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CHAPTER 1 

WIND WAVES AND SWELL 

R. L. Wiegel 
Associate Professor of Civil Engineering 

University of California 
Berkeley, California 

Winds blowing over the water surface generate waves.   In general 
the higher the wind velocity, the larger the fetch over which it blows, and 
the longer it blows the higher and longer will be the average waves .   Waves 
still under the action of the winds that created them are called wind waves, 
or a sea.   They are forced waves rather than free waves.   They are vari- 
able in their direction of advance (Arthur, 1949).   They are irregular in 
the direction of propagation.   The flow is rotational due to the shear stress 
of the wind on the water surface and it is quite turbulent as observations of 
dye in the water indicates.   After the waves leave the generating area 
their characteristics become somewhat different, principally they are 
smoother, losing the rough appearance due to the disappearance of the 
multitude of smaller waves on top of the bigger ones and the whitecaps 
and spray.   When running free of the storm the waves are known as swell. 
In Fig. 1 are shown some photographs taken in the laboratory of waves 
still rising under the action of wind and this same wave system after it 
has left the windy section of the wind-wave tunnel.   It can be seen thati-the 
freely running swell has a smoother appearance than the waves in the 
windy section.   The motion of the swell is nearly irrotational and non- 
turbulent, unless the swell runs into other regions where the water is in 
turbulent motion.   Turbulence is a property of the fluid rather than of 
the wave motion.   After the waves have travelled a distance from the 
generating area they have lost some energy due to air resistance, in- 
ternal friction, and by large scale turbulent scattering if they run into 
other storm areas, and the rest of the energy has become spread over a 
larger area due to the dispersive and angular spreading characteristics 
of water gravity waves.   All of these mechanisms lead to a decrease in 
energy density.   Thus, the waves become lower in height.   In addition, 
due to their dispersive characteristic the component wave periods tend to 
segregate in such a way that the longest waves lead the main body of wavei 
and the shortest waves form the tail of the main body of waves.   Final- 
ly, the swell may travel through areas where winds are present, add- 
ing new wind waves to old swell, and perhaps directly increasing or 
decreasing the size of the old swell. 

1.   Wave Characteristics 

An observer stationed high above the area in which wind waves 
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COASTAL ENGINEERING 

pass from the fetch into an area of calm (called the decay area) would 
notice that the waves in both regions vary in heights, lengths, and 
breadths.   If he were to follow a particular wave crest he would notice 
that it would gradually disappear; he would also notice new crests form. 

An observer watching the crests leaving the fetch and measur- 
ing the time intervals between the successive crests as well as the 
heights would have a true picture of the surface waves at a particular 
point without having a true picture of the phenomenon.   This is because 
the surface phenomenon is a result of other complex phenomena.   Be- 
cause there is a spectrum of lengths (or periods) and heights present 
there must be some sort of a group phenomenon; that is, there are no 
permanent wave forms.   Instead, wave crests and troughs gradually ap- 
pear and disappear.   The longer wave components of the group, travel- 
ing with greater speeds than the shorter wave components, gradually 
move ahead, with the shortest wave components dropping behind. 
Hence, a spreading of the wave system occurs. 

In order to understand what happens in an actual case, where the 
generating areas vary in size, the winds vary in speed and direction and 
exist for different lengths of time, it is necessary first to consider the 
simplified case of a stationary storm of constant dimensions with winds 
that immediately spring up to a constant speed and remain at that speed 
for a short time, long enough to generate a considerable number of waves 
and then die down immediately.   In addition, the decay distance must be 
long enough for complete segregation of wave components to take place. 
Shortly after the wind starts blowing over the entire generating area the 
waves will be short, but probably close to maximum steepness (H/L =1/7 
in deep water).   At some distance downwind from the start of the fetch 
the waves will gradually grow in height and length as time increases. 
The maximum wave dimensions at this point will be obtained when all of 
the waves generated upwind of this point have reached it, this time de- 
pending upon the group velocity of the waves.   When this has occurred 
a quasi-steady state condition has been reached. 

An observer traveling along with the wave system in the decay 
area would notice that the long wave components would gradually move 
in front of the system and short wave components would drop to the rear 
of the system.   The longer the wave system has traveled the greater 
would be this segregation.   If the group were to travel many thousands 
of miles, and were there no other disturbances, this segregation and 
stretching of the system would become complete.   An observer at a fixed 
distance from the storm would notice a steady decrease in wave period 
with increasing time. 
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Generation and Decay of 
Wind Waves.   Constant wind velocity in the 
fetch, no wind in the decay area.   Steady 
state conditions.   Photographs taken in the 
University of California  Wave Channel. 

Fig. 1 
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Notest    Averages of periods  (T) and significant breaker heights ((HJ/J)  ) are for fifteen minute 
interval on each side of Indicating lines. 

1916 PST.    T s 12.0 seoonds,   (HJAJJ a 4.0 feet. 
2300 PSI.     T = 10.3 seoonds.   ("1/3)3 S 8-° *••*. 

Fig. 2. Mark V, No. 1A, record for 1915 to 2300 PST,   18 
October, 1949, Camp Pendleton, Oceanside, California. 
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Actually, the duration of the storm and the relatively short decay 
distances (even several thousands of miles) are such that complete segre- 
gation never takes place.   In local storms almost no segregation takes 
place and the lengths and periods are relatively short, even if the winds 
were great, the fetch long and the duration long; stretching of wave sys- 
tem does not occur so that the energy density is high.   As the decay dis- 
tance increases the segregation increases and so the long waves, often 
called "forerunners of storms", reach the coast before the main body of 
waves.   For a particular storm the longer the decay distance the greater 
is the time between these forerunners and the main body of waves (high 
energy density). 

The normal case is more complicated.   For example, suppose 
the storm lasts for two days and that it takes only one day for the me- 
dium length wave component to reach the section of coast under consider- 
ation.   The longer waves are being continually generated as are all the 
shorter wave periods.   Thus, even as the first of the shortest waves are 
arriving at the coast the longer waves which were being formed after the 
shorter waves have left the generating area, overtake the shorter waves 
and arrive at the same time. 

It can be seen then that a section of coast a considerable distance 
from a storm will be subject to long, low waves first with the mean 
"period" of the waves (with the "period" being defined as the time nec- 
essary for two successive crests to pass a fixed point) decreasing with 
time but with the period spectrum width about the mean value increasing. 
The wave "heights" (with the "height" being defined as the vertical dis- 
tance between a trough and the following crest) will be increasing be- 
cause the greatest energy density is concentrated in the waves with me- 
dium periods.   An example of such a "wave front" reaching the coast can 
be seen in Fig. 2.   As the last of the waves reach the coast an abrupt 
decrease in wave period and height will be observed.   The average peri- 
od of even these short waves, at the coast, will always be longer than 
the period observed at the end of the fetch because of the spreading phe- 
nomenon and because the smallest waves will have been either captured 
by the large waves or dissipated. 

The actual phenomenon is more complex than has been described 
because the winds gradually rise to a maximum speed, then decrease 
again, always fluctuating, with the wind field varying in size and ttie 
storm moving. 

As an example, consider the wave spectra at Pendeen, England, 
during 14 to 15 March 1945, which has been presented in Fig. 3 
(Barber and Ursell, 1948).   The wave record at Pendeen, the bottom 
pressure type, was analyzed by a frequency analyzer so that the com- 
ponent period spectra was obtained.   It can be seen that the forerunners 
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of a new wave system first appeared at 1300 on 14 March 1945.   The 
mean of the periods gradually decreased while at the same time the width 
of the spectra increased. 

In the literature on ocean waves the terms gaussian and random 
are often used when referring to the heights and periods of wind waves 
and swell.   These terms must be used with caution as they oversimplify 
the true nature of waves and they are not descriptive to the layman of the 
many groups of nearly periodic waves that exist.   That these groups 
exist can be seen in Fig. 4 in which records of waves in the generating 
area are presented for laboratory, lakes and ocean conditions .   The 
statistical techniques used in obtaining the information that will be pre- 
sented in the following sections neglect the time sequence of the phe- 
nomena.   Thus, one entire class of information is often thrown away in 
the analysis of waves .   From an engineering standpoint it is the groups 
of several periodic waves, which are almost always the highest waves 
in a wave system, that are the most effective in causing structural 
damage.   Donn and McGuinness (1959) report that the waves they meas- 
ured in a relatively open ocean area occurred in striking sinusoidal 
groups in contrast to the far more irregular patterns observed in the 
shallow water off coasts in the area. 

One of the main problems connected with describing waves is 
that of defining what we will call a wave.   Should every small bump be 
considered a wave9   For some purposes, such as scattering of radar or 
the reflection and scattering of light, the answer should be yes .   For 
many purposes the answer should be no.   One concept that is useful in 
this respect is to neglect the very small waves and to measure the high- 
est one third of the remaining waves, the average of the highest one 
third being called the significant or characteristic wave height.   This 
concept was developed during studies of landing craft operations in the 
surf in World War II.   It was found that the wave height estimated by 
observers corresponded to the average of the highest 20 to 40 percent of 
the waves (Scripps Institution of Oceanography, 1944).   Originally, the 
term significant wave was attached to the average of these observations, 
the highest 30 percent of the waves, but has evolved to become the aver- 
age of the highest 33-1/3 percent (designated as Hg or Hi/3). 

It can be seen in Fig. 4 the higher waves often occur in groups 
which are nearly periodic.   The average period of these high groups in 
a record was termed the significant period (designated at Ts or TH1/3). 

In order for the concept of significant wave height and period to 
be of more value studies were made of the distribution of wave heights 
and periods about their mean values (Ehring, 1940; Seiwell, 1948; 
Wiegel, 1949, Rudnick, 1951;   Munk and Arthur, 1951; Darbyshire, 1952; 
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TABU I.    MEASURED STATISTICAL RATIOS FOR OCEAN WAVES 

Location and 
Type Wave Recorder 

Statistical Ratios 

Remarks 
"max Hmax 

«V3 
Hjiiax 
Hmoan 

•tyio 
«V3 

H0O «V3 
Umean 

H^ 

Hmean 

la. Oavenport, Calif, 
surface rec'dr 

1.40 1.90 1.19 1.61 1.37 llmos., 12-20 min. interval every 121irs 
water depth 46'MLU»   (AIH3EL&KUKK,'57) 

lb. Davenport, Calif, 
bottom-pressure 
recorder 

1.64 2.64 1.32 2.09 1.48 5 mos., 12-20 win. interval every 
12 nrs., viator depth 46' toLLW 
(wMEL & KUKK,  1957) 

2.    N. Atlantic Ocean 
NIO ship-borne 
recorder 

2.40 1.60 138 records, 26-1^4 waves per 
record ( mean of 69 waves) every 
3 hrs.  (UARLINGTUlM,  1954) 

3.    Pt.Arguello, Calif. 
bottom-pressure 
recorder 

1.42 1.85 1.30 3 mos., 4ii nan.  every 8 nrs.j 
figures refer to daily ave. & max., 
recorder in 75'  of water MLU 
(wIlCIL, 1949) 

4.    Pt. Sur, Calif, 
bottom-pressure 
recorder 

1.46 1.85 1.27 14 mos., 20 nan. interval every 8 
hrs.;  figures refer to dally ave. 
& max.;  recorder in 68*  of water 
MLLW    (l.IBGii, 1949) 

5.    Heceta Head, Ore. 
bottom-pressure 
recorder 

1.47 1.91 1.30 14 mos., 20 nan. interval every 8 
hrs.; figures refer to daily ave. 
& max.; recorder in 50'  of water 
kLL'.t    (i.IhCH., 1949) 

6.    Cuttyhunk, Mass. 
bottom-pressure 
recorder 

1.57 10 mos., 20 min. interval every 6 
hrs., wave recorder in 75'  of 
water    (SblnUX, 1948) 

7.    Bermuda 
bottom-pressure 
recorder 

1.57 4 mos., 20 mm. interval every 2 
hrs., recorder in 120'  of water 
(SblftELL, 1948) 

6.    Cape Cod, llass. 1.56 1 record, 14 waves; 1 record, 28 
waves, waves only 2-3 sec. period 
(GIBSON, 1944) 

9.    LaJolla, Calif, 
bottom-pressure 
recorder 

1.63 1.49 46 waves    (JIUwK & ARTHUR, 1951) 

10.   North Sea 
pressure recorder 
banging on cable 
below float 

1.85 688 waves (every bump counted as a 
wave); wind waves    (EHRIWG, 1940) 

1.5 1.58) 517 waves (neglecting all waves 
less than 14.8 cm high in above 
sample    (HARhitf, SAUR & ROBINSON, 
1949) 

11.    Pacific Coast, U.S.A 
& Guam, 11.1., bottom- 
pressure recorder 

1.63 25 records, 20 min. interval 
(PUTZ, 1952) 

12.    Greymouth, N. Z. 
bottom pressure 
recorder 

1.24 1.94 1.58 109 records, 17 min. interval, 
every 2 hrs.    (MTTtRS, 1953) 

13.    Hachijo I. Japan 
(surface ?) 

2.0 1.5 11 records, 10 min. interval, 
various locations    (YOSHIDA, 
KAJIURA & HIDAKA,  1933) 

14.   Long Branch, N.J. 
BEB surface recorder 1.29 1.93 1.50 1 record of 102 waves    (PIERSON, 

NEUMANN & JAKES, 1955) 

15.    Bermuda,    NIO 
ship-borne recorder 1.24 1.61 

6 records, 12-18 min. interval 
(FAHHER, 1956) 

16.    Oceanside, Calif, 
bottom-pressure 
recorder 

1.25 1 mo., 20 min. interval every 8 
hrs.    {wIEGEL & KUKK, 1957) 
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Putz, 1952; Pierson and Marks, 1952; Watters, 1953; Yoshida, Kajuira, 
andHidaka, 1953; and Darlington, 1954).   These papers advanced the 
concept of the "statistical nature" of ocean waves.   Many of the data were 
summarized by Longuet-Higgins (1952) in his paper on the statistical dis- 
tribution of heights of ocean waves . 

Almost all of the data were obtained from bottom pressure-type 
recorders, with their inherent practical and theoretical limitations 
(Folsom, 1949; Pierson and.Marks, 1952; Fuchs, 1955; Gerhardt, Jehn 
and Katz, 1955; Neuman, 1955).   Similar studies were made with both 
surface recorders and bottom pressure recorders by Wiegel and Kukk 
(1957), the results of which are shown in Fig. 5.   It was found that the 
statistical ratios obtained by measuring the waves at the surface differed 
from the ratios obtained from the sub-surface pressure recorders (Table 
1).   It is believed that the difference, and the sign of the difference, can 
be explained by the method of analyzing the records of the sub-surface 
pressure recorders combined with the fact that the sub-surface dynamic 
pressures decrease more rapidly with depth for the lower period waves 
than for the longer period waves .   Of particular importance is the fact 
that the surface measurements in the ocean of wind waves and swell of 
Wiegel and Kukk (1957) resulted in nearly the same ratios as those of 
the surface measurements by Sibul (1955) of wind-waves generated in a 
wind-wave tunnel.   Although many of the measurements of Sibul were 
for waves in relatively shallow water the author states that no observable 
shallow water effect was noticed in the wave height ratios .   It should be 
noted that the wave height ratios obtained by Wiegel and Kukk were for 
swell with wind waves often superimposed, while the ratios obtained by 
Sibul were only for wind waves.   It appears then that the wave height 
distribution about a mean value is about the same for swell as for wind 
waves. 

Several investigators were able to fit existing mathematical 
curves to the empirical wave height data, curves of the "random distri- 
bution" type (Putz, 1952; Longuet-Higgins, 1952; and Walters, 1953). 
The work of Longuet-Higgins is in most general use (it predicts nearly 
the same values as do the curves of Putz).   It allows the prediction of 
the most probable maximum wave height for a given number of waves, 
providing the mean wave height (or some other measure of wave height) 
is known.   These values are presented in Table 2.    In this table N is 
the number of consecutive waves considered and #Xamax) is the most 
probable maximum wave amplitude (half the wave height) that will oc- 
cur in N consecutive waves if the sample has a root mean square wave 
height of 2 a.    In order to find the most probable maximum wave to 
expect in N waves if the significant height is known, rather than the root 
mean square wave height, it is only necessary to divide the value 
ju(amax) by 1.416 (Table 3).   For example, if N = 500 waves, from 
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Table 2 

Value of E (amax) / a   and /u (amax) / a for different values 
of N, for a narrow spectrum (after Longuet-Higgins, 1952) 

1 

(log N)"2 
E (amax)/ a 

N exact asymptotic Mfemax)/ a 
expression expression 

1 0.000 0.886 0.707 
2 0.833 1.146 1.030 
5 1.269 1.462 1.366 

10 1.517 1.676 1.708 1.583 
20 1.731 1.870 1.898 1.778 
50 1.978 -- 2.124 2.010 

100 2.146 — 2.280 2.172 
200 2.302 — 2.426 2.323 
500 2.493 -- 2.609 2.509 

1,000 2.628 -- 2.738 2.642 
2,000 2.757 -- 2.862 2.769 
5,000 2.918 -- 3.017 2.929 

10,000 3.035 -- 3.130 3.044 
20,000 3.147 -- 3.239 3.155 
50,000 3.289 -- 3.377 3.296 

100,000 3.393 -- 3.478 3.400 

Table 2, v (amax) / a = 2.509, from Table 3   a(0.333)/a = 1.416, and 
the most probable maximum wave height/significant wave height = 
2.509/1.416 = 1.77.   If the significant wave was 10.0 ft. then the most 
probable maximum wave height would have been 17.7 ft. 

The entire spectrum of wave heights can be obtained by use of 
Table 3. 

Table 3 

Representative values of a<P)/ a   in the case of a narrow 
 wave spectrum (after Longuet-Higgins,  1952).  

p a<P>/ a P a(P>/ a 

_ 1.347 

0.5 1.256 
0.6 1.176 
0.7 1.102 
0.8 1.031 
0.9 0.961 
1.0                            .    0.886 

10 

0.01 2.359 
0.05 1.986 
0.1 1.800 
0.2 1.591 
0.25 1.517 
0.3 1.454 
0.3333 1.416 
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In Table 3 p = 0.1 refers to the average of the highest one tenth of the 
waves, p = 0.333 refers to the average of the highest one third of the waves 
p = 1.0 refers to the mean of all of the waves, etc.   The ratio Hi/io/Hj/3 
can be obtained from Table 3 as 1.800/1 .416 = 1.28; and the ratio Hi/3/ 
Hmean as 1.416/0.886 = 1.60.   It is evident from a comparison of these 
values with those shown in Table 1 that the wave height distribution func- 
tion of Longuet-Higgins is of practical importance. 

The wave height distribution function of Longuet-Higgins is for the 
case of a narrow wave spectrum.   For a wide spectrum the work of 
Cartwright and Longuet-Higgins (1956; also, Williams and Cartwright, 
should be considered. 

Another important set of statistical data deals with the wave 
period (or frequency) spectrum.   Putz (1952) made measurements of 
twenty-five wave records (bottom pressure type), each record of approxi- 
mately twenty-minute duration.   He found the relationship between the sig- 
nificant wave period to the mean wave period shown in Fig. 6 .   The com- 
plete period distribution function of Putz is shown in Fig. 7.   As an ex- 
ample of its use, suppose the significant period was 11.5 sec., then from 
Fig. 6 it would be found that the mean wave period would be 11.0 sec. 
From Fig. 7 it would be found that 99.5 percent of the wave periods 
would be less than 18 seconds and that only 0.5 percent would be less 
than 4.5 sec.   Of more importance in the consideration of waves in the 
generating area is the work of Darbyshire (1959), the data on wave fre- 
quency distribution being given in Fig. 14. 

Darlington (1954) has made a similar study of wave records ob- 
tained with the NIO shipborne wave recorder (Tucker, 1956) in the North 
Atlantic.   Most of the recordings reported were made with the ship 
stopped.   As can be seen in Table 1 his results on wave height distribu- 
tion agree well with those of Putz, and the data extended the results to 
a mean wave height up to 28 ft. with a maximum wave height of 42 ft. 
The results of the relationship between the period of the highest one 
third of the waves and the mean period are shown in Fig. 6.   The results 
are not the same as those obtained by Putz, but are not too different. 
Part of the difference must be due to the fact that Putz's records were 
obtained from a bottom pressure recorder.   In addition, Darlington's 
measurements were made in storm areas (with background swell in 
many cases), while Putz's measurements were mostly of swell.   It is 
interesting to note that both results show that for lower period waves 
Tm should be greater than THW3.   Darlington found that by interpo- 
lating the best fit straight line that Tm > Tjii/3 for Tm < 6 sec, while 
Putz found that Tm > TH1/3 for Tm < 9 sec.   No actual measurements of 
this condition were made however,   Both of these findings are in conflict 
with Sibul's (1955) measurements of short period waves generated in a 
wind-wave tunnel, Fig. 8 .   It would appear then that the relationship 

11 



COASTAL ENGINEERING 

1 

\\\ 

J 
N* l^k. \ 

^ 

5 
• i- - 

^J- 

^ 
^ 

I H      S               S o 

*4» .s sV 
f • • •V ^ 
c * 
\ 

X •• ^ 
<iv 

s • "^^fv1 

J 
—.1—1— V 

» J 

I 

\ a V 6 

** \ V^j 
o 

> 

5 

o 

0 * '.« o 

• ?8 o 

n 

^ 
Su 

o 

t« V 
o 

o      o 
C c 

^ « » * * )         A - < 
V 

f f 
2 

*  1 

\ 1 
\ 2,    " 0 

J 
O 

•J t- 

*" 
'. o" 

S3. o 

< «<* 
<>%• »~ 

. « 
•* 

\ 

III 
111* 

< W v \ o 

1 

jl 

4 -\ s  > 

D IBSjJj 

^ 

^ • • 

J 
a 

• o 

.•i , • w 
o 

— d 

_jJo 

s 3 

li 

. *. —1 &  
••• —-?L— o             ^k 

s tt 
„•-.  _j 

S 1 M 

ft 

oooooooo 
i 

V • 
o    o 
goo 

o )? 

°   0 
°o   tg 

O 

> 

o 

o. i" 
•          O 

F^^>         g»0 
• • 

b 
\ 
\ \ 

9 \ \ 
\ 

II 

^ 

a* H 

i! 

M II 
if 

fcjt 
ill 

to 

$ 

1 w s S A 
ft 

\ \ vA — i 

u ̂  V \ s \ V i *\ 
 k 

V A \\ 
\ \i -V "\ V 

\ \ 
^ 

A \ A \ 
,\ \f V V A \ N \ * 

V ?s \\, A \ A \\ s st\ \^ A \ \\ 
^J •A, \ \ A ,\ 

\ v\ \\ \\ y >v s; h.N. ,\ k\\ Ss ̂ s ̂  \S w V v\\ vV\ M\  « 
r^ <s wr 

^ SM * 
r, 

ss 
V^ t>    3 As .               H 

° 
a  a s 

W 

o 

SI' 
u 

to 
c o 

tpuoMs 'l 'OOIU3d 3A»* 

c   bo 
•H 

m 
o 

•H 
IH 
0) a 

12 



WIND WAVES AND SWELL 

between THI /3 and Tm is a non-linear one.   Part of the difference may- 
be that both Putz's and Darlington's wave measurements are either wholly 
or partially dependent upon the prediction of surface waves from sub- 
surface pressure measurements with some inherent difficulties in measur- 
ing the true mean and significant wave periods . 

What is the relationship between the heights and periods of the 
wind waves ?   In Fig. 9 are shown the relationship between Tmean (tne 

length of the wave record divided by the number of waves in the record) 
and H1/3.   These two parameters were chosen as they were the most 
generally available ones.   The data shown are for wind waves rather than 
swell, although there may be some swell present in the records of Bret- 
Schneider (1954) and Darlington (1954).   A line was drawn through the 
wind-wave tunnel data of Sibul (1955), neglecting the smallest waves as 
these probably were affected considerably by surface tension.   This line 
was extended through several cycles on the log-log paper.   This line is 
expressed by 

H1/3 = 0.45 Tmean2 (1) 

If we assume that for non-periodic waves L = gT2/27r 

H1/3 =       1 (2) 

(Lmean o) 1TT4 

If we assume that the relationship derived by Pierson, Neumann and 
James (1955) for a gaussian sea surface is correct, that is the apparent 
wave length L* is about 2/3 the value of a period wave, then 

H _      1      ..    3 1 (3) 

<L*meano)      11.4 2 7.6 

which is very close to the theoretical maximum wave steepness, and 
nearly identical to the maximum steepness of mechanically generated 
waves.   This appears to be the physical reason for the limit of the max- 
imum wave heights; for a given mean wave period this is the maximum 
that can exist without breaking. 

The California Research Corporation (1960) has measured waves 
from several oil platforms in the Gulf of Mexico using a step resistance 
gage that is essentially self-calibrating in that as each electrode is 
shorted by the sea water passing over it a "step" occurs on the record. 
The data shown in Fig. 9 are for four hurricanes in the Gulf of Mexico, 
with the measurements being made in water 30 feet deep.   Each point 
shown was obtained from a sample of between 100 and 200 waves .   The 
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fact that the water was not deep should be considered as the maximum 
wave steepness in transitional water is not as great as it is in deep water 
On the other hand, some of the data were for essentially deep water 
waves, and these data show the same trend with respect to the dashed 
line as do transitional waves . 

The extension of the line through Sibul's data does not go through 
all of the data taken in the field.   Many of the field data were obtained 
with instruments either entirely or partially dependent upon subsurface 
pressure measurements .    It is known that these pressure measure- 
ments projected to surface values by use of the first order theory re- 
lationship between wave height and sub-surface pressures, when using 
an average pressure factor associated with a mean period, underpre- 
dicts the surface wave by an average of about 25 percent (Folsom, 
1959; Gerhardt, John and Katz, 1955).   This same technique utilizes a 
subjective method of determining the number of waves in a record which 
when combined with rapid attenuation with distance below the water sur- 
face of the short period wave components, results in a mean wave 
period that is longer than would be the case in analyzing a surface wave 
record.   The field data, then, should be shifted in the manner indi- 
cated by the arrows in Fig. 9.   The data of Darlington (1954) and 
Darbyshire (1959) should probably be rotated in the manner shown in 
the figure as the recorder used in obtaining the data is very insensitive 
to waves with periods less than about 6 sec (Marks, 1955; Marks, 1956; 
Williams and Cartwright, 1957).   In addition, the NIO shipborne re- 
corder utilized a vertical acceleration sensing device, the output of 
which must be integrated twice to give a reference for the pressure 
cells .   The reliability of the results of such a technique are not yet 
fully understood.   This would tend to make them conform to the other 
data. 

The data shown in Fig. 9 due to Sibul (1955), Johnson (1950) and 
the California Research Corporation (1960) are for only wind waves 
while these of Bretschneider (1954) and Darlington (1954) probably in- 
clude swell as well as wind waves.   Studies made of data largely of 
swell do not show this trend, as can be seen in Fig. 10 (Putz, 1951). 

Is there any clear relationship between the heights and periods 
of individual waves ?   For wind waves generated in the laboratory the 
answer is a qualified yes.   The results for this case can be seen in Fig. 
11 (Johnson and Rice, 1952).   In general, the longer the wave the higher 
the wave.   For swell, or a mixture of swell and wind waves the joint 
frequency distributions are shown in Fig. 12 (Putz, 1951, 1952).   There 
is no evidence of a relationship between these quantities although there is 
a tendency for highest wave heights to occur with near average periods . 

Ocean waves can be considered to be the combination of a series 
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of components of different periods , or frequencies , with a certain amount 
of power being transmitted by each component.   In describing waves us- 
ing this concept the term wave spectrum is used.   The "spectrum" de- 
scribes in some manner the distribution of the energy density present in 
a wave system with respect to the wave period, or frequency.   An ex- 
ample of one type of wave spectrum is shown in Fig. 3. 

Darbyshire (1959) has obtained the wave spectra for recorded 
waves of a large number of storms in  the North Atlantic using the NIO 
shipborne wave recorder.   The records were analyzed first to obtain 
values of THI / 3 > Hi / 3, etc ., using a wave recorder calibration curve 
based upon the wave component percent associated with fQ.   Then the 
records were analyzed by an approximate Fourier method to obtain cer- 
tain information on the wave spectra, namely, the square of the wave 
height components, Hf, within each frequency interval Af = 0.007 
sec.-l.   f0 was defined as the frequency of the class having the largest 
value of Hf2 on the spectrum.   The heights Hf were corrected using a 
calibration curve based upon the component period associated with 
each frequency f.   The wave period associated with this, Tfo, was 
found to be closely related to the significant wave period (Tf0 = 
1.14 TH1/3) as is shown in Fig. 13.   It appears from this, and from the 
relationships shown by Putz and Sibul, that the choice of the signifi- 
cant wave to describe waves was a good one. 

Darbyshire (1959) has found a consistent relationship between 
Hf^/H2 and f - fo (Fig. 14), where H is defined as the height of a hypo- 
thetical single sine wave train which has the same energy density as the 
actual wave system.   The close relationship between this hypothetical 
wave and other surface wave characteristics can be seen in Fig. 15, 
where Hmax = 2.40 H and H = 0.604 Hi/3 with very little scatter of the 
data. 

The scatter of data of H§/H2 vs f - f0 is considerable when com- 
pared with the scatter of data for Hi/3 vs Hm, TH1/3 vs Tm.   For ex- 
ample, if H were 10 ft., Hf could be between 41 and 56 ft. at its maxi- 
mum. 

As pointed out by Darbyshire this empirically determined spec- 
trum is inconsistent with the previous spectrum of Darbyshire (1952; 
1955), the spectrum of Neumann (1953) and the spectrum of Roll and 
Fisher (1956). 

Burling (1955) computed the spectra associated with various 
fetches and meteorological conditions on a reservoir (fetches from 1200 
to 4000 feet and wind speeds from about 15 to 25 ft/sec.   The results are 
shown in Fig. 16a, where 10 is the circular wave frequency component 
(2WT) and 
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$<u) = -g—J ?(X, t+   T) 5 (X, t+ TrUTdT (4) 

Eq. 4 is given in the form of Phillips (1958b) where § (x,t) is the surface 
displacement at fixed point, and T is a time displacement,   dp (id) has the 
dimensions of ft2 - sec, (or cm2 - sec) and the area under the curve 

dp (u) versus w is related to the energy per unit area being transmitted 
by the wave system.   It is important to note that Burling's data seem to 
lie along a single curve for circular frequencies greater than about 6 
radians/sec (wave periods smaller than about 1 sec).   The curve in this 
region has been developed theoretically by Phillips (1958b). 

dp (u) « a g2 w~5   = constant /w^ (5) 

The solid curves in Fig. 16 are      dp(u) = 7 .4 x 10~3 g2 to-5, in cgs units , 
In Fig. 16b the results of Project SWOP (Chase, et al, 1957) are shown 
compared with Eq. 5 (Phillips, 1958c).   This extends the relationship 
shown in Fig. 16a to ocean conditions, and it appears that the "fully 
developed sea" extends only to wave components down to u ~   2; i.e., 
wave period components up to about 3 seconds .   The physical signifi- 
cance of this limiting curve is that a wave of a given frequency can in- 
crease in energy only up to a certain limit (H/L = 1/7 in deep water 
for a uniform periodic wave).   Hence, if the fetch and duration are long 
enough    dp (u) must have a unique value which depends only upon the 
frequency. 

Some of the differences between the spectra of different investi- 
gators have been explained by Pierson (1959a) based upon a random non- 
linear model of waves (Tick, 1958).   An additional spectrum plus a dis- 
cussion of the above cited spectra have been presented by Bretschneider 
(1959). 

Directional spectrum have been measured by Chase et al (1957), 
but their results are difficult to interpret.   Phillips (1958c) and Cox 
(1958) offer conflicting interpretations of the results.   The major diffi- 
culty, aside from experimental errors is that the measurements were 
made of ocean waves, and it is not possible to be sure of the level of 
wave action with respect to the local winds . 

Wave are short-crested: that is, they have a dimension in the 
horizontal direction normal to the direction of wave advance.   This 
dimension has been termed the crest length of a wave.   There are very 
few measurements of this wave dimension.   The average ratio of crest 
length to wave length (L'/D of some waves measured on aerial photo- 
graphs was from 2 to 3.   Johnson (1948) made some measurements on 
waves in a lake and found (L'/D = 3.   Yampol'ski (1955) found that the 
distribution curves for wave lengths and crest lengths were nearly 

18 



WIND WAVES AND SWELL 

18 

16 -T f.= 

i     l     1 

U4THl/3 A 
/ 

2 
f 

•M o 
. r Relationship between 

, /' 
/ Tfo   and THI/3 

/ 0 ) >   i \   < 
1 

5    f 

Hi/ 

i » 0   1 2 14         latter Darbyshire, 1959; 

Fig. 13 

30 

20 

H»2/H2 

10 

t 

jj Y 
: 
V r 

\ '. 

.» J Mil 
tf 

IfH ki ——- 

• 

20 
f 

l*. 
. 9 1' 

•A • T U 
• UJ t • 

1 rf „. 
"ti ES_ fcfc 

• 

• 
* 

20 
ij • 

•J 
10 

•J r 
L K 

A 1 Ht Hi T« OB 
-004       0 004     006    012        -004       0        0 04    0.08    012        -004       0        0 04     008     0 12 

f-f0l  Seconds"1 

Relationship between Hf2/H2  and f-f0 

Pig. 14 

40 
V* 

: /• 

30 
H max =2 40 H 

J • 

20 / f 
10 Relationship between 
/ Hmax and H 

0 / 

Fig. 15 

19 



COASTAL ENGINEERING 

Identical In appearance, the measurements being made from aerial photo 
graphs of the sea surface. 

A three-dimensional laboratory study was made by Rails and 
Wiegel (1956) of wind-generated waves in which the crest length was mea: 
ured as shown in Fig. 17 (notice surface tension waves also in this fig- 
ure) .   The results of measurements of crest lengths and wave lengths 
are shown in Fig. 18.   In deep water the ratio is approximately 3. 

2.   Relationships among Wave Dimensions, Winds, and Fetches 

The relationships among the wave dimensions, wind speeds and 
direction, atmospheric stability, fetch length, and wind and fetch vari- 
ability are not well established.   It is not surprising, considering the 
extreme difficulty in obtaining reliable measurements in the open ocean 
combined with the near impossibility of obtaining sea conditions con- 
sisting of only wind waves, with no swell present.   To these difficulties 
must be added the problems of determining the wind fetches and dura- 
tions.   Because of this the data obtained will be presented, but ideas 
from studying data obtained in the laboratory and in lakes will be used to 
interpret the ocean data. 

First, let us consider waves from the standpoint of wave spectra. 
The data of Burling (1955) has already been covered.   The remaining 
data will pertain to ocean waves . 

In deep water the average power, averaged over a complete cycle, 
transmitted per unit area of surface is proportional to the square of the 
wave height and inversely proportional to the wave period.   The energy 
per unit area, the energy density, is proportional to the square of the 
wave height.   Darbyshire (1952; 1955) used the Equation 

T +1 
ET = -1   p g E     |g    =   1    p g H2 

T __2 

where E>p is the energy per unit area of horizontal sea surface in a wave- 
period interval from T-i   to T + —-, and HT is defined as the equivalent 
wave height for waves of period between T - 1. and T + 4 (that is, in a 
one-second interval) as obtained by a Fourier analysis and taking the 
square root of the sum of the squares of the peaks within each one-second 
interval of wave period.   The results, plotted in terms of H-p/T versus 
T/U, where U is the gradient wind speed, are shown in Fig. 19.   The 
solid line curve shown in the figures is the gaussian function that Darby- 
shire states expresses the relationship between HT/T and  T/U.   It is 
evident that the scatter is extreme, and that the relationship between the 
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Spectra of wind- genera ted waves measured by Burling  U955}.     The 

cluster of lines on the left are representative of the spectra at low 
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right the curves merge over the equilibrium range, and the dotted 

lines indicate the extreme measured values of <X>(u>)   °' each fre- 

quency   at.   The is represent the mean observed value at each  u, 

and the heavy line the relation   <t>tw) = a g' uTe   with 
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data and the curves practically non-existent. Darbyshire has found a much 
more reliable spectrum, leaving out the relationship of the spectrum to the 
wind (Fig. 14). 

