
the ship and the water was very poor 

In seeking an explanation of the long-period ship movements, the follow- 
ing hypothesis was proposed  the ship, fender system, and mooring lines 
comprised a vibrating system wherein the fender and the mooring lines 
were springs having slack or free travel space and the ship represented 
a mass having circular motion excited by the swell   Figs  7 and 8 de- 
pict the idealized system  A model test was run in a University of 
California wave tank to confirm this hypothesis  The model simulated 
the conditions depicted by Fig 8 at a linear scale of 1 to 159 Movies 
of the bow of the model ship indicated that a motion very similar to 
that shown in the lower portion of Fig 8 could be generated in the 
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model   It was also noted that the amount of slack in the mooring lines 
directly controlled the period of the transverse excursions of the model 
ship  Another interesting observation was that a nonelastic or energy 
dissipating fender system attenuated the long-period excursions irrespec- 
tive of the amount of slack in the mooring lines 

The directional response of the ducted impellers of the current meters was 
essentially flat for a 60° sector centered parallel to the duct's axis, 
with the duct's axis at right angles to the water movement, however, a 
good null was obtained  Direction was thus shown more clearly by a null 
position than by a centered position  An inspection of the April, 1968, 
recordings confirmed the assumed swell approach azimuth of +300° 

Upon completion of the water motion analysis and the model test observa- 
tions, it was concluded that the major cause of the adverse ship motion 
was swell and not surge  While the possibility of a surge problem could 
not be completely discounted, it was simply evident that swell was the 
greatest contributor to the ship motion problem  The model tests con- 
firmed also that the direction of swell approach to the pier caused the 
ship to oscillate with a yawing motion, and elastic fenders and mooring 
lines accentuated the problem 

Additionally, it was established by calculation and model testing that 
this swell could be effectively attenuated by the construction of a break- 
water 

SPECTRAL ANALYSIS 

In comparing the Aoril storms and the July storm, it was noted that the 
July storm contained significant long-period wave action of high energy 
content  This surge was not evident during the April storms  Because 
the July storm was of such exceptional intensity, a rather complete anal- 
ysis of the water motion records was warranted 

To precisely interpret this July record, a more sophisticated approach 
based on computer analysis was used  The first objective was to obtain 
a power spectral density analysis for each direction of the horizontal 
velocity sensor by use of a digital computer  Essentially, the computer 
program splits the total energy in the record into a number of frequency 
bands, and determines the uniform sinusoidal motion in every frequency 
band which would have the same power as the original record had in each 
band  When performed on an analog computer, the analysis is more readily 
understood  Here the input signal is an electrical current wherein volt- 
age represents the quantity being measured, and the computer consists of 
a series of narrow band pass filters which ideally have square cut-offs 
The signal passing each filter is squared and averaged for the duration 
of the record to give a measure of the power in the original record which 
was contained in each frequency band  Spectral analyses were computed 
by FORTRAN program ACAPS (Auto Correlation and Power Spectrum) (l) on a 
CDC 6600 computer 
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For the program used, the equivalent uniform sinusoidal motion could be 
calculated from 

V    = 2VSB  = maximum velocity (1) 

V 
n = ? max = displacement (2) 

2TT 
and      T = — = period in seconds (3) 

in which S = spectral density, B = bandwidth in radians per second, and 
a) = mid-frequency of the band in radians per second  The equivalence can 
be applied to each bandwidth, individual peaks, or a group of peaks 

Record input for the spectral density calculation consists of discrete 
values of the velocity determined at a constant time interval, At, the 
sampling interval  The number of "lags" used in the calculation, m, is 
predetermined  The selection of total record length to be analyzed 
(which must be continuous), the sampling interval, and the number of 
lags are influenced by the following factors 

1 The maximum period for which the spectral density can be calculated 
with reasonable accuracy is approximately 1/10 of the total record 
time 

2 The minimum period for which the spectral density can be calculated 
is 2 times the sampling interval 

3 The number of frequency bands is equal to the number of lags 

k      The bandwidth is ir/CmAt) or I An times the frequency of the minimum 
calculated period 

5 The maximum calculated period (irrespective of accuracy of computa- 
tion) is 2mAt 

6 The sampling interval, At, should be not more than approximately \/h 
of the minimum period in the record that contains a significant pro- 
portion of the total energy in the record 

If criterion 6 is not observed, the energy in these shorter periods will 
show up at spurious frequencies of longer period  For the instrument 
location at San Nicolas Harbor, the prevailing wind is offshore  This 
limits the fetch for local wind waves and gives assurance that the energy 
content in waves of less than 10-sec period is nominal  On this basis, 
a sampling interval of 3 sec was considered ideal 

For all wave records taken to date at San Nicolas Harbor, an attempt was 
made to obtain h  hr of continuous record for each orientation of the hori- 
zontal velocity sensor  This method was based on the assumption that 
periods up to 2k  mm would be of interest  Subsequent studies have shown 
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that only tsunamis such as from the Alaskan earthquake in 1964 have signif- 
icant velocities in this period range, and that an upper period limit of 6 
mm is reasonable for all wave action except tsunamis  On this basis, one 
hour of record was considered ideal for each spectral analysis 

Analyses were run with 720 lags and 360 lags for comparison  The 720-lag 
solution gave better definition of the component peaks, showed essentially 
the same total energy content, and was used for mos.t of the data analysis 

Fig 9 is a typical spectral density plot for the horizontal water motion 
of the seven successive headings for the July 26-27 wave conditions 

CROSS SPECTRAL ANALYSIS 

A further development of spectral analysis is the cross-spectral analysis, 
in which two separate records are analyzed  Output of this analysis in- 
cludes the spectral densities of each record, the cross-spectra consistinq 
of two parts, real and imaginary, the coherence, and the phase coherence 

The cross-spectral analyses were computed for the study by FORTRAN program 
CROSPEC on a CDC 6600 computer  CROSPEC computes cross-correlation and 
cross-power spectral density functions for two or more time-series, and 
was developed from subroutines published by Robinson (2) 

Cross-spectral analyses were run on the simultaneous vertical and hori- 
zontal velocity records for the 270° heading of July 26, and for the simul- 
taneous ship's horizontal bow velocity and the horizontal water velocity 
of April 19  For the latter analysis, the displacement plots from the 
time-lapse movie sequence were converted to horizontal velocity rates by 
determining the horizontal distance moved every 2 sec 

The results of this analysis are shown in Figs  10, 11, and 12  Fig  10 
shows the power spectrum of each motion plotted on the same graph  The 
excellent correlation in the range of periods for swell is readily appar- 
ent, while in the long-period range, especially from 90 sec to 110 sec, 
the ship motion has considerably more energy than the water motion  These 
results are also shown in Fig  11, which presents a tabulation of the 
equivalent uniform sinusoidal motions corresponding to the energy peaks 
of the two spectra 

Fig 12 shows the coherence and phase coherence from this analysis  For 
the coherence between the two records, a value of 1 0 shows excellent 
correlation and a value of 0 0 represents a completely random relation- 
ship  Here again, good coherence is shown in the swell range, some co- 
herence in the 90-sec to 110-sec range, and an essentially random rela- 
tionship in all other frequencies 

The phase coherence shows consistent values only in the swell range where 
the phase-angle values are clustered close to 0°  There is actually a 
90° phase lag in the ship's response to the swell, but this phase differ- 
ence was compensated by a time shift in the input data for the ship's 
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motion  Elsewhere, the phase-angle relationship is essentially random ex- 
cept for a tendency of values to cluster around 180° at 90 sec to 110 sec 
No firm explanation is offered for this last trend, but it might be that 
the time shift from 90° to 0° in the input data for the periods for swell 
may have shifted the long-period coherence in a direction opposite to the 
anticipated value of 90°  No clear physical significance of the real and 
imaginary cross-spectral functions could be determined, hence, plots of 
these values are not shown 

The results for the vertical and horizontal water velocity cross-spectral 
analyses were not as consistent as analysis results for the ship motion 
and horizontal water motion  Fig 13 shows a dual plot of the spectral 
densities for both the horizontal and the vertical water velocities, and 
Fig l'f shows a plot of the equivalent sinusoidal wave components corres- 
ponding to the peaks in each power spectrum  In Fig 13, the spectral 
density scale for the vertical velocity is expanded to better illustrate 
the correlation between the two  It can be noted that the period range 
for swe 11 again has good correlation, but the long-period correlation is 
rather inconsistent  Especially significant are a few frequencies, such 
ac those near 36 sec, where the vertical spectral density function value 
i- proportionally higher than elsewhere  This relationship could be in- 
terpreted in three possible ways 

1 Trie instrument was near an anti-node of a standing wave  For such a 
wave the water particle motion would be vertical only and a corres- 
oonding horizontal peak would not exist 

2 An incident wave of that period passed at right angles to the hori- 
zontal sensor  In this null direction, i.he horizontal velocity com- 
ponent would not register 

3 The relatively high horizontal velocities, combined with floating sea- 
weed caught on the instrument supporting pipe, deflected the vertical 
duct out of plumb and thereby caused the vertical sensor to register 
some of the horizontal velocity as a false downward component  For 
a heavy swell, the false velocity component would not reverse since 
the fa^e downward component would not be affected by the direction 
in which the instrument was out of plumb  Such behavior would show 
up ss an unduly high peak in the power spectrum of the vertical 
'elocity, indicating a false downward displacement 

"his last interpretation was believed to be correct, since the displace- 
ment plot derived from the vertical velocity record also showed a false 
downward movement of the water surface considerably greater than that 
nomiaMy expected  Fig 15 shows the displacement plot and the horizontal 
vlocity record to the same time scale  Correlation between the rate of 
tjwtward displacement and the magnitude of horizontal velocity is insuf- 
i cient for this condiLion to be interpreted as the sole cause of the ano- 