Other data for which a spectrum equation has been developed are 
shown in Fig. 20 (Neumann, 1953).   The relationships among wave height, 
wave period and wind speed, as given by Neumann, is stated to be an 
exponential curve, and that this curve forms the upper envelope of the 
data in Fig. 20.     The values of H and T used in this figure refer to the 
height and period of surface waves, many of them visual observations from 
a ship.   They do not refer to data obtained by a Fourier analysis or simi- 
lar method.   This upper envelope is considered by Neumann to repre- 
sent the "fully arisen sea," where the term refers to the case where no 
more energy can be added to the wave system regardless of the length 
of time the wind blows or the length of the fetch (Pierson, Neumann and 
James, 1955).   This means that the waves, at all frequencies, are dis- 
sipating energy and radiating it from the storm area at the same rate 
that wind is transferring wave energy to the sea surface.   It is doubtful 
that this condition exists in the open ocean for all frequencies although it 
does exist for the higher frequency components (Fig. 16).   It is, in fact, 
contradicted by the tendency for wave steepness to decrease with increas- 
ing values of T/U. 

Some actual measurements of ocean wave spectra have been made 
by Ijima (1957), but these are for cases so complicated that it is difficult 
to compare anything but their gross characteristics with the simple ex- 
pressions of wave spectra (Fig. 21).   The spectrum for a relatively 
simple case is shown in Fig. 16b (Chase, et al, 1957). 

It is difficult to obtain certain data for wind waves in the ocean, 
such as the wave height and period as a function of wind speed for a con- 
stant fetch, the wave height and period as a function of fetch for a con- 
stant wind speed.   In fact it is difficult even to obtain data for either a 
constant wind speed or fetch, or for even a stationary storm.   It is possi- 
ble to obtain these data in the laboratory or in relatively small lakes or 
reservoirs .   These data are presented in Figs . 22 and 23, together with 
some ocean data where the fetches were not constant, nor were the fetch 
limits even stated.   The wind velocities were often measured at different 
elevations above the water surface.   However, the elevation where the 
winds are measured, as long as it is fairly close to the surface, should not 
affect the power relationship between H and U and T and U, although it 
will affect the constant of proportionality.   That this is true can be seen 
from a study of the wind-speed data of Thornthwaite and Kaser (1943) for 
winds at 1/2 and at 15 ft. above the ground, the data of Deacon (1949) for 
winds at 1/2 and 4 inches above the ground, and the data of Deacon, 
Sheppard and Webb (1956) for winds at 6.4 and 13 meters above the sea 
surface.   These data show that the winds are linearly related (Fig. 24),the 
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slope of the line on the log-log plot being unity. 

There is scatter in the data.   Some data were taken for neutral 
stability winds (all of Sibul's laboratory data, for example), some of the 
data for unstable winds and some of the data for stable winds .   A good 
deal of the scatter is probably due to the different wind types.   That this 
is so has been shown by Roll (1952), Burling (1955) and Brown (1955). 
The data of Brown are presented in Fig. 25.   It can be seen that for a 
given wind speed the wave heights are higher for both stable and unstable 
winds for neutral winds (essentially Ts - Ta = O, where Ts is the temper- 
ature of the sea surface and Ta is the air temperature).   Examples of 
the three types of wind profiles over the ocean are shown in Fig. 26. 

0   8 
Figures 22 and 23 show that in the laboratory T1/3 oc   U   '    and 

Hi/3 CC   U1*1, approximately (Stanton, Marshall and Houghton, 1932; 
Hamada, Mitsuyasu, and Hase, 1953; Flinsch, 1946; Sibul, 1955, Rails 
and Wiegel, 1956).   Studies in a lagoon and in a reservoir show that 
Tmean    <XU°'5,Ti/3    CC   TJ0.4 to U°-5 and H1/3    OCUl-ltoljl-4 
(Johnson, 1950; Burling, 1955).   Studies in a lake show that T CC U0-35 

and Hmax        CC U1 -2 to U1 -5 (Dafabyshire, 1956).   Most of the data 
available for ocean waves do not include information even as to the range 
of fetches for which the measurements were made.   The relationships 
among T, H, and U are for a variety of fetches .   The ocean data show 
T   CCU0-3 to U°-4 and H   OC U° -5 to U1 -1 (Brown, 1953; Roll, 1953). 

The relationships between wave period and fetch and wave height 
and fetch are not as clear as the relationships among H, T. and U.   The 
laboratory data for constant wind velocities show approximately that 
T1/3     CC  F0.3 to F0-5, T'  0C F0'5, and H1/3    CC F0.5 (Hamada,, 
Mitsuyasu and Hase, 1953; Sibul, 1955; Rails and Wiegel, 1956).   The 
reservoir measurements, for constant wind velocity (Burling , 1955) 
showTi/3   CC  F°-25andHi/3    CC F° -4 (Darbyshire, 1956) measure- 
ments on a lough give T/Tinfinity    OC F0-3 and Hmax/Hinfinity CC F0-3, 
for varying wind speeds, where Tinfinity ai*d Hinfinity refer to values 
of T and H for infinite fetches.   It is interesting to note that Stevenson 
(1886) found the wave height to be proportional to the square root of the 
fetch.   Because the wave height is proportional to F^-3 to F^-5 an in- 
crease in fetch from 400 nautical miles, say, to 600 nautical miles would 
cause an increase in wave height of from 12-1/2 to 22-1/2 percent which 
might not be noticed in the scatter of the data. 

The physical reason for the increase in height and period with wind 
velocity and fetch is clear considering the way wave records are analyzed. 
Waves in deep water can have a maximum steepness (H/L) of 1/7.   Thus 
at the end of a short fetch enough energy has been trasnferred from the 
wind to the water to make only the shortest waves of any significant 
height.   As the fetch is increased more energy can only be added to the 
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longer waves as the short ones have reached their maximum steepness; 
the longer waves then dominate the wave system as far as the eye is 
concerned. 

If the wave height and wave period depend upon wind velocity, 
fetch, duration of wind, air temperature and sea surface temperature, 
then by dimensional analysis 

^-'l^'*'-^ (?a) 

JH  = t9 (M. , JL,  la ) (7b) 
U2 2     U2 U        Ts 

The functions fj and f2 cannot be determined by dimensional analysis; 
they must be determined either empirically or theoretically.   Effective- 
ly then, after quasi-steady-state conditions are reached (gt/U large), 
the wave height and period depend upon the stability of the wind blowing 
over the water surface and a Froude number based upon the linear di- 
mension of the storm, as long as the waves are in "deep water."   The 
wave height and period should depend critically upon the turbulence of 
the air flow, and a logical criteria for this would be a modified Froude 
number based upon the mean horizontal length of the eddies in the air, 
such a criteria would be useful in studying coupled wave effects.   A 
more complete analysis would show that in deep water the wave height 
and period would also depend upon Reynolds number (damping), Webers 
number (surface tension effects), Richardson number rather than 
simply Ta/Tg, the ratio of fetch length to fetch width, and a boundary 
roughness parameter H/L (which of course would be a function of the 
wind speed, etc., again).   The air-sea boundary process is one of fluid 
flow and thus the dimensionless numbers controlling all other fluid flow 
processes should be the ones used in describing it, neglecting the ones 
which obviously are not important in this such as Mach number and the 
cavitation number.   In Fig. 27 are shown the empirical relationships 
between gT/U and gF/U2 and gF/U2 with the effect of Ta/Ts being 
lost in the scatter of data.   The empirical relation ship between gT/U 
and gt/U and gH/U2 and gt/U are shown in Fig. 28.   In some refer- 
ences curves have been drawn through the data in such a manner that 
they leveled off in the region of gt/U and gF/U2 greater than about 10^. 
This is because the lines are drawn through the averages of all of the 
data.   A close inspection of the data show that this leveling off did not 
occur for any of the individual sets of measurements, with the exception 
of Darbyshire's (1959) data for gH'i/3/U2.   The best curves through 
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these individual sets of measurements giving approximately gT/27rU 
CC(gF/U2)0.3 to (gF/u2)0.4, or T     CCTj0.2 to U0»4, T GCF"-

3
 to F0-4, 

andgH/U2   OC  (gF/U2)0-25 to (gF/U2)0-35 or H CC ul -3 to U1 -5, H OC 
p0.25 to F0.35.   These data seem to indicate that the "fully developed 
sea" does not occur in the open ocean for winds of any importance. 
Fig. 28 can be treated in a similar manner.   Here, gT/2;rU CC (gt/U       , 
or TCC U0.7, TOC t0-3, and gH/U2    0C(gt/U)0-4 to (gt/U)°-5, or 
HCCU1'5 to UL6, H (Xt0-4 to t0-5. 

It is clear that these data are in conflict with the original em- 
pirical spectrum of Neumann, where H  CC   U2.5 (Neumann and Piers on, 
1957).   In order for H OC U2.5 the curve relating gH/U2 and gF/Tj2 
would have to have a negative slope, which would also mean that H OC 
p-0.25 which is in obvious conflict with the physical situation.   How- 
ever, the original spectrum is apparently in the process of being 
modified to include recent findings (Pierson, 1959b). 

There is evidently still a pressing need for a large number of 
reliable measurements of waves in the open oceans. 

The data shown in Fig. 27 are for the case described by 
Sverdrup and Munk (1947) as "fetch-limited", the other condition being 
"duration-limited",(Fig. 28).   Phillips (1957; 1958) developed a 
mathematical model that predicted that the mean square wave height 
is proportional to the square root of time for the duration limited case 
and to the square root of fetch for the fetch limited case.   What is 
meant by these two terms?   Consider an infinite fetch, with the wind 
suddenly starting with a given velocity and then remaining at this veloc- 
ity.   At any point in the fetch the significant wave height and period 
will increase with time.   The significant waves moving past this point 
will have travelled a distance equal to the product of the group velocity 
of the significant waves and the length of time the wind has been blowing. 
Power will have been added to the wave system by the wind during the 
entire time.   Now real fetches are finite, so eventually the significant 
waves reaching a given point will be associated with the component wave 
periods that originated at the beginning of the fetch.   The time for this 
to occur will be the distance divided by the group velocity (Sverdrup 
and Munk, 1947; Phillips, 1958a).   After this duration has been reached 
the waves are said to be fetch-limited. 

It is possible for a third case to exist, the fully developed sea. 
This case would require a storm duration and fetch both long enough that 
energy is being dissipated and radiated at the same rate that it is being 
transferred from the wind to the water in the form of waves. 

Some measurements in the laboratory of Sibul (1955) show the 
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Fig. 28 .   Relationship among duration wind velocity and wave height, pe- 
riod and velocity. 
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effect of duration-limited and fetch-limited conditions on the wave heighl 
as can be seen in Fig. 29 . 

In Fig. 27 are shown the data for C/U vs gF/U2. There are a cc 
siderable number of measurements that show C/U in excess of unity. Tl 
is not surprising, nor is it a paradox. The flow of air over water is a 
boundary layer phenomenon and* the phase speeds of the waves should be 
related to the free stream wind speed (the geostrophic wind speed) which 
is in considerable excess of the wind speed at anemometer height, which 
is the wind speed given for the ocean data of Figs . 27 and 28 . 
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CHAPTER 2 

THE QUALITY OF TABULATED DECK LOG 
SWELL OBSERVATIONS 

Marvin D. Burkhart and Clifford H. Clxne 
Division of Oceanography 

U. S. Navy Hydrographic Office, Washington 25, D. C. 

INTRODUCTION 

To determine the areas of data deficiencies, the totals of sea 
and swell observations were summarized by unit Marsden squares for 
the world.  An interesting result of this summary was a comparison 
of the totals of sea and swell observations.  The totals of swell 
observations averaged two-thirds those of sea observations. Al- 
though this ratio was fairly representative of the ocean basins, 
considerable variation occurred in semi-enclosed seas where swell 
observations averaged only one-tenth those of sea observations.  A 
few ocean basin locations had totals of swell observations that 
approached those of sea observations, but no Marsden square had more 
swell observations than sea observations.  Strangely enough, swell 
tabulations, in areas where the ratio of swell to sea observations 
were smallest (semi-enclosed basins), appeared least reliable al- 
though it was suspected at the time that this was probably due to 
smallness of the sample.  Subsequent additions of card decks have 
neither changed these ratios appreciably nor the suspect reliability. 

Thus, due to the relative sparseness of observations in some 
areas and the inexplainable ratios of swell to sea observations in 
others, the quality of observations contained in IBM listings have 
for some time been questioned. 

DEFINING THE PROBLEM 

An investigation of log sheets and listed observations from 
marine-punched card decks show that many observers never seem to 
make swell observations.  Hundreds of sea observations will be noted 
in the log sheets, but the adjoining swell columns are left blank. 
It is probable that these sea observations are actually wave observa- 
tions and include both sea and swell.  A small number of swell obser- 
vations may be recorded with no associated sea observations.  In some 
instances cards contain neither a sea nor a swell observation.  In 
many log sheets, the same code figures are recorded in both the sea 
and swell columns.  Here the observer may have made an observation 
of waves and, being unable to distinguish between sea and swell, 
may have recorded the same code figure in each column* 

By the time these sea and swell observations are included in IBM 
listings, little can be done to counteract these misrepresentations. 
Even if corrections were attempted on the original log sheets, it 
would be necessary to second guess the observer, something which is 
seldom reliable. Nevertheless, some systematic approximation is de- 
sirable to increase the reliability of such data. 
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THE BASIS FOR AN APPROXIMATE SOLUTION 

No solution to the problem of identical data is apparent because 
some of these observations may be valid and others may be associated 
with some type of swell incorrectly coded.  It can only be hoped that 
these errors represent a small portion of the total observations. 

The cards containing neither sea nor swell observations can be 
eliminated immediately because they constitute no observation of the 
sea surface. 

Sea observations are included on most marine punched cards. 
Nevertheless, in Marsden square 116, February, 264 out of 3,235 cards 
recorded a swell observation without a sea observation.  More than 
half of these "missing" sea observations were associated with winds 
of Beaufort force 3 or less;  therefore, it might be assumed that the 
sea surface was relatively smooth on these occasions.  In any event 
this represents less than 9 percent of the total chances to observe 
the sea.  Other Marsden squares exhibit similar ratios of "missing" 
sea observations, and this loss of observations probably will not 
materially affect the sea tabulations. 

Swell, however, is considerably different.  Of the Marsden 
souares cnecked the totals of swell observations were always less 
than those of sea observations.  For example, in Marsden square 116, 
February, there were 2,871 sea observations and 701 swell observa- 
tions.  In Marsden square 149, August, there were 4,805 sea observa- 
tions and 2,135 swell observations while in Marsden square 214, 
January, there were 981 sea observations and only 81 swell observa- 
tions.  At first glance this reflects what should be expected in the 
open ocean —- a sea of some kind usually present, and a discernable 
swell present only part of the time.  However, if no'swell were pre- 
sent, or if swell were present but completely masked by the sea, the 
observer should have recorded "no swell" in the swell column;  con- 
sequently, his log sheets would have shown as many swell observations 
as sea observations.  For example, if 1,000 observations of the sea 
surface were made by an observer, and he observed and recorded swell 
only 100 times, the swell rose would be based only on these 100 ob- 
servations and would not show observations of "no swell".  A rose 
based on data of this type implies that there is always swell present 
and its various heights occur 100 percent of the time.  Actually 
1,000 observations were made, of which 900 indicated "no swell". 
Thus a rose made from data of this type implies that 90 percent of 
the time no swell occurs and the various observed swell heights occur 
only 10 percent of the time.  In practice it can not be said with 
certainty that there was no swell the 900 times the swell column was 
left blank.  The blank column only implies that the observer either 
saw no swell or was not sufficiently impressed by what he saw and did 
not complete the observation.  It is also possible that the observa- 
tions in the sea column are really wave observations, embodying both 
sea and swell. 
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Two points might explain why observers sometimes fail to re- 
cord swell:  1) With winds of Beaufort force 7 or higher, 10 foot 
significant waves can be generated over a fetch of only 40 miles* 
With such winds it is difficult or impossible for an observer to 
distinguish any swell.  Also a fully developed sea from Beaufort 
force 7 winds would have sea waves with heights as high as and 
periods as long as any swell present.  2) With winds of Beaufort 
force 3 or less, a fully developed sea rises to less than 2 feet. 
Any observer, seemingly, could detect a swell of 1 or more foot 
(swell code 1 and above) when seas are low and periods are less 
than 6 seconds (average periods of 3 seconds).  When the winds are 
of Beaufort force 3 or less and nothing is recorded in the swell 
column, presumably no swell occurred. 

Such arguments might also apply to the "missing" swell observa- 
tions associated with Beaufort force 4, 5, and 6 winds.  If the ob- 
servation was taken during the onset of such winds, the seas would 
still have been very low and the swell present could have been seen 
easily;  however, seas may have been nearly fully developed and high 
enough to obscure any swell. 

The above reasons obviously cannot be valid for all the "miss- 
ing" swell observations;  nevertheless, when the observer fails to 
record swell, he implies "no swell" whatever the actual conditions 
might have been at the time of observation.  Seemingly, all the 
"missing" swell observations should be considered as "no swell" if 
a true distribution of observations, as seen by the observers, is to 
be presented.  To test this idea observations from a number of 
Marsden squares were listed by month.  Examples of these listings 
are shown in Table I. 

Table I 

SUMMARY OF LISTINGS OF OBSERVATIONS FROM TWO MARSDEN SQUARES 

Total number of cards 
Total sea observations 
Total swell observations 

No swell 
Confused swell 
Swell 1 to 12 feet 
Swell greater than 12 feet 

Total occurrences of sea and 
swell on same card 

Total chances to observe sea 
surface 

Total "missing" swell observa- 
tions (assumed "no swell") 

Marsden square Marsden square 
149 - August 116 - F ebruary 

6,051 3,182 
4,805 2,871 
2,135 701 

216 95 
112 23 

1,711 492 
96 91 

1,186 437 

5,754 3,135 

3,619 2,434 
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Percentage frequencies of the various swell height categories 
were computed based on the actual total of swell observations and th< 
total number of chances to observe the sea surface.  Examples of 
these results are presented in Table II. 

Table II 

PERCENT FREQUENCY OF SWELL IN VARIOUS HEIGHT CATEGORIES BASED 
ON UNMODIFIED AND MODIFIED DATA 

Marsden square 149 - August 

Based on 2,135 actual Based on 5,754 chances to 
swell observations    observe the sea surface 

66.6 
2.0 

29.7 
1.7 

No swell 10.1 
Confused swell 5.3 
Swell 1 to 12 feet 80.1 
Swell > 12 feet 4.5 

100.0 100.0 

Marsden square 116 - February 

Based on 701 actual   Based on 3,135 chances to 
swell observations     observe the sea surface 

80.7 
0.7 
15.7 
2.9 

No swell 13.5 
Confused swell 3.3 
Swell 1 to 12 feet 70.2 
Swell > 12 feet 13.0 

100.0 100.0 

Table II indicates quite clearly that the inclusion of the largi 
number of "no swell" observations radically increases the percent of 
time without swell, thereby decreasing the percentage of time with 
other swell conditions.  In many studies the percentages of swell 
observations greater than 12 feet, within a defined area, are con- 
toured and then spoken of as the "percent of time swell is greater 
than 12 feet".  Actually the contours are of the percent of swell 
observations that record swell greater than 12 feet and are not at 
all representative of the percent of time. However if the observa- 
tions of swell greater than 12 feet were related to the total number 
of chances to observe the sea surface, they would then be representa^ 
tive of the percent of time. 

Except for listings covering a limited number of widely sepa- 
rated Marsden squares, the actual number of chances to observe the 
sea surface is unavailable in the data tabulations at the Hydrograph 
Office.  Sea and swell have been summarized separately, and the only 
totals available are those for sea observations and those for swell 
observations.  The true number of chances is some number that lies 
between the number of sea observations and the number of sea observe' 
tions plus the number of swell observations.  In the few Marsden 
squares checked, about one-half of the swell observations was taken 
at the same time as a sea observation. This would indicate that the 
total number of chances would be the number of sea observations plus 
one-half of the total number of swell observations.  However, the 
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squares checked do not constitute a large sample, and in view of the 
available data it is suggested that the total number of sea observa- 
tions be used to determine a corrected value.  In Table III the pre- 
sent method is compared with the three suggested methods of modifica- 
tion. 

Table III 

COMPARISON OF DERIVED PERCENTAGES OF SWELL HEIGHTS FOR MARSDEN 
SQUARE 149 - AUGUST 

1st row:  Present method — using only the swell cards as the 
total number of chances to observe swell. 

2nd row:  Using the number of sea observations as the total 
number of chances. 

3rd row:  The true number of chances, i.e., the number of cards 
with a sea and/or a swell observation. 

4th row:  Number of sea observations plus l/2 the number of 
swell observations. 

No swell Low and medium swell High swell Confused 
Row      < 1 foot     1 to 12 feet     > 12 feet   swell 

1 10.1 80.1 4.5 5.3 
2 60.1 35.6 2.0 2.3 
3 66.6 29.7 1.7 2.0 
4 67.4 29.1 1.6 1.9 

MODIFICATION OF ISOLINE PRESENTATIONS 

Figures 1 through 6 were prepared to illustrate the comparison 
between the present method and the method of modification using the 
number of sea state observations as the total number of observations. 
On these figures isolines of the frequency of occurrence of swell 
greater than 12 feet are presented for a representative month of each 
season.  The isolines are based on tabulations by 2-degree quadrangles 
for the entire North Atlantic Ocean and its adjacent seas. These tab- 
ulations are based upon,the entire volume of punch-card observations 
available at National Weather Records Center, Ashville, N. C. and the 
U. S. Navy Hydrographic Office as of 1958. Certain portions of the 
area, in particular north of 50°N. and west of 50°IV., parts of the 
Baltic and its adjacent gulfs, and the entire water area north of 
Iceland except for the shipping lane along the Norwegian coast, con- 
tain little data.  Therefore, the analysis of these sections merits 
a lesser degree of confidence than elsewhere in the area.  The analy- 
sis in certain remote sections is bassed upon as few as 20 chances to 
observe the sea surface per 2-degree quadrangle or as many as 8,000 
per 2-degree quadrangle along the most frequently traveled routes. 
In general 200 to 400 chances to observe the sea surface per 2-degree 
ouadrangle occur over the major portion of the area from 20°N. to 
60°N. 
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Figure 1, the winter chart, is based only upon original totals 
of actual swell observations and shows an axis of maximum frequency 
of high swell along each of the major storm tacks in the North 
Atlantic. Throughout a large portion of the central North Atlantic, 
frequencies of high swell reach and exceed 40 percent. A comparison 
with frequencies of seas equal to and exceeding 12 feet in height 
for the same area and based upon the same card decks reveals that no 
frequency reaches 40 percent. Although this excess of swell is 
possible (because swell has many origins), it appears unlikely along 
the major storm tracks where low wind speeds are rare and where seas 
are almost always predominant. 

Perhaps even more significant are the high frequencies of swell 
greater than 12 feet in the Mediterranean and especially in the 
Baltic. In the Baltic, for example, swells greater than 12 feet, 
since they must originate from local seas, should never exceed the 
frequencies of seas of the same height or higher. This figure shows 
frequencies as high as 40 percent for high swell in the Baltic while 
sea charts, based upon the same data sources, show only 5 to 10 per- 
cent frequencies for seas equal to or greater than 12 feet in the 
same area. 

The swell frequencies used in Figure 1 have been modified in 
Figure 2 by using the total of the sea state observation as the 
number of chances to observe swell. The 40 percent maximum fre- 
quencies of high swell in the central North Atlantic have now been 
reduced to two small cells west of Ireland.  Similar reductions 
occur almost everywhere in the North Atlantic and Mediterranean* 
In the Baltic, meanwhile, in view of the small ratio of swell to sea 
frequencies of high swell are now in the 1 to 5 percent range and 
well within that realm of occurrence allowed by the 5 to 10 percent 
frequencies of seas equal to or greater than 12 feet. 

In the summer chart (Figure 4, original swell data) the storm 
tracks have been forced northward by the expanded North Atlantic 
high pressure cell* Two significant features of this map are the 
maximum of high swell south and east of Greenland and the ever pre- 
sent maximum in the Baltic. In the same month, Figure 5* based upon 
modified swell data, indicates a great reduction in the Greenland 
high swell maximum and complete destruction of the Baltic maximum. 

Modified data for spring and autumn (May and November) are in- 
cluded to complete the series in Figures 3 and 6 respectively. 
These figures have undergone similar reductions in data and result 
in patterns that show better agreement to the climatology. Figure 6 
although the result of considerable modification, is indicative of 
rough autumn conditions in the North Atlantic and appears to over- 
emphasize frequencies of high swell.  Although this points out the 
incompleteness of the approach, it is much better than the original 
method. Data based upon the total number of chances to observe the 
sea surface would probably be more representative of actual conditic 
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Fig. 1.   Swell > 12 feet, February (Original Data) 

IO» 20 

Fig. 2.   Swell > 12 feet, February (Modified Data) 
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100* 90" 

Fig. 3.   Swell > 12 feet, May (Modified Data) 

Fig. 4.   Swell > 12 feet, August (Original Data) 



THE QUALITY OF TABULATED DECK LOG 
SWELL OBSERVATIONS 

100* 90* 80' 70* 60* 50* 

(00*     90* 80' 60* 30* 40* 30* 20' 

Fig. 5.   Swell > 12 feet, August (Modified Data) 

100* 90° 80* 70* 60* 50* 40* 30* 20* 20* 30* 

100* 90* 80* 70' 

Fig. 6.   Swell > 12 feet, November (Modified Data) 
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As a further check of this modification method, an attempt 
was made to locate swell data that were not included in the analysis 
of the charts and were taken by trained observers. NHTRC, Ashville, 
provided microfilm records of weather ship observations covering 
the period 1940 through 1948. From these records only two months 
of observations were extracted (February and August), and only three 
locations had as much as three years of record in approximately the 
same location (Figure 7). In view of the limited number of years of 
record at any location, the data were totaled and averaged as a 
single sample for each season, comparing observed data, actual chart 
data, and modified chart data. The results are shown in Table IV. 

Table IV 

COMPARISON OF PERCENTAGE FREQUENCIES OF HIGH SWELL FROM SHIP 
WEATHER STATION OBSERVATIONS WITH ACTUAL AND MODIFIED MARINE 

DECK OBSERVATIONS 

Ship 
station 

A 
C 
1 
1,E 
C 
E 
B 
F 
B 
1 
1 

Years of 
record* 
3(46,47,48) 
3(46,47,48) 
3(42,43,44) 
2(45,46) 
1(45) 
1(45) 
1(46) 
1(46) 
1(45) 
1(41) 
1(40) 

February 
Swell greater than 12 feet (percent) 

Ship station Actual marine Modified marine 
data       deck data    deck_ data 
21 
8 

26 
18 
11 
22 
18 
4 

24 
42 
54 

Average  21 

25 23 
40 30 
39 21 
30 20 
13 9 
25 25 
19 14 
33 22 
41 21 
33 17 
33 23 
32 22 

August 
Swell greater than 12 feet (percent) 

Ship   Years of  Ship station Actual marine Modified marine 
station record*       data       deck data    deck data 

A 3(46,47,48) 4 
C 3(46,47,48) 2 
1   2(42,43) 4 
1,E 2(44,45) 0 
B,F  2(44,45) 3 
C,B  2(44,45) 2 
1   2(40,41) 6 
C   1(45) 3 

Average   3 

22 7 
13 13 
4 4 
4 3 
7 4 

18 12 
5 4 

10 8 
11 

•Data are grouped by approximate position. 

This table shows large sample variations that are to be expecte< 
in such short periods of record. The weighted averages for the two 
seasons present a much better comparison — here the averages are coi 
siderably closer to those of the modified swell data than to those ol 
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the original swell data. In general the modified swell averages 
show frequencies of high swell greater than those of the weather 
ships. 
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Fig. 7. Ocean weather ship locations, February and. August 

MODIFICATION OF SWELL HOSE CHARTS AND DATA 

Some type of correction should be extended to the rose since it 
is still one of the most complete pictorial methods used on charts 
today.  A complete modification based upon the total number of obser- 
vation chances would often result in a significant reduction in the 
lengths of the arms of the swell rose, thereby providing a pattern 
which may be more difficult to interpret than the original rose. 
Besides, most data are already in a tabulated form, and without the 
addition of new data, a retabulation by machine would be difficult to 
justify. Hand tabulation of the entire rose is too time consuming 
and expensive. However, a simplified form of hand tabulation is a 
solution that involves only the computation of a factor based upon 
the ratio of total swell observations to total sea observations by 
unit rose area. This factor, included with each swell rose graphic, 
would provide the planner with a more complete means of interpreting 
ocean swell. 
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CONCLUSIONS AND RECOMMENDATIONS 

The modification of swell data, utilising the total number of 
sea observations as the number of chances to observe swell, does not 
provide an exact picture of ocean swell distribution. Nevertheless, 
all evidence indicates that this modification provides an interpreta 
tion of swell distribution which is logical and reasonably similar t 
the actual swell distribution, * 

The total number of observation chances, i.e., cards with a sea 
and/or a swell observation, requires further study and comparison 
with results obtained using totals of sea observations. 

Individual decks should be studied and compared to determine th< 
sources of biased data and the possible modification by deck* 

Some thought should be given to an analysis based on a simul- 
taneous summary of both sea and swell data. 
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CHAPTER 3 

WAVE RECORDING ON THE IJSSELMEER 

P.W.  Roest 
Engineer,  Zuiderzee Works 

The Hague Netherlands 

SUMMARY 

The preliminary results of waverecording on the Usselmeer 
are presented in this paper. The measurements have been carried 
out with a floating waverecorder (accelerometer on raft). 

Wave heights and periods, windvelocity, fetch, depth, tem- 
perature of water and of the atmosphere and the siltcontent of the 
water have been determined. 

The results have been compared with the diagrams of Thijsse 
and Bretschneider. The distribution of the wave heights is men- 
tioned. 

INTRODUCTION 

The dimensions of the dikes in the Usselmeer are mainly de- 
termined by wave-attack. 

The dimensions of the waves as a result of the design gale 
are calculated with the diagram of the Hydraulics Laboratory at 
Delft (ref« 1). This diagram is based on data of Sverdrup for deep 
water and principally on laboratory studies for shallow water. 

For a long time there has been a need of wave recordings on 
the lake in order to verify the calculated wave heights. A problem 
is the impossibility of maintaining a permanent recording station 
on the lake due to ice-drift in wintertime. Otherwise the Ussel- 
meer lends itself admirably to wave-research, because there are 
vast regions with only small variations in waterdepth. Another 
advantage is that frequently more or less stationary conditions 
will occur under the influence of winds of constant force and 
direction. 

When Dr. Dorrestein of the Royal Dutch Meteorological Insti- 
tute introduced his new floating waverecorder, it was possible to 
take observations in every place of the lake. Soon it appeared 
that this recorder has many advantages. 

The equipment consists of an accelerometer mounted on a 
little raft of one meter each way, that follows the movement of 
the water surface. The signal of the accelerometer is transmitted 
by an electric cable to the ship, where it is double integrated 
and then recorded (ref. J). 

During the last winter several observations have been carried 
out with an instrument of this type* As a result of initial trou- 
bles with the electronic equipment the number of observations dur- 
ing gale-conditions has been limited. 

The usual duration of each recording is about 15 minutes. The 
average period of the waves lies between three and a half and five 
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seconds, so each diagram consists of 180 to 250 waves. 
..ave height is measured as the difference in height between 

a trough and the next crest. The average period is determined by- 
dividing the total recording time by half the number of zero- 
crossings. 

OBSERVATIONS ON THE IJSSELMEER 

In order to simplify the interpretation, observations were 
taken in places, where the fetch is measured over an area of near- 
ly constant depth. 

On fig. 1 - a map of the lake - the different places and 
their fetches are shown. In the southern part of the lake the 
depth is up to k  meters; the northern part is somewhat deeper. 

The velocity of the wind was measured on board a ship, three 
meters above sea-level. Besides the recordings of the meteoro- 
logical station at Lelystad were available. There the wind is 
measured at 10 meters above sea-level. The temperature of the 
atmosphere and of the water and the silt-content of the water were 
also measured. 

The appendix gives a summary of the results. 
It appears that all distributioncurves of waveheights have 

the same shape and that they agree very well with the Raleigh 
distribution, just like deep water waves. Fig. 2 shows the cum- 
mulative distribution of the wave heights of several recordings* 
The scale has been chosen in such a way that Raleigh distributions 
become straight lines. 

The distributions may have been slightly affected due to 
drifting of the raft. 

The significant wave heights have been compared with the dia- 
grams for shallow water waves of Thijsse and Bretschneider. It 
appears that almost all strong wind observations give smaller 
heights than those calculated with these diagrams, but that the 
only observation under gale conditions is comparable with the 
calculated one. 

Fig. 3 shows the Delft diagram in which the observed wave 
heights have been plotted. As known the diagram is dimensionless. 
The height (H), fetch (F) and depth (D) are divided by twice the 
velocity head of the wind. 

The dots are the calculated points from fetch, depth and 
windvelocity. The circles are giving the observed heights on the 
same dimensionless scale. 

To use this diagram the observed windvelocity ought to be 
converted into the velocity W on a level proportional to the 
square of the windvelocity. This means, that with small wind- 
velocities the observation height must be reduced to a lower level 
than with high velocities. 

On fig. k  the observed wave heights have been plotted against 
the water depth. Only observations with a long fetch have been 
plotted. The solid line agrees with the Delft diagram. It appears, 
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Explanation 
place of observation 
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• depth   < 4m 

Fig. 1.   The LTsselmeer , 
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that the observed values are systematically lower than this line. 
Besides the results have been compared with a diagram of Bret- 

schneider (ref. 2). This diagram gives smaller waves as the Delft 
diagram in the region of long fetch and shallow water. This leads 
in this region to a somewhat better agreement with the observations 
on the IJsselmeer. 

DISCUSSION OF THE RESULTS 

There is not yet a good explanation for the difference between 
the measured waveheights and the ones determined from the mention- 
ed diagrams, based on observations elsewhere. 

Some explanations have been considered. 

The waverecorder. - In the first place there may be errors of the 
waverecorder e.g. due to the tilting of the raft (ref. 3). This 
has been examinated by comparing the floating recorder with a 
step-resistance recorder as well as with a recorder measuring with 
a float. Both recorders are suspended on poles off the coast in 
the Northsea. 

Simultaneous recordings of both meters with the floating 
recorder have been carried out. The waves could not be compared 
individually. Only the statistical similarity of the recordings 
has been examinated. 

The differences of the significant waveheights computed from 
simultaneous recordings of the stepresistance and the floating 
recorder were less than 10%. A comparison with the second type 
recorder gave exactly the same distributions of the waveheights. 

For the present it may be concluded from these comparisons 
that the results of the floating recorder do not deviate appreci- 
able from other known methods of observation. 

The temperature. - Secondly there is the influence of the tempera- 
ture. Most observations have been made while the temperature of 
the atmosphere was somewhat higher than that of the water. The 
observations under different conditions indicate a small influence 
of the difference of temperature between water and air. 