'c o peaks T the ~ower spec'ium of the vertical velocity record  The 
a' V'_,o i tv "t-oipjs, however, were deemed unreliable due to the 

c' dowi /aid -eadmg and no further analysis was done using the vertical 
Vbluouv records  In further applications, this problem could probably be 
j n -iated by modification of the instrument mounting arrangement 
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A primary purpose of the analysis of the July 26-27 data was to determine 
the magnitude and type of long-period waves  The magnitude as shown by 
the power spectra of the horizontal velocity records left no doubt as to 
the importance of the long-period waves  Energy content was nearly as 
high as that of the swell, and the energy content recorded for both long- 
period waves and swell depicted conditions much too rough for mooring a 
large ship alongside the pier  The cross-spectral analysis of the vertical 
and horizontal velocity records was expected to provide a major contribu- 
tion in determining whether long-period waves were incident waves similar 
to the swell, resonant or standing waves, or a combination of incident 
and reflected waves  Since the questionable validity of the vertical 
velocity readings eliminated this possibility, the power spectra of the 
horizontal velocities were used instead 

Fig  16 shows a tabulation of the equivalent uniform sinusoidal wave com- 
ponents corresponding to each energy peak of the horizontal spectra in 
the swell range, Fig 17 shows a similar tabulation for the energy peaks 
of the horizontal spectra in the long-period range  For each heading a 
combined equivalent wave for each period range is also included 

If the long-period waves were a resonance phenomenon, nearly identical 
peaks would be expected, especially for waves approaching from azimuths 
of 295° and 300°, and long-period waves caused by a beat generated by the 
swell periods would be expected to change in period in accordance with 
shifts in the swell periods 

A study of Fig  16 indicates that during the recorded interval 

1 The periods of swell shifted towards the shorter range 

2 The total swell energy decreased in magnitude by a little more than 

3 Most of the swell approached the north end of the pier from an azimuth 
of approximately 300° 

h       Several of the peak periods were present throughout the entire record- 
ing period 

A similar study of Fig 17 indicates that during this interval 

1 The energy content of the long-period waves decreased in magnitude by 
approximately 801 

2 The null direction of the long-period waves was not as clearly defined 
as for the swell, the dominant direction, however, was similar to the 
direction of swel1 

3 Shifts in period were apparently rather random and did not correspond 
to the shift to shorter periods of the swell 

h      Very few of the peaks were apparent throughout the recording period 
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These observations implied that the long-period waves are progressive waves 
originating from the same storm center as the swell, and that resonance of 
the bay is probably not an important factor  Unlike the energy of the swell, 
very little of the long-period wave energy is dissipated in breakers on the 
shore and most of the waves are reflected back to the ocean 

Some of the long-period waves are probably reflected more than once before 
returning to the ocean, which would explain their lack of a clear null di- 
rection 

APPLICATION TO HARBOR PROGRAM 

Based on the preceding analysis, it was concluded that ocean swells re- 
fracted around Point San Nicolas and approaching the pier from the 1300° 
azimuth were the primary source of adverse mooring conditions at the pier 
A breakwater similar to that shown in Fig  18 is currently under construc- 
tion at San Nicolas  The breakwater is expected to attenuate ocean swell 
so that wave action in the swell range will no longer cause interpreta- 
tions to ore loading operations  Attenuation of long-period waves of 
high energy content will be nominal, but for these unusual occurrences, 
the breakwater will have some beneficial effect by reorienting these long- 
period waves so that their horizontal water motion will be primarily north- 
south or parallel to moored ships rather than east-west as at present 

CONCLUSIONS 

The age-old problems of harbor design are becoming increasingly complex 
due to phenomenal increases in the sizes of modern ships  Fortunately, 
our burgeoning technology is developing many new and powerful tools which 
can be applied in solving these problems  The harbor study at San Nicolas 
adequately defined wave movement so that an economical solution could be 
obtained  The full potential of the techniques used was not applied, but 
experience gained during the study indicates the capability for improved 
results in similar applications 

Ducted impeller meters provided an extremely valuable means for studying 
harbor wave action  These instruments were especially useful in measuring 
long-period swells and surges which were difficult to identify by sight 

Spectral analysis methods proved well-suited to detailed interpretation 
of the particle velocity records, considerable insight into the wave 
phenomena was gained by simple, rational inspections and interpretations 
of the records 

Time-lapse movies of a moored ship in motion, when correlated with simul- 
taneous water particle velocity records, provided an exceptionally clear 
picture of ship response to wave action, and led to the rather surprising 
observation that long-period ship motion is not necessarily caused by long- 
period waves 
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The usefulness of hydraulic model tests was again demonstrated, and it 
should be noted that very useful results can be obtained from model tests 
at modest expense if the test goals are clearly defined and the test work 
performed simply and judiciously 
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CHAPTER 134 

TIDAL MOTION IN BAYS 

by 

0 H    Shemdin, Associate Professor 
R M    Forney, Research Assistant 

Department of Coastal  and Oceanographic Engineering 
University of Florida, Gainesville, Florida 

ABSTRACT 

A method is proposed to investigate periodic tidal motion in single 
or multiple basins connected to the ocean by an inlet     Non-sinusoidal 
tidal motion in the ocean and square friction law in the inlet are both 
considered     The method is applied to Boca Raton inlet, Florida     The 
calculated tidal elevation and velocity in the inlet are found to be in 
reasonable agreement with measured values     The bottom shear friction 
coefficient is defined 

Tt(J = P r u|u| 

where p is the water density, T. IS the shear stress, and u is the average 
velocity in the inlet  The results of the study yield r = 0 0039, and 
predict net transport of sediment into the bay 

INTRODUCTION 

The dynamics of tidal motion in a bay connected to the ocean by an inlet 
wat investigated by Brown  (1928) who considered only sinusoidal  tidal motion 
in the ocean and linear bottom friction in the inlet     Later, Keulegan  (1951) 
treated the same problem but included tne square friction law in the inlet an 
predicted a non-sinusoidal  oscillation in the bay elevation      Van de Kreeke 
(1968) developed a scheme which predicted tidal  oscillations in bays in the 
presence of freshwater inflow by rainfall or streams     The above investigations 
were all  limited to a sinusoidal  tidal  oscillation in the ocean and all 
neglected flow acceleration in the inlet 

An extensive treatise on tides and tidal  propagation is given by Dronkers 
(1964)      It is known that tidal motion is not simple but has many harmonic 
constituents      The principal  components are shown in Table I 

2225 
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Table 1      Principal Tidal  Components 

Symbol Component 

M2 Principal  lunar semidiurnal 

S2 Principal  solar semidiurnal 

N2 Lunar elliptic semidiurnal 

Kl Lumsolar decl inational  diurnal 

01 Lunar declinational  diurnal 

The relative importance of the different constituents depends on geographical 
location and depth of water The principal lunar semidiurnal component (M-2) 
has usually the highest amplitude 

This study proposes a general method for analyzing tidal oscillation in 
bays connected to the ocean by inlets      It includes acceleration of flow in 
the inlet, square friction law, and a non-sinusoidal tidal oscillation in the 
ocean      The method utiWes the general equations of motion and approximates 
the periodic tidal  oscillation by a series in circular functions      Use is 
made of complex variables to simplify computations     The method can be applied 
to multiple basins connected to each other and to the ocean       The present 
study is restricted to relatively deep bays in which negligible spacial 
variation in water elevation exist     The inlet area is assumed constant and 
equal  to the mean area during one tidal  cycle     The method can be applied, 
however,  to shallow bays      The method has a resemblence to Dronker's (1964) 
harmonic method of tidal  propagation although he did not SDecifically apply 
the method to inlets      A method proposed by Sidjabat (1970) for describing 
the nonlinear friction is employed in this study 

THEORETICAL APPROACH 

The theoretical  development to follow describes the dynamics of flow in 
an inlet with a constant cross sectional  area connected on one side to a basin 
with uniform wate1- level  and on the other side to an ocean which has harmonic but 
non-sinusoidal  tidal oscillation     The flow in the inlet is assumed one- 
dimensional      Resonance and bottom friction in the bay are neglected 
Quantitatively bays satisfying these conditions must be at least 20 feet deep 
when the longest dimension equals 5 miles 

A  Single Bay Coupled to Ocean 

A definition sketch is shown in Figure 1      The equation of motion in the 
x-direction (direction of inlet flow)  is used to describe the inlet flow 

3u x ,, du J. ,, 3|J -      ISP j.1  3Tv f\\ 
3t 9X 3Z p   3X       p   3 

where u is the inlet velocity, p is the pressure, p is the water density, 
and T is the viscous shear stress  Denoting v 3 
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u(x,y,z,t) = Um(x,z,t) + u'(x,y,z,t) 

w(x,y,z,t) = w'(x,y,z,t) 

where U   denotes the mean flow over a length of time, T, which is small 
compare• to tidal period by long compared to time scale turbulence     The 
overbar is taken to denote averaging over period T 

M/ udt = U 
m 

Equation (1) becomes 

3U. 
f+!^Um2+^ = -^+}il(Tv + V • <2> 

where 1    is the turbulent Reynolds stress defined by 

Tt = -p    u'w1  = -p j       u' w1  dt 

Next, a vertical  average over the depth h is specified     We define 

h 

U(x,t) = if     U (x.z.t) dt (3) 
o 

Integrating Equation  (2) over depth and assuming hydrostatic pressure 
distribution 

^^k^-oft-i <rv + ^°       • w 
where 

«U2 = I   ,        ^ 
h J       v m 

o 

and the subscript o denotes bottom values (z = 0)  From open channel 
considerations a  is the momentum factor and is of the order of 1 05  The 
value of 1 0 will be assumed sufficiently accurate  In inlets, the flow 
is mostly turbulent exceot when it approaches zero during a tidal reversal 
The bottom shear stress will be assumed to be primarily due to turbulence 
rather than viscosity (i e T << T.) and to have the empirical squarp-law 
form 

/  (Um
2 + u17) dz 



2228 COASTAL ENGINEERING 

Tto = pr U|U| (5) 

where r is the friction coefficient     Equation (4) now becomes 

3t       3X 
-gg-fu|u| (6) 

Equation  (6)  is applied to the inlet shown in Figure 1      Integration of 
Equation (6) along the x-direction yields an equation which relates the 
ocean level  to that in the basin     Assuming the inlet is finite in length 
and the velocity accelerates towards the inlet but achieves a constant 
velocity, Uls in the inlet, Equation (6) is integrated to yield 

3"i Lj 
hs = \ + 3Ff + (1 +F7Li) 