The siltcontent. - A single remark on the influence of the silt 
content of the water may be made. The top layer of the bottom of 
the southern part of the lake consists mainly of clay. During a 
long stormy period the silt content of the water may increase to 
about 1 gram per liter. Boatmen familiar with the lake state a 
reduction of the waveheight when the siltcontent of the water in- 
creases and as a result of this, navigation seems to be easier 
according as a windy period lasts longer. The wave recordings did, 
however, not show any clear influence of the siltcontent on the 
height of the waves. 
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Fig. 3.   Measured and calculated wave heights plotted in 
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All things considered, it does not appear that the results 
are affected by local circumstances. The dashed line in fig. k may 
have a more general significance. Further wave observations will 
have to prove this. 
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APPENDIX 

Summary of the results 

Sate 0 F 
*3 »10 *w *. Silt Helgn H50 Period 

a V?a "/*.. ^sec °0 °0 liter m n see 

6- l-'58 
6- l-'58 
7- l-'58 

29-10-'59 
9-ll-'59 
9-11-'59 
4- 3-'60 
4-3-'60 
7-3-'60 
8- veo 
9-3-'«0 
9-3-'60 

11- 4-'60 
11- 4-'60 
12- 4-'60 
12- 4-'60 
IV 4-'60 
IV 4-'60 
14- 4-'60 
14- 4-'60 
6- 7-'60 

18- 7-'60 
18- 7-'60 

3,50 
4,30 
4,10 
4,35 
3,15 
3,95 
4,05 
4,60 
4,35 
4,20 
4,20 
3,65 
4,20 
5,70 
4,15 
5,90 
4,35 
3.95 
4,15 
3,75 
4,35 
4,30 
4,55 

9 
32 
22 
54 
20 
35 
19 
32 
7 

14 
12 
17 
19 
12 
18 

5 
29 
45 
17 
34 
30 
21 
35 

11 
12 
13 

9 
8 

11 
11 
11 
9 

12 
11 

8 
11 
11 
16 
11 
12 

10 
12 

11 
12 
21.5 
12 
11 
11 
12 
11 
12 
11 
12 
10 
14 
14 

9 
10 
11 
13 
13 
14 
10.5 
12 
12.5 

2,6 
2,6 
3,3 
9,9 
6,1 
6,6 
5,8 
4,7 
3,5 
3,1 
2,? 
2.7 
9,3 
8.4, 
9,4 
9,2 
9,3 
9,3 
9,3 
9,3 

15,3 
17,1 
18,2 

4 
8 
5 

11 
5 
5 
7 
7 
1 

-2 
3 
6 
9 
9 

10 
11 
10 
12 
10 
10 
15 
18 
19 

1033 
64 

250 
163 
248 

50 
297 
242 
398 
196 
284 
109 
185 
96 

245 
372 
294 
181 
160 
125 
159 

0,43 
0,46 
1,21 
0,77 
0,65 
0,69 
0,64 
0,45 
0,64 
0,51 
0,68 
0,66 
0,70 
0,66 
0,50 
0,58 
0,73 
0,89 
0,70 
0,71 
0,72 
0,76 
0,79 

0,26 
0,28 
0,71 
0,45 
0,42 
0,39 
0,38 
0,28 
0,36 
0,30 
0,43 
0,39 
0,46 
0,40 
0,28 
0,36 
0,44 
0,58 
0,44 
0,43 
0,46 
0,49 
0,53 

3,4 
3,5 
5,0 
3,6 
3,4 
3,5 
3,5 
3,2 
3,5 
3,8 
3,8 
3,4 
3,8 
3,8 
3,0 
3,2 
3,8 
4,2 
3,6 
3,7 
3,8 
3,6 
3,8 

Explanation 

1,      fxndnlocity at 3 m above eealevel (place of observation) 

W10     WinoYeloclty at 10 m abore aealerel (telystad) 

tw      temperatuxe of the water 

t         temperature of the atmosphere 

Hslgn significant ware height 

H-Q     height exceeded by 50S6 of the wares 
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CHAPTER 4 

THE USE OF RADAR IN HYDRODYNAMIC SURVEYING 

H.M.   Oudshoorn 

Engineer, Hydraulic Division of the 
Delta Works, Rijkswaterstaat, The Hague. 

INTRODUCTION 

During several kinds of surveys at sea or in the wide 
estuaries in the South West of the Netherlands the location of 
moving objects presents a problem.When studying the various 
systems of radio location it appeared that radar, an instrument 
which gives a birds eye view of a fairly extensive area, could be 
a useful aid in solving this problem. Especially when it was shown 
that with the newly developed short-wave radar sets wave crests 
were clearly visible on the radar screen, it was considered worth 
while to carry out some tests to see whether radar would really be 
useful for surveying purposes *   In 1958 the Rijkswaterstaat hired 
an 8 mm radar set for a trial period. The tests were carried out 
at the mouth of the entrance channel to the Rotterdam harbour, 
the Rotterdam Waterway. 
During these tests it became evident that radar could solve 
several problems and that valuable information about wave patterns 
could be gathered with this instrument. The set was bought and 
then used to determine 

1. flow patterns 
2. wave patterns 
3. the behaviour of ships in fairways. 

In paragraphs 2 and 3 some basic principles of radar are 
discussed in order to establish the special requirements the radar 
equipment must satisfy for this particular purpose, [l] 
In paragraphs ^-7 the methods of observation and the results 
obtained for the purposes mentioned above are discussed and some 
practical examples given. 

GENERAL PRINCIPLES OF RADAR 

A radio transmitter, operating on a very short wavelength 
radiates frequent and regular pulses of energy. These pulses 
travel out into space like a train of short radio waves of a 
certain length. By means of a suitable aerial system the trans- 
mitted energy is focussed to form a narrow pencil or beam. 
When the wave train hits an object a certain amount of the radio 
energy is reflected, generally in many different directions. Only 
a very small amount of energy travels back to the point of 
transmission in exactly the opposite direction. Here tne returning 
energy is received by an aerial and amplified in the radar 
receiver unit. 
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The time that has elapsed between the moment of transmission of a 
certain pulse and the receipt of its echo is a measure of the 
distance between the transmitter and the reflecting object, using 
the known speed of the propagation of radio waves, which is about 
300,000 km/sec. 

The aerial system that focusses the transmitted energy is 
rotated mechanically at a constant speed of about 20 revolutions 
per minute, consequently, the transmitted beam of energy "scans" 
the horizon. For this reason the aerial system if often called 
the scanner. 
The distance and the azimuth of the object appears on a cathode- 
ray tube. 

The cathode of the tube radiates a stream of electrons which 
is focussed to a beam with spot-size diameter at the inner surface 
of the tube. 

By gradually increasing the current supplied to the deflection 
coils this beam is deflected radially from the centre of the tube 
to the edge, starting at the moment of transmission of a pulse. 
The radial line followed by the beam at the surface of the tube 
is called the time base. 
According to the range scale selected by setting the range switch 
the time base current rises at a rate appropriate to the speed at 
which the beam should travel from the' centre to the edge. If, for 
instance, the radius of the tube has to represent a target range 
of 10 kilometers, the electron beam has to reach the edge of the 
tube in the period that the pulse radiated by the radar transmit- 
ter makes the trip to the target and back of 20 km, i.e. 6? 
microseconds. 

The inner surface of the tube is coated with a substance 
that becomes fluorescent when it is hit by a sufficiently strong 
beam of electrons. The beam following the time base, is not 
strong enough to make the trace visible. The reception of an 
echo by the radar receiver unit, however, results in an extremely 
short momentary increase in the intensity of the beam of elec- 
trons, sufficient to make the coating fluorescent. The  afterglow 
of the coating causes the spot to remain visible for some time. 
The distance of the brillant spot from the centre, measured along 
the time base is proportional to the distance between the 
transmitter and the reflecting object. 
The time base appearing on the screen as a radial line is rotated 
with the scanner by means of a servo system, which synchronizes 
the rotation of the scanner with the rotation of the deflection 
coils of the cathode ray tube. By this arrangement the difference 
in azimuth of the various targets in the field is shown on the 
screen and the location of the objects is visible on the screen 
in their correct relative positions. 
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CHOICE OF EQUIPMENT 

Resolving power. If it is desired to use radar for surveying 
purposes the apparatus used must be capable of working very 
accurately indeed. 
One of the most important points to watch when choosing radar 
equipment is its resolving power.[2] 
The resolving power of radar can be divided up into two 
categories, viz., radial and tangential. Radial resolving power 
is determined by the duration of the pulses transmitted. 
Two targets situated at a radial distance AR can only be 
distinguished when the difference in the time taken by a pulse 
to reach and return from both targets is longer than the pulse- 
length T . If c is the propagation speed of radio waves the 
resolving power is AR = £i 
A short pulse-length is required to obtain high resolving power. 
For technical reasons the pulse-length cannot be shortened 
indefinitely. However, the shorter the wavelength is the shorter 
the pulse-length can be made. 
For a radar set with a wavelength of 3 cm the minimum pulse-length 
is about 0.1 /u sec giving a resolving power of 15 m. When a 
wavelength of 8 mm is applied the pulse-length is about 0.05/^sec 
giving AR = 7.5 m. 
For a wavelength of k  mm the min. pulse-length is about 0.01/usec 
and AR s 1.5 m. 
Tangential resolving power is determined by the width of the 
horizontal beam of the energy radiated. 
For longer ranges the width of the beam 0 is proportional to v 
when X= wavelength and D = width of the scanner. Good tangential 
resolving power can be obtained by using a short wavelength or a 
large scanner. For a 1.5 metre scanner we find the following data 
for 9 and the resolving power R6 for a distance R = 1000 m for 
various wavelengths. 

^s 3 01 9=1.2° R © = 21 m 
X = 8 mm 9=0.4° R0=7m 
X a if mm 0 = 0.2° R 0 =  3.5 m 

A short wavelength must be used to obtain a high tangential 
resolving power to avoid making the scanner awkwardly large. 
It will be evident that the resolving power of the cathode ray 
tube of the display unit will have to match the resolving power 
of the radar set itself. The spot diameter of the electron beam 
on the radar screen is about 0.3 mm. The max. screen diameter of 
radar sets is mostly 30 cm, giving for a max. range of 3i000 m a 
scale of 1:20,000. Then the diameter of the spot on the screen 
represents a circle of 6 m in the field. 
This implies that the resolving capacity of the tube and the maxT 
scale which can be applied during the survey in view of the 
accuracy desired determines the max. range at which the radar can 
be used. In most cases this max. possible range does not exceed 
5 km. 
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Radio-wave propagation. During the propagation of radio- 
waves through the earth's atmosphere the transmitted energy 
attenuates. The ratio of this attenuation depends largely on the 
wavelength. Oxygen gives an attenuation which has sharp peaks at 
5 mm- and 3 mm wavelength. The presence of water in the atmosphere 
gives an additional attenuation which depends again on the form in 
which the water appears. An increase in the amount of water in 
the atmosphere causes greater attenuation. [%} 
Fig.1 shows the attenuation for wavelengths under 32 mm for 
oxygen and water in various forms in the atmosphere. 
From this graph may be concluded that the wavelengths of 5 and 
2-3 mm is unsatisfactory for radar in any case. Of the very short 
wavelengths 8 mm and k  mm are the most satisfactory for this 
purpose, but these wavelength will only be useful for radar sets 
for special short-range purposes. 

Response of targets. A natural target is very seldom an ideal 
reflector and usually only a very small amount of the energy 
striking it is reflected, while an even smaller amount will be 
reflected in exactly the opposite direction. 
The reflection properties of a target depend on the size, shape 
orientation and material of the object. Metal or water have 
better reflecting proporties than wood or sand. It has been 
observed that a wet wooden pole reflects much better than the 
same pole dried by the sun. Size and shape however, are the main 
factors. Given a certain shape and material and a given 
inclination of the surface with respect to the radar waves, the 
amount of energy reflected will increase roughly proportionally 
to the size. Sizes larger than the cross section of the radiated 
beam of course do not contribute to the echo strength. 
If the transmitted energy is Et, the energy hitting the target 
per unit of area will be   y Et 

^ is a factor expressing the degree of focussing. 
A target with a reflecting capacity C reflects a quantity of 
energy unit of area near the receiver of 

o-    SEt 

If the receiver aerial has a cross-sectional area of FR the 
energy received will be      % gt g- pR 

oCis the atmospheric attenuation discussed in 2.1. As mentioned 
in 2.1 the narrowness of the beam of energy transmitted increases 
as the wavelength decreases. So & depends on X and the energy 
received will increase, too as the wavelength decreases. 
This R-lf relation only holds good up to a certain distance from 
the radar mounting. This area is called the near zone. Outside 
this range an R-8 relation obtains. This division into two zones 
has been shown to be due to an interference phenomenon caused by 
reflection from the surface of the water. In the far zone the 
target is wholly below the lowest lobe of the interference pattern, 
so that the illumination of the target is less than the free 
space value, and becomes progressively less as the target moves 
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out of range. [3] 
The location of the transition zone between the near and the far 
zone is expressed approximately by the formula 

RK • 2^ ^ 
in which RK = range of the transition zone 

h, = height of the scanner above sea level 
hi = height of the target above sea level 
X = wave length . 

From this formula it appears that the range of the transition 
zone increases in proportion as the wavelength decreases. In the 
following table some values for Rk are given for various wave- 
lengths, scanner heights and target heights [2] 

X 

RK 
hi = 5 m 
b-2 =  1  m 

RK 
h-i  = 5 m 
h2 = 5 m 

RK 
h1  =   10 m 
h2 =     1m 

RK 
h<|   =  10 m 
h2  =    5 m 

32 mm 
8 mm 
k mm 

1  km 
k km 
8 km 

5 km 
20 km 
kO km 

2 km 
8 km 

16 km 

10 km 
kO km 
80 km 

The response of wave crests is of special importance to the use 
of radar in hydrodynamic surveying. 
It has been shown that a swell itself does not reflect radar 
waves, but that the small wind-generated facets which overlie 
the main large-scale wave pattern are due to the reflecting 
properties of the waves. 
The phenomenon of sea return, what is known as "sea clutter", 
has been studied for several purposes, but mainly with the aim 
of suppressing it in the receiver unit, because it tends to 
obscure the echos of ships. 
Out of the many publications on the subject attention is drawn 
to [3]. 
It will be evident that only facets of a suitable size and 
orientation will reflect in the desired direction. 
The distribution of these facets has been studied statistically 
and it has been shown that scattering is concentrated in the 
vicinity of wave crests. Ideal reflection is from perpendicular 
facets facing the radar equipment. They have also been shown 
statistically to be moet frequent near the wave tops, especially 
to windward, where the crests of the waves tend to be steepest. 
When the angle of incidence of the radar waves is small the wave 
crests screen the troughs and only the wave crests facing the 
radar equipment are irradiated by the radar waves. If radar views 
an area-extensive target like a choppy sea the azimuthal extent 
of the surface illuminated is equal to R© . So here instead of 
the R~^ relation for a target of limited dimensions discussed 
above an R_3 law holds for the intensity of the energy received 
in the near zone. Outside the transition zone for sea-clutter an 
R~7 law holds instead of the R~° relation for targets of limited 
size. It will be evident that outside the transition zone the 
naturally weak response from wave crests will soon cease to be 
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detectable on the radar screen. Therefore a radar set with a short 
wavelength, giving a big range for the transition zone is required 
for wave research. The values of the energy received on a given 
wavelength from the sea surface, for different altitudes of scanner 
and under the same sea conditions should give a group of curves as 
shown in fig.2. Here the transition zone is only a function of the 
height of the scanner. 
For this reason the scanner should be placed as high as possible, 
consistent with local conditions. 

Conclusions. 

1. A short wave-length radar set is suitable for getting high 
resolving power both radially and tangentailly. 

2. The use of short wavelengths implies that these sets can 
only be used for short-range work because of the relatively 
strong attenuation of radio energy in the earth's atmosphere. 
However, as radar is only practicable in hydrodynamic 
surveying for relatively short ranges (about 5 km max.) 
short-wave sets are satisfactory. 

3. The energy received from the target is stronger for short 
wavelengths, owing to the better focussing of the energy 
transmitted. 

h.       The range outside which targets reflect rapidly decreasing 
amounts of energy increases as wavelengths shorten. 

5-  A short-wave radar set is required for wave-research. 
All the above-mentioned conclusions point to the desirability 
of using short-wave radar for hydrodynamic surveying. 
As mentioned under 3.2 of the very short wavelengths the k  and 
8 mm waves show a relative minimum attenuation and are therefore 
most suitable. 
Since A- mm radar sets are not yet being manufactured 
commercially an 8 mm radar set is being considered. A Decca 8 mm 
radar set is being used for surveying purposes in the Deltaworks. 
Specifications: 

aerial system 
reflectors        Double 6 ft "cheese" 

(one transmitting one receiving) 

horizontal beam    of the order of 23' 
vertical  beam    of the order of 1**° 

pulse characteristics 
pulse length       0.05/usec 
recurrence frequency *t000 per sec 

display 
screen diameter    30 cm 
scales 0.5) 1»3 and 10 nautical miles 

Most navigational radar sets work on a wavelength of 3 cm. The 
use of these sets for surveying purposes is only justified when 
the objects are of the same size as or bigger than objects lying 
within the resolving power of the equipment, e.g., ships. For 
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the determination of the courses of ships a good 3 cm radar 
specially adjusted for short-range use like river-radar sets are 
satisfactory. 
A set working on a shorter wavelength is required for the determina- 
tion of wave patterns and flow lines. 

BECORDING OF DATA AND ACCUKACY THEREOF 

The moving objects which have to be located appear on the radar 
screen and their continuously  changing positions relative to 
objects known to be stationary, such as the shore line is observed. 

In most cases the situation at a particular moment must be 
retained at regular intervals. This can be done in several ways, 
viz., 

1. by measurement on the radar screen direct 
2. photographically. 

A fluorescent circle of any desired radius can be made to appear 
on the screen by means of an electronic device (the variable range 
marker) built into the 8 mm radar set mentioned before. The radius 
selected can be read off a scale direct.  The distance an object 
is from the radar set can be determined instantly by making the 
circle pass through the image of the object. 

The azimuthal location of the object can be determined by 
means of a rotatable cursor fitted on the top of the screen. The 
scale factor of the variable range marker and its zero correction 
can be determined by checking the variable range marker against 
some suitable landmarks the coordinates of which are known. 

If these constants are applied to the scale readings 
reasonable accuracy of location can be obtained. 

If a maximum range of 3000 m is used for the radar picture 
the standard error of range measurement is of the order of 15 Hi 
which includes an error of about 5 m caused by backlash in the 
gearing of the mechanical part of the device. The standard error 
in the measurement of the azimuthal location of the object is of 
the order of 0.3°. 

This method of location however takes much time and is 
therefore not suitable when numerous objects have to be located. 
Then it is better to take photographs of the picture on the radar 
screen. This method has the advantage that the situation at a given 
moment can be recorded, thus facilitating subsequent examination. 
A standard 6x6 cm2 camera is used for photographing the 30 cm 
tube of the 8 mm radar. 

In order to avoid geometrical distortion as far as possible 
care should be taken that the camera axis is in line with the 
axis of the cathode ray tube. The camera should be rigidly 
attached to the radar set. 

A radial distance on the curved surface of the cathode ray 
tube appears on the photograph as a straight line. That is the 
main problem connected with the geometrical interpretation of 
radar photographs. The degree of distortion depends on the radius 
of curvature of the cathode ray tube, on the radial distance of 
the image from the centre of the tube and on the distance between 
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the camera and the tube. 
In our case the camera is ^8 cm from the tube, which has a radius 
of curvature of kO  cm. Fig.3 shows the magnitude of the distortion 
for this case in expressed as a percentage of the radial distance 
as a function of the angle G between the axis of the camera and 
the line joining the centre of the objective to the echo of an 
object on the radar screen. From this figure it can be seen that 
the correction which has to be applied to the radial distance 
shown on the photographs increases progressively up to 5»5%- 
However, this percentage can be reduced considerably by applying 
a correction increasing proportionally to 6 , which in fact 
merely means attaching another scale to the photograph. 
Fig.3 shows a max. correction of about 0.9% when this is applied. 
This means that xf the max. range is fixed at 3000 m the 
correction at 1500 m is about 15 m; at 2200 m the correction is 
negligible, beyond this range the correction increases sharply 
up to 2? m at the edge of the screen. In most cases this degree 
of accuracy is satisfactory. 

If greater accuracy is desired the actual corrections must 
be applied but this is very laborious when numerous locations 
have to be determined. 

If the approximation of the correction curve to a straight 
line is acceptable it is a simple matter to deduce the informat- 
ion required from the photographs. 

Then the negatives can be projected direct on to a chart 
bearing the desired scale. 
Standard photographic enlarging apparatus can be used for this 
surpose. Care should be taken that enough landmarks can be 
distinguished on the negatives equally distributed through out 
the range. Their echos are used to place the projected image 
correctly on the chart. 
All the data can then be filled in on the chart. When dealing 
with moving targets like floating buoys the successive negatives 
should all be projected on to the same chart, thus indicating the 
flow lines direct. 

CURHENT MEASUREMENTS 

The way in which currents are measured depends largely on 
the purpose for which they are intended. In the complicated 
estuaries in the south-west of the Netherlands it is often 
necessary to determine the total flow as a function of time in 
various gullies and over adjoining sandbanks. Here simultaneous 
measurements are required, because measurements carried out on 
different days are not easy to compare because of the variations 
in the tides, in the discharges of rivers, in the wind, in the 
density differences, etc. 

Current velocity is determined at numerous points on lines 
running at right-angles to the gullies. This indicates the flow 
in the gullies and over the sandbanks. The flow across each of 
these lines can be ascertained by measuring the velocity and 
direction of the current at fairly short time intervals at a 
sufficient number of spots and at several depths at each of these 
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spots. This method calls for a large number of vessels, instru- 
ments and operators, especially in extensive areas. 
By this method information can be obtained about the flow 
distribution in a cross-section at any moment and about the 
variation in time of the total flow through a cross-section of an 
estuary. In many cases however, detailed information is also 
desired about the patterns of the flow lines, so that they can be 
compared with the results obtained from model tests and used for 
the study of erosion problems. These data cannot be derived from 
simultaneous measurements. Floats are used to determine the flow 
pattern. Especially in wide estuaries, like those in the south- 
west of the Netherlands, the main difficulty is how to locate 
the floats. 
They can be located as follows; 

1. Terrestrially, with the aid of sextants from a survey 
launch, following the floats. 

2. With the aid of a radio location system, e.g., the Decca 
system, on a following launch. 

3. Photogrammetrically. 
4. By radar. 

The number of floats usable in the first two methods is limited 
because there are limits to the number of operations that can be 
carried out on board a launch. When the velocity of the current 
is fairly high readings must be taken every few minutes and the 
number of floats which can be handled by one launch is limited, 
to two or three . This means that for wide areas to be covered 
with numerous floats the first two methods can be rejected. 
Therefore, they are only used for incidental detailed surveys of 
small areas. 

The use of the third method employing airial photography 
requires that the aircraft return to the same point at regular 
intervals to photograph the area concerned. This means that as 
a rule not more than two points can be taken from which the whole 
area must be seen, unless more than one aircraft is used. This 
means that the aircraft must fly at a fairly high altitude if 
the area is at all extensive. This in turn calls for very good 
visibility and clear recognisability of the floats. If readings 
must be taken continuously throughout a tidal cycle two planes 
will be required as a rule and thus the use of this method will 
be still further restricted when the days are short. 

The last method of location, with the aid of radar, has the 
advantage that with two launches numerous floats can be tended. 
One boat drops the floats and the other picks them up again, so 
work on board is reduced to a minimum. This method is also 
independent of daylight and visibility. Only very heavy rain and 
a rough sea can reduce the visibility of the floats on the radar 
screen but under such conditions operations at sea are also 
impossible. 

The floats have to be provided with radar reflectors to make 
them visible on the radar screen. 

Radar reflectors consist of prisms and pyramids similar in 
shape to those used in optics. They look like the corner of a box 
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so they are called corner-reflectors. For use on buoys the corner 
reflector has to be designed in such a way that its wind 
resistance is as low as possible. A Swedish invention the spiral 
reflector has been chosen for this purpose. It consists of a fol- 
ded sheet metal strip twisted into a spiral with transversely 
welded plates to produce a large number of horizontally directed 
corner reflectors (fig.A-). [4] 

The spiral reflectors used here are 9 cm in diameter and 
are V? cm high. 
Comparative tests on stagnant water have shown that the wind 
catch of these reflectors is less than or does not exceed the 
wind catch of other traditional markers on buoys such as flags 
or the foam-rubber plates used for making them clearly visible 
from the air. 
Finally, an example of current measurement will be discussed, one 
which was carried out in the Haringvliet during the construction 
of the building pit for the big sluices. It was evident that such 
an obstacle, occupying about one third of the cross-sectional 
area of the estuary would lead to an important change in the flow 
pattern and that these changes in turn would cause considerable 
erosion in the neighbourhood of the pit. For this reason an 
extensive survey was carried out to determine the changes in the 
flow pattern. Along four lines perpendicular to the main gullies 
simultaneous measurements were carried out at various stages in 
the construction of the pit. 

The changes in the velocity-distribution in the cross sections 
could be derived from these measurements and an overall picture 
of the flow lines in the entire estuary could also be worked out 
from them. 

Fig.5 shows the cross-sections along the axis of the pit 
before and some months after its construction, together with the 
corresponding current diagrams. The overall picture of the flow- 
patterns of the maximum flood and ebb currents before and after 
the construction pit was built are shown in figs. 6 a/d. 
These patterns, however, do not give enough information about the 
flow pattern in theimmediate vicinity of the pit, which is 1^00 m 
long. 

In order to establish this flow pattern additional float 
measurements with 8 mm radar have been carried out. 

Fig.? shows the results of a reading taken during 
construction at the instants of max. ebb en flood currents. The 
position of the Decca 8 mm radar set is marked. The radar 
apparatus was working on a max. range scale of 3000 m so that the 
scale of the image on the radar screen was 1 : 20.000. Two boats 
which had continous radio contact wxth the radar post were used 
to handle the floats. Every 2 or 3 minutes the location of the 
floats was recorded by photographing the radar screen. 

WAVE MEASUREMENTS 

Information with regard to the waves can be obtained by 
making use of weather maps or wind data measured direct. Wind 
fields over a certain sea area can be determined with the help 
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Fig. 6a Fig. 6 b. 
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Fig. 6c. Fig. 6d. 

Fig. 6 
(a) Flood current in Haringvliet without construction pit, 
(b) Flood current in Haringvliet with construction pit. 
(c) Ebb current in Haringvliet without construction pit. 
(d) Ebb current in Haringvliet with construction pit. 
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of weather maps and the wave motion at a certain place and moment 
can be determined roughly in the case of a deep sea by means of 
the relevant well-known formulae or graphs. Similar calculations 
can also be applied in the case of more shallow waters, but many 
difficulties are met with when such factors as diffraction, 
refraction, bottom friction, breaking, currents, etc., play an 
important part. Many such like problems also arise in the case 
of the coastal waters and the complicated estuaries in the south- 
west and here this method is generally impracticable. Then it is 
necessary to collect all the wave characteristics such as height, 
period and pattern locally by direct measurement and compare these 
data with the meteorological conditions. 

The measurement of the height and period of waves only as a 
function of time at certain fixed points can be done visually or 
with the help of various kinds of instruments developed in recent 
years. Measuring poles equipped with wave recorders have been at 
placed at various spots in the Delta area. Determination of the 
direction of propagation of waves, or more generally the wave 
pattern, is a more complicated matter. 

Visual observation of wave direction is usually 
unsatisfactory. Only a limited area can be seen from the shore 
or ship generally. Often it is very difficult to distinguish between 
waves coming from different directions, especially when the 
observer is low down. Moreover, short waves generated by local 
winds often hide the more important ground swell arriving from 
distant storms so that the observer will often only report the 
direction of local wind-waves and not that of a swell. 

One of the oldest ways of measuring wave direction is the 
photogrammetrical method. This and the radar method, which will 
be discussed later, are the only means so far known by which the 
wave pattern in the coastal region and in the estuaries in the 
south-west could be studied systematically. 

For extensive areas the photogrammetrical method can only be 
used when the photographs are taken from an aircraft. In the 
Delta project this method is used to study the deformation of 
waves during their propagation as they move from the relatively 
deep sea in towards the shore. 
Stereographic aerial photographs are taken from two aircraft* 
flying at a speed of about 5^0 km.p.h and an altitude of 5000 ft. 
The shutter mechanisms of the cameras are synchronised 
electronically. This method has the advantage that wide areas 
can be covered in a relatively short period. On the other hand, 
however, this method can only be used when weather conditions 
are favourable. They are not often so when gales are blowing. 
The altitude of the clouds and unfavourable illumination of the 
sea surface are the main limiting factors. This disadvantage 
becomes apparent when the wave pattern has to be determined 
under various tidal conditions and for different wind directions. 
For this purpose numerous flights have to be made, which is in 
most cases almost impossible and very expensive. The only 
alternative is radar. This method is almost independent of weather 
conditions and observations can be made at night as well as in 
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Fig. 10.   Schematisation of wave pattern Haringvliet. 

Fig. 11.   Ship tracks at Dordrecht junction. 
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day-light. Readings can be taken continuously throughout a storm 
and under all tidal conditions. 

For this purpose the 8 mm radar set is used with its scanner 
located about 12 m above sea level. This enables the wave pattern 
to be determined up to about 3 km from the radar set. Fig.8 shows 
a radar picture of the wave pattern at Veersche Gat in the south- 
west. In this picture the wave pattern is visible 2500 mtrs away. 
Radar photographs obviate the necessity of making refraction 
computations which can be very laborious for complicated 
estuaries. Fig.9 shows a radar picture of the wave pattern at the 
Haringvliet estuary in the vicinity of the building pit. 
A simplified wave pattern can be obtained direct from this 
photograph. Fig.10 shows this simplified pattern on which the 
orthogonals have been drawn, together with the calculated 
reduction in the wave height. 

A skilled man is needed for this work, one who is familiar 
with the method of making refraction computations, especially 
when several wave patterns are superimposed. 

DETERMINING THE BEHAVIOUR OF SHIPS IN FAIRWAYS 

The changes in tidal movement at several shipping-route 
junctions due to the construction of the Deltaworks will give 
rise to some problems. Hydraulic reduced-scale models of these 
junctions are being constructed in which the future flow-pattern 
and the consequences of the changes for navigation will be 
investigated. 

In these models the movements of ships are imitated by self- 
propelled scale models of several types.  The model is tested by 
observing the behaviour of these ships under the present flow- 
conditions. For this purpose the tracks of actual ships have to 
be determined in reality. 

In view of the high speed of the ships they have to be 
located at intervals of about 45 sec This rules out the use of 
aerial photographs; this method is also very expensive because 
of the numerous flights which have to be made to get enough 
material. Shipping is very dense at various junctions from 
6 to 10 ships approaching the junction simultaneously. This makes 
it impossible to determine the positions of the ships in the 
fairway from the shore with theodolites. 

This is where radar comes in. Fig.11 shows the result of a 
radar shipping measurement carried out in the vicinity of 
Dordrecht. 

A 5 cm Decca 214 river radar was used. This type of radar 
is specially designed for short-range work, and it is sufficient- 
ly accurate when one considers the size of the vessels. 

The photographs of the radar screen were taken at intervals 
of 45 sec. The radar picture extended to 2000 mtrs. 

The results of this and numerous other measurements carried 
out under various conditions were a great help in evaluating the 
model results. 
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CHAPTER 5 

AN INSTRUMENTATION SYSTEM FOR WAVE 
MEASUREMENTS, RECORDING AND ANALYSIS 

by 

H. G. Farmer and D. D. Ketchutn 

Woods Hole Oceanographic Institution 
Woods Hole, Massachusetts 

ABSTRACT 

For the instrumentation system to be described, it was required 
that the system detect the sea surface accurately, be flexible in 
dynamic range, be able to detect and record at least six wave records 
simultaneously, be able to record the data at a station remote from the 
detectors, and be able to convert the data from analogue to digital 
form for analysis by electronic computers. Two types of wave measure- 
ments were required, the wave elevation and the wave slope.  Resist- 
ance wire detectors were used and the theory of their operation is 
presented.  The data acquisition and reduction system utilize recently 
developed telemetry techniques.  Raw data storage is on magnetic tape 
using an inexpensive tape recorder and the digital data storage uti- 
lizes punched paper tape.  The resistance wires have proven most satis- 
factory for small and large waves.  The data acquisition and reduction 
system is sufficiently general that it should have application to other 
type investigations. 

INTRODUCTION 

The instrumentation system to be described in this paper was de- 
veloped for use with several research projects concerned with wind 
generated waves.  It was developed at the Woods Hole Oceanographic 
Institution (WHOI) and has been in operation for the last year.  These 
investigations required that the wave elevation be measured at several 
discrete points, these several channels of data to be recorded simul- 
taneously as a function of time. A closely allied experiment required 
measurement of the instantaneous slope of the sea surface referred to 
two horizontal axes aligned parallel and perpendicular to the wind di- 
rection. To accomplish these aims it was necessary to develop a suit- 
able measuring instrument, and because of the expected large quantity 
of data and extensive calculations to be done, an efficient and prac- 
tical means for recording and data reduction was needed.  It was as- 
sumed at the outset that nearly all of the calculations would be car- 
ried out on an electronic digital computer. 

It was planned that a large number of the wave observations would 
be taken from a tower situated in Buzzards Bay, a line of sight dis- 
tance of two miles from the Oceanographic Institution in Woods Hole. 

*Contribution No. 1131 from the Woods Hole Oceanographic Institution. 
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Fig. 1.   WHOI multi-channel data acquisition and reduction system . 

Fig. 2.   (a) Geometry of wire and ground conduc- 
tor and their transformation, (b)   Schematic dia- 
gram of single wire transmission line and parallel 
ground plane, constant current source. 
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Because of the physical conditions at the tower, only the necessary 
measuring circuits would be placed there and the several data channels, 
a total of eight, would be telemetered by radio to the laboratory, 
where they could be monitored and recorded.  Furthermore, it was anti- 
cipated that observations would be made from other installations, and 
therefore the measuring and monitoring equipment should be kept port- 
able. 

An accurate measurement of the sea surface elevation immediately 
precluded any use of the well known pressure type wave recorder. Other 
techniques considered included the step-resistor type, Caldwell (1948), 
capacitance wire type, Tucker and Charnock (1955) and Whittenbury (1956) 
and the resistance wire type, Gerhardt, Jehn and Katz (1955).  To take 
the difference in elevation of the sea surface between two points spaced 
close together, say approximately 6 inches, was considered adequate for 
the slope determination. This would require an accurate measure of the 
elevation at each point, and consequently the detectors must cause an 
absolute minimum disturbance to the water surface. It was hoped to 
make such measurements on waves up to six feet in height. For just the 
elevation observations, waves considerably higher than this were to be 
measured. The step-resistor gage was discarded as not having sufficient 
resolution, and the capacitance gage, although it was briefly investi- 
gated, was discarded as not being sufficiently reliable. The resist- 
ance wire gage had also been reported by Caldwell (1948) , but was not 
rated favorably as a general purpose, durable, service instrument. 
The work of Gerhardt, Jehn, and Katz (1955), and also Clayton, Ivey 
and Teegardin (1954), suggested that this type of instrument, if prop- 
erly designed and used, would be most satisfactory. A detailed anal- 
ysis of this method of measurement was made for both the elevation and 
slope observations. An account of this analysis is given in a later 
section of this paper. 

The complete multi-channel data acquisition and reduction system 
is illustrated in Fig. 1.  In its most recent usage, the eight chan- 
nels of data comprised six wave records, wind velocity and direction. 
With the provision of suitable measuring circuits there is no limit 
to the type of data that can be handled, except for the upper limit 
of the frequency content of the information.  The system can easily 
accommodate up to twelve data channels, and, by eliminating the voice 
information, twenty-four data channels can be recorded. Data with 
frequencies up to 110 cps can be faithfully recorded. A maximum fre- 
quency limit of about 10 cps is imposed if the data is to be converted 
from analogue to digital form using the WHOI electronic digitizer.  A 
1%  accuracy for the overall system was a desirable requirement. Rather 
than specify this, however, each component was selected for a 1% accu- 
racy, or as close to this as practicable, so that the complete system 
might well be expected to have an accuracy of 3%. Data would be rec- 
orded for time intervals up to one half an hour.  This system will also 
be discussed in detail. The Inter-Range Instrumentation Group (IRIG) 
Standards used in the system are briefly described in the text. 
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Finally, a brief description will be given of the field instal- 
lation, a few practical considerations concerned with it and several 
examples of the type data collected. 

Aside from the contribution this paper may make to the rather 
specialized subject of wave measurements, it is hoped that the tele- 
metering and recording system will be of general interest since it is 
flexible enough to lend itself to a number of other uses without major 
modification. Although the techniques and most of the components in- 
volved are familiar to, and indeed were evolved largely be engineers 
in the missile industry, the authors are of the opinion that the sub- 
ject is still sufficiently novel to oceanographers to warrant giving 
a description. 

THE RESISTANCE WIRE WAVE MEASURING SYSTEM 

The successful use of resistance wires for the measurement of 
waves requires careful design of the measuring circuits and a knowledge 
of the electrical behavior of the wires in the water. The wave height 
sensing devices consist of vertically supported stainless steel wires 
partly immersed in sea water. A constant current at audio frequency 
(4 kc/s) flowing in each wire and returning through the water path 
causes a voltage drop across the exposed portion of the wire propor- 
tional to the length of wire exposed. The voltage at the wire termi- 
nal after suitable amplification and detection is converted to a proper 
signal for telemetering to the laboratory for recording. 

For the two types of measurements to be made, i.e., surface eleva- 
tion and surface slope, the principal factors to be considered in the 
design are as follows: 

a) The current and voltage distribution along the wire as 
a function of depth below the water surface; 

b) The degree to which the generator feeding the wires must 
approximate an ideal current source; 

c) The effect on the slope measuring circuits of the finite 
input impedance of the differential amplifiers; 

d) The resolution of the wire in terms of the smallest 
measurable increment of the height of the surface. 

In actual conditions of usage the resistance wire may be supported 
from quite different types of towers. At Woods Hole the wires were sim- 
ply hung outboard of a light steel frame tower which served as the re- 
turn path for the electrical current exciting the wire. This comprises 
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a most complicated geometry to analyze in detail. Thus an analysis of 
(a) may best be performed by idealizing the geometry of the complete 
wire system.  If the wire is considered to be supported parallel to a 
large vertical cylindrical conductor, partially immersed in a body of 
water of infinite extent, then it is possible to treat the immersed 
portion of the system as a transmission line with series resistance per 
unit length determined by the type of wire and shunt conductance per 
unit length determined by the geometry, the conductivity of the water 
and the polarization impedance at the wire-water interface. 

In the following analysis, for the type of operation of the wire 
contemplated, it is found that for proper linearity of the voltage out- 
put with a constant current input it is necessary to maintain a certain 
minimum length of wire beneath the water surface at all times.  For use 
in sea water with practical wire diameter and assumed geometry, the 
requirement for this minimum length of submerged wire may be easily met. 
This particular mode of operation of the wires proves impractical for 
use in fresh water.  However, it is shown that a constant voltage system 
using a wire of very high conductivity should prove satisfactory.  Fur- 
ther, for either the constant voltage or constant current system, it is 
shown that so long as certain minimum requirements are met, the exact 
current and voltage distribution along the subsurface portion of the 
wire are unimportant. 

Since the specific resistance of the wire is known or can readily 
be measured, determination of the properties of the "transmission line" 
depends upon a knowledge of the shunt admittance existing between the 
wire and the ground plane.  This admittance has two components in series: 
the polarization admittance arising from the electrochemical reaction 
at the surface of the wire electrode, and the admittance of the electro- 
lyte, dependent upon the configuration of the electrodes and the physi- 
cal properties of the water.  Each of these admittances is complex, 
having a component of capacltive susceptance as well as conductance. 
However, it is well known to those familiar with the technique of sea 
water conductivity measurements that at frequencies above about 1 kc/s 
the effect of the capacitance becomes small enough to neglect, and the 
polarization admittance is essentially constant at a fixed frequency. 
It is for this reason that the 4 kc/s frequency was selected for the 
wire excitation.  Therefore, although the polarization admittance ac- 
counts for a substantial part of the total effect, it can be regarded 
as a constant, which, since it is in series with the electrolyte ad- 
mittance, reduces the total admittance to a value below that of the 
electrolyte admittance alone.  In the case of the electrolyte admittance 
it is also true that the capacitance between the wire and the ground 
plane is small enough to be neglected at the operating frequency. Hence 
it only remains to calculate the real part of the electrolyte admittance, 
which will hereafter be simply termed the shunt conductance. 
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THE WIRE-GROUND CONDUCTOR FIELD PROBLEM 

The determination of the shunt conductance requires the solution 
of the field problem associated with the configuration shown in Fig. la, 
where a wire of radius A x is maintained at a potential V with respect 
to a parallel conductor of unit radius. If it is assumed that the im- 
mersed part of the system extends to infinite depth, then because of 
symmetry the solution for the potential may be found in two dimensions. 
Application of the following transformation, Churchill (1948), results 
in a coaxial configuration whose potential can easily be found: 

(1) az - 1 

where 

1 + (x + A x) (x - A x) + "/"[ (x+ A x) -lj[ (x- A x) -l]    (2) 
a = 2 x 

and the transformed radius is 

_    (x + Ax) (x - Ax) - 1 - ^[(x+ Ax)2-l][(x- Ax^-1] 
p " 2 x ( } 

x-Ax   <a<x + Ax 0<P<1      when x - A x < 1 

The potential <|> of the transformed system is 

• -    lfP m P (4) 

and the total current per unit length flowing from the wire to the large 
conductor may be found as follows : 

*" , Otb 
E     -    GRAD<t> -       - 7T- (5) 

'P 

—I 
2ir      _^. 

EPde=   -f=2- (6) 

where o- = the conductivity of the water 

E = the electric field vector 

The shunt conductance per unit length is then 

i     2*<r 
5     V     In P 
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In the practical case being considered the wire diameter is very 
small compared with the radius of the ground conductor, making the accu- 
rate computation of P tedious. The expression for P, eq. (3), may be 
simplified by replacing the square root term by the first two terms of 
its binominal expansion and neglecting the term in A x to the fourth power. 
This approximation, eq. (8), is therefore valid for values of A x < < x. 

P - A x ( ^-j- ) (8) 

Rescaling the dimensions of the Z plane to the actual physical di- 
mensions 

p - jr   (-rh- > (9) 
K
   DVK-i 

and from eq. (7) the shunt conductance becomes 

~3 
2 tr (r 

g .  i  (io) 

In r  ( -j  -1) 
K 

where D = Distance between centers 

K = Ground conductor radius 

k = Wire radius 

RESISTANCE WIRE ANALYSIS, CONSTANT CURRENT SOURCE 

With the value of the shunt conductance established, the wire and 
ground conductor may now be regarded as a single wire transmission line 
parallel to a perfectly conducting ground plane (Fig. 2b).  This last 
assumption is valid since the actual ground conductor is a pipe whose 
series resistance, because of its relatively great diameter, is negli- 
gible compared to the series resistance of the wire.  If the original 
assumption of infinite immersed depth is for the moment maintained, the 
classic transmission line equations may be written, without, however, 
the complication of accounting for the reactive components, since the 
frequency of the wire current will be low enough to neglect series in- 
ductance, and the leakage, or shunt conductance, is so high in sea water 
that the effect of shunt capacitance will be negligible. 

The general solution for the voltage with respect to the ground 
plane and the current in the wire as functions of distance along the 
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wire are found by well-known methods,  Guillemin,   (1935),   to be 

e (y) = A e      Pg y   +    B e "^8 y (11) 

Ky)^7p  [-Ae^y + Be-^Iy]i (12) 

where P is the resistance per unit length of the wire, 

and y is distance measured from water surface. 

The constants are evaluated by applying the end conditions: 

i (0) - I,  i ( oo ) = o (13) 

where I = the current in the wire above the water surface. 

The voltage and current along the wire are seen to be simple ex- 
ponential functions of depth. 

i - I e " Pg y (14) 

e = I ^7g e ~ Pg y (15) 

Of interest is the depth at which the current decays to a negligible 
value.  If this critical depth yc is defined as the depth at which the 
current in the wire is reduced to 1% of I, then 

4.60 ,,,,. 
yc - T=~ (16) 

It therefore follows that so long as the wire is immersed at least 
to its critical depth, it will behave as though immersed to infinite 
depth, and the voltage drop from the wire to ground at the water surface 
will remain constant as the level of the water changes with respect to 
the wire. It is this fact that permits us to regard the instantaneous 
level of the water surface as the position of a short circuit to ground, 
since the constant voltage drop simply represents a constant zero shift 
which can be calibrated out. 

Substituting the formula for the shunt conductance into eq. (16) 
and expressing P in terms of the wire radius shows how the critical 
depth depends upon the wire radius with all other parameters held con- 
stant.  The result of this manipulation is 

yc = "~^=L      ^in [ f (K   -D] (17) 

84 



AN INSTRUMENTATION SYSTEM FOR WAVE 
MEASUREMENTS, RECORDING AND ANALYSIS 

where P* is the resistivity of the metal used for the wire. The criti- 
cal depth is found to be very nearly linear with respect to the wire 
radius as is seen in Fig. 3. This is a plot of eq. (17) for the case 
of stainless steel wire spaced 10 inches on centers from a pipe of one 
inch radius in sea water of conductivity 0.127 mhos per inch. 

When the wire is immersed to a depth X. which is less than the 
critical depth, the behavior of current and voltage along the wire as 
a function of depth can be found by noting that the end conditions now 
become 

i (0) - I, i ( X ) . 0 (18) 

Thus: 

i (y) - I sinh ^g (X-y) (19) 

sinh H>g X 

e (y) - I NPTI COSh ^£ <X"?> (20) 
sinh VPg X 

Under these conditions the voltage at the water surface and the 
voltage at the end become respectively 

e (0) = I ^Vg  coth N^g X (21) 

e (L) = I ^P7g  csch N^g X (22) 

The voltage at the surface was measured experimentally in a tank of sea 
water, using .015" stainless steel wire spaced 5.5 inches on centers 
from a 3/4" diameter stainless steel pipe. The curve from this experi- 
mental data was found to be similar in shape to eq. (22) but displaced 
from it. This discrepancy is expected to be due principally to the effect 
of the unknown but nonetheless real polarization admittance.  For the man- 
ner in which the resistance wires were to be used an estimate of this 
polarization admittance was not required. However, an experiment of this 
sort could provide such an estimate. 

In situations where it may be impractical to employ a wire of 
sufficient length to reach critical depth, terminating the wire in its 
characteristic impedance, ^IP/g,  should, in theory, simulate an infinite 
length of wire below the surface. In this manner e (0) could be held 
constant for short lengths of wire. 

In order for the voltage drop across the exposed portion of the 
wire to be proportional to the exposed length, the current I must be 
constant and independent of the position of the water surface.  Indeed, 
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the preceding analysis is based upon this assumption.  The accuracy of 
the device is therefore dependent, among other things, upon two factors: 
namely, the degree to which the wire excitation source approximates a 
current source, and the degree to which the input impedance of the am- 
plifiers associated with the wire approximates an open circuit. 

The diagram in Fig. 4 shows how the equal current sources are 
approximated.  Current regulation with respect to load variations is 
achieved by making the resistors R large compared to the sensing wire 
resistance r .  The voltage source Eg is electronically regulated for 
stability. A simple calculation shows the ratio of series resistance 
to wire resistance required for a given percentage linearity of the out- 
put voltage appearing between one of the terminals and the water. 

Assuming for the moment that the inputs of the amplifiers are open 
circuits, and for simplicity that the water surface is a short circuit, 
we will consider one individual wire.  It is desired that the relation 
between the wire output voltage and the water height be linear within 
specified limits over the total range of interest. The output voltage 
is given by 

E0 / x \    E.g r/L (L - M 
(23) 

The elevation sensitivity d e£/d ^ must remain between specified  (24) 
limits to insure the desired linearity. 

Thus for 1% linearity, 

d eo 

d~T" 

d ej 

d~X" 
1 

100 

d &2 
(25) 

Solution of (25) for R yields 

R = 200 r (26) 

In the case of a slope determination the difference between the 
voltages at the terminals of two parallel wires whose spacing is known 
is measured by means of a differential amplifier. Analysis of the 
effect of the ratio R/r on the accuracy of this measurement shows 
that the voltage representing the slope is not nearly so sensitive to 
change in the elevation of the water surface as the elevation linearity. 
If we consider a pair of wires and assign the symbols e^ and e£ to the 
voltages at the terminals of the two wires, see Fig. 4, with respect to 
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the water surface (considered as ground), then the slope of the water 
surface in the direction of a line connecting the two wires is propor- 
tional to e^2 > the difference between e^ and e2 • We must investigate 
how this difference varies for a constant slope over the length X. . 
Sufficient information for this purpose is given by comparing the ex- 
pressions for the slope voltage at maximum and minimum elevation. Thus, 

e12 • eL ( *• ) - e2 ( *• + A\) (27) 

and eq. (23) may be used for e^ and e2 . 

By taking the difference of e^2 determined at X. - L - AX and X = 0, 
assuming r AX. < < R L, and allowing a maximum slope voltage variation 
of 1% over the range L, the following value of the resistance R is 
obtained 

R = 1.58 r (28) 

Thus the requirement of eq. (26) more than fulfills the requirement for 
slope voltage accuracy over the length of the resistance wires. 

The preceding discussion has been based on the assumption that the 
input impedance of the differential amplifiers is infinite. Although 
this is far from the actual case, it may be shown that if these imped- 
ances can be made high compared to the wire resistance, the above assump- 
tion is valid. Since the highest value of wire resistance contemplated 
in this design is about 20 ohms, it was possible to obtain an adequately 
high input impedance to the differential amplifiers which are of tran- 
sistor design. 

In the preceding analyses, the derived relations define the parametei 
of the sensing circuit and establish criteria for the sensitivity of the 
amplifier detector units and the output level of the stabilized voltage 
source. The maximum exposed wire resistance was chosen as nominally 
20 ohms, which corresponds to about 10 feet of .015" diameter stainless 
steel wire. Thus, in providing the constant current source for the wire 
excitation, the series resistors R must be at least 4000 ohms according 
to eq. (26). Precision resistors with an accuracy + .05% were used to 
insure that the currents flowing in each wire were identical. 

RESISTANCE WIRE ANALYSIS, CONSTANT VOLTAGE SOURCE 

An extension of the foregoing analysis shows how a wire may be used 
to measure waves in fresh water, where the conductivity is several orders 
of magnitude less than that of sea water. In this case a wire of very 
low specific resistance is driven with a voltage source E, as shown in 
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Fig. 5. Below the fresh water surface y > 0 equations 11 and 12 hold, 
and for y ^.0: 

e (y) - E - P (L - X 4- y) iQ (29) 

i (y) - i0 - 1 (0) (30) 

Applying the end conditions 

e (0) m  A + B .- E - P (L - X) i0 (31) 

1 (\) = 0 = • A e  Pg X + B e " Pg X (32) 

and solving for iQ, we find the current in the exposed portion of the 
wire to be 

(     -2 ^i X) ^7p £ 
i =  i±-~2  W*  %       (33) 

e "2 *« * + 1 + (1 - e "2 ** X)    ^    (L - X) 

So long as 2 ^Pg X < < 1, equation (33) reduces to the approximation 

i0 - 8 E X (34) 

showing that the current from the voltage source is directly propor- 
tional to the length of the immersed portion of the wire. For the 
range of conductivity encountered in most tap water it appears that the 
above criterion can be met by using copper wire of moderate diameter in 
lengths up to 10 feet. Calculation of the shunt capacitance of a typical 
system indicates that at low to medium audio frequencies the shunt sus- 
ceptance is very small compared to the shunt conductance in fresh water. 
Hence as in the sea water system the analysis is valid without consi- 
deration of the reactive components. 

VERIFICATION, MEASUREMENT RESOLUTION AND ADDITIONAL COMMENTS 

It was found experimentally that the mean resolution of the current- 
driven wave measuring wire was limited to the order of 0.2 inch for a 12 foot 
length of wire. This result was demonstrated by an experiment where a pair 
of parallel wires was lowered and raised in a deep tank of sea water over a 
distance of 12 feet and maintained perpendicular to the calm surface. The 
output voltage from a single wire was measured for elevation. The output 
voltage from the differential amplifier fed from the two wire terminals, 
instead of remaining at zero, was observed to vary about its zero value 
in an erratic fashion. With a wire spacing of 6 inches the standard 
deviation from the mean value corresponded to 0.17 inch which was equiv- 
alent to a slope of 1.6 .  Since careful attention had been devoted to 
the design of the differential amplifier, this effect could not be at- 
tributed to faulty common mode rejection or imperfect balance in the 
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electronic circuits. The elevation measurements over the full range of 
immersion indicated the predicted linearity, but the difference measure- 
ments provided a measure of the resolution available. 

The only plausible explanation for this "noise" appeared to be 
small random variations in the polarization admittance caused by sur- 
face contamination of the wire. Thus it was at least logical to assume 
that a thin but non-uniform layer of grease or contaminate could result 
in the admittance varying randomly with depth along the wire.  Since 
the polarization admittance is a component of the shunt conductance, g, 
variations in the former would cause variations in e (0), upon whose 
constancy with surface height the system depends for its linearity. 
This thesis was partially supported by the fact that degreasing agents 
applied to the wires immediately prior to immersion caused changes in 
the effect, without, however, eliminating it. 

In any case, since it would not be possible to maintain uncontami- 
nated wires in field operation, a full-scale range of the order of 
two feet seems to be the practical limit where accuracy of one per cent 
of full scale is desired in an elevation wire, while the spacing of 
slope wires cannot be less than about six inches for angular accuracy 
of better than about 2°. 

In the equipment as it was actually built the signals from each of 
the elevation wires as well as the signals from the pairs of slope wires 
were amplified with differential amplifiers and detected with phase 
sensitive detectors.  By adjustment of the various gain settings, the 
final output voltage was standardized to a 0-5 volt range for entry into 
the telemetering equipment. Differential amplifiers were used in the 
elevation circuits so that it would be possible to subtract from the 
wave wire signal another signal equivalent approximately to the mean 
length of unimmersed wire, refer to Fig. 4. This reference resistor 
is variable so that a proper adjustment may be made whatever the state 
of the tide.  The total "swing" of the differential amplifier output is 
then primarily due to just the wave signal.  The amplifier sensitivity 
is adjusted so that its full scale excursion in both directions is 
caused by the highest expected waves. The variable reference resistor 
may take the form of another wave wire which is supported in a tide 
tube.  This tube would be designed so that the reference wire senses 
only tidal variation. 

The design of the differential amplifier, particularly those for 
the slope measurements, required great care to be taken to insure high 
common mode rejection. The common mode rejection ratio of the amplifiers 
is determined by measuring the differential gain, the ratio of output 
voltage to the difference between the two input voltages.  The two input 
voltages are made equal by tying the two input terminals together and 
the ratio of the output voltage to the common input voltage, or common 
mode gain, is measured. The common mode rejection ratio obtained was 
in the order of 10,000. 
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The 4 kc/s outputs of the differential amplifiers are detected in 
phase sensitive detectors, the magnitude of whose D.C. output is pro- 
portional to the amplified difference voltage applied.  The polarity of 
each phase detector output is dependent upon the phase of the input 
compared to that of the fixed reference phase of the wire drive supply. 
Since the difference voltage undergoes a phase reversal at the point 
where the voltage difference input to the amplifier becomes zero, the 
sense of the instantaneous water level is preserved. 

WHOI MULTI CHANNEL DATA ACQUISITION AND REDUCTION SYSTEM 

The complete system in its present operational form is illustrated 
in Fig. 1. Two main divisions of the equipment have been made, the 
field installation and the laboratory installation.  The means for tele- 
metering the information between these two stations may be either by 
radio or electrical cable with each method requiring its own special 
terminal equipment.  All of the data received at the laboratory in its 
full analogue form is recorded on magnetic tape, which serves as the 
raw data storage. Upon playback the data may be monitored, edited, 
digitized, or otherwise operated upon without altering the original 
data recording.  Since the analysis was to be carried out on an elec- 
tronic digital computer it was necessary to provide an analogue-to- 
digital converter and a means of storage, punched paper tape, for the 
digital information. 

Besides the accuracy requirement of 17o for each component it was 
considered important to keep the system as adaptable as possible to a 
wide variety of applications and problems. As always it was necessary 
to keep the overall cost at a minimum. 

The design of the telemetering apparatus was fortunately much 
simplified by the fact that the art of FM/FM telemetry has reached the 
advanced state where standard components are available from commercial 
manufacturers.  Standard subcarrier frequencies, channel spacings and 
bandwidths, designed to permit optimum use of the available spectrum 
consistent with the requirements of bandwidth and signal-to-noise ratio 
have for some years been promulgated by the Inter-Range Instrumentation 
Group (IRIG) and are widely accepted by the industry. Nichols and Rauch 
(1957) give a comprehensive introduction to the theory and practice in 
the field of radio telemetry. When analogue information is to be trans- 
mitted any distance by radio, it is well known that frequency modulation 
best preserves the information against distortion by extraneous noise. 
Similarly, for magnetic tape recording as well as for radio transmission 
when the information data frequencies extend down to zero it is necessary 
to utilize frequency modulation (FM) to preserve this information.  To 
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obtain a number of data channels for transmission over a single radio 
frequency carrier or for recording on a single track magnetic tape 
recorder, the range of frequencies extending from about .4 kc to 70 kc 
has been divided up into a number of bands each of which is assigned 
a center frequency.  See Table I.  The information signal is then used 
to frequency modulate this center frequency, the maximum deviation for 
each band being + 7 1/2% of its center frequency.  From the table it 
will be seen that the maximum intelligence frequency depends on the 
subcarrier band selected.  The WHOI system utilizes the IRIG data 
channels 4 through 11 but can accommodate channels 1 through 12. 

A most satisfactory means for recording these several channels of 
data is on magnetic tape. It is significant to note that an expensive 
instrumentation recorder is not required. A relatively inexpensive, 
portable, hi-fidelity, dual track tape recorder has proven adequate for 
the job. One track is used for data recording, and voice information 
is put on the second track.  In this manner the data may be documented 
with whatever additional information is needed while it is being rec- 
orded.  Because of slight irregularities in the motion of the tape on 
both record and playback, occurring in all tape recorders, FM recorded 
data may be very seriously distorted.  This difficulty can be virtually 
eliminated, however, by recording along with the data a stable refer- 
ence or control frequency. Upon playback the variations in this fre- 
quency are used to correct the data restoring it to its original form 
well within the accuracy limits of the overall system. This correction 
process is referred to as tape speed compensation. 

The field installation comprises the detectors, measuring circuits, 
FM subcarrier oscillators and, if required, a radio transmitter. The 
FM subcarrier oscillators are voltage controlled, a 0 to 5 volt swing 
at the input causing the output frequency to range from its lower to 
its upper limit. In order effectively to utilize the accuracy avail- 
able in this telemetering and recording system, the sensitivity of the 
measuring circuits should be so adjusted that full scale of the in- 
formation corresponds to the full 0-5 volt range of the subcarrier os- 
cillator. Generally this can be easily done. The outputs of the os- 
cillators are then linearly mixed and the combined signal is fed to 
the FM transmitter.  It is by virtue of the information frequency modu- 
lating the subcarriers, and the several subcarriers frequency modulating 
the.radio frequency carrier that the system is referred to as FM/FM 
telemetry. In those field installations where electrical power is 
primarily supplied by batteries, it is desirable to use as much tran- 
sistorized circuitry as possible in order to prolong battery life and 
reduce the number of batteries required. Transistorized subcarrier 
oscillators are commercially available and are extremely rugged and 
highly dependable.  The measuring circuits designed and built at WHOI 
for the wave observations were also transistorized. 
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TABLE I 

IRIG STANDARD SUBCARRIER BANDS 

Center Lower Upper Maximum Intelligence 
Channel Frequency Deviation Limit Limit Frequency 

(cps) (cps) (cps) (cps) (Modulation Index 5) 
(cps) 

+ 7 1/2% Deviation Channels 

1 400 + 30 370 430 6.0 
2 560 42 518 602 8.4 
3 730 55 675 785 11 
4 960 72 888 1,032 14 
5 1.3 kc/s 98 1,202 1,398 20 
6 1.7 128 1,572 1,828 25 

7 2.3 173 2,127 2,473 35 
8 3.0 225 2,775 3,225 45 
9 3.9 293 3,607 4,193 59 

10 5.4 405 4,995 5,805 81 
11 7.35 551 6,799 7,901 110 
12 10.5 788 9,712 11,288 160 

13 14.5 1,088 13,412 15,588 220 
14 22.0 1,650 20,350 23,650 330 
15 30.0 2,250 27,750 32,250 450 
16 40.0 3,000 37,000 43,000 600 
17 52.5 3,940 48,560 56,440 790 
18 70.0 5,250 64,750 75,250 1,050 
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In choosing the means for telemetering the information from the 
field to the laboratory installation several factors must be considered. 
Among these are the total number of data channels, the channel center 
frequencies, the range of transmission, whether or not line of sight 
communication exists, etc. Generally if a large number of data channels 
are required and IRIG channel 7 or greater is used, the total band width 
of these data channels will require for radio transmission a VHF (say 
230 mc) carrier with frequency modulation. This VHF-FM radio link will 
provide high quality telemetry, but the line of sight transmission may 
introduce a range limitation. With fewer data channels, IRIG 1 thru 6, 
the total band width of the several channels will permit use of an HF 
(2-6 mc) carrier but with amplitude modulation.  In this case, the range 
of transmission will be greatly increased but there may also be some 
sacrifice in quality. 

Electrical cables may also be used for the telemetering link.  In 
this case the subcarrier signals are fed directly to the cable. Here 
again the band width and frequencies of the transmitted signals will 
dictate the selection of the cable. Generally if the band width is 
large and the higher frequency data channels are used a coaxial cable 
will be required. 

At the laboratory the output of the FM receiver is linearly mixed 
with the reference frequency, 14.5 kc/s the center frequency of IRIG 
channel 13, and recorded with the magnetic tape recorder.  At the same 
time, with switch 1 in position 2 any four of the data channels may 
be selected, using the appropriate channel selectors, sharp cut off 
band pass filters, discriminated and recorded on the four channel 
Sanborn recorder.  This ability to monitor the data while it is being 
recorded is considered an important function of the system. 

In the data reduction phase, one, two or three data channels may 
be arbitrarily chosen using the channel selectors. The fourth dis- 
criminator is used in conjunction with the tape speed compensator. 
The graphic recorder and the digitizer are both fed directly from the 
discriminator outputs, which are faithful reproductions of the original 
data. 

The paper tape punch is driven by a 3600 rpm synchronous motor and 
contact closures operated by the motor provide timing signals and syn- 
chronization to the digitizer.  The digitizer accepts a maximum of 
three data channels and digitizes them sequentially. Each channel is 
switched in, a sample is taken, converted to a seven level binary num- 
ber and punched out on the paper tape, all in 1/60 second.  The same 
sequence of events follows for the next two channels, a total of 1/20 
of a second being required for the complete operation on all three 
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channels. Following this sequence the paper tape is advanced with no 
punch, thus providing a space, i.e., a fourth channel with zero punch, 
to separate this data group from the next data group to be punched.  Pre- 
selected sample rates of 15, 10, 5, 3, 2, 1 per second are provided.  A 
time mark generator controlled by the digitizer provides a tick mark on 
the graphic record at each time a group is sampled. 

A seven level binary code was selected for the digital format for 
two reasons.  First, the seven level binary code provides for any num- 
ber from 0 to 127 thus permitting a digitizing accuracy of better than 
1%.  The second reason is that with the straight binary code the Teletype 
tape punch can punch any number up to 127 in a single operation, thus 
permitting a rapid digitizing rate and also the optimum packing density 
of information on the paper tape. The relatively fast operation approxi- 
mates simultaneous digitization of the three data channels if their sig- 
nals do not vary rapidly. This scanning rate was a specific requirement 
in setting forth the specifications for the digitizer and tape punch. 
In any event the time difference between adjacent channels is 1/60 second 
plus or minus approximately 3/4 millisecond on the average. 

There is one disadvantage to the use of the seven level binary code 
which should be clearly emphasized. No electronic computer known to the 
authors or their associates uses this particular code for normal entry of 
data. However, data entry has been easily accomplished in two cases using 
available paper tape readers. The IBM 46 tape-to-card punch has been used 
to transfer the data to IBM cards. This IBM 46 has been more effectively 
used, however, as a tape reader for direct entry of the data into an 
IBM 650 computer.  A tape reader has also been provided for entry of the 
data directly into the Autonetics Recomp II computer.  In both of these 
computers, through programming, the data is then put into proper format 
for subsequent calculation. Mr. R. G. Stevens of the WHOI has done all 
the work pertaining to the entry of the punched paper tape data into these 
two computers. 

The digitizer was specially built because of its particular operating 
characteristics.  The only other piece of equipment which required any 
special attention in its selection was the tape recorder.  Because of the 
recording of FM signals, in selecting the tape recorder it was necessary 
to specify that the intermodulation distortion be kept as low as prac- 
ticable.  This was satisfied with the installation of a higher quality 
recording-reproducing head than normally supplied. However, in so doing, 
the frequency response of the recorder was reduced to 15 kc/s at 15 
inches/second.  It is for this reason that the total number of data 
channels that could be recorded on each track of the tape was limited 
to the first twelve, the thirteenth channel being required for tape 
speed compensation.  The recorder has three standard operating speeds, 
15, 7 1/2 and 3 3/4 inches/second, and with a small modification 1 7/8 
inches/second.  At this lowest tape speed using standard 1.5 mil magnetic 
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Fig. 6.   WHOI tower situated in Buzzards Bay, Mass., water 
depth 42 feet.   0.015 inch diameter SS wire detectors hang 
from coaxial cables supported off left edge of tower. 

Fig. 7.   Sample data obtained with resistance wire detectors.   The 
heave lines are at 5 mm spacing.   Bottom figure is sample of punched 
paper tape digitized at 10 groups per second.   Tape is unrelated to 
data above. 
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tape, recordings of eight hours in duration can be made using the first 
five data channels. By in large, the intelligence frequencies present 
in oceanographic data are very low. For the wave studies carried out 
at WHOI it was necessary, however, to be able to record faithfully fre- 
quencies up to 10 cps. As is apparent in Table I, the system can record 
intelligence frequencies up to 110 cps. Thus, with faster digitizing 
equipment, the system may have a much wider range of application in other 
types of research. For the WHOI or similar type system further applica- 
tions more directly related to the field of oceanography have been dis- 
cussed briefly in Ref. 10. 

In this section the intent has been to describe the data acquisition 
and reduction system through a rather general description, but of suffi- 
cient detail that its operating characteristics are clearly understood. 
Several practical features of the system have been emphasized because of 
their versatile and practical aspects. Finally, it is believed that the 
system presents a unified and logical concept in data handling. 

THE FIELD INSTALLATION AND RECENT OBSERVATIONS 

An extensive program of wave observations has been carried out 
using the equipment described in the preceding sections. A tower was 
placed in Buzzards Bay in water 42 feet deep and at a location 2 miles 
line of sight distance from the laboratory in Woods Hole. The tower, 
which is of light steel frame construction and 60 feet in height, was 
originally designed as a wind mill structure. The bottom of each leg 
is fitted with a large box shaped foot to provide a bearing surface. 
The lower sections of the tower were reinforced so as to support an 
additional 6 ton weight to "anchor" the tower to the bottom.  A large 
cast concrete and scrap iron anchor had been previously placed at the 
proper site.  The tower is placed over the anchor and atta ched to it 
with an hydraulic cylinder.  By pumping oil into the cylinder the tower 
is anchored to the bottom with a predetermined part of the anchor weight. 
This manner of installation has proven most satisfactory and the tower 
has withstood winds in excess of 60 knots and waves up to 6 feet in 
height. The tower is disconnected from its anchor, picked up and car- 
ried to shore and stored during the winter months when heavy icing 
conditions may prevail. A detailed description of this facility is 
given by Carver, (1958), and an illustration of the tower is given in 
Fig. 6. 

The wave wires are electrically connected to the input of the meas- 
uring circuits with a relatively inexpensive coaxial cable, RG-58AU. 
Equal lengths of coaxial cable were used for each wave wire detector. 
The simplest, most expedient and satisfactory means for holding the 
resistance wire in place was to hang each wire by means of a clamp on 
the coaxial cable with a small lead ball of about 3 pounds weight tied 
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on the end of the wire.  The submerged length of wire was about 20 feet 
so that the small lead ball was not subjected to any appreciable fluid 
velocities resulting from the wave field. The estimated critical length 
of the 0.015 inch stainless steel wire was about 3.5 to 4 feet. At no 
time were the wires observed to move because of wave motion or wind. 

Referring to Fig. 6 there may be seen the wooden box in the shape 
of a dog house which encloses all the necessary electronics for obtain- 
ing the wave and wind data and telemetering it to the laboratory. 
Mounted on masts above the tower are the anemometer and wind direction 
indicator and the 230 mc tuned ground plane antenna.  At the laboratory 
a corner reflector and antenna were mounted above the roof from which suf- 
ficient signal strength was obtained for reliable operation. The accu- 
mulator and oil tank for the hydraulic anchoring system are also visible. 

On another occasion these same type resistance wires were used from 
a much larger tower installation. Approximately 40 foot lengths of 
0.015 inch resistance wire were used and approximately 25 to 30 feet 
of this was below water level.  Satisfactory wave records were obtained 
in winds in excess of 40 knots and waves 20 to 25 feet in heigat.  The 
wires were observed to be in some motion dependent upon the size waves 
encountered.  The maximum horizontal motion of the wire was about 1 foot 
for the highest and longest waves observed. 

A sample record of elevation, up-down wind slope and crosswind 
slope is shown in Fig. 7. The wind speed at the time of recording was 
16 knots, having been this speed for the previous hour and before that 
time the wind had been blowing at about 10 knots. For the up-down wind 
slope record the negative sign refers to the slope found, on the average, 
on the side of the wave facing the direction in which it is propagating. 
The same rule holds for the crosswind slopes if the wave were traveling 
from left to right when looking into the wind.  To obtain the actual 
slope it is necessary to divide the indicated differences in elevation 
by the wire spacing which was 6 inches. 