U,  U, 
(7) 

where h , h, , Li and hx are defined in Figure 1  The equation of mass 

conservation consistant with the above assumptions becomes 

dh 

Mi= A. dt (8) 

where ki and A, are as defined in Figure 1 Equation (8) further assumes 

that the changes in A, and Aj due to depth changes are small over a tidal 

cycle     Eliminating \}1  in Equation (7) yields 

\     i 
d2K v. !     \  a 

~W 
dh, 

dt 

dhu 

dt (9) 

1      The Linearized Solution for Simple Motion 

The tidal motion in the ocean is described by complex variables to 
simplify computations 

hs(t) - hs e lot (10) 

where h    is a complex number and a is the tidal  frequency     Let 

h,    = -l h, e t>! bj 
lot 
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A 

where h,   is a real number representing the bay tidal amplitude     Linearization 
of the   last term in Equation (9) implies 

dhu    dh 
a2  h bj_,    bi ,. 8_   _2 is     „ict 

dt  I  dt   I"  3TT 

winch yields the solution 

Ss = fi
bi[c hbi  - in] , (ID 

where 

0 + ft" «•!)! <£.)"" 
and 

„   „   Cl    _    (Jjb.)   k. 02] 

%N  L    2 
Ab 

The term (j-L) •*• a2 represents the flow acceleration and has been traditionally 
neglected    xIt need not be always negligible compared to 1  0, it was found to 
be equal to 0 25 for Macquane Harbor which was studied by Van de Kreeke (1968) 
The amplitude and phase shift of the ocean fluctuation are given respectively, 

|nsl= hbi AX\JZ + n^ . (12) 

and 

tan e=- -4- (13) 

<\ 

O'Brien  (1969) proposed an empirical  relationship between the tidal  prism, P, 
and inlet area Aj 

A: = CP , (14) 

where C is a constant     The present analysis yields an analytical  representation 
for C which can be used to test the empirical  constant of O'Brien 

(§7)  O+^M^tJ^tane 

2[({k>^«*-13 
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2      Solution for Non-sinusoidal Motion 

The tidal motion in the ocean is not simple as indicated previously 
so that sinusoidal  simplifications introduce errors      Since the bay motion is 
affected by nonlinear friction, motion is not simple even when the ocean 
motion is      The latter case was investigated in detail  by Keulegan (1951) 
When the tidal motion in the ocean is periodic but not simple, the bay motion 
is even more complex since each ocean harmonic constituent generates its own 
harmonic as well  as multiple harmonics due to nonlinear friction     Thus a 
linearized procedure becomes invalid, in fact it is unrealistic and suggests 
negative friction at the higher harmonics 

In the following a method is proposed to describe the harmonic motion 
in both bay and ocean      The complex representation is employed 

1 l*n- lsn> 
inat (16) 

and 

K y l 

i 2 
tCn " ldn> 

inat (17) 

where the summation ranges over both positive and negative values of the index 
n which specifies the principal  tidal  frequencies, linear combinations 
thereof,  and higher harmonics      The terms corresponding to n = 0 reflect mean 
levels in ocean and bay     Since h    and h,     are real  functions, the following 
relationships must be satisfied      (Lee      x(1967)) 

r   =   r n        -n 

c   =  c n        -n dn = 'd-n 

(18) 

The average velocity is specified by 

U(t) - 2   £ K - i  bn> ^^ (19) 

where 

b    = -b n -n 

The representation of T.    in series form was considered by Sidjabat (1970) 
in conjunction with tida? propagation in wide shallow bays     His description 
of the nonlinear term is conveniently adopted     Equation (15) may be expressed 

or[EZ   }(a0-ibc)(a    -ibJe^^^Ka    -ibje1^ 
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which is equivalent to 

lU+mJt-A 
rt0 -PK[I^ + ^) + I    ^ I   |(a, - ib,)(am - ibje^^r 

can - *y«°h (20) 

Denote 

x2 = £        l(a/ + b/) = 1  £     (a£
2 + \2) (21) 

Then 

^     E    (e Tto = pn(,+E)!     ^   (an " lbn5 e 
mat (22) 

where 

E   - 7X 
1     Y V       1/ k w k  N„I U+m)ot 

It was found by Sidjabat (1970) that in areas where M2 is the dominant tide 
A is determined primarily by the M-2 component and z does not exceed the value 
0 25      Equation   (22)   is  approximated by 

to = prx I   l(an - ibn)elnat (23) 

The error in the friction term is less than 12 5% and corresponds to smaller 
errors in computing tidal elevation      In studies where such an error is 
significant, it is possible to calculate E and to include its effect in 
Equation  (22)      The above method will  be applied to Boca Raton inlet, the 
terms comprising e will  be neglected subject to comparison with measured 
tidal elevations 

The non-linear term in Equation  (9) becomes according to the above analysis 
(See Equation  (17)) 

dh, 

dt 

dh 
bi 

dt = x i  2   2^naCn + naV e mat (24) 

where 
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Jl        l=Q n    n 
(25) 

Substituting for h , h, , and Idhu /dtl (dh, /dt) and equating the real and 
S D^ 1^1 I *^1 

imaginary coefficients, the following algebraic equations for the coefficients 
of different harmonic constituents are deduced 

(^ [1  - nV (>•) k. ] c    + ii (1+FTLl)(^)2n°dn 

«„ - El  - n*o2(^-) to. ] ^ - |r (1  + r_ Ll)  (^)2
noCn 

(26) 

Equations  (26)  relate the bay motion to the ocean tidal  oscillation     The 
non-linear friction is specified by the term \x which also couples the 
different harmonic constituents of the ocean elevation 

The procedure for solution depends on the available information      If 
the tidal  elevations in both ocean and bay are measured, it is possible to 
evaluate the friction coefficient r     When only the motion in the bay is 
known, it is possible to predict the tidal motion in the ocean for any given 
r     However, when the tidal motion in the ocean is given the motion in the 
bay can only be computed by an iterative procedure for any given r 

B* Two Bays Coupled to Ocean 

A definition sketch for two bays coupled together and to the ocean is 
shown in Figure 2     The second bay is not connected to the ocean     The tidal 
elevations in the ocean and first bay are specified by Equations  (16) and 
(17), respectively     The tidal motion in the second bay is specified by 

K  • 1 U 2-pn " V 
..mat (27) 

Subject to all  assumptions stated previously, the equation which relates the 
motions in the two bays becomes 

\ " \ + & g*   dtA •<i + feL*>?<5h 
dhu 
dt 

dhu 
dt , (28) 

where the equation of continuity in the second inlet 

dh. 
U^= V W (29) 

was used  The resulting algebraic coefficient equations relating the two bays 
become 
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cn = [1  - nV  fe) k.] pn + ^(i + E- L2)  {^.)\0%      , 

dp. D . n2o2 (V) k] % - AZ (1 + r Lz) (V)2 noPn , 
(30) 

where 

i-cSo^ (Pn
2 + v^% 

/2 
S,=0 

(31) 

The motion of the first bay may now be related to the motions of both 
ocean and second bay Equation (7) remains valid for the first inlet, but 
the continuity equation now takes the form 

dh, 
U>Ai = V dt + U^ 

Using Equation (29) 

A.  dh.   A, dh, 
U, = Jii. „bi + .Ja. . °?, 

dt A, dt (32) 

and substituting for Ui in Equation  (7) the equation which relates the first 
bay to the ocean is obtained 

L     Ab     d2hb 
hs = hb    +gL(S^) dt^'  q-% 

In b9_\       bz + ^^> dF 

,    A,    dh.        A.    dh. 
u      hi Li; g %    dt Ai    dt 

A,     dh.        A,     dh, 
bi       bi b?       b? 

A!    dt Ai    dt (33) 

Using the representation for h  , h.   , and h,   , given by Equation (16),  (17) 

and (27), respectively, the following algebraic coefficient equations are deduced 

rn - cn [1  - nV iL ^ . pn [nSu    _ lR_ 

+ |1(l^Ll)C{^)nodn+{fei)noqn] 

•)] 

Sn. ^ D _ n2o2 k (_k)j. „n [n2a2 k (_k)] 
(34) 

where 
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A3 - jg. [g i(^) ncdn + (J^, „«,„}* + {(^i) nacn + (£ ) naPn}2]%  (35) 

The procedure for solution again depends on the available information  The 
friction factor can be determined when the motion in the ocean and both bays 
are known  The elevations in the first bay and ocean can be obtained 
deterministically for any given r when the motion in the second bay is known 
The motion in the bays can be determined by an interative scheme for any given 
r when the motion in the ocean is known 

APPLICATION - BOCA RATON INLET 

The theoretical method outlined above was applied to Boca Raton Inlet, 
Florida  The inlet connects the Atlantic Ocean to Boca Raton Lake which is 
also connected to Lake Wyman  A plan view of these lakes is shown in Fiqure 3 
The intercoastal waterway which connects Lake Wyman and Boca Raton Lake extends 
to South Lake Worth Inlet north and Hillsboro Inlet south  Comparisons of 
tide records obtained at Boca Raton Lake and at a station on the Intercoastal 
Waterway south of Boca Raton indicated no possible flow to or from the Inter- 
coastal Waterway south of Boca Raton Lake  Boca Raton Inlet primarily 
influences Boca Raton Lake, Lake Wyman, and areas occupied by boating marinas 
north of Lake Wyman 

Boca Raton Inlet was chosen for this study because tide records were 
available at the Inlet North Jetty (denoted by Station 1 in Fiqure 3), at Boca 
Raton Lake (denoted by Station 2), and at Lake Wyman (denoted by Station 3) 
Actually tide records at three stations around Boca Raton Lake were also 
available  These records indicated no special variation of tide elevation in 
Boca Raton Lake and verifies the representation of conservation of mass given 
by Equation (8)  The tide elevations recorded at Stations 1, 2 and 3 are 
shown in Figure 4  They indicate the magnitude and phase shift of tidal motion 
in the two bays relative to the ocean  Other available data included velocity 
measurements over a tidal cycle at Station 1 to be shown later in comparison 
with computed velocities 