At the bottom of Fig. 7 there is reproduced a sample of the punched 
paper tape for a record similar to that above it.  The four channels, 
crosswind slope, up-down wind slope, elevation and space are indicated 
in the figure.  The group punching rate was 10 times/second. 
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INTRODUCTION 

In connection with full scale ship trials, it is often necessary to 
have a description of the state of the sea which may be used as a scale 
against which to measure ship performance. Visual observations of waves 
have proven to be unreliable in the past and are, in any event, not 
sufficiently detailed to be adequately descriptive, for many problems. 
Hindcasting** the state of the sea depends on wind information (speed, 
duration, area of sea covered, and rate of growth and/or decay) obtained 
from six hourly weather maps. The wind data is used in conjunction with 
certain empirical^theoretical formulations to produce an energy spectrum 
of waves at the place and time of interest. The energy spectrum is a 
good descriptive tool, because it gives information on the energy content 
of the wave frequencies present and provides an estimate of the height 
distribution of the waves as well as certain other statistical quantities. 
However, hindcasting the wave spectrum is unsatisfactory for two reasons: 
1) estimation of the wind field from sparse observations spaced six 
hours apart is highly subjective, and 2),  no specific energy spectrum for- 
mulation has as yet been verified. 

There is still another method for description of the seaway. If the 
waves at a fixed point can be measured for a sufficient length of time, 
then this sample record can be converted into a wave (energy) spectrum 
that will adequately characterize the state of the sea. 

There are many systems that will measure waves, but the requirement 
that wave measurements complement simultaneous ship motions measurements, 
in all states of sea, eliminates most of the known instruments.  In 
particular, it is required that the waves be observed at a fixed point 
for a period of hours, while the ship conducts certain maneuvers which 
may remove it several miles from the point of observation. This means 
that the wave measurement system must be physically divorced from the 

*Physicist, David Taylor Model Basin during the period when this investi- 
gation was made. 

Hindcasting is the prediction of an event after it has occurred but has 
not been observed. 
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ship*. Furthermore, many tests will be made in heavy seas so that it 
will not be practical to seek out the instrument and recover it. As a 
consequence of the conditions imposed by the particular problem stated 
here, the wave measuring system must be able to: 

1. Telemeter information to the ship for at least 
7 hours at a distance of at least 8 nautical miles, 

2. Be launched from the deck of a ship in waves 
perhaps 25 feet high, and 

3. Be inexpensively constructed ($125.00 - $150.00) 
so as to be expendable. 

Since investigation revealed that no known instrument had embodied 
in it all three of these features, it was decided to design and build an 
appropriate system, at the David Taylor Model Basin. After some consi- 
deration of the imposed conditions, it was decided that a small floating 
buoy (SPLASHNIK) which measures apparent vertical acceleration and 
telemeters the information back to the ship could be designed to fulfill 
the requirements. 

The intent of this paper is to describe the SPLASHNIK system, the 
data reduction method, some experimental verification of the method, and 
some proposed improvements. It should be noted that this technique of 
wave measurement (recording of vertical acceleration) is not new. In 
fact, one instrument described by Dorrestein (1957) is somewhat similar 
to the SPLASHNIK and has been in operation for several years. Other 
institutions are also known to be experimenting with accelerometer wave 
buoys. However, several basic design differences make the SPLASHNIK 
especially useful as a tool in the study of ship behavior. A drawing 
of the SPLASHNIK appears in Figure 1. 

OPERATING PRINCIPLES 

The general operation of the complete system of sending and record- 
ing is shown in Figure 2. An accelerometer consisting of a mass and a 
flexible arm is attached to the base of the float unit. Part of the mass 
is an eddy current damper attached near the outer end of the accelerometer 
arm. As the float moves up and down on the waves, the displacement of 
the mass in reference to the base causes a radio transmitter to change 
frequency. The change in frequency is proportional to the acceleration 
being experienced by the buoy. The output of the transmitter is fed to 
an antenna mounted on the wave height buoy float. The signal transmitted 
from the wave height buoy is received at the ship with a wide band 
receiver which converts the frequency changes of the transmitter into a 
varying d-c voltage. The varying d-c voltage is proportional to the 
acceleration being sensed by the accelerometer. The received signal 
contains high frequency components, which are caused by the very short 

* The wave measurement system may be integral with the ship if measure- 
ments are made at zero forward speed. 
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waves (which contribute little to the ship motions being studied), as 
well as by mechanical noise of the transmitter unit. These signals are of 
such a magnitude that if they were allowed to appear on the recording, 
they would completely mask the desired signal. That is, the gain of the 
recording system would have to be set so low that the desired signal 
(associated with frequencies below l/3 cps) would be too small to read 
accurately. For this reason, the output of the receiver is applied to a 
low-pass filter which removes the undesirable high frequencies but allows 
the desired information to pass through unaltered, except for some phase 
distortion which is not considered significant for the intended applica- 
tion. The output of the filter is then recorded by whatever means are 
available, i.e., tape recorder, direct writing recorder, etc. 

Calibration of the system is accomplished by establishing a zero 
reference with the wave height buoy level and then tilting the buoy 
through 60 . The tilt will produce a frequency change in the transmitter 
which represents the l/2-g change which the accelerometer senses due to 
the 60 tilt. When the signal is received, the receiver will produce a 
steady d-c voltage output proportional to the transmitter change in 
frequency and therefore proportional to acceleration. This d-c voltage 
and the zero obtained when the buoy is level are recorded. The difference 
between the zero and the voltage produced due to the 60 tilt is the cali- 
bration for l/2-g and all records from that particular wave height buoy 
may be referred to this calibration. 

DETAILED DESCRIPTION OF COMPONENTS 

BUOY ASSEMBLY 

The buoy assembly of the SPLASHNIK is composed of a buoyancy unit 
(float), an equipment box and an antenna. The buoyancy unit is made of 
styrofoam covered with fiberglass cloth impregnated with epoxy resin to 
give it strength. The float is 3 feet by 3 feet by 3 inches with a 1 foot 
by 1 foot hole through the center (see Figure l). The equipment box is 
mounted through the hole and held fast to the float by sheet aluminum 
angles. Two eye-bolts are mounted through the float to be used when it 
is necessary to lower the assembly over the side of a ship into the water. 

The equipment box is made of plywood and is coated inside and out 
with epoxy resin to assure its watertightness for the period of operation. 
The top of the box is held in place with machine screws and has a rubber 
gasket between it and the lip of the box to make a watertight closure. 
The antenna mast is mounted through the top of the box. A ground plane 
antenna, cut to operating frequency, is mounted on the top of the mast 
with its feed line running down through the mast into the box. The 
transmitter unit is attached to one side of the box and the batteries 
that provide its power are located in the bottom of the box (Figure 3). 
A bar switch is located on the outside of the box and is used to turn on 
the equipment. 
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ACCELEROMETER 

The accelerometer is composed of a beryllium copper cantilever arm 
mounted on a pedestal. The pedestal is attached to the transmitter unit 
chassis (Figure 4). An aluminum cup is mounted on the lever arm near its 
free end. When the accelerometer arm moves, the aluminum cup moves in a 
magnetic field created by a magnet from a dynamic speaker. The motion 
creates eddy currents in the aluminum cup, which are proportional to the 
relative velocities of the arm and the base, thereby providing a damping 
force. 

TRANSMITTER 

The SPLASHNIK transmitter appears at the top in Figure 4. The tran 
mitter uses a single tube which operates as a self-controlled oscillator 
on approximately 69 megacycles. The tube also operates as a frequency 
doubler and amplifier with an output at 138 megacycles. The lever arm of 
the accelerometer forms one plate of a variable capacitor which is in the 
oscillator frequency determining circuit. When the accelerometer arm 
moves, it changes the value of this capacitance which results in a fre- 
quency change of the oscillator. The change in frequency due to the 
movement of the accelerometer arm is very nearly proportional to the 
acceleration that the accelerometer senses. The capacitance change is 
adjusted so that a l/2-g acceleration results in a frequency change of 
approximately 50 kcs.  The output of the transmitter is fed through a 
coaxial cable to the ground plane antenna. It should be noted that the 
transmitter was designed with low cost in mind and because of its simpli- 
city, the frequency of its output drifts with temperature and other change 
This effect will be noticeable in operation and will require the user to 
occasionally re-tune the receiver during operation. 

BATTERY PACK 

The battery pack used to power the transmitter is composed of six 
45-volt dry batteries that furnish plate and screen voltage for the tube 
and one 3-volt battery for the tube filament. The batteries are wedged 
into the bottom of the instrument box and are held in place by wooden 
braces to prevent them from shifting in a rough sea. The batteries are 
of sufficient capacity to operate the transmitter for a period of more 
than eight hours. 

RECEIVING ANTENNA 

The receiving antenna is of the stacked coaxial type with a ground 
plane and has a gain of 6 db over a simple dipole. This antenna was used 
as it provides uniform reception from all directions and has a low angle 
of radiation. Also, temporary installation aboard ship is quite simple. 
It should always be installed as high as practical above the water, and 
clear of obstructions in all directions, to provide the greatest line~of_ 
sight path from the transmitting antenna. The antenna is specifically 
cut to operate on the frequency of the transmitter (138 megacycles, in 
this case). 
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RECEIVER 

The receiver is tunable from 55 to 260 megacycles and was chosen for 
its excellent sensitivity, stability and low noise figure which permits 
the system to receive signals from the buoy over the greatest possible 
range. The receiver also has a type of discriminator which produces a d-c 
output voltage that is quite linear for input frequency change. It has 
been modified to bring the output of the discriminator out to the back 
panel. 

LOW-PASS FILTER 

The output from the wave height buoy contains acceleration informa- 
tion caused by the high frequency short waves which contribute little energy 
to the wave spectrum in the frequency range of interest. This information 
will in fact mask the desired lower frequency accelerations of the important 
gravity wave range. To eliminate the undesired information, an electronic 
low-pass filter is used. The output of the receiver is fed into the low- 
pass filter which has adjustable cut-offs at a number of frequencies 
(Figure 5). This filter eliminates the higher frequency signals while 
passing the desired signals. The filter was specifically designed to drive 
the record amplifiers of an FM tape recoraer. However, it may be used with 
direct writing recorders as well. The filter system was developed at the 
Taylor Model Basin (Frillman, 1959 and Campbell, 1959). 

RECORDING 

The data received from the wave height buoy system can be recorded 
on any one of several types of recorder. It is usually recorded on a 
magnetic tape using FM electronics because this permits the information to 
be played directly into the Taylor Model Basin spectrum analyzer. The 
data could also be recorded on a strip chart recorder using the proper 
driving amplifiers. This would allow immediate access to the raw data. 

SOME REMARKS ON THE ACCELERATION RECORD 

The output of the SPLASHNIK is recorded as a filtered variable d-c 
voltage proportional to the acceleration experienced by the system. 
Several aspects of the SPLASHNIK output must be discussed before one can 
safely proceed to computation of the end product, the wave height spectrum. 

The low-pass filter has already been mentioned. High frequency wave 
information above 1 cps cannot be recorded accurately because it is dis- 
torted by the frequency response of the 3 foot float. In addition, wave 
frequencies above 0.5 cps are usually of little concern to ship motion studies 
but do contribute rather large accelerations. If the sensitivity of a re- 
cording channel is adjusted to accept the highest signal, then the contri- 
butions in the important lower frequency range will be considerably smaller 
and may even be hardly discernible. Elimination of the higher frequency 
content serves to emphasize the important wave components. The adjustable 
frequency cut-off in the low pass filter provides a choice for elimination 
of undesired information. 
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Dorrestein (1957) points out that an error in the acceleration 
signal results from the tilt of the raft on the side of a wave. He con- 
cludes that the error is small, but being proportional to the square of 
the slope of the raft, it has a d-c component which must be removed befoi 
double integration. The SPLASHNIK is, of course, subject to the same en 
Even if the accelerometer were satisfactorily stabilized, the low quality 
electronics (designed to keep cost down) still produces a d-c drift in tt 
acceleration record. However, our method of analysis requires computatic 
of the acceleration spectrum and algebraic operation on this function to 
obtain the wave spectrum. Consequently, double integration is not neces<- 
sary and the need for a high pass filter is eliminated. The result of 
this is an acceleration spectrum showing energy out to zero frequency, 
which is known not to exist. A "human filter" is applied at this stage 
by arbitrarily cutting off the acceleration spectrum where it approaches 
zero and at the frequency below which wave energy is known not to be 
present. This will be discussed further in the next section. 

The error due to tilt of the accelerometer, mentioned by Dorrestein 
(1957), has been examined theoretically by Tucker (1959). Computations 
were made of the magnitude of the errors introduced into wave measurement 
by using an accelerometer shich sets itself in the "apparent vertical" , 
that is, perpendicular to the local water surface, instead of being sta- 
bilized to measure the true vertical acceleration. This applies directly 
to the SPLASHNIK. Tucker found that the spectrum of the error signal 
rises steeply at low frequencies but does not seriously affect the main 
wave components. Figure 6, from Tucker's paper shows several error 
spectra superposed on hypothetical wave spectra for three sea states. 
From these graphs, the following computations were made by Tucker: 

Sea State 5     7     9 

Error in spectral density at 
frequency of maximum energy       0.9%  1.3%  2.8% 

Error in r.m.s. wave height 
with high pass filter 3.9%  1.6%  1.1% 

The errors are seen to be relatively small, about 4 % in r.m.s. wave 
height in a state 5 sea and decreasing for higher sea states. 

CALCULATION OF THE WAVE SPECTRUM 

The SPLASHNIK will measure the apparent vertical acceleration of the 
environmental water particles such that a particular record may be repre- 
sented by an integral of the form 

a(t) =   /     cos [cut + e((v)]   */a{u)) dai (i) 
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That is, it is supposed that the instantaneous apparent vertical accelera- 
tion [a(t)] is given by an infinite sum of sinusoids of all frequencies 
(to) combined in random phase {€).    The amplitude of each sinusoid is 
assigned by the acceleration spectrum ordinate [a((o)]. The integral in 
Equation (1) is not an ordinary integral in the Riemann sense;  it cannot 
be formally integrated.  It represents a mathematical abstraction which 
responds to the basic rules of the calculus and that will suffice for 
this discussion. 

Using the form of Equation (l), a record of vertical displacement 
[z(t)] may be represented by 

«OD ________ 

z(t) = j    cos [cot + e(cu)] V z(cu) dcu        (2) 

If Equation (2) is twice differentiated with respect to time, the result 
is 

|2_     -co   

-—•  =   /    - cu2 cos [cut + <=(cu)l   */z(cu) dcu 
It     ^o 

(3) d2Z 

d 

Equations (l) and (3) may now be equated to each other, the result being 

z (cu) = — a (cu) (4) 
cu 

Equation (4) states that the energy spectrum of the waves [z(co)], may be 
derived from the energy spectrum of acceleration by an algebraic operation. 

The errors that exist in a(to) due to improper measurement of the 
true vertical acceleration are communicated to z(co).  In addition, there 
are errors in a((o) due to the finite length of record and to the analysis 
technique. Failure to measure true vertical acceleration, plus drift in 
the electronics, results in an acceleration spectrum [a(to)] which shows 
finite energy at co = 0 (Figure8a) which by Equation (4) would propagate 
to z(co) by indicating infinite energy at co - 0. This is overcome by 
arbitrarily cutting off a(to) at a low frequency where the spectral 
density appears to go to zero. The chance of cutting off a low frequency 
band of swell which might actually be present cannot be ignored, nor can 
much be done about it since it is inherent in the system to propagate large 
errors at low frequencies. 

Aside from the protective measures taken to prevent erroneous infor- 
mation from appearing at to - 0, and assuring maximum measurement accuracy 
with the low pass filter, there is little that can be done to establish 
confidence in the estimated spectrum of the wave except to compare results 
obtained from the SPLASHNIK with those obtained by a "reliable standard." 

Accordingly, a series of experiments was made in which the output 
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of the SPLASHNIK was converted into a wave spectrum by Equation (4) and 
this spectrum was compared with the wave spectrum resulting from measure- 
ments made by other transducers (at the same time and physically close b) 
which are considered to be fairly reliable standards. The philosophy of 
this approach is simply that good agreement in spectral shape and area 
will produce good agreement in prediction of the statistical characterist 
of the waves. Such a result would obviate the necessity for further inve 
tigation of errors in the SPLASHNIK measurement system. On the other har 
poor agreement would certainly indicate that further study of the system 
is required. 

EXPERIMENTAL VERIFICATION 

Initial tests were made in the TMB deep basin where irregular long- 
crested waves ,were generated with spectral peaks appropriate to wave 
lengths of 15 and 20 feet respectively. The waves were measured directly 
by a fixed capacitance probe and by the SPLASHNIK. The SPLASHNIK ac le- 
ration spectra were transformed according to Equation (4) and superixiiposei 
on the wave spectra measured by the capacitance probe. The results are 
shown in Figure 7. Although the individual spectral densities differ 
somewhat;, the areas are almost identical as evidenced by the r.m.s. values 
The spectral peaks are well identified in both cases. 

The model tank tests were quite successful but they were made in 
long-crested waves of relatively high frequency. It was necessary to 
test under actual sea conditions, in order to establish any real 
confidence in the system. 

Preliminary tests in Chesapeake Bay, indicated that the SPLASHNIK 
had a life in excess of 8 hours and a range of about 11 miles over flat 
water. Since transmission of the signal is on a line-of-sight basis, 
one expects trouble in high seas as separation of SPLASHNIK and ship 
increases. 

In a recent full scale trial, the SPLASHNIK system was tested in 
conjunction with a shipborne wave recorder (Tucker, 1955) in moderate 
states of sea (4-5). Several buoys were used in this experiment with 
varying degrees of success. One SPLASHNIK turned over which was quite 
unexpected. A few SPLASHNIKS ceased transmitting after 5 or 10 minutes 
because their batteries were shaken loose.  (Batteries are now firmly 
secured). Several, however, transmitted successfully for periods 
ranging from half an hour to in excess of three hours. It is believed 
that lengthening the transmitting antenna by one foot and the SPLASHNIK 
float by one foot on each side will increase chances of successful 
transmission and reception of the signal. 

Several simultaneous wave recordings were made with SPLASHNIKS and 
the shipborne wave recorder. Two of these events, each 20 minutes long, 
have been selected for analysis. Case I is depicted in Figure 8. The 
acceleration spectrum is computed on the Taylor Model Basin analog 
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spectrum analyzer  (Marks and Strausser,  I960).    As expected,  energy 
appears at the low frequencies where  it  is known not to exist.    The arbi- 
trary cut-off  is made at    (o = 0.342 and then the wave spectrum is com- 
puted by Equation (4)   (Figure 8b).    In order to compare the SPLASHNIK 
with the shipborne wave recorder,   it must be recalled that the ship was 
advancing  into the waves at about 3.5 knots  (to maintain heading) while 
the SPLASHNIK drifted in the opposite direction at about 1 knot;    this 
Doppler effect must be taken into account.    Since only a comparison of 
wave spectra  is desired,   in this case,   it  is only necessary to  impose the 
same experimental conditions on the two systems.    This was accomplished 
by a frequency transformation on the SPLASHNIK wave spectrum for a speed 
of 4»5 knots  into the waves.    The transformation is given by 

we = oi + oi2 -J5- cos X (5) "e 

where the Jacobian 

J=i£- (6) 

is incorporated to conserve the energy in the transformed spectrum. 

The transformation of the spectrum given by Equations (5) and (6) 
results in an estimate of the spectrum which would have been measured if 
the SPLASHNIK had traveled into the waves(X = 0) at a speed (v) of 4.5 
knots. Of course, the drift of the SPLASHNIK is a guess and the transforms 
tion assumes that the waves were all traveling in one direction; never- 
theless at low speeds, the estimate should be fairly reliable. Figure 8b 
shows the computed and transformed SPLASHNIK wave spectra and Figure 8c 
shows the shipborne wave recorder spectrum superimposed on the transformed 
SPLASHNIK spectrum. The SPLASHNIK peak is somewhat lower than the SBWR 
peak and is located at a slightly higher frequency but shows more energy 
at higher frequencies than the shipborne wave recorder. In any case, the 
two spectra have the same general form and the r.m.s. wave heights as 
shown in Figure 8c are fairly close. A second case (Figure 9), shows 
even better agreement in spectral shape and a remarkable agreement in 
r.m.s. wave height. 

It has been noted that the SPLASHNIK drifts. It is, of course, 
desirable to measure the waves at a fixed point and consequently a trans- 
formation is suggested to account for the drift. In view of Figure 8b, 
it may be inferred that a drift of 1 knot will neither change the shape of 
the spectrum materially nor will it shift the frequency of maximum energy 
very much. However, a drift of several knots could make a significant 
difference and this problem should be looked into. 

In view of this evidence, there is some basis for confidence in 
the SPLASHNIK as a wave measuring device. It is, however, desirable to 
secure further verification under better controlled experimental conditions. 
To this end, the U. S. Navy Hydrographic Office is conducting an independent 
investigation of the SPLASHNIK, with a probe fixed to a platform in the 
open ocean as a standard. 
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PROPOSED IMPROVEMENTS 

Plans are being made to replace some of the electronics of the 
SPLASHNIK with parts of better quality so that it may be used as a more 
accurate research tool. This will probably necessitate cost changes that 
may remove the "improved" SPLASHNIK from the category of "disposable 
item". 

It is intended to replace the present transmitting system with a 
conventional type FM telemetering transmitter which is capable of carrying 
several channels of sea state information by FM subcarriers. The trans- 
ducers will be a precision accelerometer and a vertical gyro which measures 
the tilt of the raft (equivalent to measuring roll and pitch on a ship). 
The vertical gyro will be used to correct for the tilt of the SPLASHNIK, 
by eliminating the horizontal and gravitational components in the apparent 
vertical acceleration measurement. The final recording will be a true 
vertical acceleration. All such information would be received, demodulated 
and recorded on tape. The anticipated accuracy of such a system (exclusive 
of the tape recorder) is expected to be within 1% of full scale signal. 

The SPLASHNIK will be further out-fitted with a fin that orients 
the system with the wind. Wind direction will be recorded aboard ship 
and together with information from the gyro on the resultant tilt direc- 
tion, the dominant wave direction can be estimated.  It is believed that 
the directional wave spectrum may be resolved from the data of Vertical 
acceleration and "tilt". 
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CHAPTER 7 

WAVE HEIGHT MEASURING EQUIPMENT 

E. H. Boiten 
Instituut T .N.O. Voor 

Werktuigkundige Constructies 
Delft, Holland 

The equipment was designed to obtain data from sea waves.   It 
was developed by the Organization for Applied Scientific Research at 
Delft in coordination with the Royal Dutch Navy.   The intention of the 
measurements with the wave height measuring equipment was to es- 
tablish a correlation between the sea motion and the movements of a 
ship, which is steaming in that sea.   So wave measurements and 
measurements of the ship movements were always carried out simul- 
taneously.   To have the movement of the ship free from the position of 
the wave meter, a telemetering system was chosen to transmit the data 
from the wave meter.   The receiving and recording instruments are 
placed on board the ship. 

The first measurement was made in December 1958.   At that 
moment, the wave meter consisted of a buoy assembly in which was 
mounted a transmitter coupled with an accelerometer.   The acceler- 
ometer measured the accelerations of the wave meter in a direction 
perpendicular to the water surface.   The carrier of the transmitter 
was direct frequency modulated by the signal of the accelerometer. 

After this measurement it became desirable to gather more 
data from the sea waves.   For that reason the instrumentation of the 
wave meter was extended with a gyro, which measures the slope of the 
waves.   The slope is determined by the angles of the water surface 
with respect to the horizontal plane in two directions perpendicular to 
each other.   The angle signals frequency-modulate two subcarriers, 
which in their turn amplitude-modulated the transmitter carrier . 

With this more complicated equipment a measurement was 
made in November 1959.   In this paper a description is given of the 
instrumentation of the wave meter and the receiving and recording 
equipment as it is at the present with a slightly changed modulating 
system.   As the data from the wave meter could be used to study 
only the wave motion apart from the ship, it seems reasonable to 
present this paper at this conference. 
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CONSTRUCTION OF WAVE METER 

The floating element of the wave meter is a 9 ft x 6 ft aluminum 
raft.   The housing of the aceelerometer-transmitter and its batteries 
are suspended in the raft by means of a steel frame (Fig. 1).   On the 
transmitter housing a removable mast is mounted with a length of 
about 16 feet.   On top of the mast is the antenna.   To put the center 
of gravity as low as possible and to obtain sufficient damping, the 
buoy was provided with a steel base plate of about 200 pounds.   The 
natural frequency of the completed buoy showed to be about 0.5 c .p.s . 
The damping was nearly critical.   On the base plate the other instru- 
ments are mounted in four watertight boxes.   Figure 2 shows the unit 
on board a ship. 

INSTRUMENTATION OF WAVE METER 

General scheme of instrumentation.   The complete block diagram of 
the wave meter instrumentation is given in Figure 3.   The acceler- 
ometer is of the capacitive type.   The capacity is connected into the 
tuned circuit of an oscillator, generating a frequency of about 80 Mc/s. 
A change of capacitance due to an acceleration changes the oscillator 
frequency, the frequency change being proportion to the acceleration. 
The transmitter consists of the oscillator as mentioned, followed 
by a doubler stage and a power stage.   It is evident, that the trans- 
mitter is f ,m. modulated by the accelerometer. 

The angles of the wave meter-raft with the horizontal plane 
are measured by the gyro in two perpendicular directions:   the roll 
angle and the pitch angle.   The output voltages of the gyro, which 
are proportional to these angles modulate the frequency of two sub- 
carrier oscillators.   The subcarriers are added, amplified and fed 
into a ferrite modulator, connected into the oscillator tuned circuit of 
the transmitter.   In this way, the oscillator of the transmitter is also 
f ,m. modulated by the subcarriers.   So the system is a mixed f .m. 
and f.m. - f.m. system.   Power is obtained from accumulators.   In 
the following sections more details about different building blocks of 
the wave meter instrumentation are given. 

The accelerometer. The construction of the accelerometer is given 
in Figure 4. A mass is fixed in a casing by means of two membranes. 
The space between the mass find-the casing is filled with oil. In this 
way a mass-spring system is obtained, which is nearly critically 
damped. The mass carries the grounded plate of a condenser. The 
isolated plate can be screwed up or down to adjust the plate distance 
and therewith the capacitance of the condenser. 
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loviiatMft Lifhl 

Fig. 1.   Construction of the buoy-assembly. 

Fig. 2.   Wave meter prior to launching. 
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The resonant frequency of the mass-spring system is about 150 c/s 
Since the frequency spectrum of the accelerations to be measured is be- 
low 15 c/s, no differences between static and dynamic deflections are to 
be expected.   The static deflection (in the 1 g  gravitational field) is 
10 jum. 

The transmitter.    The transmitter consists of two stages: an oscillator/ 
doubler stage, and a power stage.   The oscillator circuit is of the 
Colpitt type, oscillating in the screen-grid circuit of an E 180 F tube 
at about 80 Mc/s.   The frequency of the circuit is modulated by the 
varying capacitance of the accelerometer, and by the varying self in- 
ductance of a ferrite modulator, to which the subcarrier voltages, 
containing the gyro angle information are supplied.   The anode circuit 
of the E 180 F tube is tuned to twice the oscillator frequency and is 
coupled to the power stage, which contains a double tetrode tube 
QQE 02/5 operating in push-pull connection.   The anode circuit of the 
QQE 02/5 delivers power to a vertical dipole antenna. 

Frequency shift and acceleration are related as shown in the 
formula 

* , - K .   -2—    .   (a + g) (1) 
f c.dst 

in which: 

Af =   frequency shift 

f =   central frequency 

K =   dimensionless constant, depending on circuit constants 

m. = accelerometer mass 

c = spring constant of accelerometer membranes 

dgt =» ytatieal displacement constant of accelerometer 

a = acceleration to be measured 

g = acceleration of gravitational field 

D.C. power for the transmitter is obtained from a transistor 
DC-DC converter, fed by Ni-Cd accumulators.   These accumulators 
were chosen because of their flat load characteristic.   Figure 5 
shows the transmitter with the accelerometer. 
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Specifications of the transmitter are : 

Central frequency 157.7SMc/s 
Adjustment range of frequency 500        Kc/s 
Stability: 
Frequency drift (2 hrs after switching on) 4.10"5/hour 
Frequency fluctuations 10~5 
Frequency change for 10% heater voltage variation -10"^ 
Frequency change for 10% anode voltage variation +2.10"^ 
Sensitivity (freq. shift/acceleration) ca. 450 Kc/s per g 
Power in antenna ca.      2 W 

The angle transducers.   Since the wave height is to be derived from the 
vertical acceleration by double integration, there will be an error, when 
the accelerometer axis is not vertical.   This error can be calculated, 
when the angle between the accelerometer axis and the true vertical di- 
rection is known.*   For these reasons a gyro is included in the instru- 
mentation.    The gyro measures the angles of the wave meter raft with 
the horizontal plane in two perpendicular directions (roll angle and 
pitch angle),   The angle of the accelerometer axis with the true verti- 
cal direction can then be computed from the formula 

cos2y + sin26r + sin26n = 1 (2) 

in which 

y = angle between accelerometer axis and true vertical direction 
5r = roll angle 
6p  = pitch angle 

The gyro-axis is erected and kept vertical by two erection- 
motors, controlled by mercury switches.   Since the erection-motors 
act very slowly, the reference for the gyro-axis is the direction of the 
total acceleration, averaged over several minutes. 

In the wave meter the gyro is subjected to accelerations of con- 
stantly changing directions.   However, the average is the true verti- 
cal direction, so when the erection motors act slowly enough the 
gyro axis direction will be very close to the vertical direction and 

*There is some evidence that this error is not significant.   It is how- 
ever of importance to ascertain this.   Besides this, it is desirable 
to know the wave slope, from which information may be obtained on 
the incidence of power on e.gka ship's hull. 
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can be used as a reference for the true vertical direction.   Roll and 
pitch angles are measured by potentiometers, coupled to the roll axis 
and pitch axis of the gyro gimbals and connected to constant voltage 
Ni-Cd batteries.   The 115 V 400 c/s power for the gyro-motor is ob- 
tained from a three phase transistor DC-AC converter.   Figure 6 
shows the gyro-unit. 

Specifications of gyro-unit: 

Type:   Sperry Horizon Gyro Unit, type B. 
Accuracy of vertical direction: 1.5 degree 
Erection velocity: ca. 5 degree/ 

min. 
Sensitivity: ca.     0.1 V/degree 

The subcarrier oscillators .    The voltages of the roll and pitch poten- 
tiometers modulate the frequencies of two multivibrator-type sub- 
carrier oscillators with central frequencies of 1300 and 2300 c/s,re- 
spectively, in such a way, that the frequency deviations of the sub- 
carriers are proportional to roll and pitch angle. 

The subcarrier oscillators are followed by filter amplifiers to 
suppress all harmonics.   In both oscillators and filter amplifiers use 
is made of transistors.   The circuits are mounted on etched circuit 
cards. 

Specifications of subcarrier oscillators: 

Central frequency f0 1300/2300 c/s 
Max. frequency deviation Afmax +    0.1   f0 

Stability freq. drift/Afmax ~~        1% 
Input voltage for max. deviation 1.2V 
Linearity (freq./input voltage, deviation < 5% 
from straight line) 
Temperature drift (Af/Afmax) <!% Pe*" °c 

Amplifier output current max. 4 mA 

Instrument assembly,   A general picture of the instruments as mount- 
ed in the raft is given in Figure 7.   All instruments and accumulators 
are packed in water-tight boxes.   The transmitter is mounted in the 
mast foot on which the flanged mast is bolted.   In the mast provisions 
are made for access to the transmitter for adjustment purposes.   All 
electric connections from instruments and accumulators are made 
through a central switching box with removable watertight lid.  Through 
this switching box accumulators can be loaded.   Apart from this, the 
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Fig. 6 .   Gyro unit. 

Fig. 7 .   Instrument assembly of wave meter , 
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gyro battery can be loaded with the gyro unit working.   The reason for 
this is, that transportation hazards are minimum, when the gyro rotor 
is spinning, so that on transportation the gyro unit is always switched 
on. 

RECEIVING AND RECORDING INSTRUMENTS 

General scheme of receiving and recording syS'tem.   A block diagram 
of the complete receiving and recording system is given in Figure 8 . 
The receiver is a special sensitive broadband f .m. receiver of good 
linearity.   It can be switched to the receiving antenna, or to the cali- 
bration oscillator.   This calibration oscillator generates signals of 
the same kind as the wave meter transmitter, i.e. a carrier with a 
central frequency of 157.75 Mc/s, f.m. modulated by two subcarriers, 
with frequencies of 1300 c/s and 2300 c/s, respectively. 

A calibration switch, which is incorporated in the calibration 
oscillator circuit shifts the frequencies of carrier and subcarriers 
over an amount, corresponding to frequency deviations of the wave 
meter transmitter for known values of acceleration and roll and pitch 
angles.   At the start and at the end of a recording period the receiver 
is switched to the calibration oscillator, and the calibration values 
are recorded.   In this way the complete receiving and recording sys- 
tem can be kept under control, and errors can be eliminated or cor- 
rected. 
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The receiver output consists of the accelerometer signal to- 
gether with the two subcarriers, containing the information on roll 
and pitch angle.   The three signals are separated by filters, and the 
accelerometer signal is f .m. modulated on a 13.5 kc/s subcarrier. 
Each of the three subcarriers is now recorded on a separate track 
of a 4 track magnetic tape recorder .   On the fourth track a 10 kc/s 
reference signal of very accurate frequency is recorded.   This 
reference signal is used for timing purposes on play back of the 
signal, and alsw for wow and flutter compensation. 

The capstan motor of the tape recorder is driven from an 
amplifier, connected to a 50 c/s R.C. oscillator.   The reason for 
this is, that in many cases main power of accurate 50 c/s frequency 
is not available. 

The receiver.   To obtain adequate sensntivity a superheterodyne 
receiver with double mixing is used.   The first local oscillator is a 
crystal oscillator, whose frequency is multiplied by nine in a sep- 
arate multiplier.   The second local oscillator is anL.C. oscillator 
which has a ferrite modulator included.   The i.f. stages, limiter 
discriminator are conventional.   However, the discriminator output 
is fed back to the ferrite modulator of the second local oscillator.   In 
this way three objectives are obtained: 

a. good band width 
b. good linearity 
c. automatic frequency correction 

The receiver has a balanced cathode follower output stage.   A 
d.c. meter is connected over the output, indicating the frequency devi- 
ation.   A second d.c. meter, connected to an a.m. detector, indicates 
signal strength. 

Specifications : 

Central frequency 
Tuning range coarse 

fine 
Band width +150 
Stability (1 hour after switching on) 
Sensitivity on antenna input 
Linearity (max. deviation of straight line at 
max. freq. deviation) 
L.f. band width 
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The calibration oscillator.    The calibration oscillator is a replica of 
the wave meter transmitter, except for the power stage.   The oscillator 
is frequency modulated by d.c. and by two subcarrier signals of 1300 c/s 
and 2300 c/s central frequency, respectively.   The subcarrier signals 
are obtained from subcarrier oscillators, identical to those of the wave 
meter.   These subcarrier-oscillators are also frequency modulated by 
d.c. signals.   By means of a calibration switch a number of voltages can 
be switched to the ferrite modulator of the calibration-oscillator and 
both subcarrier oscillators.   These voltages can be chosen as to repre- 
sent exactly known values of acceleration and roll angle and pitch angle. 

Specifications rfthe calibration oscillator are: 

Carrier frequency 157.75 Mc/s 
Roll angle carrier frequency 1300 c/s 
Pitch angle carrier frequency 2300 c/s 
Calibration switch positions: 

Acceleration 0i + 0.1 g+ 0.2 g+0.3 gm/sec2 

Angles 0i + 5° + 10° + 15° 

The magnetic tape recorder •    The advantage of magnetic recording is, 
that the recorded data can be easily reproduced and processed afterward 
For this reason this method of registration was chosen.   The tape 
recorder is a four track instrumentation type recorder with f .m. sub- 
carrier system.   One track is used for recording an accurate 10 kc 
frequency reference signal, which is used for wow and flutter compen- 
sation when analog signals are wanted on play back, and for timing pur- 
poses, when digital data processing is used.   Since the data are avail- 
able as f ,m. modulated subcarriers, digital processing can be easily 
effected with electronic counters and gates.*   The electronic part of 
the magnetic tape recorder is constructed as a rack with plug-in units . 

Some specifications of the tape recorder.are: 

Reference frequency 10 kc/s + Hz 
Reference frequency stability 10"5 
F.M. modulator stability 0.1% 
F.M. demodulator stability 0.1% 
Tape speeds 76 - 38 cm/se 
Tape velocity fluctuations <0.2% 
Tape velocity drift <    4% 
Tape width 1/2 inc 
Max. tape length 1000 m 
Number of tracks 4 

*F.M. modulated subcarrier output is obtained from the reading head 
amplifiers, analog output is bbtained from f .m. demodulator circuits . 
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SUMMARY 

The system as described is the result of a number of improvi- 
sations, when measurements were a pressing necessity.   It is now 
possible to indicate certain points, where improvements are needed. 

1. The raft may be constructed much lighter, so that it could be more 
easily handled; besides a more logical assembly of the instrumentation 
is possible. 

2. The acceleration signal may be f.m. modulated on a l.f. carrier. 
Although the stability of a l.f. carrier is not necessarily better than 
the stability of a h.f. carrier, much wider frequency deviations are 
possible, with as a result a better signal to drift ratio. 

3. Since the hydrodynamic properties of the raft are not well known, 
the accelerations in two horizontal directions should preferably also 
be measured.   The angle between accelerometer axis and true vertical 
direction could then be more accurately calculated. 

4. Tape speed and subcarrier central frequencies are not optimally 
chosen.   Improvements of these could result in lower tape use and 
longer measuring periods. 

5. The resonant frequency of the accelerometer is higher than neces- 
sary for the low frequency content of wave motion.   This results in 
loss of sensitivity, since with lower spring constants higher deflec- 
tions of the accelerometer mass could be obtained. 
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CHAPTER 8 

ETUDE THEORIQUE DE SEXPLOITATION 
DES ENREGISTREMENTS DE HOULE 

P. Caseau 
Ingenieur des Ponts et Chaussees 

en service detache a Electricity de Prance. 

INTRODUCTION 

L'e'tude de la houle en un point, c'est-a-dire 1!exploitation d'un enre- 
gistrement de houle, consiste a obtenir, a. partir de cet enregistrement, le 
plus de renseignements possible sur le "spectre" de la houle. 

Nous excluons le cas ou la donnee -|-(t) se presente sous la forme d'un 
tableau chiffre' ou d'un courant electrique. Ces deux representations ont en 

conmun la proprie'te que 1' addition de deux fonctions et l1 operation 4, / f(t) oU 

y sont faciles a realiser. L*exploitation passera done naturellement par la 

fonction de correlation  YC*-) = =T / TW|(trt) 1ui es^ "tres facile a obteni] 

Au contraire, si 1'enregistrement se pre'sente sous forme de courbes sur 
film ou sur papier, aucune de ces deux operations n'est facile a realiser, ce 
qui enleve a *Jf(f) beaucoup de son intere*t. Pour 1' exploitation des enregistre- 
ments effectues par 1'enregistreur autonome de Chatou, qui consistent en des 
courbes sur film de 35 mm, une methode simplifiee est actuellement utilise'e 
ji5_7°  Cette methode ne donne cependant pas tous les renseignements que l'on 
voudrait, et elle est moins rapide d'emploi qu'il ne serait necessaire pour 
permettre le depouillement des tres nombreux enregistrements effectues avec 
les divers appareils en service. En modifiant un peu la methode, M„ Kowalski, 
de l*Instytut Morski, a Gdansk, en Pologne, a pu la mecaniser et la rendre 
plus pratique, sans cependant augmenter le nombre des renseignements obtenus. 
En s'inspirant du procede utilis^ par M, Kowalski, M. Valembois a imagine le 
procede que 1ious etudions ici. 

Ce proce'de consiste a faire defiler le film devant un appareil qui compti 
au moyen de cellules photoelectriques, le nombre de points dsintersection de . 
courbe u = ^(t) avec les droites u- etc , pour diverses valeurs de la constanti 
Mo Larras a propose", au lieu de coTiipter des nombres de points d1 intersection, 
de totaliser des intervalles horizontaux (fig. t). 

L1etude mathematique de ces procedes conduit naturellement a considerer 
les "distributions" associees a ^(t), a voir leurs relations avec le spectre, 
et a selectionner celles qui sont le plus faciles a obtenir et qui donnent le 
plus de renseignements sur celui-ci. 

Apres avoir passe en revue les hypotheses mathematiques et les resultats 
ne'eessaires au calcul, nous aborderons done l'^tude de ces distributions, et 
nous indiquerons quelques-unes de celles que l'on peut utiliser. 
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NOTATIONS 

Y<x)    = g(t)^(t+x)] 
M/  

fW,*). [?& fH 
YCt) =   [ e*• d£6f) A                                  *- 

1                          H»2|,    111;. 

AAAyV 
FIGURE   I 

PROPRIETES GENERALES DES PONCTIONS KEPRESENTANT LA HOULE 

Cette partie concerne les propriety's des fonctions -jf(fc) representant la 
houle ou plus exactement les enregistr em exits de houle. 

La th^orie de ces fonctions a e"te faite (Rice /~4_7et Longuet-Higgins 
L^J)  en se basant sur les proprietes des fonctions aleatoires. L'inconvenient 
de ce point de vue est d'une part qu'il ne"cessite le recours a, des theoremes 
ergodiques, pour que les operations et nioyennes dans l'espace des probability 
coincident arec les operations reellement effectuees sur -|(t) , et que 
d'autre part, alors que T^Ct) admet une decomposition spectrale, son "epreuve" 

^[(t) n1 en admet en general pas« 
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Notre but au contraire a ete" de b&tir la theorie des operations que 
nous faisons sur ^(fc) au moyen d'hypotheses sur ^(t) seulemento Nous nous 
sommes servis pour cela de certains resultats de M. Bass sur les fonctions 
pseudo-aleatoires //1_/« S'il est question de distribution de probability, 
c'est un raccourci de langage, car nous ne supposons pas un instant que i(.t) 
est une epreuve d'une fonction ale"atoire. 

On pourrait sans doute aller plus loin dans cette voie et renoncer a 
etudier ^(.t) , mais seulement :f(t)(p< t <: T) fonction tronquee. Les operations 
faites auraient toujours un sens. Les fonmiles alge"briques resteraient aussi 
simples vue la precision finalement demandee aux resultats (voir dernier 
paragraphs), Mais ce serait, en fait, masquer le probleme,, Si, en effet, 
lorsque T  varie, les resultats cliangent beaucoup, alois l'echantillon n'est 
pas repre"sentatif. Ainsi, nos hypotheses (lorsque T-> <o , telle fonction a un< 
limite) signifient, non pas que l'infini intervient reellenent, mais que la 
valeur effective de T a peu d'importanceo On pourra appliquer cette remarque 
a l'e'tude d5une tempe'te representant un etat non stationnaire de la mer. 
(Ces notions restent evidemment a preciser, une consideration mteressante 
serait de voir a partir de quelle valeur T0 ,"fttP) est pratiquement nulle. 
On pourrait alors relier T a TT0 ). On aurait ainsi coiapletement "localise" 
1'etude de |(t). 

Nous considererons les operateurs suivants, de"finissant des moyennes : 

Et nous poserons, pour deux fonctions quelconques at et a , mais telles que 
1*expression ait un sens : " 

[*.•*] - *tiv 
Soit alors une fonction ^fCt) sur laquelle nous ferons l'hypothese (H^) sui- 
vante : 

1, $(t) est inde'finiment derivable, 
2»0=Jl(|,rt,)quel que soit 'Vt , 
3. £t*)(t')  est bornee quel que soit "H. « 

LA FONCTION DE CORRELATION - DEFINITION. 

Nous definissons  Y L ^ i =  'T^T {^ti:J . On voit facilement d'apres 
(^H^) que Y(,T,T:) existe et est continue et derivable inde'f ininent, 

Appliquant le the'oreme de Bochner £^1_/, on demontre alors qu'il existe 
une fonction monotone E^cJ a variation totale bornee et telle que 

-oo 
Et l'on a la formule d'inversion : .\y 

E<r.s)-eer.«o.fe0 ^i^r 
pour toutes les valeurs A ,I>  OU t(JT*,<3") est continue, 
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Nous ferons alors l'hypothese nouvelle \Ha)» 
N/(JVC)-» y(£) pour T-»oO et Y("C) est continue pour X = O 

On sait alors (gr&ce a. des the'oremes dus en particulier a P. Levy £2_J 
et J_\J que : 

ta  La convergence est uniforme dans tout segment^: jVC), done XCC) est conti- 
nue partout. 
2. E:(T|C)^» EC"") le sens de la "convergence complete" £~2_J  etant i 
- E(T,r) —?> E(o") quand T_>=o , quel que soit CT , 
~ cfc^r <^ ECPiO") — /ta d E (a") quelle que soit la f onction <X- continue et 
bornee.        ex 0 

PROPRIETES ALGEBRIQUES DE Y(TO 

Nous generaliserons d'abord \Hi) en^Hji)*. 

1 (ff\, lp ,t) ~ I +  Ct) + (t+tr)J   existe et est continue en tl . 

a. Nous pourrons alors demontrer les relations alge"briques suiyantes, par deri- 
vation sous le f , integration par parties et passage a. la limite. 

d'ou en particulier : 

I (fa,f>,-c) =(-l) P^A^-lo ,-c) 

b, D'autre part, le meme raisonnement qu'au I , mais applique" a i  nous 

En integrant de O a T et en utilisant le fait que "$* (o)= O > on montre que 
Y admet une representation analogue. En integrant a. nouyeau et en utilisant 
la formule d'inversion, on demontre que la forraule : 

,+cO 

Y* j- ] <>,  dc(c) est derivable inde"f iniiaent sous le 
V_oo signe C . 

Ainsi    vw(r) . Jpfe^Elcr) = Ur J^e^dECoO 

*  Pour les proprietes "d1existence", il est plus simple d'etudier la fonction 
entre O et T , ce qui supprime tout probleme de passage a, la limite,. Au 
contraire, on verra que les proprietes algebriques sont plus simples en 
f aisant TV oo • 
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Done 

rVf.o ^-^^jv^^duv) 
\ (y\ m.r) = fa- ^ e^^ECcr) 

(VwK.x)-  ^if/V^e** 4E«r) 

En particulier, pour   Ti=o on trouve  : 

1, t>,o)  -   ^       Dv^+P   Uosi  n+y>  est impair, 

= (_!) 2.^/ <T      e     defer) si v^   est paia 

H/*, 

Ceci nous permet de calculer la matrice des coTariances de n'importe 
quelle suite de fonction : f^tt), ^e"° (t^),^ ^(t-tTO... . ^(tfC*) 

Ces calculs sont developp^s en annexe. 

IBS DISTRIBUTIONS DE PROBABILITES. 

Definition et existence -QoJb r (T,u ):t ^mri L^^^^J mesure de l'ensembi 
des t< T ou. -$(t)^»-U» C'est une fonction de distribution croissante, a varis 
tion bornee par t et qui est familiere aussi bien aux ingenieurs qu'aux mathe"- 
maticiens. En hydrologie, on la nomine courbe des debits classes. Mais son 
utilisation la plus importante est celle de Lebesgue dans la theorie de 
l'integrale. 

Nous savons que si G est une fonction continue : 

En particulier cJ^ «r(.T,y) = ' 1
T *>> J „ (On voit que la distribution 

possede des moments de tous les ordres). 

Notons aussi que si 1 -^ ex. ,  unif ormement sur^O ,1) : 

d'apres les proprie"te"s de la mesure sur un segment de longueur finie. 
Nous ferons alors l'hypothese     : 

f?     c y r  quand  L -* <0 
On voit done que 1-*" d^finit une mesure sur des ensembles de l'sixe des t 
liee a £ et invariants par translation (c'est-a-dire invariants si on rem- 
place -^Ct) par ^(.tvt). 

On peut, en generalisant, conside"rer la fonction de distribution a plu- 
sieurs variables FfT.'loH, ^i ->}„) - m ET(^tt)<Mj0 ilt+t^, ^Ct*x»<M|0 t 
Et sa limite FCui-*,. u,) d       d 

^••V ^ 
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Independance - Soient deux fonctions ^ et a et soient 

Y(T,u.0dr ^-n^o •*«) = 4.m(l'intersection des deux ensembles precedents) 

Si, quelle que soit la suite ( X-j, ... "t„ , -^ , . ,. U-*) : 
C^-F<j|)-»olorsque "T-ioo uniformement par rapport a(iA„H, .4»,?(,;i, - 2„ ) 
nous dirons que les deux fonctions sont independantes, 

Comme sur le segment ( O ,1? ) 1 et a sont derivables, a. derivees 
continues uniformement, on peut trouver "C tel que : 

done, d* apres la remarque du paragraphe precedent, \   et q' sont independantes 
si •£ et Oy sont independantes, de m^me pour *w et a<-•*•> <• 

Exemple : il est facile de demontrer que e   et t   sont independantes si 
(condition necessaire et suffisante) \ et X' sont incommensurables. 

_ Si ^ est independent de a, et si ti(i) et M(e»\=o, on a : 

Ainsi, la fonction de correlation £"• (ainsi que le spectre E ) de la somme 
•^»c\ est la somme des fonctions de correlations (ou des spectres)de %    et 
de <x~. 

Application — Sort alors une suite de fonctions independantes ^o \*     ¥•» 
que nous supposons uniformement born^es. 

Soit  cx.^ = 2. -fk  et soit : 

"•» la fonction de distribution associee a +-n 
Gy\   la fonction de distribution associee a a^ 

D'apres le paragraphe precedent, on en de'duit : 

Par recurrence : 

G* = T^>* t*, *• Ta * . . * V*n 

Posons :      CSV3" =   J ^1
^FK    * LH , ?KJ 
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On. sait alors, comme consequence du. theoreme de Liapounoff, que %2<       a 
pour loi G^-ifc") et que cette loi tend vers une loi de Gauss de moyenne 
et d'ecart quadratique 1„ 

Nous supposerons done, hypotheseiHiJ, que la fonction 4- que nous consi- 
de"rons est constitute par une somme de fonctions mdependantes et uniformement 
borne"es, en nombre suffisant pour que le the'oreme precedent s'applique. 

Notons que, vue la precision recherchee, ce nombre n'a pas besoin d'etre 
tres grand et qu'on peut par exemple reconstituer une houle avec un petit 
nombre de composantes incommensurables. 

En generalisant, on trouve que la fonction de distribution ' (M0M, - -"-U) 

l^lfc)/f (^O,?   ct^o] 
associee a 

est une loi de Gauss carac- 

te"risee pax la matrice des covariances : 

V  est done une distribution "continue" a. laquelle on peut associer une 
densite  h - gLE    et nous aurons : 1  d-vr 

l| QMII determinant de la matrice Cu* , 
"Enn matrice inverse de OL»K • 

On trouvera en annexe 1'expression detaillee de cette loi. 

PBOPBIETES DES MOMENTS DE E(G"). 

Considerons la fonction de distribution t(<TJ «. Comme elle est symetrique, 
nous nous limiterons a O"^o » 

On sait que ^(."">)= Ww^st convexe, e'est-a-dire que si t> , n , VC sont 
trois nombres positifs : 

w + K 

Soit alors    <y_     J"Y '"'fr ,  on en deduit  : 
r^ ~" \/ TT\C, 

Ces ine'galite's de convexite sont frequemment utilisees. 
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Faisons alors l'hypothese l^sj que u(jSj est "a support compact" c'est-a- 
dire qu'il existe deux,  nombres ^W-^et (5^mox.tels que : 

C* «W=* ^fer) <; to  (j sow* E<s0=Eo 
On sait alors //3_y, /2_y,  que  : 

<S>^    -^ <3"W* Pour      pfc^+oo 

En particulier, si nous posons CX* =  T^a/n  , la suite CT^ est monotone 
et a pour limites 0^^ et 6"*  .   ^"mam-x 

APPLICATION. 

La consideration des quantites C^cj va nous pernettre d'evaluer les 
Taleurs moyennes des derivees de x , nous avons en effet : 

II Til   -    cr, il^n 
Ceci va nous permettre d'evaluer le "reste" de certames formules algebriques 
obtenues au paragraphe "Proprietes algebriques de y(t)". 

Soit par exemple : 

lorsque 1}-> oo , nous obtenons la formule connue : 

Si nous ecrivons : 

^ fit) f(t,x)at =^j4'>, fLU)at 
nous commettons une erreur qui, en valeur relative, est de 1*ordre de gran- 
deur de : ocn) $-*-* 

A*, ±. l£l J3k_ SisL   -   _d_   i^L.i^L 
T       llfll   '    Hf.ll      n ^.,1|       ~     TffVn        l\^H       lt|«n-,H 

Le produit des deux derniers termes est en general inferieur a 10. 

On a done  :   A < \00      SL    T<T„   > looo     et       T    >   1200 

Comme £>.* <CC, et   que    ^n<s^,    me sure une pe"riode apparent e de la houle,  on 
trouve   T >/lopo T*     >  oe 1ui es"t en general realist assez largement. 
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RELATIONS ENTRE LE SPECTRE 
ET LES DISTRIBUTIONS ASSOCTEES A -£(t) 

Cette partie sera orientee vers les relations entre le spectre et les 
distributions associees a ^ . Le spectre lui-meme sera caracterise par la 
suite de ses moments m©, m^m^ rr\vn '  Les trois premiers moments ont 
d'ailleurs une importance speciale a la fois parce que l'on pense souvent que 
le spectre general des houles de vent ne depend que de trois parametres, et 
aussi parce que un certain nombre de phenomenes ne dependent que de ces trois 
moments . 

Cela e"tant, on peut se proposer deux buts : 
a) D'abord, il est evident que certaines distributions (les hauteurs par 
exemple) sont inte"ressantes en soi. II faut done, connaissant le spectre, les 
obtenir . 

b) Mais 1'operation inverse peut e"tre plus importante. Certaines distribution! 
sont faciles a obtenir en pratique. Elles pemettront done de caleuler certaii 
e'le'ments du spectre (voir Introduction)» 

La plupart des pjroprie'tes qui apparaissent ont de"ja et^ etudie'es par 
Longuet-Higgins j_ 3_/. Nous avons conserve une assez grande generality. En 
effet, si la plupart des appareils donnent un enregistrement de £(t) , il ne 
faut pas oublier qu'ils pourraient aussi fournir \' ou ^ " au prix de modifi- 
cations assez faibles. 

DISTRIBUTION DE |Ct)ET DE SES DERIVEES. 

Rappelons les resultats de la premiere partie. La distribution de proba- 
bility associe'e a la suite -fw(t), ^ (t^tr,),  P ^(tvt,,) 
suite dont la matrice des covariances est : 

a) Nous allons appliquer ceci a 1 et l , on trouve : 

P°•^ ^- vST^^4^ 
Ces distributions sont faciles a. obtenir, mais on voit qu'elles donnent 

tres peu de renseignements sur le spectre. Seulement un moment pour chacune 
d'entre elles. 

b) Distribution associe'e au couple i(t) > i(k-ttj 
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Comme cette distribution contient deux variables, elle est moms facile 
a obtenir que les pre"ce"dentes et les resultats seront moins precis. On peut 
tourner la difficulty en etudiant les fonctions (^> (t) = ilo£ ]jf , ^(t+xy] 
dont les distributions sont : /K ,.\ -sobfi I (t+"c)l 

1 -TL(o)« J I     \> Oji^d^cfe 

Les distributions Hi et TFa, sont expe"rimentalement aussi simples a 
obtenir que les fonctions fvet $>x  precedentes. Elles dependent des 
parametres ITlo et ^LZ)  et permettent done d'obtenir ces deux nombres. 
Nous nrinsistons pas cependant car la methode est tres lourde. 

DISTRIBUTION DES POINTS SINGULIERS ASSOCIES A ^(t)OU A SES DEEIVEES. 

Nous allons etudier les points definis par l'equation du type ^ Ct-t-t:) = Q 
( T et O fixe"s). Ces points constituent sur l'axe des t une "population" 
(un sous-espace) sur lequel on peut definir et etudier une probabilite. 

Posons    NJip(jsciJ nombre de points sur (.0,T) ou ^ = a. divise par T 

M (J?=a) limte I"*1114 T-X? de N"T(^-Q_) 

Soit alors une fonction CD quelconque. Nous considererons de m^cie : 

Et nous aurons la "probabilite" definie sur la suite T(XC{ 

Ces definitions, (calquees sur la definition de la probabilite condi- 
tionnelle) sont parfaitement cohirentes et analogues a celles de la premiere 
partie (mais on opere sur une suite discrete et non sur des mtervalles). 
De plus, il existe un lien entre les JVTT et les F"T deja definis. On a en 
effet : 

^4«j si la loi est symetrique en ^ 

(Nrpdesigne ici une densite" en U ) 

Et a la limite : 

p-KJD 

M(f=Q 4,s^)=J Kf = CL;f~-x;^=^]l^lcix  (N densite en y   ) 
— CO 
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Les demonstrations sont reporte'es en annexe. Les Nf ou les N sont 
d'autre part plus faciles a, obtenir par comptage que les fc> „ 

Nous allons appliquer ceci a quelques points particuliers. 

Intersection avec des horizontales — 

Ho -- 4-.fin*  = ±-fa 
En ge'ne'ralisant imme'diatement on obtient  : 

Distribution de   f   quand \ ~° } maximas et minimas - 

La matrice des correlations de |i |     est 

O     A    O La matrice inverse 
A Yn, 

en posant   A= W^mi,-Hfi* 

m5 ota 

(T>o       O       -KT>2. 

o    rrii   o 

w* t>-{«'*..f ,-o.?'-«»J-^nT- c"f[-i mux? •»• 2trucc,x»+ nioXi 

et    N[|=X,-|'=O  f <oJ «   ^p   x3dxa 

0 = ?w? 
Les calculs ont ete faits par Longuet-Higgins. On pose ( &

a _ A 

Et on obtient : -N" = K, ^ f>(>)) ^-^f-^ 

Generalisation. Distribution de j- quand t = o 

Posant    A04f> =  VT)o ITHu^ - VTl^ 

On a   blf .or   ^a|,-?o r^-xal  -   4 •     ,. P* J^ mipxMft>,»X,<»+tr).X*1 

D-OU K.JV, *^(D) ^ ^e-cft^ 

b(n)et bCh) sont done identiques en remplacant £ par 6OZK 1 
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Distribution de   j-    quand    ,j-=0. Points d'inf lexion. - Le calcul est analo- 
gue au precedent, mais la matrice s'ecrit  : 

rrto   -Yr\j.   o 
-Wt     mu   o 

Generalisation. Distribution de  a     quand    -i      -o 
On obtient de la me"me facon : 

Les distributions sont done cette fois des distributions de Gauss. 

On peut gen^raliser encore en remplagant \   par   ^     ,  il suffit d'ajouter 
2.K aux moments consid^res. On voit ainsi qu'on a obtenu la distribution 
gene"rale de   ^^ quand   ^O^Lo 

Intersections  entre Jj-(,b) et    JrCt+'C) -    Nous ne dirons rien de la 
distribution ^ quand £ (t-TC.)iO> q.ui est facile a obtenir mais sans interit. 
Par contre, une autre frequence est plus interessante, e'est celle des points 
ou^tfcfltvcj 

Posons  :   H- = f Itve)- f (.t) N(2=o) = /IEIII 

Quand T  devient assez grand $    (T)    et   "jCt) —> o    done    .If W -» JN o 

Quand  TT-% o     , nous avons    "^     Cc) -   ^i - ^h%. +   •• 

Done     N| CC) -» X, 

MOIENNES ASSOCIEES AUX POINTS SINGULIEBS PRECEDENTS. 

On est tres vite limite par la difficulty qu'il y a a calculer effective- 
ment ces moyennes. II semble que seules les amplitudes[difference entre maximas 
et minimas)peuvent dormer lieu a des moyennes faciles a obtenir. 

Notons ainsi la moyenne des amplitudes (Longuet-Higgins) : 

Et, de mSme, la moyenne des amplitudes de a 

CONCLUSION 

Ainsi, pour obtenir les trois premiers moments, nous avons vu quelques 
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metho&es simples : 

1g Le comptage de -Ko (4 = ° J et de -N i (j\  = °J qui donne ^yfn0 
e^ ^Vfn, 

2. Le comptage des frequences JNK-OJ qui donne W^ et We 

3. La moyenne des amplitudes qui donne une relation entre tT)0 et €. .11 
suffit done d'associer 1. et 3. ou 1. et 2. C'est cette me"thode qui a effec- 
tireinent e"te retenue a Chatou. II va de soi que la mise au point d'appareils 
de comptage differents pourrait conduire a utiliser des distributions diffe"- 
rentes parmi celles qui ont ete" etudie'es. 

PROBLEMES PRATIQUES LIES 
A L'ENHEGISTEEMENT BES HOULES 

Cette fin d'etude est consacree a deux problemes pratiques lie's a l'exploi 
tation des enregistrements de houle. 

Un des types d'appareil utilise (capteurs de pressxon) enregistre non pas 
la fonction ^(t) mais une fonction 4>(t) qui lui est liee (pression sur le fond 
au lieu de denivellation en surface). On peut admettre que 1'on passe du 
spectre de ^ a celui de ct> au moyen d'un facteur correctif K(cr) connu. II 
nous faut done e"tudier les problemes poses par cette correction. 

L'autre probleme est celui de la presence de "fonctions parasites" ou 
d'erreurs quelconques : le deplacement du niveau moyen, la presence de pheno— 
menes d'agitation non lie's a la houle en sont des exemples. Certains de ces 
phenomenes sont connus et on peut essayer d'evaluer leur influence et d'en 
tenir compte. De facon plus gen^rale, il faut ^valuer la marge d'incertitude 
sur les r^sultats obtenus. 

RESTITUTION. 

Si le spectre est continu, ce qui est le cas general (et le cas discontinu 
ne necessiterait que de faibles modifications), on peut poser : 

dECcO - %. A(C)4<3" o La presence du facteur ^-^ permet de ne 
considerer que l'intervallejp^ c^oolet d*avoir : 

tru.^VAcoOdc- 
Le probleme eat done de trouver le spectre A (<T) en surface connaissant Afej 
II est resolu par la formule : 

A*(cr) = x «0 x Afo) 

Kftjr} . Ch.(?j!l3^     facteur correctif. 

En fait, nous ne pouvons nous contenter de la formule pre" ce dent e, car nous 
ne connaissons pas directement A^O • Notons que si Q (xi) est la transformed de 
Pourrier de K(C5"3    ,~, x  C**° cS'0 ,, \ 1 

on a f(x), -^^e  - jjnt-u)e(o)<iu 
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Mais nous desirons resoudre le probleme par des procedes alge"briques 
n'impliquant qu'une connaissance partielle de.A^(C5")« Nous sommes done amends 
a chercher la suite W0*, fflt , - TO^connaissant Wo.mj, Im^, Et, confor- 
mement a ce que nous avons vu dans la deuxieme partie, nous nous interessons 
surtout aux trois premiers moments. 

Considerons une expression approchee de KC<S~)   au moyen d'un polynome. 
D'apres (Hs) il suffit de realiser 1*approximation sur le segment (0"miY> ,<3T"nvxx )• 
Ce probleme est toujours possible et nous pouvons poser 

KCcr) <* ac -»- a.* cr% 
Nous aurons alors : 

VY\o  =   Qoini\o +  011*1^ + 

^2^,= Q0im2m+ Oxm^j 

On voit que la connaissance de h   moments en surface implique celles de 
(ri+lp) moments au fond. Nous nous limiterons a 2.b=A-   j  ce qui est coherent avec 
les hypotheses deja faites. 

•tQihC *> 

Nous aurons alors  : 

-0 Qom^ + cuvn. 

=   Yf\ im 

L] +- a<* m IrtYvU ^-      ^hM 

1T\JJI\   "^Wv+I* 

na^ = «n*« K c^am**) 1 + a* 
K(0r2m+2.) 

feh,T\V2. <-52/»\T4.       2/M2- 

C'est de cette formule que nous allons nous servir. Retranscrivons-la 
pour W   = 0, 1 et 2, On trouve : 

Vf\*o    =  VY»o K(Oi.) [-1 + 

m*4 = H\4 K 

KCOJT)  6 

K (C56 ;  x 

61 <• CTj. 

0$ •<£ 

On voit qu'il subsiste un certain nombre d'inconnues :  ^6>^"?e^^ ^6' 
Mais nous pouvons remarquer que le terme ou ils interviennent est un terme 
"comple'mentaire" et que nous pourrons faire des hypotheses sur 6g   et fe „ 
sans prendre beaucoup de risques d'erreur. 

Nous savons de"ja deux choses : 

a) la suite Cj^  est croissante, 

b) la suite €. 2m est decroissante et tend vers 0. 
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Nous supposerons done que <-}&« est une suite arithmetique. 

Nous aurons alors : 

.4 

2    X1 

•=2^ s  !_ 

Posons alors     A 2m ^>a.    =   ^2M ^2M ^a/n-i 
->-i    _ ti - 

Nous aurons facilement :   \nriL -   Q_    M -t- lin-"0 =i 

D«ou 

m ^ « "W KCG-^O A + 

2. 

K (ffam^a) °i ofL      O;XJ 

Ce que nous retranscrivons pour les trois premiers moments, appelant 
£(,,£ et remplacant "ft/^r3" par sa valeur : 

too =  m0 KCCTZ) 
CXu, ©"a. 

+      Kcoi.)  ' -1 - e* . 
2 

1   + at °* 
KCcrO   (M-^.*) 

-1 +     Q^s* 
K (Oc)  CJ " €*J 

d-v e2) 

Remarque - Etude de KCoQ - Les f ormules pre"cedentes ne sont valables q 
si les termes "correctifs" me'ritent effectivement ce nom, c'est-a-dire sont 
suf-fisamment petits. Comme l'on a : 

^ = c"l.r- j ~ ISici.        J         nous aurons des inegalites portant 

9^ 'S'nv,. et 2rCT *5" , On aura a verifier deux conditions : 

a)  Q** Sa- £*ft-*-fc*) de l'ordre de £* (termes correctifs faibles). 

Cela nous donne : 

' ftioy ^ N 4d       1 woy - '^Vo^ 

b) 0"rt\ax. doit e"tre tel que 1'approximation parabolique soit encore valable. 
Nous adnettons que ceci est realise si <X/(*      <— >  ce <lul conduit a : 
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2£- = Tv <s; n\a% 
rr\ln ^ J*d 

On voit ainsi les limitations de l'appareil suivant les valeurs de d . 
Pratiquement, la zone interessante est <A<AOm* 

PROBLEMES LIES A L • INCERTITUDE DES RESULTATS. 

Supposons qu'a la fonction %.  etudiee se superpose une fonction A-f 
parasite due a, n'importe quelle cause (deplacement du niveau moyen, reactions 
de l'appareil, etc..)» Nous allons Toir que 1*on peut passer des resultats 
relatifs a f 4 £>£ a ceux de •£ a condition du moins de connaltre &$.   . De plus, 
si t±&   est suffisamment faible, 1'erreur introduite est ne"gligeable. 

Une premiere difficulte provient du fait que, tandis que ~%     represente la 
houle et satisfait done aux hypotheses (H^ a Hj ), £>£ ne represente rien et 
n'a aucune raison de satisfaire a ces hypotheses. 

Mais en fait, ce n'est pas a A^ que nous nous interessons, mais a l~y\ 
de O a T . Nous pouvons done remplacer A f par une fonction periodique de 
pe"riode T (qui satisfait a la plupart des hypotheses, mis a part celles condui- 
sant a la loi de Gauss). Les resultats e:xpe'rimentaux seront les memes car les 
operations faites concernent toutes le segment(p,1))e 

Enfin, comtne ^(t)n'a aucune periodicite en T- , nous pouvons supposer que 
^ et b%   sont independantes. Nous supposerons aussi que h>\   est a moyenne 
nulle car s'il n'en dtait pas ainsi, nous ferions une translation de Af sur 
l'axe des ordonnees. La fonction ^^ ainsi definie a des fonctions de distri- 
butions faciles a calculer et identiques a celles obtenues sur^O,T}» Cela va 
nous donner les fonctions de distributions de § + A^.   . 

Etude directe des fonctions de distribution - 

Soit   b(uAla densite associee a ^ 

as^ -     «     A? 

L}application des theoremes sur les fonctions independantes nous donne : 

Cette formule re"sout le probleme, mais nous allons, conme CXT(o) est petit, 
utiliser un deVeloppement en serie : 

Wfl-iO -   t>(lp -*> <?^) + v£ t>\^* - * C-if £$*) u\.~ 
Nous aurons done   : 
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Avec   U  = f u1* G5 (o) do -  -MTJ [Af J  j>fc  ^ 

Si A^ est bornee par -TV on a J WL i J^ ** , d'ou une convergence 
assuree de la serie pr^c^dente et une Evaluation de la difference entre b et 
Q • En particulier, si ,A_ est tres petit c|^t\) ^ (HM-) 

Generalisation - Le calcul precedent se generalise aux distributions a plusieun 
dimensions. Ce calcul est fait en annexe. On peut done , en integrant, obtenir 
aussi les distributions des maximas et minimas. 

Autre methode - Une methode differente est de consid^rer directement le 
spectre de la fonction (pe"riodique) A} . Ce spectre est facile a obtenir et 
en particulier, on peut trouver la suite des moments Arn0,Ainr\^ •- Z^in^ 

Or, on a TU dans la premiere partie que, aussi bien le spectre que les 
moments ou la fonction de correlation "JfCO s'ajoutent. On aura done C.-r A£ , 
Y+ h\    et ^5^^ hf^un'  En particulier les frequences d'intersections seront : 
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ANNEXE A LA PREMIERE PARTIE. 

Nous allons calculer quelques-unes des matrices de correlations le plus 
frequemment rencontre'es. Toutes ces matrices s'exprimeront au moyen de la 
fonction y^ e-t de ses derivees,, Comme Y2"'* (o) - (.-iV" m^    nous avons 
aussi fait intervenir les moments m0 rrij. irr\^ 

a. Suite D?CO , 4'(b) f \l) .. $*%)]    *. pair. 
La matrice s'ecrit : 

o 

o 

O -«!„. 

o      mi* 

o 

-Yin i, 

o 
o 

o 

b. Suite tffc) "f \t+t«)   I    L^TxVxOj^Ct.T^T^u) 
La matrice s'ecrit 

Ytr,cc3) 

k'^.t-c^ XO^vCj) Y^r»^  m« 

c. Notons que, lorsque la distribution est continue et syme'trique, nous avons, 
en posant d£- C<5") - ±. f\(&) 

YCC) = f ACcr) co5($rr)d«r 

et, plus generaleiaent : 

V^Cri - C^Y" ^"costsrc) o-2* ACcr) dtr   /7^ - l-'rfW 

y^tc) - t-^jf*,*^ cT' A(«W  ^"& = o 

Ces formules sont utiles parce qu'elles font intervenir uniquement des 
variables reelles, Elles montrent que la connaissance de YCc) et de toutes 
ses de"rivees (ou de A Co-) ) permet de calculer facilement les matrices de 
correlations pre'eedentes. 