Since tidal records were available in both bays and at the inlet, the 
multiple bay analysis was used to determine the friction factor r for the 
system  The tidal record in Lake Wyman was used to predict the tidal elevation 
in Boca Raton Lake using Equation (30)  The computed elevation was then 
compared with the measured one  With the tidal elevation in Boca Raton Lake 
known, the ocean elevation in the ocean (Station 1) was computed using Equations 
(34) and the results compared with the measured values  The variances between 
the computed and measured elevations were computed at Stations 1 and 2 for 
different friction coefficients  The quantities which describe the bay system 
(see Figure 2) Als Li, Au , hlt  A2» L2, h2 were all known  The area ^2  was 

not known  The computed motion which gave the best fit to measured 
tidal elevations at Stations 1 and 2 corresponded to r = 0 0039 and A^ = 23 x 106 

ft2  The latter area is much larger than Lake Wyman's area and suggests that the 
tidal motion extends to areas occupied by marinas north of Lake Wyman  Table 
2 summarizes the physical properties of the above two-bay system 
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TABLE 2      Properties of the Two-Bay System 

Boca Raton Lake     Lake Uyman 

1 40 x 103 1 68 x 103 

3 74 x 106 23 00 x 106 

7 0 8 0 
2 67 x 103 7 33 x 103 

1 57 1 40 

Inlet area (ft2) 
Bay Area (ft2) 
Inlet depth (ft) 
Inlet length  (ft) 
M-2 measured amplitude (ft) 

The variances between computed and measured tidal  elevations at Boca 
Raton Lake (station 2) and at the Ocean  (station l)werel  9 x 19~2 and 
2 0 x 10-2,  respectively for r = 0 0039     The difference in computed and 
measured phase shifts of the M-2 component were 2 degrees for Boca Raton 
Lake and 4 degrees for the ocean 

SIGNIFICANCE OF NON-SINUSOIDAL TIDAL COMPUTATION 

A comparison between the measured tide record at station 1  and the M-2 
constituent is shown in Figure 5     The agreement is reasonable only over part 
of the tide cycle     A comparison between the measured tide elevation at 
station 1 and the computed elevation using six harmonics is shown in Figure 6 
Better agreement is recognized over most of the tidal  cycle     The importance 
of considering the different harmonics in tidal  computations appears more 
dramatically in velocity computations, however      In Figure 7, the measured 
velocity at station 1  is compared to the computed velocity using the M-2 
constituent only     Near the maximum three velocity peaks appear in the 
measured record but are absent in the sinusoidal  computation      These peaks 
appear in computations which include different harmonics as shown in Figure 8 
Since the contribution of each harmonic to velocity depends on frequency and 
amplitude of that harmonic the higher harmonic contributes significantly to 
velocity even when the amplitude is small 

The velocity cycle has an important influence on sediment transport in the 
inlet     The sand trapping capability of an inlet may play an important role in 
shoreline stability in the vicinity of the inlet     The trapping capability of 
Boca Raton Inlet is investigated in what follows 

The theoretical  basis for describing movable beds is empirical      Many 
relationships exist that relate volume of sediment transport to bottom shear 
stress      While there is no one relationship which is far superior to others, 
the empirical  result arrived at by Einstein (1942)  is used 

q  '   =40 PF —  , (36) 's [g(sc - i)]V; 

where q   '  = the weight rate  (in water)  of sediment transport per unit width, 
P = water density, U* = shear velocity (='t /P), g = gravitational  acceleration, 
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s    = specific gravity of sand, and F is given by 

v -  r2 + 36 v2       -h      r       36 v2 -,% ,,7> 
F " [3 + gd^ (ss - 1)]    ' V (ss - 1)] • (37) 

where v = kinematic viscosity of water     Equation  (36) was used successfully 
by_Shemdin (1970)  in modeling of sediment flow in the coastal zone      Equation (5) 
relates the average velocity to the shear velocity 

U, = rh U 

For a wide channel with width B the weight rate of sediment transport, q  , 
becomes 

qs = qs'B = 40pFBrF[i-4^f1p/T (38) 

The net sediment transport into Boca Raton Inlet was computed from results 
similar to those shown in Figure 8     Tide records were found to fluctuate 
in amplitude and typical  records were used for two different days      The net 
transport into the inlet for the two days was calculated to be 15 and 47 
(yd3/day) which correspond to 5,400 and 17,000 yd3/yr , respectively     A 
recent dredging operation in Boca Raton inlet have been removing 30,000 - 
40,000 cubic yards of sand per year from the inlet     The computed transport 
in the inlet is of the same order of magnitude      Fugure research on inlets 
may fruitfully include field measurements of sand transport 

CONCLUSIONS 

A non-linear coupled procedure is proposed to analyze tidal motion in 
inlets and bays     The importance of the different tidal constituents is shown 
to be more important in velocity computation compared to surface elevation 
The exchange of sediment between bays and the ocean is dependent on the 
velocity variation over the tidal cycle and can only be computed accurately 
by considering different harmonic constituents in a tidal  record     The procedure 
is applied to Boca Raton Inlet and the result indicate that more sand transport 
occurs during the flood period compared to the ebb period     The inlet consequently 
behaves like a sand trap 

REFERENCES 

1 Brown, E I      (1928), Inlets on Sandy Coasts, Proc   ASCE, Vol    IIV 

2 Dronkers, J J    (1964), Tidal  Computations in Rivers and Coastal Waters, 
North - Holland Publishing Col, Amsterdam 

3 Einstein, H A    (1942),  Formulas for the Transportation of Bed Load, 
Trans    ASCE, Vol    107, pp    561-577 

4 Keulegan, G H    (1951), Water-level   Fluctuations of Basins in Communication 
with Seas, Report No    1146, National  Bureau of Standards, Washington, D C 



TIDAL MOTION 2237 

5 Lee, Y W (1967), Statistical Theory of Communication, John Wiley & Sons, 
Inc , New York 

6 O'Brien, M P    (1969), Equilibrium Flow Areas of Inlets on Sandy Coasts, 
J    Waterways and Harbors Div , Vol    95, No   WWI, pp    43-52 

7 Shemdin, 0 H    (1970), River-Coast Interaction      Laboratory Simulation, 
J    Waterways and Harbors Div , Vol    96, WW4 

8 Sidjabat, M M    (1970), The Numerical Modeling of Tides in a Shallow 
Semi-enclosed Basin by a Modified Elliptic Method, Ph D    Dissertation 
Submitted to the University of Miami, Coral Gables, Florida 

9 Van de Kreeke, J    (1968), Water Level  Fluctuations and Flow in Tidal 
Inlets, J    Waterways and Harbors Div  , Vol    93, No    WW4, pp    97 - 106 



2238 COASTAL ENGINEERING 

-CROSS    SECTIONAL     AREA = Ai 

^1 

Figure 1      Definition sketch for a single bay coupled to ocean 

,INLET    CROSS   SECTIONAL    AREAS  - 

BAY     SURFACE    AREAS 

Figure 2      Definition sketch for two bays coupled to oce an 
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ATLANTIC OCEAN 

DEPTH    CONTOURS 

IN   FEET 

 50' 

SCALE 
STATUTE  MILES 

10 12 

Figure 3     Plan view of Boca Raton Inlet and lake, and Lake Wyman 

STATION   I   (oc«an) 

STATION  3   (balm 8) 

Figure 4  Tide elevations at Boca Raton Inlet, Boca Raton Lake, 
and Lake Wyman 
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ELEVATION 

AT   JETTY 

(leal) 

Figure 5  Comparison between measured and computed (M-2) component 
of tidal motion at Boca Raton Inlet 

OCEAN   SURFACE 

ELEVATION 

AT  JETTY 

(feel) 

Figure 6  Comparison between measured and computed tidal motion using 
six harmonics at Boca Raton Inlet 
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SURFACE OSCILLATIONS I\ A WATEK TAI-K CAUSED BY A SIBKC-GED JOT 

By 

Juan B  Font 
1 

Orar Azpurua 

Flora Aranguren 

ABSTRACT 

In this paper are studied the surface oscillations that form m 
a water tank when a jet emerges fron the botton 

The experimental systen consisted of a circular water tank with 
the water intake at the bottom close to its cj.rcunference Surtace osci_ 
nations were recorded for different situations 

lhe experirental results are presented in both dimensional  and 
dirensionless ploltmgs where the oscillations atrplitud is related with 
water depth and jet diameter and velocity 

The dimensionless graphs show that the oscillation amplification 
is, within the variables ranges studied, mostly independent of tank 
diameter 

1\T1UDUCT10I\ 

kVhen rfater flows into a shallow tank, in the form of a jet emer- 
ging from the bottor, snail surface oscillations appear as a result of 
jet diffusion and supply pipe turbulence  These oscillations are ref1e£ 
ted in the tank walls increasing the water surface movement which  in- 
terferes with the jet flow, starting a horizontal oscillaLion of the 
latter A complex surface oscillation results, which under determined 
conditions is continuously anplified unt^.1 wave breaking puts a limit 
on wave height 

The oscillation pattern, no mather the degree of amplification, 

Asst Prof College of Engrg, Universidad Central - Venezuela 

2 Civil Engineer - CGl\PxOSA - Caracas - Venezuela 

3 
Civil Engineer - i^OS - Caracas - Venezuela 
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is a conplex and unsteady one, with standing «jave type novenent  being 
dorunant, with nodes and antmodes continuously changing their location 

VAt lABLb;. ItVOlVED Ai\D rtlait ILLATIVE IMPORTANCE 

According to the ohysical description of the phenonenon, the am- 
plification, is a function of the tragmtudes that describe the boundary 
geometry and surface novement, 1 e tank and supply pipe georetry and 
fcroude i\'ui ber In the anplification processes inertia and gravity for- 
ces ire obviously ruch more important than viscous foices Ihe wave 
breaking is determined by oscillation characteristics Thus the ampli- 
fication and its upper limit will not be a function of Reynolds Number 

The amplification musi result fron a resonant combination of jet 
movement, surface movement and tank georetry However, and due to  the 
surface oscillatioa variability, the tank geometry plays a secondary 
role as shown m Fig 1 

To back tms experimental conclusion we may consider several ne.a_ 
sons  iirst, the boundary conditions imposed by the circular vertical 
walls of the tank, determinant of tne oscillation pattern in the steady 
case, are now almost irrelevant since a great number of mtantaneous 
patterns Will exist, some of then being close to the maxit uu> amplilica 
tion situation for the existing set of depth and jet variables  This 
is specially true when tank diameter is several times the mean wave 
length As a natter of fact, it was observed m the experiments  that 
the jet always followed a random secuence of quiet and oscillation pe- 
riods  becond specially at resonance situations, when creaking takes 
place, waves are non-linear and, therefore, continuously changing wave 
heights will cause that a range of frecuencies be allowed with the cir 
cular boundary for every oscillation 1 ode As it can be seen in the 
sample record shown in Fig 5, energy is mainly related to a wave fre- 
cuency, but nevertheless, the oscillation is not monochromatic 

Dimensionless parameters 

The variables thus mvolued are wave height H, jet diameter d, 
water depth h, jet velocity \l and gravity force per unit mass g With 
these five secondary magnitudes, the theorem shows that, since only- 
length and time are involved, there will exist a function 0  such that 

< TT, j TTj , "rr3   ) 0 

where Tf, , T\t ,   and IT* are independent dimensionless combinations  of 
the above listed variables For ghaphical representation a convenient 
set of  expresions is 

•^r^ >~f 
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EXPERlhENTAL C0NDI1ICHS 

For a description of the experimental set-up see figures 1, 5,and 

Tests were run starting with the tank full of water, and allowing 
the outflow to be a little larger than the inflow such that water depth 
would slow and continuously decrease, until the possible minimum was 
attained, the water discharge was held constant through the experiment 
by ireans of a weir controled elevated supply tank Two supply pipe dia 
neters were used with two different velocities por each one Velocity 
was measured indirectly in terrrs of discharge by weir and elbow neters, 
previously calibrated in the experimental system with 1 weir neter 

The water surface elevation was recorded continuosly at the three 
points shown in Fig  1 

As an indication of surface oscillation H^QQ has been defined as 
the average of the one percent largest wave of the two recordings taken 
at electrodes N° 2 and N' 3 

Influence of supply pipe disturbances 

To investigate the influence of water flow disturbances in  the 
supply pipe, one test was run allowing the formation of a vortex  in 
the supply tank In another test air was allowed to enter in the supply 
pipe  Figures t\° 2 and 3 show the results with these conditions 

Oscillation damping 

In one of the tests, after maximum amplification was reached, wa 
ter outflow and inflow were stoped and the water surface was continu- 
ously recorded until oscillation nearly desapeared At the beggmmg, 
a rather fast damping took place as a result of wave breaking, thereaf_ 
ter having a very weak damping Calling H^QQ t = 0 the one percent high 
est wave at an arbitrary tine when wave breaking is over, the damping 
factor, in terms of the highest one perent height, has been plotted in 
fig  3 This graph shows that laminar type danping takes place As  a 
matter of fact Reynolds numbers coirputed for both bothom and tank walls, 
m the manner shown in fig 3, fall below the critical keynolds numbers 
given by several authors (Li, I ef 2, Jonsson, Kef  1) for transition 
from laminar to turbulent regime on -5 smooth boundary Conparison of 
the Keynolds numbers for the bottom and the tank wall, and the respec- 
tive areas of these boundaries, leads to the conclusion that wall fric 
tion is much nore important than bottom friction in this specific case, 
and therefore that the tank diameter plays an important role in the 
free oscillation damping 

CONGLJSIONS 

The oscillation in the water surface that takes place in  a 
water tank when a jet emerges from the bottom is a very com- 
plex one, with irany frecuencias superimposed and nonlineari- 
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ties characteristic of impulsive wave generation and breaking 
dave breaking puts a limit to wave height in resonant situa- 
tions 

The naxinur, amplification that reaches the oscillation is 
mainly due to a resonance among the emerging jet and the free 
surface rovement 

The experimental results sunnarized m Fig 1  show that the 
resonance depends nostly on jet characteristics and water 
depth, rather than on tank diameter 

Flow disturbances in the supply pipe, such as longitudinal 
vorticily and air intrusion, are of second order importance 
m the amplification phenomena 

Once the jet flow has been stoped, the wave breaking disap- 
pear shortly and after that, the oscillation damping is very 
slow 
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EFFECT OF LONG PERIOD WAVES ON HYDROGRAPHIC SURVEYS 
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ABSTRACT 

In conjunction with routine hydrographic surveys at Santa Cruz 
Harbor, California, bottom elevation discrepancies were observed which 
were not associated with positional errors   It was suspected that these 
errors were associated with long period wave activity, common at this 
particular location on the Pacific Coast 

The existing practice for obtaining hydrographic soundings is by 
use of floating craft using either echo sounding techniques or a "lead 
line "  Both of the above techniques utilize the instantaneous water 
surface at the survey boat as a datum reference  Normally the water 
surface elevation is determined by use of a water level recorder 

Based on the analysis of 50 repetitions of a well monumented cross 
section in Santa Cruz Harbor, it was concluded that long period waves 
affect the results of hydrographic surveys by slowly varying the datum 
plane  In the case of Santa Cruz Harbor, the maximum error due to this 
effect would be about + 1 5 feet 

INTRODUCTION 

Santa Cruz Harbor is located at the northerly end of Monterey Bay, 
California, about 65 nautical miles south of the entrance to San 
Francisco Bay, as shown in Figure 1 and Photo 1  The hydrography of 
the general coastal area and of Monterey Bay are shown on charts 
published by the United States Coast and Geodetic Survey, Nos  5^02 
and 5^-03 respectively  In connection with studies of Monterey Harbor, 
located at the southerly end of Monterey Bay, and at Santa Cruz Harbor 
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it has been shown that Monterey Bay and Santa Cruz Harbor are subject to 
pronounced seiching  Individual maximum trough to crest heights of over 
three feet have been observed  Nominal periods associated with these 
seiches vary from 80 seconds to over 10 minutes with oscillations of 
about 3 minutes in period being most evident 

During the analyses of surveys made in the vicinity of Santa Cruz 
Harbor, an unexplained ambiguity in the sounding depths became apparent 
Although the cause of these ambiguities was unknown, it was hypothesized 
that they were caused by shifts in the sounding datum by long period 
waves  Water level changes caused by these long period waves had pre- 
viously been observed at Santa Cruz Harbor on numerous occasions by the 
authors  These long wave oscillations of Monterey Bay and Santa Cruz 
Harbor are discussed by Wilson'", Grauzi ni s(') , and Lynch'')   The 
existing practice for obtaining hydrographic survey information is by 
use of floating craft and either echo sounding techniques or by lead 
line  The above techniques both utilize the instantaneous water surface 
at the survey boat as a datum reference. Generally a recording tide 
gage mounted on a k"   pipe well with a suitable orifice, a float, and 
recorder, are used in determining the instantaneous water surface 
Attenuated long period fluctuations in the water surface may be observed 
in the resulting marigram trace  Discussion of tide gage attenuation is 
discussed by Cross^  These long period undulations vary spacially both 
in period and height, however, it appears that their presence, but not 
their relative magnitude, may be determined by conventional portable 
tide gages  Only the relatively flat bottom areas of the channel were 
used for purposes of this study and, therefore, the side slope areas are 
not involved 

SURVEY TECHNIQUE 

In order to measure the effects of long period waves on hydrographic 
surveys, a test project was started at Santa Cruz Harbor by establishing 
a "repetitive line" and this line is indicated on Figure 2  Cross- 
section surveys were taken along this line using an aluminum hydro- 
graphic boat with a length of ]k  feet, a beam of 62 inches, a draft of 
approximately 12 inches  The boat was equipped with a conventional tag- 
line reel with a cable marked at one foot intervals and a "Raytheon" 
fathometer, Model DE 119D, operating at a frequency of 200 kilo Hertz 
Leadline soundings were then taken with an eight pound lead to verify 
fathometer soundings  A typical method used for hydrographic surveys 
is shown in Figure 3 

Fifty (50) measurements of the repetitive lines were taken on 21-22 
March 1968  Initially, ten (10) cross-sections were taken of the repeti- 
tive line on 20 March 1968, however, these lines were discarded from this 

Numbers in parentheses indicate listed references at end of text 
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study because they were considered practice lines for the crew to become 
accustomed to the survey techniques  The tide was recorded continuously 
during the survey period with an automatic tide recorder mounted on a it- 
inch pipe attached to a dock  Tide corrections were applied to the fa- 
thometer soundings in order to correct the water depths  The boat was 
controlled in the forward motion by a tag line calibrated at one (1) 
foot intervals with the zero end attached to a baseline on shore  The 
side motion of the boat was controlled by an instrumentman with a transit 
on shore, giving signals to the boat operator for keeping the boat pre- 
cisely on line  The mangrams shown on Figures k  and 5 sre  taken from a 
previous project and are included for typical data  Figure h  shows a 
typical record with an open end well, Figure 5 shows a typical record 
with a damped wel1 

Then the plotted lines of soundings were superimposed on a chart to 
compare the results  A sampling of these lines is shown on Figures 6, 
7 and 8  These plottings indicate a data envelope of the echo sounding 
measurements of about one foot  As the survey boat was traversing the 
reference line with closely controlled position, the sounding variations 
are then due to the datum changes as produced by the long period waves 

These soundings are believed to be accurate since the location of 
the boat was controlled very carefully with an instrumentman on shore 
for the left and right directions or side motion of the boat  The 
distances of the boat from the shore baseline were read on the tag line 
which was calibrated in feet  Soundings were read to the closest tenth 
of a foot on the fathograms 

DISCUSSION 

The effect of long period waves on hydrographic surveys has been 
demonstrated at Santa Cruz Harbor, and the effect of these waves at 
other locations along the Northern California Coast is believed to be 
of similar magnitude  An effective monitor appears to be a recording 
tide gage located at an anti-nodal position in the survey area with a 
suitable orifice that would filter out short period waves  A direct 
correction for the long wave effect could be obtained by use of a datum 
other than the water surface  However, consideration of these techniques 
is beyond the scope of this study 