ANNEXE A LA BEUXIEME PAETIE. 

a. Supposons que "^Ct)soit une constante (La fonction ^(tjserait alors composee 
de segments de droites relies par des sauts)0 

•T e"tant le nombre (deja defini) des intersections avec la droite ~£ = ex.   et 
QO.;dx deux variables reliees par  CAOL = \2'\ c\x 

Nous avons : 

Z. dx « NT ax = p& a) da  *>*  NT - ^o) \$ \ 
De meme, si nous d.4finissons : 
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-TM<n   = nombre de points ou    ]T 
=
 
<CL

      ^°    ^ fev$ ""^     V) nous avons 

definissant une densite     NT   =   NT on a.    N t =    (-'Up*0- 1 <-r=li-j l?'l 
o 

b. Si nous revenons au cas general ou   -^(.t)est variable,   on voit qu'il suffit 
de considerer les probabilites compose'es  : 

et que les forraules precedentes se generalisent en : 

NT -J pT(4=oL^*)i-xidx 

t/00 
qui sont bien les forraules donnees dans le texte. 

ANNEXE A LA TEOISIBME PARTIE. 

La generalisation des formules donnees dans le texte au cas de distri- 
butions plus gene"rales a -YL variables ne pre"sente aucune difficulty theorique 
et n'est qu'un exercice de calcul. 

Soit un espace a   dimensions. Nous mtroduirons les notations suivantes: 

\ bi, c&i  «.*) et "^ C-*£»,*^t_, -^iO   vecteurs de l'espace, 
(c*x.) = c\-x., A-X.2. ..  dx..n        element de volume, 

X» y  est equivalent a ^i>^,  DCi*<JU . . •X.*^. -~ 

Cette relation d'ordre jouit de la propriete fondamentale suivante : 

X»Y  efc  X; »7'      entraine   XVX' » Y + V 

Dans un tel espace, la notion de distribution de probability est tres facile 
a definir. On peut de"finir soit la density t>CXo) 

•p (X«d@X) --   -p\r [X0 <C X « Xo+<*x) 

soit la distribution r 

Et l'on a  dF(x^) = K'OCfl'O   ^ la distribution est continue. 

Soient alors une variable X de fonction de distribution T-    et j> , 
et une variable Y de fonction de distribution ^ et p' , 

Si elles sont independantes on a : 

F„[Xo«x«x+dix   «b  y<>«Y«Y+dy]=  K*»)   ^CVo) ldx)(clY) 
D'ou. il est facile de voir que,  si G , o   sont les fonctions de distri- 

bution de la sorame   X.+Y ,  on a : 
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GCXo)= fF(Xo-x)&V'(7L) « /V(x.-x) 4FO0 

c|Cx,)= A>(Xo-x)dLF60) =   f^>(Xo-x} fe'oOC^x) 

Soit,  en abrege" 

q   -   P* V 

Nous sommes done arrives a la m§me f ormule qu.e dans le cas de deux 
variables. 

Si X" de"signe la variable associee a ^Cfc),^ ^t+r0. \  ^"S) - ^ ^td 

La formule pre'ee'dente re"sout completement le probleme pose : trouver la dis- 
tribution de probability associee a (j£ + £±\ ) et a ses derivees. 

Bien entendu, on peut faire un developpement en serie de p     , la formule 
pre'ee'dente s'ecrira alors : 

Avec 

^4*1- ^ ' J*-» tj. Xw> ^CxXdx) 
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CHAPTER 9 

A THEORY FOR WAVES OF FINITE HEIGHT 

Charles L. Bretschneider * 

ABSTRACT 

A theory for waves of finite height, presented in this paper, is 
an exact theory, to any order for which it is extended. The theory is 
represented by a summation liarmdnic series, each term of which is in an un- 
expanded form. The terms of the series when expanded result in an ap- 
proximation of the exact theory, and this approximation is identical 
to Stokes' wave theory extended to the same order. The theory repre- 
sents irrotational - divergenceless flow. The procedure is to select 
the form of equations for the coordinates of the particles in antici- 
pation of later operations to be performed in the evaluation of the co- 
efficients of the series. The horizontal and vertical components of 
these coordinates are given respectively by the following; 

. / tr, . v , u A \N    cosh Nk (I +  z - rj ) >. kx = k(x-C) + I (kA0)   cmllKlt> '—   SinNk(x-Ct-0 smh Nki 

•  • ,  *>, L v> ,^A ,N sink Nk (J+ z-1) .,., , rt    t. kz = k (z-7?) + 2, (kA0)   . . ... a — cos Nk (x-Ct-£) 

and I 

M 

where 
l sinh Nki 

x and Z are the coordinates; k = 2jr/L, wave number; AQ= H/2,  half 
wave height; C = L/T, wave celerity and t is time*.* iis a parameter re- 
lated to the undisturbed mean water depth, d. The constant term kz0 = 
k (jt -  d); £ and f) are the horizontal and vertical displacements of the 
water particles from their respective position of no motion,  a = a , 
a„, a , etc., coefficients of the series as N «= 1, 2, 3, etc. to N = M. 
From the above equations it is possible to deduce the expressions for 
velocity potential and stream function. The horizontal and vertical 
components of particle velocity are obtained by differentiating £ and 
^with respect to time. Along the free surface z -1?!a 0 and z = Vs and 
all expressions reduce to simple forms, which in turn saves consider- 
able work in the evaluation of the coefficients. The coefficients are 
evaluated by use of Bernoulli's equation. The final form of the sol- 
ution is given by two sets of equations. One set of equations (same 
as above) is used to compute the particle position and the second set 
(the first time derivatives of the above) is used to compute the com- 
ponents of particle velocity at the particle position. That is, the 
particles and velocities are referenced to the lines of the stream 
function and the velocity potential. Expanding the two sets of equat- 
ions, by approximation methods, results in one set of equation for 
computing particle velocity and no equations are required for the part- 
icle position.The unexpanded form requiring two sets of equations, 

*Hydraulic Engineer, Beach Erosion Board, U. S. Army Corps of Engineers 
** See Appendix for Symbols, p 182 
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being an exact solution, is more accurate theoretically, than the 
Stokes or the expanded form to the same order. Coefficients have 
been formulated for all terms of the order one to five for both the 
unexpanded and the expanded form of the theory, and are presented 
in tabular form as functions of d/L, as consecutive equations. 

INTRODUCTION 

Since 1847 when Stokes first presented his classical work on 
the theory of oscillatory waves, a number of authors have contri- 
buted to this fascinating subject. The reference list, which may 
not necessarily be complete, is given at the end of this paper. Ex- 
cept for the fact that the various developments given in these re- 
ferences entail certain difficulties and in some cases minor errors, 
no further discussions will be made thereof. 

There is much to be discussed in the present paper and the 
usual formality of elementaries will be minimized. The inertia of 
the air and the atmospheric pressure along the wave surface can be 
neglectedj i.e. these quantities are zero with respect to themselves, 
and the pressure within the fluid is assumed equal in all directions. 
There is to be no flow across the boundaries, the sea bed being rigid, 
flat, and impermeable, and the fluid is inviscid. The waves are long 
crests and x , z, t represent the two dimensional coordinates with 
respect to time, x is the horizontal direction measured from the crest, 
positive in the direction of wave propogation. z is the vertical co- 
ordinate measured negative below and positive above the undisturbed 
water elevation. The undisturbed water elevation is the mean water 
depth, and is that level the water seeks when all wave motion is ab- 
sent. Finally the flow is irrotational, and since divergenceless, is 
Laplaci&n. 

The equations by which the motion is described are as follows* 

„.,„.,#_+, {(i±)' +(£.)•} 

0 d24>   , dl± 
ax2       dz2 

4^- = 0    at   z = -d 
Oz 

aj> + _|£. .|P. + li. dP. . 0   when p = 0 
dt       dx     dx        dz     dz 
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Where <f> is the velocity potential, g acceleration of gravity; 
P  density of fluid} and p the pressure. 

The first equation is the usual equation of hydrodynamics, the 
second specifies irrotational flow, the third specifies no flow across 
the sea bed, and the fourth specifies no flow across the free wave 
surface. 

Coordinates 

The coordinates of the particles of water can be represented by 
a set of equations around which a theory can be developed. If the 
equations are selected in anticipation of later operations to be per- 
formed, then one might be able to minimize the work envolved. In 
the presence of wave motion the horizontal and vertical displacements 
(f,1?) of the water particles from the position of rest or the position 
of no motion can be represented respectively as follows? 

K^|oN(KA0)
N ^^ly^      cosNKU-Ct-O (2) 

{ See Figure I ) 

It then follows that the x, z coordinates of the particles are 
obtained from: 

M 

1 
l 

and 

M 

I 
i 

In the above equations 

kx - k <x-£) + I aN <kA0)N    C0ShZhm/~V)   Sin Nk (X_e) (3) 

kz-k(z-?n+£oN(kA0)"   S,nhN
5^i+J-7))    CO.NMX-*) ( 

2 AQ « H, the wave height, vertical distance between crest and trough 

k s 2ir/L» the wave number 
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t   +z 
x 

"   -z 

{ z-V 
Particle position at rest 

NOTE. 
No wave motion 

d     I i 
tide position displaced from 

/.   _£.   position of rest 

(z-i?) 

Particle position at rest 

NOTE. 
During wave motion 

FIGURE   I.       SYSTEM  OF COORDINATES 
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x is a parameter related to the undisturbed water depth. 

z = /- d is a constant to be determined 
o 

x,z, are horizontal and vertical coordinates of the particle 

C , *}  Are  the horizontal and vertical displacements of the particle 
from its initial undisturbed position of rest. 

C = L/T is the wave celerity 
L is the wave length 
T is the wave period 

a = a , a , a,, ....... a^ (Mth order), consecutive coefficients of 
the series'2 * M 

N = 1, 2, 3, ..... M (Mth order) corresponding to each of the above 
coefficients. 

The parameter Jc is related to the depth d according to 

dm± fL  (d + 77,.) d*=Z-z£ (51 
'0 

where f]   is the surface elevation with respect to the undisturbed water 
elevation, and kz = k(Z- d) . (See Figure 1) o 

The coefficients a , with the corresponding subscripts represent a 
convenient means for keeping track of the various terms of each order; 
i.e., a , is the first order term, a2 and a

2
( are the second order, a , 

a* and a (a ) are the third order terms, etc. 

One of the conveniences of the system of coordinates used in the 
above equations is that the free surface conditions are obtained by 
setting Z - T\  = 0, whence 

M        N 
k7?s s £ °N (kAo) cos Nk (x-£s) - kz< (6) 

where the constant kz is required as shown later 
o 

M 

s'Mxs-£s)+2aN   (kA0)N  tonh'Nkl
sinNktxs-gs) 

(7) kx* 
I 

Horizontal and Vertical Components of Particle Velocity 

The horizontal and vertical components of particle velocity may 
be obtained respectively from: 
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c "    c   a t       ax    "   dz 

and 

(8) 

(10) 

(ID 

w_. j_ £2 - _d_i_.   _dJL (9) 
c " c at     az "   dx 

whence 

£ -(1-^)1 NaN(KA0)N   ^l^/2"^    - Nk(x-Ct-e) 

+ i Y NoN(kA0)N    "nh,!!,kh
(iSk

+j",?)    •'" Nk (x-Ct-C) 

and 

g--(i-^)Zw.w(kA0)" 
5'"h

sr^y'1"^"M..-ct-o 

The horizontal and vertical components of particle velocity are also 
given by: 

JL-.-±l±   =__L Ulf (12) 
c     c ax       c az 

and «L=_ JL ii s+ i  d± (i3) 
c      c dz       ^ ax 

Where d) and ty are the velocity potential  and the stream function 
respectively.    It is seen from Equations 10  and 11 together with 
Equations 12 and 13 that  the velocity potential  and stream function ex- 
cept for arbitrary constants will have the following forms: 

_ J<i =   £ aN(kA0)
N    co»hNk(l+z^/c>. sinNk(x-Ct + tf/c)       (14) 

-4- - I °N ( kA0)N   »'"hNk(l+z+»/c)C0, Nk (X-Ct+ */c ) CS) 
C        ^ ° sinh NkX '^ 

Proof of Irrotational Plow 

Equations 10 and 11 represent irrotational flow irrespective of the 
actual values of the coefficients.    That is: 
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Performing the. above operation,  it is found that 

du      dw  _        du      <3w  , v« ...   ,N   cosh Nk (/f z-7?) ... ,     r.   es -j-+-j- = - (3— +"3— ) A NoN (kA0       A '—    cos Nk (x-Ct-£) 
dx      dz dx      dz N sinh NkX 

,,dw_du^Wn ,,.A >N sinh Nk U+ z-V)    Cin wu .  rt <r, 

The above does not yet prove that V <f>  = 0 until the following 
is evaluated 

For the summation terms of equations 17 and 18 to exist, the only 
possible solution of the simultaneous equations 17 and 18 is 

du . dw _ _ . dw du . -5— + -5— = O and -=— - -=— = 0 
Ox   Oz dx   oz 

therefore  V2 <f>  = 0 

The above proof is more easily verified by performing the above 
operation on the equations given in the next section (Table I, for example). 

Power Series Equations for Particle Velocity 

In the development following it will be convenient to use 

k (X - ct -£) = 0' (19) 

and 

U • I NaN (kA0)
N ^y^'-^  cos N B' (20) 

and 

W • I NaN (kA0,
N  ""^^V-1"  ..n N 61 (2.) 

whence 
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C  = (]-^]   U  +  fW (22) 

and 

£ = (!-£)   W  -   f   U (23) 

The simultaneous solution of Equations 22 and 23 can be made by the 
process of resubstitution to as high an order as required where the Mth 
order will include all terms of U, W, and U W , where p = 0 to M, 
q = 0 to M, and r + s = 1 to M. 

The process of resubstitutions leads to the following terms: 

TABLE 1 

M U/C w/C 

1 U W 

2 -U2+W2 -2WU 

3 U3-3UW2 -W3+3WUZ 

4 -U4+6U2W2-W4 4W3U-4WU3 

5 U5-IOU3 W2+5UW4 W5-I0W3 U2+ 5WU4 

6 - 6U6+ I5U4W2- 15 U2W4+W6 -6UW5+ 20W3 U3 - 6 W U 5 

7 U7-2IUSW2 + 35 U3W4- 7U W6 - W7 + 21 W5 U2 - 35 W3U4+ 7WU6 

It will be  seen that  a general expression can be written for U/C, 
having the following power series equation: 

*  =   [   Kr,s]uUrWS (24) 

where 
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<~ {.r:S:&8.:S }-«"» [::i *«.• °] 
and M = r + s 

For example, consider the 8th order (M = 8), in addition to 
those terms for M = 1 through M • 7, there will be the 8th order 
term for the following combinations of r,s = (8,0); 

(6,2); (4,4); (2,6); and (0,8), whence from equation 24 the 
8th order terms for u/C are 

- U8+ 28U6W2- 70U4 W4+ 28U2 W6- W8 

Similarily for the term w/C the power series equation; 

HKr,s]wUr   WS (26) 
where 

for 
f r«0,l,2,3,4 1 
I  s= 1,3,5,7 J 

r! si 

M = r + s 

(27) 

For example, the 8th order term will have the following 
combinations of r,s = (7,1); (5,3); (3,5); and (1,7), whence from 
equation 27 the 8th order terms for w/C are 

- 8U7W + 56U5W3 - 56 U3 W5 + 8UW7 

Thus equations 25 and 27 can be used to obtain all terms 
from the first order to the Mth order respectively for u/C and w/C 

Bernoulli's Equation 

The problem of wave motion can be reduced to one of steady 
state by superimposing a steady current on the wave motion equal to 
the wave celerity but of opposite direction. This operation, known 
as the Hayleigh principle, leads to Bernoulli's equation applicable 
along the free surface, where it is assumed that everywhere along 
the free surface the pressure is constant or is zero with respect 
to atmospheric pressure, whence 

(us-C)
2 + ws

2 + 2g17s = constant, (28) 

where the subscript s refers to the conditions at the free surface, 
Equation 28 can be written as follows: 

(-^- -I)2 + (^)2 + -^8- =K= constant (29) 

or solving for k1? 
s 
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It will be convenient to define the Bernoulli term as 

B.-^--H<IT>,-MTM*] (3I) 

Along the free  surface  equations 20  and 21,Z- V = 0, whence 

Us= X NoN (kA0)
N XN   cos N01 (32) 

and 

Ws=  I  NoN  (kA0)N  sinN0' (33) 

where    XN   = ' N        tanh Nki 

From Table 1,  one may obtain the Bernoulli term B    which leads 
to the following termss 

TABLE II 

Order (M) Bs = £.  - -L [ ( !£ f +   (^)2] 

1 Us 

2 -3/2   Us
2 + ^ Ws

2 

3 2US
3-2U8  Ws

2 

4 - 5/2 US
4+5US

2WS
2-^ Ws

4 

5 3 US
5-I0US3WS

2+ 3US   Ws* 

6 -7/2 Us
6+ 35/2  Us

4 Ws
2-2I/2US

2 Ws
4+ -g Ws

6 

7 4US
7-28US

5 Ws
2 + 28US

2WS
S-4US    Ws

6 

It will be seen that a general expression can be written for 
B   ,  having the following pt>wftT series equation: 
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8s  =  [Kr,s]Us
rWs (34) 

where 

I)! 
's! 

**{:: 1:1: X J: ::.!.::::::} ~* H- S • *°-° • °) 
For example, the 8th order terms will have the following com- 

binationsof (r,s) = (8,0); (6,2)} (4,4); (2,6); and (0,8); whence 
from Equation 35 the 8th order terms for B are: 

-9/2   Us
8 + 42 Us

6 Ws
2 - 63 US

4WS
4+I8 Us

2 Ws
6 - •§ Ws

8 

Thus Equation 35 can be used to obtain the Bernoulli term B 
to  as high an order as required.    The term B    will have an expanded 
form as follows: s 

135) 

Be 

+ 
+ 
+ 
+ 

B„+ Bl3(kA0)2+ B,5(kA0)4+  Bl7(kA0)6+ •    •] kA0   cos 0' 

B22+ B24(kA0)2 + B26(kA0)
4+--  ]   ( kA0)2  cos 2 0' 

"B33+B35(kA0)
2 +  B37(kA0)

4+    •    ]  ( kA0)3 cos 30' 

B44+B46(kA0)
2 +       ••    ]  (kA0)4   cos 4 0' 

B55+ B57 (kA0)2 ]    (kA0)s   cos 5 0' 

(36) 

+ [BJJ+ BJJ + 2 (kA0)
2 + •  ] (KA0)

J cosJ0' 

+ BM (kA0)
M cos M 0' + R 

In the above, the first subscript refers to the terms correspond- 
ing with identical (kA )^ Cos J0, J being the general term. The 
second subscript refers* to the order. For example, B  is the fifth 
order term for Cos 0 ' , and Bg_ is the fifth order term for Cos 5 0 ' 
R is a constant and represents the sum of the remainder terms for which 
no Cos N 0 exists. 

Procedure for the Evaluation of Coefficients 

The coefficients a , a , a ...... a must be evaluated such that 
the surface boundary conditions are satisfied. The surface profile 
elevation with respect to the undisturbed water level is given by 
Equation 6. 
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The surface boundary conditions are satisfied when Equation 6 
is made identical to Equation 30. To whatever order is required 
Equation 30 is a means by which the solution is obtained.  Incidentally, 
such a solution is similar to a least squares solution in statistical 
theory. 

It will be convenient to use an expanded form of Equation 30 as 
follows: 

k%=Z °N   (kAo)N  cos uQ\ where 

Q2 = 

a, = 

a* = 

a* = 

A,,+ A,3(kA0)2 +Al5(kA0)4 + A17 (kA0)6 + 

A22 + A24(kA0)2 + A2e(kA0)4 + 

A33 + A36 ( kA0)2 + A37( kA0)4 + 

A44 + A46 (kA0)2 + 

+ A„ (kA0)
z + + kz. 

(37) 

The wave height H = 2A is obtained from the difference between V^ 
at © * 0 and 17 at 0 = ir, a8d since A  will always be equal to unity as 
long as H = 2AS, whence from equation 37, 

0 = (A13+A33) (kA0)
2+ (A15+A35+ A55) (kA0)

4 

+ (Al7+A37+A57+A77) (kA0)6 N 

Equating to zero terms of (kA ) , one obtains the following! 

A13 =~A33 

(38) 

A15=-(A
35
+A55> 

17 

etc. 

~(A37 + A57 + A77' 

(39) 

The wave celerity can be expressed as followss 

*f2 = F, + F3 (kA0)
2+ F5(kA0)4+ F7(kA0)6 +  (40) 

Using Bernoulli's Equation 30, together with Equations 37, 39, and 
40 and equating like terms of cosNO one obtains the following set of 
equations? 
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[An + A13(kA0)2+ Al5(kA0)4 + ] - 

F,+ F3(kA0)2+ F5(kA0)4+      ][B,,+ Bl3(kA0)2+ Bl6(kA0)4+  • •]»<) 

A22+A24(kA0)2 +    ]-[F,+ F3(kAo}2+    ] [B22+ B24( kA0)2 + • •• 1 = 0 

[A33+A35(kA0)2+    ]-[F, + F3(kA0)a+    •][B33+B35(kA0)2+        ]=0 

[A44+       ]-[p|+    '•] [B44+-     ] =0 

etc   and - k20 = [F, + F3 (kA0)2 + Fs ( kA0)4 + •     ] [ -^y1  + R ] 

The procedure is to expand each of" the^individual equations 
and then equate  to zero like terms of (KA )   .     It will be convenient 
to present the higher order terms of the A's and the F   's in terms 
including the B's terms and the lower order term of A's and F's. 
Using Equations 41 (and also those of Equation 39) the results are 
summarized in Table III. 

Term 

A„= I 

F| =  l/B„ 

A22= F,  B22 

A33= F,  B33 

Ai3=-A33 

Fa = Ai» Fi   — Bia F *l3rl 

A44= F,   B44 

13 r I 

A24" F| B24+ F, B 3 D22 

A55= F|  B55 

A35= F| B35+ F3 B33 

A|5= -A35-A55 

F5 = A,5F| -F,2BI5-F| F3BI3 

A66= F, B66 

A46= Fi B46+ F, B 3 °44 

Fi  Bpc+ Fa B»4+   Fs  B *26" rl D26'r r3 D24 5  D22 

TABLE   III 

Source 

H = 2A 

Eq 41 

Eq 41 

Eq 41 

Eq 39 

Eq 41 

Eq 41 

Eq 41 

Eq 41 

Eq 41 

Eq 39 

Eq 41 

Eq 41 

Eq 41 

Eq 41 

Order 

I 

I and 2 

2 

3 

3 

3 and 4 

4 

4 

5 

5 

5 

5 and 6 

6 

6 

6 

(41) 
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The above scheme can be carried to as high an order as required, 
merely by writing down the additional terms. For example, the seventh 
order terms are obtained from Equation 41 as follows: 

A77 = F1B77 

A57 = F1B57 + F3B55 

A       =FB       +PB     +PB 
37 1  37 3   35       5  33 

A       =FB       + F  B       +FB       +FB 
17 1  17 3  15 5 13 7  11 

or F from the last equation using B  = 1/F 

is as follows: 

F=FA    - F    B       -FFB       -FFB *7    ri   AI7     ri  B
17       *x*3 15       V5  13 

Similarily the eighthorder terms can be written down directly 
as follows: 

A88 = F1B88 

A  = F B  + F B 
68   1 68   3 66 

A48 = P1B48 + F3B46 + F5
B44 

A28 = P1B28 + F3B26 + F5
B24 + P7 

+ F7
B22 

Thus all expressions presented (Tables I, II, and III) can be 
carried to as high an order as required, with no difficulty whatsoever. 
These relations are convenient working parameters for the actual 
solution to a particular order. 

Example: Fifth Order Solution 

In order to continue the solution to any particular order, it 
is necessary to express the B - terms in terms of a , using Equations 
32 and 33 and equations 34 anct 35 (Table II). It will be seen from 
Table II that there will be cross product terms involving CosNO' and Sin 
N9' and it will be necessary to replace these cross product terms using 
trigonometric identities. For example, the fifth order solution will 
require the terms of U , U  , u , U W , etc. be determined. Using 
trigonometric identitiei thlse tlrms Including all orders from one to 
five are as follows: 
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Us= a, X, (kA0) cos0' + 2a2X2(kAo)2cos 2 0' + 3a3X3(kA0)3 cos 3 0 ' 

+ 4a4X4 (kA0)4cos 4 0' + 5a5X5 (kA^5 cos 50' 

US
2=T °i2x,2 (kA0)2+ 2a22X22(kA0)4 

2a, X, a2X2 (kA0)2 +6a2X2 a3X3(kA0)4l (kA0)  cos 9' 

-g- a,2 X,2        +       3a, X, a3X3 (kA0)2] (kA0)2 cos 20' 

2a, X, a2X2 + 4a,  X, a4X4(kA0)2l   (kA0)3 cos 30' 

2a2
2X2

2+ 3a, X, a3X3 ]   (kAo)4cos4 0' 

4a, X, a4 X4 + 6a2X2a3 X3]   ( kA0 )5 cos 5 0' 

+ 

+ 

+ 

usH 
+ 

+ 

+ 

+ 

a,2 X,2 a2 X2   (kA0)4 

•f- a,3X,3 (kA0)2 + (6a, X,   a2
2X2

2+ |-a|2X,2a3 X3)(kA0)4] (kA0) cos I 

3a,2X,2a2 X2 (kA0)2]   (kAo)2cos20' 

-4-a,3X,3+ ( |-a,2X|Za3 X3 + 3a, X, a2
2X2

2) (kA0)2] (kAo)3cos30' 

-§-a,2X,2a2 X2]  (kAo)4cos4 0' 

3a, X, a2
2X2

2+ -§- a,2 X,2a3 X31 (kA0)5 cos 5 0' 

Us
4=-|- °i4 X,4 (kA0)4+ [4a,3X,3a2X2(kA0)4]   kA0   cos 01 

+ -g-a^X,4 (kA0)
4   cos 2 0' 

+ 3a,3X,3a2 X2 (kA0)s cos 3 0 ' 

+ T" ai4*,4 (kAo)4cos40 + a,3X,3a2X2(kA0)5 cos 50* 

Us
5= -ra,sx,5(kAo)3cos0'+ -j| a,s X,s (kA0)» cos 3 0 +-^ a,6 X,5(kA0)5 cos 5 0 
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Ws
2=i a,2 (kA0)2 + 2a2

2(kA0)4 

+ [20, a2 (kA0)
2+ 6a2a3(kA0)4l (kA0) cos 0' 

+ [30, a3 (kA0)2- -I- a,2]  (kA0)2 cos 2 0' 

+ [4a, a4(kA0)2 - 2a, a2l  (kA0)3 cos 3 0' 

-[2a2
2+ 3a, a3l   (kA0)4 cos 40' 

- 4a, a4 + 6a2 a3    (kA0)5  cos 5 9 

W 4 = -|- a,4  (kA0)4 + 2a,3 a2 (kA0)6  cos 9' 

- -2- a,4 (kA0)4 cos 2 0'- 3a|3a2 (kA0)5 cos 3 0' 

+ ± a,4(kA0)4 cos 4 0' +  a,' a2   (kA0)5 cos 5 0' 

USWS
Z= °i2 X, a2 (kA0)* - ^  a,2 a2X2(kA0)4 

[-4-a,3X| (kA0)2 + (2a, X, a2
2 + -§• a,2X, a3 - -| a,2a3X3)(kAo)4] (kA0) cos 0' 

+ [o,2a2X2 (kA0)2l    (kAo)2cos2 0' 

+ [(-| a,2a3 X3 + 2a, a2
2X2-a, X, a2

2)(kA0)2- ^ a,* X, 1 (kA0)3 cos 3 0' 

-[a,2X, a2 +  -~- a,2 a2X2]  (kA0)4 cos 4 0' 

-[a, X,a2
2+ -| a,2X, a3 + 2a, a2

2X2 + ^ a,2 a3X3l (kA0)5 cos 5 0' 

Us'Ws2 = 1" V X,2 UA0)4 

+ [a,3 X,2a2 (kA0)4]   (kA0)   cos0' 

-[( Y a,3X,2 a2 - -^- a,3 X, a2 X2 ) (kA0)2] (kA0)3 cos 3 01 

-[— a,4 X,2] (kA0)4  cos 4 0" 
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-[-g- ai3X,2a2 + ±- a,3X| a2 X2]   (kA0)s  cos 5 0' 

US
3WS

2=  [-f-a.'X.MkAo)4]    kA0     cos0' 

~[JQ   a,6 X,5 (kA0)2]   (kA0)3  cos  3 01 

- [-j^ a(5 X,5 J   (kA0)5   cos 5 0' 

Us Ws
4= [-J- °i5 X.   (kA0)4]   (kA0)    cos0' 

-[lT ai5xi <kV2]   (kA0)3 cos 3 5' 

+ [-^- a,6X, J  (kA0)s   cos 5 0' 

Using the above expressions, together with Table II, it will be 
convenient to summarize the results in Table TV 
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TABLE     H           Terms of  Bs to   Fifth Order 

R —Terms 

(kA0)2cosO (kA0) cos0 (kA0) 2cos 2 0' (kAo)3cos3 0' (kAo)4cos4 0' (kA0)5cos 50' 

-3/4o,2X,2 o,   X, 2a2 X2 3 a3 X3 4a4 X4 5o6X5 

1/4 a,2 -3/4 

- 1/4 

0,2X,2 

o,2 

-3o, X, a2 X2 

— a,  o2 

3o2
2X2

2 

-9/2a,X,a3X3 

6a, Xj a4 X4 

(kAo)3cos0' —9 o2 X2a3X3 

—3o, X, a2X2 l/2a,3X,3 -o22 - 2 o, a4 

a,   a2 l/2a,3X, -3/2 0| a3 — 3 a2 a3 

3/2a,3x,3 3a,2X,2a2X2 6a,  X, a2
2X2

2 

-l/2a,3x, 2a,2X, a2 

o,2 a2 X2 

-5/16 a,4X4 

9/2a,2X,2a3X3 

2a, X, o2
2 

(kA0)4 (kA0)5 cos 0' (kA0)< 'cos 2 0' (kAo)5cos3 0' 3 0.2X, a3 

-3a2
2X2

2 — 9a2 X2 a3X3 -9/2 a 1  Xl  a3X3 -6 a, X, a4X4 -5/8 a,4X,2 4 o,   o2
2X2 

o2
2 3 a2 03 3/2 °l    °3 2 a,   o4 -1/16 a,4 3/2 a,2 a3 X3 

3o,2X,2a2 X2 12a, X, a2
2X2

2 6a,2X, 2a2X2 9a,2X,2a3X3 -5/2a,3X,3a2X 

- 2 a,2 X, a2 9/2a,2X|2a3X3 -2a,2 a2 X2 6 a,  X, a2
2X22 -5/2a,3X,2a2 

a,2 a2 X2 -4a,   X, a2
2 -5/4 a,4 X,4 -3 a,2 a3 X3 -5/2 a,3 X, a2X 

-15/16 a,4X,4 -3o,2 X, a3 1 /4 0,4 - 4 a, a2
2X2 — 1/2 a,3a2 

5/8 Q|4X,2 3/2a,2a3X3 2 a,  X, a2
2 3/16 a,5 X,3 

-3/16 a,4 -IOo,3X,3a2X2 

5 a,3X,2o2 

-a,3a2 

15/8 a,5X,3 

-5/4 a,5 X,3 

3/8 a,5 X, 

-l5/2a,3X,3a2X2 

-5/2a,3X,2a2 

5/2a,3X, a2X2 

3/2 a,3a2 

15/16 a,5x,6 

5/8  0,5 X,3 

-9/16 a,5x, 

5/8 a,5 X,3 

3/16 a,5x. 

Remembering the forms for a (Equation 34) it will be seen that certain 
a terms upon substitution will be transferred down the table from(kA0) to 
(kA0)   , (kAo> N+4f etc>  jjjg substitution and the proper tranfers result in 
the B. terms and are conveniently summarized in Table V. s 
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TABLE 1C- Bs - Terms to  Fifth Order 

-kz0 

)• F| + F3(kA0r/       BM   = B22 =                B33 =                   B44 = B55 = 

K-l                      X, 2 A22X2              3   A33X3             4 A44X4 5A55X5 

2 -3/4 X,2          -3X,A22X2 -3A22
2X2

2 -6 X, A44X 

B,3= -1/4                - A22 -9/2X,A33X3 -9A22X2A3 

(kA0)2              X,    Al3 1/2 X,3            - A22
2 - 2 A44 

-3/4X,2          -3X,A22X2 1/2 X, - 3/2  A33 -3A22A3 

A22 3X,2A22X2 6X,A22
2X2 

1/4                    3/2 X,3 2X,A22 9/2X,2A33 

-I/2X,                                                                        A22 X2 2X, A22
2 

-5/16 X,4       3X,   A 33 
.2 

B|5= B24 = B35 = -5/8X,' 4A22
2X2 

Xi    A|S 2A24X2 3 A35X3 -1/16 3/2 A33 X3 

(kA0)
4 -3X,X2AI3A22 -3/2 A|3X,2      -3X,X2AI3A22 -5/2X,3A22 

-3/2X|2A,3     -3X,X2A24        -1/2 A|3 -3X|X2A24 -5/2 X|2A2; 

-5/2X,A22 

- 1/2  A22 

3/16 X,5 

5/8 X,3 

3/16  X, 

1/2  A,3 A,3A22 -9/2X,A33X3 -A,3A22 

- 3 A22
2X2

2 A24 3/2   A33 - A24 

A222 9/2X,3A,3 6X,2A22X2 3/2  A|3X,3 

3 X |  A22Xg -3/2 X, A,3 — 2 A22X2 3/2 AI3X, 

-2X, A22 -9 A22X2A33X3 -5/4X|4 — 6 X| A44X4 

A22 X2 3 A22 A33 1 /4 2 A44 

-15/16 X,4 !2X, A22
2X2

2 9X,2A33X3 

5/8  X,2 9/2X,2A33X3 6X, A22
2X2

2 

-3/16 -4X, A22
2 -3A33X3 

-3X, A33 -4 A22
2X2 

3/2 A33X3 2 X, A22
2 

-IOX,3A22X2 -I5/2X(
3A22X2 

5X,2A22 -5/2X|2A22 

- A22 5/2 X, A22X2 

15/8  X,5 3/2  A22 

-5/4 X,3 15/16 X,5 

3/8 X, 5/8 X,3 

- 9/I6X, 
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Now from Table 3£, using the relations of Tables III, one obtains immedi- 
ately the following fifth order solution. 