In adjusting the soundings to account for the effect of tides, care 
must be taken to filter out the long wave excursions on the applicable 
mangrams   In Santa Cruz Harbor, water elevations at locations away 
from the tide gage may be experiencing different water level elevations 
than at the tide gage  In the extreme case, the water level at the tide 
gage could represent a maximum or peak on a wave and at the survey boat 
location in the harbor could represent a minimum or trough  If the 
instantaneous water elevation is used at both the tide gage and at the 
survey boat, the sounding error will equal plus or minus the long period 
wave height 
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In the reduction of hydrographic sounding data, the water surface at 
the survey boat location is taken as a temporary datum  This datum, is, 
of course, influenced by any water level fluctuations  In the case pre- 
sented in this paper, the actual fluctuation is considered to be due to 
long waves alone  This is shown diagrammatically in Figure 9A, where 
the total long wave height is taken as "H" and it is further assumed that 
a recording gage and also the survey boat are located at anti-nodal po- 
sitions in a standing wave situation  Under these conditions, and with 
the recording tide gage operating correctly, a mean line may be drawn 
through the tide gage record (obviously the tide gage record may be 
damped mechanically or electrically)   In this example, the maximum 
error due to the long wave effect will be equal to +H/2  When the survey 
boat is at position A, the water level at the gage is A1, but the average 
gage reading will be A"  Similarly, when the survey boat is at position 
B, the water level at the gage is B1, and the average gage reading will 
be B"   If the actual water surfaces at both the survey boat and the gage 
are used, then the situation shown in Figure 9B results   In this case, 
when the survey boat is at position C, the water level and the tide gage 
datum are at position C1  Similarly, when the survey boat is at position 
D, the water surface and tide gage datum are at position D'   In this 
instance, the maximum error will be +H or twice the error as resulting 
in Case A, above 

In a real harbor, the situation becomes much more complex due to the 
inability to describe the instantaneous water surface elevation at the 
gage and survey boat  In instances where long waves are known to have 
occurred during surveys, it is suggested that a note be added to the 
survey information and resulting charts to indicate the situation 

CONCLUSIONS 

Based on the results of this study, it is concluded that long period 
waves affect the results of hydrographic surveys by slowly varying the 
datum plane in a manner that cannot be corrected by existing techniques 
Experience at Santa Cruz Harbor indicates that long period waves reach 
heights slightly in excess of 3 feet and thus during times of occurrence 
of such waves, the maximum expected error in hydrographic surveys would 
be approximately equal to 1/2 this value or about +1-1/2 feet due to 
this effect if the tide gage record has been properly reduced  Incorrect 
reduction of the tide gage record may result in the sounding error equal 
to plus or minus the long wave height, or in this example +3 feet 
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SCALE   IN  MILES 

SANTA CRUZ HARBOR 
FIGURE 1 
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(A) NORMAL METHOD OF 
SOUNDING REDUCTION FOR TIDES 

Max    Error=+H/2 FIGURE  9A 
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(B) INCORRECT METHOD OF 
SOUNDING REDUCTION FOR TIDES 

Max   Error=±H 

H = Long Period Wave Height FIGURE  9B 





CHAPTER 137 

SELECTION OF DISPOSAL AREAS FOR 

SPOIL FROM BALTIMORE HARBOR 

By John F Hoffman1, M ASCE 

ABSTRACT 

Selection of sites for the diked disposal of 100 million cubic 
yards of spoil dredged from Baltimore Harbor presented a formidable 
problem  Fifty percent of this spoil will be derived from harbor 
improvement m the next ten years  The remainder will result from 
maintenance dredging and some private dredging over a 20 to 25 year 
period 

The number of sites available for diked disposal areas, the 
various methods used for dredging and the fact that the dike ma- 
terial required traisportation to site gave rise to a number of 
variables  The decision making process was facilitated by an eco- 
nometric model 

Concentrations of metals such as chromium, cadium, zinc, lead, 
and copper have been found in the sediments of Chesapeake Bay  An 
investigation as to the mode of their occurrence m the material to 
be dredged was made to appraise any possibility of toxic concentra- 
tions occurring m filter feeders such as oysters for shellfish con- 
stitute a sizeable industry in the Chesapeake Bay 

Stabilization of the deposited dredged spoil was investigated 
m order to determine whether the unstable loosely-deposited fine 
gram material extending over a three to five square mile area could 
be economically converted to a firm foundation material suitable for 
industrial parks, harbor terminals or water-oriented parks 

INTRODUCTION 

Deepening the 25 miles of channel extending from Baltimore Harbor 
to a depth of 50 feet from its present depth of h2  feet and maintain- 
ing continuously that depth of channel will result in 100 million cubic 
yards of spoil m about twenty to twenty-five years 

Associate Professor of Oceanography, U  S  Naval Academy, Annapolis, 
Maryland and Senior Associate, Trident Engineering Associates, Inc 

2267 
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Senate Bill No  623 approved by the Congress of the State of Mary- 
land on May 2, 1969 provides for the funding of "  the design and con- 
struction of one or more diked disposal areas and other and appurtenant 
facilities to receive dredging spoil from the harbor and the approach 
channels m the water and adjacent areas known generally as the Harbor 
of Baltimore City    " 

This paper deals with the method of the selection of candidate 
sites rather than the specific sites themselves  Site selection in- 
volved the following overall considerations 

1 Economy as it is related to the transportation of spoil and the 
material for the construction of the dike 

2 Economy of dike construction from a standpoint of partitioning 
the overall diked area as well as consolidation of the underlying 
sediments 

3 Ecology of the Bay as it pertains to oyster beds, sports and com- 
mercial fi&hmg, and fish spawning areas 

k The variou- Federal and State regulations concerning the construc- 
tion of diked areas 

5   Possible utilization of the three to five square miles of land 
created 

Disposal of dredged spoil in previous years, was. by open dumping in 
designated submarine disposal points within Chesapeake Bay, for the open 
ocean is more than 150 mile^ downbay  However, the economic value of 
the fishing grounds and the lack of control of the deposition of the 
fine-grained sediments m the free fall through deep water has outmoded 
this method of disposal 

Owing to the essentially free storage volume between the level of 
the Chesapeake Bay and its bottom, diked disposal areas within the Bay 
itself were the ones evaluated primarily  At first view this may appear 
to be against the best interests of the bay, however, valuable real es- 
tate is created by filling the diked area  Spoil dumped in a depth of 
water of 18 feet to an elevation of 9 feet above the bay level would 
produce about 31/2 square miles of land 

FUTURE DREDGING REQUIREMENTS IN BALTIMORE HARBOR 

It is estimated that approximately ten years would be needed to 
dredge the channel from k2  feet to 50 feet without widening it  Re- 
moval of some 50 million cubic yards of spoil would be involved  From 
1975 to 1983 there should be a steady increase m the total amount of 
spoil due to greater maintenance dredging and private dredging  A 
slight decline should be realized after 1983, and should level off at 
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about 1985 to approximately 3 million cubic yards annually  As main- 
tenance is a continuing operation, more than one diked disposal area 
will be required m the long range picture 

CUKKENT DEEDGING PRACTICES AND COSTS 

Dredging m the vicinity of Baltimore Harbor and its approach 
channels is accomplished by means of bucket and scow, hopper dredge, 
and pipeline dredge   The first is used for new dredging work, the 
second for maintenance dredging by the Corps of Engineers, and the 
third for special work 

The cost projected m every dredging contract will be peculiar 
to the specific job to be performed and will be based on the follow- 
ing factors 

1 Dredging Site  Distance from disposal area and depth of water 
m disposal area 

2 Type of material  Sand, silt, and clay are dredged at differ- 
ent rates and have different effects on the equipment 

3 Depth of water in the area to be dredged 

4 Whether dredging is classified "maintenance" or "new work " 

3   Volume of material to be dredged 

6 Financial posture of the bidding firm 

7 Mobilization and demobilization costs involved 

8 Time of the year in which dredging is to be performed 

Contact was made with a number of dredging firms and various 
districts of the Corps of Engineers and approximate cost ranges were 
determined for the three types of dredging   These were used m the 
Econometric Model discussed later m this paper   The total costs 
involved in bucket and scow and hopper dredging included mobilizing 
and demobilizing equipment and cutting, loading, transporting, and 
off-loading spoil   Pipeline dredging costs, except for mobilization 
and demobilization, cannot easily be separated into component costs 
Accordingly, the figures used m the study represent the best esti- 
mates available from firms contacted 
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SITE SELECTION 

Federal and State Regulations Important to Spoil Disposal 

Any dredging project m navigable waters is affected by certain 
Federal and State regulations as well as by local interests and con- 
cerns  Following is a resume of the basic Federal and State statutes 
and authority important to a spoil disposal project 

1   Federal Jurisdiction 

The Federal agency most critically involved m any dredging pro- 
ject is the U S Army Corps of Engineers   Authority for this body's 
jurisdiction goes back to, and is still primarily based on, the Elvers 
and Harbors Act of 1899  Chief among the areas of jurisdiction are 
the following 

a  Dams and dikes across navigable waterways 

b  Piers, dredging, etc , m waterways   Plans for wharves, 
piers, dolphins, booms, weirs, breakwaters, bulkheads, 
jetties, or other structures, and excavation or fill m 
navigable waters must be recommended by the Chief of 
Engineers and approved by the Secretary of the Army 
Section 10 of the River and Harbor Act of March 3, 1899 
and Section ^(f) of the Outer Continental Shelf Lands Act 
o± August 7, 1953, extend the authority of the Secretary 
of the Army to prevent obstructions to navigation by ar- 
tificial islands and structures on the Outer Continental 
Shelf   (Bridges and Causeways are now (1970) under Coast 
Guard jurisdiction.) 

c   Use of government works 

d  Harbor Lines 

e   Improvement of any navigable river 

f  Pollution  Section 13 of the Eiver and Harbor Act of 1899 
states that, "  it shall not be lawful to throw, discharge 
or deposit  any refuse matter of any kind or description 
whatever other than that flowing from streets and sewers 
into any navigable water of the United States, or into any 
tributary of any navigable water   " The River and Harbor 
Act of 1888 defines pollutants as "refuse,   mud, sand, 
dredgmgs, sludge, acid or any other matter of any kind  " 
Furthermore, Executive Order #11288 specifies the responsi- 
bilities of all Federal agencies to improve water quality 
through prevention, control, and abatement of water pollution 
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from Federal governnif nt activities in the United States 
The provisions of this Order are applicable to the pollu- 
tional aspects of all dredging operations including the 
disposal of dredged materials 

2   State Jurisdiction 

In any diedging project, the Maryland state agency most inti- 
mately involved at present is the Board of Public Works   This body 
issues permits when state money is involved and also is the coor- 
dinating voice of all state groups involved  While the Corps of 
Engineers' has the ultimate power m granting or refusing a permit, 
it will probably never override serious objections raised by the 
State's Board of Public Works   In addition to the Board as a major 
voice of the State, the Submerged Lands Commission acts in an ad- 
visory capacity particularly m very large or controversial projects 

As a coordinating body, the Board of Public Works gathers opin- 
ions from various state agencies in the process of considering an 
application for a permit  Some of these agencies are 

a Department of Water Resources 

b Maryland Geological Survey 

c Department of Chesapeake Bay Affairs 

d Department of Health 

e Depaitment of Game and Inland Fish 

f Department of Foiests and Paris 

g Department of Natural Eesources 

Selection of Potential Sites 

In order to evaluate all possible spoil disposal sites available 
a comprehensive study was made of navigational charts covering the 
Chesapeake Bay area from the mouth of the Susquehanna River south to 
Tangier Island 

Potential sites that were considered feasible for spoil disposal 
purposes were categorized as follows 

°    Island and shoreline sites which could border a diked area 
and serve as a base for eventual fast land recovery 
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° Marsh and swamp areas which could receive dredged harbor spoil 
providing eventual land recovery or possible nutritive enrich- 
ment of wetlands for wildlife use 

°   Relatively shallow open water areas suitable for diking for use 
as contained spoil disposal areas 

°   Deep bay areas such as trenches or holes where spoil disposal 
would not be subject to the spreading of spoil 

Seventy sites were selected on this basis  These were then crit- 
ically examined on the basis of economic, ecological, and environ- 
mental factors   These factors included site's proximity to oyster 
beds and other valuable seafood areas, the size and distance from the 
area to be dredged, the impact of the containment on water flow and 
navigation, the potential utilization as a reclaimed land area in- 
cluding accessibility to populated areas, and the present value as 
wetlands or wildlife refuge areas 

Following this, a review of each site was made with personnel of 
various state, commercial, civic, and private interests to insure the 
fact that all groups were represented 

Concurrently, the potential srtes were examined from an economics 
standpoint by means of a mathematical model, hereafter termed Econo- 
metric Model   Details concerning this model are discussed below 

The Econometric Model 

Input data to the Econometric Model were based on current dredg- 
ing practices and costs  Assumed constant in the model were   (l) the 
cost of excavating the dike material, (2) the cost of off-loading the 
spoil, and (3) the cost of purchasing the dike material at $ 10 per 
cubic yard 

Variables in the model included   (l) transportation distance of 
the spoil to the disposal site, (2) cost of cutting channels to some 
sites, (3) transportation of dike material, (k)   construction of the 
dike, (5) partitioning, and (6) compressibility of the bottom sedi- 
ments   Costs were computed for purposes of the comparison of sites 
on the basis of unit cost of cubic yard of dredged spoil 

For convenience, the shipping channel to be dredged was divided 
into five zones   As the bottom contour of the bottom varies, the 
centroid of the volume to be cut for each zone was located after the 
channel had been divided  Navigable distances to the sites were com- 
puted from these centroids 
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One of the most important factors m choosing the site was the 
dike itself  For comparisons and to enable certain conclusions to 
be drawn, a structural model had to be formulated early m the study 
The dike used for the model had a 1 4 slope on each face with eleva- 
tion of +9 above mean low water (MLW)   It was trapezodial m shape 
with k  yards across the top  The water depth at each of the sites 
was 15 feet or 18 feet MLW   In order for the unit cost of construc- 
ting the dike to be incorporated in the model, the following equation 
was used 

„  .    , / ,3     Volume of Dike 
Unit cost/yd  = —  . •„=•'••„ Vol  of Spoil m Site (82 77/yd-5) 

The figure S2 77/yd was the unit cost assumed for constructing 
the dike   In keeping with the design of the model, the cost was di- 
vided by the amount of spoil m the site   This gives a unit cost per 
cubic yard of spoil 

The four most common horizontal configurations for the finished 
dike are the circle, square, rectangle, and equilateral triangle   The 
fo1 lowing tabie gives the amount of dike material m cubic yards re- 
quired to contain 100 million cubic yards of spoil at 18 feet MLW 
Calculations ior the volume of the dike material axe based on dimen- 
sions measured to the top inner edge of slope   Furthermore  it was 
asoumed for the sake ol simplicity that the volume of dike material 
underlying the face of the inner slope had a negligible effect on the 
storage capability of this enclosure 

Circle Square 
Rectangle (3000 x 
37^0 yards) Triangle 

h   2-5h   million yd h  80 million /d3 k  826 million yd3 '5 h71  million yd3 

From the above table it is clear that the circle would be the best, 
since the dike required the least material   This conclusion requires 
modification when partitioning is considered  Details concerning this 
matter are discussed below 

In the disposal of spoil m diked areas the question arises whe- 
ther to build one continuous dike for the entire volume to be contained, 
awaiting a long period for filling and stabilization, or to partition 
the site into sections and thereby create stabilized acreage at a much 
faster rate   In partitioning, however, extra dike material is required 
and the most economical dike shape may change  Since the triangle was 
by far the most costly of the configurations, the effect of partition- 
ing was examined only on the circle, square, and rectangle   A table of 
unit costs for the three shapes with varying numbers of partitions is 
given below, assuming 100 million cubic yards to be placed in the sLte 
and the bay bottom to be 18 feet below mean low water 
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Number of Partitions 

5 
6 

7 

10 

Circle 

i i9Vya3 

S 210/yd3 

$.229/yd3 

S 248/yd3 

$ 266/yd3 

8 285/yd3 

S 303/yd3 

Square 

8 199/yd3 

8 210/yd3 

S 233/yd3 

S 243/yd3 

I 255/yd3 

8 266/yd3 

S 2V7/yd3 

Rectangle 

I 221/yd3 

f 253/yd3 

$ 283/yd3 

8 3lVyd3 

8 3'fVyd3 

$ 375/yd3 

f ^06/yd3 

Although the circle does at times seem the best economically, the 
unit cost for a square is never more than one-half cent higher than 
that of a circle per cubic yard  As the number of partitions increas- 
es, the square becomes the more desirable shape 

Initially, the compressibility of the sub-bottom was assumed zero 
An analysis was pursued for the purpose of determining a multiplier to 
be applied to the unit cost for zero compressibility to adjust for the 
estimated compressibility of the bottom sediments  When settlement 
takes place more dike material is required if a predetermined elevation 
of top of dike is to be maintained  Thus, initially the dike must be 
built to a higher elevation.  Once the amount and rate of settling is 
estimated from tests on bottom core samples, compensation for settl- 
ing can be achieved by considering a pad of trapezodial cross-section 
with the same 1 h  side slope as existing beneath the dike   The height 
of the cross-section would be equal to the estimated settlement  As 
a result both studies may proceed simultaneously 

Economic Projection 

Selecting an area for a diked enclosure involves a decision whe- 
ther to build for long range use at the present time or to build small- 
er enclosures filling them m shorter intervals  All are aware of the 
diminishing value of the construction dollar with time, however, the 
more rapidly land is created the more rapidly its worth can be realized 
from both a sale and tax income standpoint 

The Engineering News-Record Construction Cost Index, which is an 
aggregate combination of common labor cost and material cost, was ex- 
amined to determine the effects of inflation on construction  The Con- 
struction Cost Index in December, 19^9, for Baltimore was k2k       In 
December 1969, it was 1015  This is an increase of about 240 percent. 
A construction project m 19^9 costing $10 million would cost $2^ mil- 
lion today 



DISPOSAL AREAS 2275 

Projections of the ENR Construction Cost Index were made to the 
year 2000  Three straight line projections were made  maximum, 
median, and minimum rates of growth based on past recorded growth 
rates  Median rates have been extrapolated from the average trend 
line between 1950 and 1970  Maximum rates are based upon the trend 
line between 1963 and 1970 and minimum growth rates upon the trend 
between 19^9 and 1963  Projection of the costs for any project to 
some future date were obtained by multiplying today's estimated con- 
struction costs by a ratio of the estimated future cost index to the 
present cost index  Space prevents further elaboration here of the 
studies made 

SUB-BOTTOM INVESTIGATION 

A program of sub-bottom investigation was undertaken for four 
purposes 

1 To determine the types of sediment to be dredged 

2 To determine the compressibility of the material underlying the 
dikes for dike design purposes 

3 To obtain exact information as to the bathymetry m the candidate 
spoil areas 

h To obtain samples from the channel to be dredged for the chemical 
analysis of selected metal ions 

The investigation was divided into two parts--a seismic survey and 
a test boring program 

The seismic survey technique chosen for sub-bottom profiling em- 
ployed a 3 5KH output frequency sub-bottom profiling device provided 
and operated by personnel from the Oceans International Company, Mys- 
tic, Connecticut 

The profiling equipment used on this project emitted an acoustic 
signal strong enough to penetrate to approximately 30-50 feet of the 
sub-bottom  About equivalent to the noise of a small sledge-hammer 
blow on a hard surface, the signal energy which is transmitted through 
the water and then absorbed and/or reflected by the sub-bottom m no 
way disturbed the bottom of the bay 

The position of the vessel at any time during the seismic survey 
was automatically recorded by the Motorola Range Positioning System 
(EPS)   RPS operates at lme-of-sight ranges up to 50 nautical miles 
and the usual system range measurement accuracy is considerably better 
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than 50 feet   The RPS was chosen for this project because of its 50- 
raile range, its all-weather capability, and its unique coding for non- 
interference with shipping or other communications in the congested 
harbor area 

To eliminate the necessity for shifting the transponders to new 
lme-of-site visible fixed reference stations, two high elevation 
sites were selected which could be "seen" electronically at all times 
from any planned position of the survey boat   One of these, an out- 
side observation-type terrace area of the Maryland National Bank Build- 
ing m downtown Baltimore, which the Chesapeake and Potomac Telephone 
Company made available, is approximately 4-75 feet above sea level 
The other was atop one of the high towers on the suspension bridge of 
the Chesapeake Bay Bridge at an elevation of about 4-00 feet above sea 
level  Each transponder and its antennas weighed approximately four 
pounds 

The seismic data which were acquired m less than one week, when 
correlated with test boring data acquired at a slightly later date, 
and over a period of six weeks, gave an extended picture as to the 
composition and compressibility of the sub-stratum m the areas 
concerned 

The test boring program consisted of basically taking continuous 
samples with a four-foot long 3" diameter piston corer according to 
ASTM Specification DI587-63T   Twenty borings in 4" cased holes spaced 
6600 feet apart to a depth of 15 feet m the various channels to be 
deepened formed the backbone of this phase of the program  These were 
supplemented by 20 additional single four-foot piston cores (uncased) 
taken midway between the cased holes 

Immediately upon removal from the drilling rig the sample tubes 
were placed m dry ice and frozen m preparation for chemical analysis 
and to preserve intact any samples with a high water content  At the 
laboratory the long cores were cut laterally into 6-mch long cylin- 
ders and then longitudinally into hemi-cylmders  One of the hemi- 
cylinders was used for gram size analysis of the sediments, the other 
was utilized for chemical analysis 

The second part of the test boring program consisted of making 
piston core borings at each of the candidate sites to depths ranging 
from 36 to 50 feet below the bay bottom  Samples from this phase were 
used to obtain a quantitative estimate of dike settlement 
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FUTURE USES OF THE FILLED CONTAINMENT AREA 

Once filled to capacxty and stabilized, the filled containment 
area will present the state with the plesant dilemma of deciding upon 
one or even several of the many possib]e uses of this newly created 
piece of real estate   If land were a goal, the State could expect to 
spend upwards of $25,000,000 for sandfill alone   Where the area is 
located offshore some means of access must be provided in order to 
accomplish any of the uses  Accordingly, sites adjacent to exist- 
ing land where connections with the existing transit facilities are 
possible are particularly attractive 

One often-proposed utilization for newly created waterfront land 
is the construction of an airport   The location of an airport on or 
near water has a number of distinct advantages  However, the problems 
and disadvantages of offshore airports must also be considered  The 
proximity to water presents a weather problem in that fog is always 
more prevalent near the water  This fog or haze enhances the risk 
commercial carriers must face in take-offs or landings 

There will also be air traffic problems resulting from the proxi- 
mity of Washington National, Dulles, Friendship, and Andrews Air Force 
Base to this offshore airport   Even without a fifth major airport, 
air traffic controllers have claimed that the air space in this region 
is too crowded 

Industries of various types might be attracted to new land on a 
waterfront site  The end result is more employment opportunities for 
Marylanders and a general increase m the tempo of economic activity 
m the Baltimore area  A shipping terminal would be another possi- 
bility  The present Dundalk Marine Terminal m Baltimore, old and 
new sections, totals about 5^0 acres 

Prices for industrially-zoned land m metropolitan areas start at 
about $6,500 per acre while industrial sites with all utilities and 
rail frontage range upward from about $15,000 per acre   A conservative 
estimate of the worth of waterfront land in the large cities places 
its value m a range between $15,000 and $25,000 with the shoreline 
lots being the most valuable  Assuming the most conservative price 
($15,000) as an average sale price per acre, the state could consider 
the stabilized filled disposal area as an asset worth m excess of 
$30,000,000 

Turning from industrial development, it can be advantageous to 
consider the new land m terms of a recreation area  The State Depart- 
ment of Forests and Parks presently prefers at least 500 acres for a 
state park  Each of the prime sites meets this requirement   Along 
with a park, an l8-hole championship golf course (approximately 150 



2278 COASTAL ENGINEERING 

acres) could be scenically positioned on the Chesapeake Bay  With 
golf and aquatic sports readily available, it would be logical to 
also construct marinas, hotels, and motels   Athletic stadiums and 
wildlife preserves are other possibilities 

The Federal Government, through the Bureau of Outdoor Recreation 
of the Department of the Interior, provides matching grants to states 
to help defray the costs experienced m the construction of recreation 
areas   Funds for this type of outlay are authorized under the Land 
and Water Conservation Fund Act of 1965  As a result, this recrea- 
tion benefit could be realized for only half of the actual cost 

SPECIAL SITUATIONS STUDIED 

Heavy Metal Content 

In recent years brief investigations indicated that heavy metals 
exist in the bottom sediments of Chesapeake Bay   Knowledge of the sol- 
ubility and concentration of these metals is necessary for the proper 
evaluation of the possible disposal sites   Concurrently, with the pre- 
sent investigation, a study is being made of the effect of these metals 
on shellfish  This is being undertaken in a cooperative effort by the 
Chesapeake Biological Laboratory, the Chesapeake Bay Institute, the 
Department of Chesapeake Bay Affairs, and the Department of Water Re- 
sources 

Chemical analysis of the sediments by Atomic Absorption Method 
for the Chromium, Copper, Cadmium, Zinc, Lead, Nickel, Cobalt, Mercury, 
Manganese, and Molybdenum was made  Although other methods are avail- 
able, Atomic Absorption Spectrometry was chosen as the method for mak- 
ing the desired analyses  This method is generally accepted as the 
most desirable because it is rapid and inexpensive and requires the 
least interpretation to obtain actual concentrations   In addition, 
standards used can be prepared to take into account amounts of inter- 
fering metals which may be included m the samples 

Initially, several digestion procedures for the sediments were 
utilized  One was acetic acid-sodium acetate buffer system  Another 
was 1 0 Molar concentration of hydrochloric acid (HCL) at 70° C for 
48 hours  A third procedure used was digestion with aqua regia 

There was little difference m the results obtained using HCL and 
aqua regia digestions   The latter method was therefore discontinued 
A considerable difference between the other two digestion procedures 
was observed, however, and, therefore, a dual set of analyses was made 



DISPOSAL AREAS 2279 

Digestion with the acetate buffer method would be expected to ex- 
tract all of the soluble portions or lightly-bound particles while the 
HCL method would extract the more tightly-bound particles   These two 
methods, then, piobably enable distinction between the readily avail- 
able or soluble metal ions and the more tightly-bound metal ions 

Spoil Stabilization 

During the initial period of spoil disposal the spoil, which is 
largely silt, will be covered by the water contained m the diked area 
A large lake within the Bay will be delineated by the dike   Subsequent 
spoil disposal will cause the level of the spoil to rise above the wa- 
ter level within the dike   Slow movement of water entrapped m the 
interstitial spaces of the fine-grained material, however, will preclude 
the soil from bearing safely superimposed loads, such as buildings, for 
a number of years   In hopes of converting the created land into valuable 
real estate more rapidly, a search was made of the technical literature 
pertaining to soil stabilization by vibro-flotation, by electro-osmosis, 
and by chemicals   Agencies concerned with this type of problem such as 
the Corps of Engineers m Buffalo and Detroit and those concerned with 
the dry land phase, such as the Highway Research Board, were contacted 

The results of both parts of this investigation indicates that few 
inroads, if any, have been made into the problem and no satisfactory 
method of rapidly stabilizing the water-deposited dredged spoil is 
available 
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CHAPTER 138 

WAVES GENERATED BY LARGE SHIPS 

AND SMALL BOATS 

M M Das and J W Johnson 
University of California 

Berkeley 

The peak wave energy in a system of waves resulting from the 
passage of a ship is of importance in such problems as bank erosion, 
the motion of moored vessels, forces on fixed and floating docks, 
etc  With respect to the bank erosion problem, the question often 
asked is whether the single passage of a large ship during a day, 
for example, is more damaging than numerous passages of small plea- 
sure craft during the day  With this in mind this study was conducted 
to determine the relative importance of the peak energy resulting 
from the passage of a Mariner class cargo ship and a pleasure cruiser 
The characteristics of these vessels are as follows 

TABLE 1 MODEL CHARACTERISTICS 

Overall length   Beam     Draft  Total Displace- 
Scale      (inches)    (inches)  (inches) ment (lbs ) 

Mariner class 1 96       70 75       9 25      3       37 32 
cargo ship 

Cruiser       1 16       48 75       -       2       24 91 

The characteristics of the waves generated by these vessels moving 
at various speeds in deep and shallow water were determined from 
towing tests in a model basin (Ref 1) 

The energy density or total energy per unit surface area is 
equivalent to the mean-square-height of the waves  The value of this 
term m a finite wave train varies with distance outward from the 
sailing line  From the point of view of the design of the banks of 
navigable channels and forces on docks or moored vessels, the peak 
wave energy associated with the maximum wave height in a wave train 
is of importance  For example, Figure 1 shows the peak energy den- 
sity, H  , at various distances from the sailing line resulting from 
the cruiser model moving through shallow water (prototype depth = 
5 5ft ) at various speeds (Froude Numbers)   It is obvious from Fig- 
ure 1 how important the ship speed is in generating high waves, 
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particularly near the sailing line  Figure 1 also shows that the 
peak energy density is reduced by about 90 percent at a distance 
of five ship lengths from the sailing line for high ship speeds 

A plot similar to Figure 1, shown in Figure 2, is for the cargo 
ship model also moving m shallow water (prototype depth = 33 ft ) 
It is obvious from Figures 1 and 2 that the wave-making resistance 
of the cruiser is much greater than the cargo ship, especially at 
high speeds and near the sailing line  A cross-plot of data from 
the tests on the two models in prototype values is shown in Figure 
3 where H 2, a measure of peak energy density, is given as a func- 
tion of distance from the sailing line for various ship speeds in 
knots   In both instances the models operated under shallow-water 
conditions, that is, a low value of the ratio of water depth to 
ship draft  Comparisons of peak energy density for the two vessels 
can be made from Figure 3  For example, the cruiser travelling at 
7 knots creates the same peak energy density at 150 ft from the 
sailing line as does the cargo ship travelling at 13 knots at 500 ft 
from the sailing line  Another comparison is that at 300 ft  from 
the sailing line the cruiser travelling at 7 knots creates the same 
peak density as the cargo ship does when travelling slightly more 
than 12 knots   It therefore appears from these comparisons that 
for vessels of the sizes used in this study that small boats can 
induce more serious wave conditions than can a large ship 
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