TABLE    TZI 

A„ =  1 

F, =  1 /X, =  tonh k£ 

A                   F| 

{ Azz"     2F,X2-I 

A     -           F| 

{ A33 "     3 F, X3 - 1 

A|3 =   - A33 

3X,2+ I 

A22(3X, X2+l) - 4*- (I + X,2)} 

A44= 

F3 = F, A,3 - F,2  [ Al3 X, - A22( 3 X, X2- I )   +      3X'2"
X|] 

4F
F

X  -| ( A22
2(3X2

2-t-l ) + -§• A33(3X,X3+I )-A22(3X,2X2+2X| + X2) 

5X|4 + IOX|2 + l    1 
16 J 

24=    2F|X8-I    {-^i(3X'2+l) +|-A33(3X, X3-I)-2A22X2(3X,2-I) 

+ •£- <5X,4-I) -  •£*-   (8A22X3-3X,2-I)} 

55=     5FX'B-I    {2A««(3X| X4+l )  + 3A22A33( I    +  3X2X3) 

-2A22
2( 3X, X2

2+ Xi   +2X2)--
3r A33(3X(

2X3 + 2 X, + X3) 

+ -2-A22<5xi3X2+5X,2+5X, X2+ I )- ^- (3X,*+I0X,2+ 3 ) ]• 

^ T  (A|3A22(3X, X2 +1 ) + A24(3X, X2 + l )--|- A,3Xi (I +X,2) 
|X3-l     l c 

+ 2A44(3X,X4- I) -3A33X3(3X,2-I ) -2A22
2 (3X, X2

2-2X2+ X, \ 

+ ^2 (I5X,3X2 + 5X,2-5X, X2-3 )- —• (I5X,5+ I0X,3-9X,) 

- -^- (6A33X3-6A22X,X2-2A22+X, + X,3) } 

3F, 
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TABLE VI    con't 

AI5 = - A35 - A55 

Fs  =   { F, A,5 - F,2 [x, A,s - A,3 A22( 3 X, X2 - I ) - A24 ( 3 X, X2 - I ) 

+ -§-A,3X, (3X,2-I)-3A22A33(3X2X3-I ) + 4A22
2X, (3X2

2-I) 

+ |-A33(3X,2X3-2X,+X3)-A22(IOX,3X2-5X,2 + l) + i(|5X,8-IOX,3 + 3> 

- F,  F3 [A,3X, - A22(3X,   X2 -I)  +  -|L   (3X,2 - I )1   \ 

The constant in Bernoullis' equation is obtained from the first 
column of Table Vt as follows: 

K = (l+(kA0)2  3X'*~'    + (kA0)4[Al3(3X,2-l )  + 2A22
2(3X2

2-I) 

-2A22(3X,2X2-2X|  +X2) + -L (|5x,4-|0X,2 + 3)] 

The above presentation of consecutive equations are in a convenient 
form for computing the A- terms and the F- terms for any selected value 
of TnJt t either by the long hand method or by use of a high speed computer. 
For example, consider lnJl^ 2ir (deep water), then one obtains tanh k/  = 1; 
in fact, for kJi * 2rr, tanh Nki « 1, whence X , • X    • X    * X    • X    « 1. 
It will follow in turn: ' 12        3        4        5 

3 3 8 An =  I ,   F,   = I,  A22 = I ,  A33 =  -g- ,   A|3 
= ~ "2* »   F3 = I >   A44 =  -3" 

A24= ~ -f" ' A«= ^ •  A35= - ^" , A,5 = - -JL and   F5 = •!•,  and 
the constant in Bernoullis' equation becomes 

K = l + (kA0)2- 6 (kA0)4-2kz0 [l-(kA0)2l 

The Undisturbed Mean Water Depth 

The undisturbed mean water depth is obtained by use of Bquations 5, 
6, and 7, in which cos Nk (X - £ ) and sin Nk (X - £ ) are represented 
by sums of two products each respectively as follows: 

cos  Nk (X -£s ) = cos Nk£s cos Nkx    + sin Nk£s sin Nkx (42) 

and 

sin Nk (X-£s) 
3 cos  Nk£s sin Nkx   - sin Nk£s cos Nkx (43) 
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Now cos Nk£     and sin Nk £    can be expanded by series to  as high 
an order as required.    Por example,  the fifth order expansion for 
equations 6  and 7 are as follows; 

k7?. [l- Y (k£s)
2 + -J3- (k£s)

4]  kA0   cos kx 

+ a, 

+ a2 

+ a2 

+ °3 

+ a, 

k£s   - 
 !_ 

s 6 

I - 2  (k 

(k £s>
3] kAo   sin  kx 

k£s 

£-s)
2]  (kA0)

2  cos 2kx 

2k£s- -|- (k£s)
3] (kA0)2  sin 2kx 

I - -§-  (k£s)
2]  (kA0)3 cos 3kx 

3k£sl (kA0)3 sin 3kx 

+ a4 (kA0)4  cos 4kx 

+ a4  [4k£sJ   (kA0)4 sin 4kx 

+ a5  (kA0)5  cos5kx -kz0 

X,   [«--§- (k£s>2 + "2T <k^s)4]  <kAo)   sin kx 

k£s- -^- (k£s)
3] (kA0)   cos kx 

I - 2   (k£s)
2]   (kA0)2 sin 2kx 

2k£s- -y   (k£s)
3] (kA0)2  cos 2kx 

- a. X, 

+ a2 X2 

- a2X2 

+ °3x3 

- a3X3 

-§-  (k£s)
2]   (kA0)3   sin 3kx 

3k£s 1 (kA0)3   cos 3kx 

+ a4 X4 (kA0)
4  sin 4kx 

- a4X4 [4kCs] (kA0)4 cos 4kx 

•I- a6X5 (kA0)5   sin 5kx 

In the  above equations   XN   =   -—,   .,, * M N tanh Nki 

(44)- 

(45) 
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The procedure for solution is first to eliminate k £ from the 
right hand side of Equation 45. This is done by the process of re- 
substitution: the first order is obtained as k£ « Q X kA sin kx 
and is substituted into equation 45 to obtain thesseeond ordSr* which 
in turn is again substituted into equation 45 to obtain the third order, 
etc, until the desired order is obtained. The resulting expression is 
then substituted into equation 44 to eliminate k£ from the right hand 
side, obtaining an expression for kl? independent of k£ . Finally, this 
equation for ki? is substituted intosequation 5 and thesintegration re- 
sults is an expression for d/L as a function of x/L, It will be con- 
venient to write equation 5 as: 

kz0 = k (i-d) = -j- J     krls    dx (46) 
*o 

It was found to the fourth order (also fifth order) that: 

kz0 = -+- a,2 X, (kA0)
2 + a2

2 X2 (kA0)
4 (47) 

Where all other terms vanished by integration,. Based on.equation 
47, the sixth order term was predicted to be 3/2 a  X_ (kA ) , and was 
then verified by the detailed process of resubstitution and°integration. 
Based on the above findings one can suppose the following power series 
equation: 

•"6= T I NaN2 *N (kA0)
2N (48) 

where N * 1, 2, 3, ,,.,M, order M » 2N 

For example, the eighth order term is found by setting N * 4, 
which results in 

2 a4
2 X4 (kA0)

8 

Since the depth is the known parameter it is desirable to obtain / 
as a function of d, whence 

ki = k(d + z0) (49) 

Where X_ •   ti"«^l  and letting YN " '+'" W wrA    b? substituting 
k(d + z ) f©2 k/an3nuSlng hyperbolic iSentllSes'Tsum of two products) 
one obtains 

m       YN + tanh Nkz0 
N    1 +YN tanh Nkz0 

Equation 50 can be expanded to as high an order as required 
according to the following: 

XN = [ YN + tanh Nkz0l[ I-(YN tanh Nkz0+ (YN tanh Nkz0)
2 1 (51 
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tonh Nkz0 = Nkz0 - y (Nkz0)
3+i|- (Nkz0)

s-^ (Nkz0)
7+-  j (52) 

Bquations 51 and 52 are then used together with equation 47, and 
by the process of resubstitution kz is eliminated from the right 
hand side, and one obtains a relatiSn of kz as a function of kd. For 
example to the sixth (also seventh order): ° 

kz0 »-£-a,
2Y, (kA0)

2 + [a2
2Y2 - -3-a,

4 Y, (Y,2 - I )1 (kA0)4       (53) 

r 3      o            n     ,    Y, (Y,2-l) + 2Y, (Y2
2-I ) m a        Y,2-2  1 

+ [T°32Y3-a'2a22   -3—1 2  +al«Y1(Yl
2-l)-l§—J(kA0 

Returning now to the fifth order solution, and from Table IV 

a, = I + Al3 (kA0)
2 + A|5 (kA0)

4 

)S 

(54) 

°z s  ^22 + A24 (kAo)2 ,  whence 

kz0 =-2"Y, (kA0)
2+ [A22

2Y2 --+-Y, (Y,
2-l) + A|3Y, ] (kA0)

4 

Por the terms A  and A  above for the fifth order tanh ki?« tanh kd, 
and using A  and A  as obtained before one obtains for equation 54 

kz0 = K2 (kA0)
2 +K4(kA0)4   where (55) 

Kg s f Y, 

K4 • -glf (17-19 Y,2 - 21 Y,4 -9Y,6) 

Accelerations 

The horizontal and vertical components for the accelerations 
o£ the fluid» particles are obtained respectively from the following 
expressions: 

(56) dt  ' at       2 L a* + ax J 
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The differential quantities on the right side of the above 
equations can be obtained by use of equations 24 and 26 together 
with equations 20 and 21, whence 

-^ = c[Kr,s]u[ru
r-WS   If   +   .u'W"-|* ] (58) 

-ff = c[Kr)S]w[rU-W^+sUrW--^] 

*td? =c2[Kr'SL   U'  WS[rUr-|WS-|^ + sUrWs-' M.] (60) 

i|7 •C,["Kr.t]wUr Ws[r Ur"' Ws  |f + s Ur Ws"' &-]        (61) 

"2 IT  =c2[Kr,s]uU
rWS[rUr-'ws  -|^-  +  s Ur W5"' -|^ ] (62) 

"2  aT' c2[Kr,s]wUrWs[rUr-'Ws   -|^-  + s Ur  Ws"' -J^-]       (63) 

In the above [K  J   and[K  J  are given respectively by 
equations 25 and 27. ' ' 

dU    dW 
Now Qf and Q f can be obtained from equations 20 and 21 respect- 

ively as follows: 

,  w   . r*     2        ,. .    .N   sinh Nk (i+z-7?) ..ni 
- (-g-)kcEN^aN(kA0)

N s|nhNk/     cosN0 

(3W       ,.      u   .   . _ v M2       /UA   %N   sinh NktZ+z-7?) M ni      ,c(-. -jj- =(1--^-)  kC^N2aN(kA0)     smh Nki    cosN«       (65) 

. y» . . _ v ..2      ,, A   »N      cosh Nk U+z-V)    „.    .. ni 
- (-*-)kc£ N8aN(kA0)        sinh Nki   Sln  N0 
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In addition, one obtains the following: 

(66) 
ax       c  at 

aw   _ J_ .dw. 
ax      c   at 

du _ dw . _ j_ _dw 
dz   ' dx c   at 

aw  . _ du_ . J_   du 
dz dx   "  c    at 

(67) 

(68) 

(69) 

Procedure for Computation 

The first operation to be performed is the evaluation of the co- 
efficients a , for example, the fifth order solution as outlined in 
Table V. This is done by selecting H, ji , and L, and perform computations 
to obtain the required a coefficients, water depth d and wave period T. 
These evaluations are then used to obtain expressions for the surface 
profile and the velocity potential. 

The next step is to select k(x -£) and k(z -17), coordinates of 
the undisturbed particle positions, and from equations 3 and 4 compute 
kx and kz the coordinates of the particles. The surface profile is 
given for z -17= 0. 

du      dw    du    dw 
A,,/   

The nS3£/step is to comPute u' w> 77 t "5T ,"aT T~FK  ' 
'dz '  andC'dz>  respectively by use of equations 20, 21, 64, 65, 66, 

67, 68, and 69. 

The horizontal and vertical components of u,w,-gy ond -gy- are then 
obtained respectively using equations (24, 25), (26, 27), (56, 58, 60, 
61) and (57, 59, 62, 63). 

Transformation of equations to the form of Stokes' 

The previous development resulted in equations in an unexpanded 
form. These equations can be expanded, using suitable approximations, 
and it will be shown that the expanded forms are identical to those ob- 
tained as outlined in Stokes' solution.  The procedure is to expand the 
following identities. 
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cosh Nk (i + Z-1?) = cosh Nk (d +z) cosh Nk {ZQ-7!) + smh Nk(d + z) sinhNMzo-7! 

sink Nk (i+ z -17) = smh Nk (d +z )  cosh Nk (z0-V) + cosh Nk (d + z ) smh Nk (z0-V) 

sink Hk£ s sinh Nkd   cosh Nkz0 + cosh Nkd   smh Nkz0 

cos Nk (x-£) = cos Nkx   cos Nk£ 4 sin Nkx  sin Nk£ 

sin Nk  (x-£) = sin Nkx    sin Nk£ - cos Nkx    sin Nk£ 

In the above equations the expressions involving k£    and k1? 
are expanded by series to as high an order as required,  and by the 
process of resubstitution expressions are obtained for k£ ,  k V ,  u/C 
w/C in the expanded form. 

For example,  consider the second order solution involving the 
expansion of equations 6 and 7. 

kVs" a, kA0   cos kx + k£s sin kx ] + a2 (kA0)2 cos 2kx -kz0 (70) 

k£s = o, X, (kA0) [sin kx-k£s cos kx] + a2 X2 (kA0)2sin 2kx (71) 

For the second order it will be seen from equation 54 
kz  « 4- Y, (kA0)

2 and from equation 50 that X » Y±  and X • Y « 
For°the Ihird order X„ * Y„ X, » Y„, but      x z 

2        2      3g       3* 
XI-YI [ i + (*v2 V] 
The first order solution of equation 71 is k £    « a X (kA ) sin kX, 

and is substituted into equations 70 and 71 to obtain1 the second order 
equations. 

k£s = a, X,  kA0 sin k*   + (o2X2 - y a,2 X,2) (kA0)2 sin 2kx (72) 

k% = 0, (kA0) coskx   + (o2- -g- o,2X,)(kA0)2 cos 2kx (73) 

Using a, * A      and a   • A     « 1 as given before, equation 73 for 
the surface pFofileTwcomes: 

*7S/A0= cos kx  +    3~ tona   kd     (kA0)   cos2kx (74) 
4 tanh3 kd 

which is identical to Stokes' solution 

172 



A THEORY FOR WAVES OF FINITE HEIGHT 

Consider now the second order solution for particle velocity 
for which from Table I 

f- = U-U2+W2 <75) 

-?-=W-2WU <76> 

To the second order the expanded forms of U and W (equations 20 
and 21) become: 

U   = ^jj^j [cosh k (d +z) cos k(x-Ct)+k£ cosh k(d+z) sink(x-Ct)     (77) 

- ki?   smh k (d + z)   cos k (x-Ct) | 

+ 2 o2 ( kA0)2 ^Ji^ + zl    cos2k(x.ct) 

and 

W = 8°j,^ [sinh k(d + z) sin k(x-Ct)-k£ smh k (d+z) cos k (x-Ct)      (78) 

— k^coshk   (d +z)  sin k (x-Ct)l 

+ 2c2(kA0)2    S,^,n
2
h

k
2

d
kd

+Z)     sin 2k (x-Ct) 

The first order solution for k£and k 17 for substitution in the 
above are obtained from equations 1 and 2,  respectively as follows: 

*t   = °.  <kAo>     C°S
s

h,n
kh(kd+Z)      Sinkx <79) 

k^=0l   (kAo)       ^"s
h
|nVk

d
d
+Z)      coskx ,80) 

Substituting equations 79  and 80 into equations 77  and 78 one ob- 
tains the following: 

173 



COASTAL ENGINEERING 

U   =  o,kA0     cosh k (d+z)  coshx  + 2o2(kAo)2   cosh 2k|l?+z)    cos2k(x-Ct) 
° smh kd * sinh 2kd 

4- a 2 ( kA   )2      I-cosh 2 k (d + z) cos 2 k (x-Ct) 
' ° 2sinh2kd 

and 
(8 

w»  a,  (kA0)   sinhk(d + z)   sin k (x-Ct)+2o2 (kA0)g  sinh 2ki<!+2} sin 2k(x- 
sinh kd £       u sinh 2kd 

- a,2 (kA0)2   8i2h
8,5iffid*Z)   sin 2k U_Ct) 

Substituting equations 81 and 82 into equations 75  and 76,  one 
obtains: 

t=°'kA°     "^nVkd^    cosk(x-Ct) (83) 

J   f     202 a,2 

sinh 2kd  1TTTT 1  (kA0)2  cosh 2k (d+z) cos 2k(x-Ct) 
sinh    Kd  j 

f = <"kA°     S,nsinh(dkd+Z)   ""Mx-Ct) (84) 

+ [smha2kd    ~   sm^kd  ] (kA0)2 smh 2k (d + z )  s.n2k(x-Ct) 

Using a    = A«„ and a   = A      =1,  as given before, equations 83 
and 84 becomi:      22 1        11 

(85) 

f •"•» "^M" «»-«.-e.)*f (>*.!• c°s
5,hnh

2rtV" -au-cti 
(86) 

f-=(kAo)  Smhk
h
(d'Z)   s.nMx-CM + j- (kA0)2   smh2k(d+z)   sin2k(x_ct) 

C smh kd 4 sinn* kd 

In general Stokes'  equations can be written as follows: 

_ Jl£ . I 0N. (kAo)N   co^NMyi)   sm Nk (x.ct) (87) 

-jj-  -   I  NoN'(kA0)N    C0S
s

h,n
N

h
kNgd+Z)    ^Nk(x-Ct) (88) 
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(90) 

(91) 

I 
M 

k7?s = X  bN   (kA0)N   cos Nk (x   Ct) 

It will be convenient to write 

a,' = I + al3 (kA0)2  +  al8 (kA0)
4 + 

a2' = a22 + a24 (kA0)
2  +   • 

a3' = a33 + a35 (kA0)2   + 

041 =   044   +  • • 

etc. 

b, = I  + j8l8 (kA0)2   + /3I5 (kA0)4   + 

b2= £22 + /324(kA0)2 + •• 

b3= £33 + £35 (kA0)2   + 

b4 = /344 + 

etc 

^ = y,  + y3 (kA0)2 + y5 (kA0)4+ (93) 

The procedure applied to the second order solution has been extended 
to the fifth order, using also the expanded relationship of tanh Nk/ . 
The results of this expansion leads to the following relations for the 
coefficients: 

TABLE    301 

/,    = t = tanh kd 

(92) 

a22 =   — 
3       l-t! 

4 t3 

B     -- a     +   J-   -- -3-t2 

^22      U22^     2t 4t3 

3 Q«-    1 t2 LP22        2t        +     Q22 t J 

175 



COASTAL ENGINEERING 

B     --a     + -L + -L _^2L +   J    -      l+.t* 
P33      Q33 +   8    +   2        t       + a. 2   "22      t 

6-t2 
ai3   *   ~  P33  ~ g t4 

£,3  -    -    £33 

v     -   /5          n     x   5 ^22f      ,   n        l-t2 

/3     "   P|3   "   QI3   +   "g" 2~~     +   a«    TT~ 

44-5 + t2[^33     2t3      T   48t3     T«M       4f2 

+ fl        fl l~3t2     ,    , _ l-3t2-2t4    -   _    g    l-2t2+t4  1 
+ °22 £22 -gji- + 3 a33    t3(3 + t2)   + a222  4^3—J 

fl   = a    + ± B   + -L -^5- +—!— +-122- + a     fl       ' + f2 

P44    "44 *   4  P22 +   2       t ^8? 2 22 ^22       2t 

x *« l+3t2 

+   3Q33       2t(3 + t2) 

47-29t2 3-5t2   ,,    ^0,^0        7+3t2 

a24 = 2a22 a,8 +     96f3 fjj— (al3 + /333) + 022 —— 

4.P     l-t2   .  .      l + llt2-6t4  . „. l-t4      , „   ,„    .0  .J+JJ 
+ P33-2fF  +Q22  ft* +3Q33     t3(3 + t2)   + °22(ai3 + PW ~f2~ 

O. „       fl I + t2 „     2       l-t4 
+ a22 p22 —g-j—  — a22      2f3 

£.«"aM + 2a18 (i9..-att)--2a±itt.  4  -i- /322 + l2T 

+ X    ^33      +  „      + ,„ I +3t2 

+   2   __    + a22 + 3Q33     2t(3 +t2) 

_     .    5 +I0t2+t4   [a       l-t2   ,   n       l-t2    .„     o       l-5t2 

55 "    8t2(5+3t2)    LP" ~i6*T + ^44 ~TT   + °22 ^22 ~4 

+ a     B       '~3t2    1 a       7-l5t2    • , l~4t2   •   3 a    Q     l-6t2-3t4 

+ 022^33 ~2t— +a22    48t       +3a« 3 + t2    +T°33^22   t(3 + t2) 

j. o       l-4t2-9t4     .     3    „     „ l-2t2 + t4   "1 
+ a44       t(|+f2)       +    "Y   °22 Q33        t(3 + t2)       J 

B    -a     + J_ fl   2 + _L fi    + _i_ + _L   &4     .  j_    P22 
P55 - a55 +   8   Ps>2   +   4   P33 + 384   +   2        t        + 7?        t 

+ a22 £22 + a22/J33 —g-j— + a22   |2f     + -g- a 

x   3    «      /5        I +3t2      .    rt I + 6t2+t4 

+  T   °33  P22      t(3+t2)     +    °44       2t  (I +t2) 

33 
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a36 = 3a33a13 + ^[1fe + ^±^+(^4-2^2A3)
Jif- 

+ i #22
2 t« + i833 + #44±|f +/3MiL±iL + #22 «n+&i. t 

+ (a24-2a22al3) ^=f^- - a22 (a,3 +#33)-
L^4-L-+ a22 #22   7+

4
5f2 

4.«      l9-"t2   .    3   _      35-39t2 l+!2t2+7t4   . -        .       , a   .J+3t2 

+ 3  a     &    t   l+3t2      _3_ n    fl      l+2t2-3t4 2    l-6t2+5t4 ] 
+ Ta33^2tT+7? 2~  a22Q33      t  (3 + t2)     + Q• ^i J 

fl            «         _i_  , „      I fl          n     \       QI3 + #33     .     #24-2 #22013   _ O^ , .   Q    J+t P3S 
=   °35   +  3a,3(/333-a33)-      l0  4 + •= £•= 2^^I3+P33'—f 

•     024-022 013     l + t2     ,      I     fl       ,     I    ft   2  •       5 •      I       #44     •     3       #2! 
+ 2        t 2   P«+  8 Pz2 + 384  +   2       t     +  16       t 

x„    fl      x «       I +t2   .   9   _      .   _        I +6t2+ t4 

+ a2zPz2 + a22 —2f"f— + "4" o33 + a44     2t (I + t2) 

a,.--{iSM+ft.-3al,(/3„+a1,)-A(al,+j8w) +    A*"**" a« 

,5,1       #22     .     I     fl    2    ,     I     fl      .       024-2022013 I + t2 

T92       "4   ~T~ + T ^22 T P33+ 2 t 

_  a22(#33+0|3)       l+t2      .     9 Q        , fl l+t2 
 a 2*    —^—  +  za22 p22 •+• a22p33    gt 

x „       l + t2 ,   9   _     x  3   „     p        I + 3t2     \ 
+  a22   ~3T" + "8    Q33 +   "2    Q33 P32       t(3xt2)      J 

A3   =-[#35+    #SS] 

y5 = 2al3y3 -+2- (a,s+ #33) + (#24-2#22 a13)  -^f^ + 1
S|^- 

+ |(^i) #22+ | #222 t2 +  a24-2
t
az2ai3 - o22(a13 + #33) ±f£ 

+ o22#22(2+t
2)+o22#33-^+o22^+^ili + a„  Jf^i 

+ 3a33 #22 
l~t

6
(
t
3

2;3
2

t
)

4 + \ #22 (a,3 + #33) t 

,     _        I + I0t2+5t4     ,   „   2   I + I4t2+ I7t4 

128 °33      2t(3+t2)        +  a22 4t^ 

Using kz    as determined,  etc. 
o 
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„     .   .   ,. „   ,2    tg-l    ,   ,,,,  t4r l8+63t2-72t4-59t6+26t8+24t10 1 ,, 
K=l + (kA0)    —g— + (kA0r[ ^ja J ( 

The above coefficients may be solved  conveniently in consecutive orde 
For example, for deep water t = tanh kd = 1, whence, 

y, =i, a22 = o,   £22 = \ 

a33 = 0,  £33 = -| ,  al3 = -i , /3I3=--| , 73 = I,  a44 = o,   &4= y 

a24"  g   »    "24 "   3    '    °55 " U>    P55      ^34   >     U3S        |2   '      "35 128 

a    -_ J-      fl    - - -2-li-      y   = 1       K - i UI5 "        |g   i    Pl5 |92   »      '5 2' " 

Loss of Accuracy in the Expanded Porm 

When the exact solution of the wave problem to a particular Mth order 
is expanded to obtain the Stokes' solution to the same Mth order there will 
be a loss of accuracy. The greatest errors will be with the higher order 
terms. The first term will have minimum error. The reason for the errors 
arises from the fact that the coefficients a of the series (either the 
expanded or the unexpanded form) are evaluated on the basis of the unexpandec 
form. The above statement appears somewhat difficult to understand if one 
inadvertently considers Stokes' solution to be in an exact form to the Mth 
order.  If this is the case, then Stokes' form must be expanded along the 
free surface (which results in the unexpanded form) prior to substitution 
into Bernoullis' equation. This operation results in an evaluation of the 
corresponding coefficients based on the unexpanded form, but are then ap- 
plied incorrectly to the Stokes' or the expanded form. 

For example the velocity potential component for the Mth or last 
term of the Mth order, for the unexpanded form and Stokes' form are res- 
pectively as follows: 

- JL&L. = oM (kA0)
M cosh M^hZ'm      sin Mk(x-Ct-£)      (95) 

C sinn MkX 

and 

_ Ji&L = a  . (kAo)M   C0S
h

hMkd     sin Mk (x-ct) (96) 
C M sinh Mkd 

Along the free surface Z = V = V   and the above equations become 
respectively: 

- 4^ • •« lk4»'" -Mf s,n Mk'"-CK' l97> 
- 4**- •<.«'<"•'''      ^ U• ^'     .lnMM»-C.) (98, 
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For evaluation of the coefficients of the Mth or last term, the 
expansion of cosh Mk (d +17 ) will be cosh Mkd which is the same idea 
asz=17=7? = 0. Any consideration of finite 7]s  for the Mth term of 
Stokes' Mth order results in M + I , M + 2, etc. order terms, which are 
neglected by the mechanics of the solution. 

It then follows that the error in the Mth term of Stokes' solution 
will be in proportion to: 

cosh Mk (d + z ) 

cosh Mk (d + z -1) 

Along the free surface the error will be 

cosh Mk (d +%) 
cosh Mkd 

and along the sea bottom there will be no error since the 
above ratio reduces to unity. 

If one considers the last term of the third order wave theory, M <= 3, 
and for example, the wave H = 35 ft., T = 12 sec. and d = 85 ft., then 
one obtains L = 581 feet, 1)     « 22.1 feet at the crest and 17 - H = - 12.9 
feet at the trough and from ?he above ratio: 

cosh Mk (d +%)  „ je^ = 
cosh Mkd 7.869 

and 

y-§§§-  =     665    at   the  trough 

The deviations of the above ratio from unity reflects considerable 
error.  For the  unexpanded form the above ratio is always unity. 

For the M-l or next to the last term of the Mth order, the percent 
error will be less since the expansion of this term for Stokes' solution 
will be cosh f(M-l) k (d +1)   )] = cosh [(M-l) kd] + (M - 1) Tk1?  sink 
(m-l) kd]   L s J       L       J L   s 

In view of the above considerations it appears that the use of 
Stokes* higher order solutions should be limited to low wave steepness, 
i.e.1?  small compared with d. 

s 

With the aid of electronic computors, the unexpanded form given 
in the present paper can be utilized easily for computing wave properties 
and thereby obtain greater accuracy theoretically than by utilizing Stokes' 
equations. 
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SUMMARY AND CONCLUSIONS 

A theory for waves of finite height, presented in this paper 
is an exact theory, to any order for which it is extended. Two sets 
of equations are given in an unexpanded form, when upon expansion 
represents an approximation to the exact theory, and this approximation 
is identical to Stokes' theory extended to the same order. The waves 
are irrotational. 

Consecutive order of equations are given which can be used, either 
by the long hand method of computation or by use of high speed computors 
for computing the wave properties. These equations have been worked 
out to the fifth order, both in the exact form and also the approxi- 
mation or Stokes*  form. 
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APIEHDIX 

SYMBOLS 

A = H/2, half wave height 

a = a a , a etc. Coefficients of velocity potential series 

B = B  , B , etc. Terms for the Bernoulli Equation 
S    11   Xo 

C = L/T Wave celerity 

d s Undisturbed mean water depth 

P = F , F , F , etc. Higher order terms for wave celerity 

g = Acceleration of gravity 

H = Wave height, vertical distance between crest and trough 

k = 2-rr/L, Wave number 

K = Constant for Bernoulli Equation 

X -  Parameter related to mean water depth 

L = Wave length, horizontal distance between two successive wave crests 

M = Mth term of the Mth order 

N= 1, 2, 3, 4, toM, Consecutive terms of the series 

p = pressure 

R = Remainder terms in expansion of equation for particle velocity 

r = Exponent 

s = Exponent 

T = Wave period 

t = time also used to denote t = tanh kd 

u = horizontal component of particle velocity 

u = u at the free surface 
s 

U = A form of notation -used related to u for higher order terms 

w = vertical component of particle velocity 

ws »= w at the free surface 
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W = A form of notation used related to w for higher order terms 

x = horizontal coordinate of particle 

X„ = X, , X„, etc. = 1/tanh Nk,/ 
N    1   <2 

Y = Y , Y , etc. = l/tanh Nkd 

z  -  Vertical coordinate of particle 

z =i- d 
o 

T? = Vertical displacement of particle from its undisturbed position of 
rest 

f)   = V for the free surface 
s 

£ = Horizontal displacement of particle from its undisturbed position 
of rest 

£ = £ for the free surface 

P  = density 

O = k(x - Ct) 

Q1 = k(x - Ct - £) 

V2= Operator 

d =  Notation for partial differential 

<j> = Velocity potential 

y = Stream function 
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CHAPTER 10 

FIFTH ORDER GRAVITY WAVE THEORY 

Lars Skjelbreia, Ph. D 
Associate Director 

James Hendrickson, Ph.D 
Technical Staff 

National Engineering Science Company 
Pasadena,  California 

INTRODUCTION 

In dealing with problems connected with gravity waves,   scien- 
tists and engineers frequently find it necessary to make lengthy 
theoretical calculations involving such wave characteristics as 
wave height, wave length,  period,  and water depth.    Several approxi- 
mate theoretical expressions have been derived relating the above 
parameters.   Airy, for instance,  contributed a very valuable and 
complete theory for waves traveling over a horizontal bottom in any 
depth of water.    Due to the simplicity of the Airy theory,  it is fre- 
quently used by engineers.    This theory, however,  was developed 
for waves of very small heights and is inaccurate for waves of finite 
height.    Stokes presented a similar solution for waves of finite 
height by use of trigonometric series.    Using five terms in the 
series, this solution will extend the range covered by the Airy theory 
to waves of greater steepness.    No attempt has been made in this 
paper to specify the range where the theory is applicable.    The co- 
efficients in these series are very complicated and for a numerical 
problem, the calculations become very tedious.    Because of this 
difficulty, this theory would be very little used by engineers unless 
the value of the coefficient is presented in tabular form     The pur- 
pose of this paper is to present the results of the fifth order theory 
and values of the various coefficients as a function of the parameter 
d/L. 

The co-ordinate system and description of the wave to be 
considered in this paper is shown in Fig.   1. 

Coordinate system 
Fig. 1 
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The waves to be considered in this analysis are oscillatory, 
non-viscous,  water waves of constant depth and of infinite extent in 
a direction normal to their propagation.    Hence,  the particle velo- 
cities may be obtained from a potential function as follows: 

provided 

V* *   *  O 2. 

and the necessary boundary conditions on <p are satisfied. The 
boundary condition at the mud line is that the normal velocity be 
zero. 

*i I     - o 3 

One of the free surface (S = d + y) boundary conditions arises from 
the fact that the water particles stay on the surface.    The other free 
surface boundary condition is that the pressure is zero.    These con- 
ditions may be written as follows: 

r~- o J J 

The relationship between the pressure and the particle velo- 
cities is expressed by the Bernoulli equation, 

where 

K = a constant. 

Since we are dealing with an oscillatory wave of length L, 
the wave profile and the potential function may be expressed in terms 
of a phase angle 
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e* *2L (x- ct)' /3Cx-ci) 

C   =   the wave celerity. 

Thus,  combining equations 1,  4,  5,  and 6, the free surface 
boundary conditions may be written in the form 

ix       C -u, 

and    -£u.c + Cu*+vz) = ^<^ CK +y) 

or CC-U)    *VZs   C   -'Z^CK+tj) 

where 

IX* -LZ   .     \J *  JLX evaluated at S = d + y. 

The solution to the problem is obtained by finding *a solution 
to equation 2 that satisfies equations 3,  7, and 8.    The expression 
for the wave profile will come out of such a solution in the process 
of satisfying equations 7 and 8. 

Other investigators have obtained solutions correct to the 
third order of approximation (Ref.   1).   Also,  solutions for the case 
d —» oo  have been obtained to high orders of approximation (Ref. 2). 
We shall proceed by assuming a similar series form of solution for 
the profile and the velocity potential.    The unknown constants appear- 
ing in these series will then be evaluated using an iterative procedure 
by substitution into equations 7 and 8. 

The series form for <p  , which satisfies equations 2,  3,  and 
symmetry requirements, will be assumed as follows: 
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4*   -   **** -_ (AA., •+ A3A43 • X5A4S ) cosK /3S sin 6 
C LC y 

+ (A*A^ "* ^4AK4)cosh «<SS sin 2 9 

+ CX3A33 -*-X5A35)cosk 3/3 S sio 36 

+ XV^ cosh A/3S   sin4e + X5AS5 cosk 5/3$ sin 50 

The series form for the profile,  y,  which satisfies symmetry 
requirements,  will be assumed to be 

/Stj * X cos e + (X*BM •*• X4©^) cos -ze 

+ (X*BBB + Xse35) cos 36 f X4'©-*. co*4-e 10 

+ X  ©55   cos 5 © 

Further, the following forms will be assumed for the constant 
K and the wave celerity C. 

/3K * X2C3   + X*C4. 11. 

/6C*=    C* (»*  ^Cj + A^C,) 12. 

Equations 9,   10,   11,  and 12 may be substituted into equations 
7 and 8 by performing the necessary expansions and retaining those 
terms of importance to and including the fifth order of approximations. 
The order of any term is represented by the power of the coefficient 
\ which modifies that term. 

The method of expansion used in the present paper is to solve 
for the value of   /Su. / C     and /3v/c   from equations 7 and 8 and set 
these values equal to  0/c.     ^ix.       and     ^/c     ^^is      >  respec- 
tively,  at S = d + y.    Such a procedure results in two equations involv- 
ing the undetermined constants,  powers of cos ^ , and powers of the 
coefficient  X .    These equations are grouped according to powers of 

X and sub-grouped according to powers of cos  ^  .    Since the equa- 
tions must hold for any value of flfr  , terms in each equation involving the 
same order of approximation and the same power of cos <b are set equal, 
this results in twenty equations involving the twenty constants Aij,  Bij, 
and Ci.    The solution to these equations is listed below and numerical 
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values are given in tables I, II and III.    The constants involve the 
ratio of water depth to wave length (d/L) as a parameter.    For brevity 
in listing the coefficients the notation is made that s = sinh(2TTd/L) 
and c = cosh(2 TTd/L). 

CQ
2     =   g(tanh/3d) 

A =   1/s 
2       ? 

A -   -c (5_c +1) 

.               -(1184c10-1440c8-1992c6+2641c4-249c2+18) 
A15 ,c„,   11 

A22 

1536sJ 

3 

Is* 
A _   (192c8-424c6-312c4+480c2-17) 

24    = 7^ 

*33   ' ~^7^ 
A -   (512cl2+4224cl0-6800c8-12.808c6+l6, 704c4-3154c2+107) 

35 4096s13(6c':-l) 

A (80c6-8l6c4+l338c2-197) 
44 1536s10(6cZ-l) 

A =   -(2880c10-72.480c8+324s000c6-432,000c4+l63,470c2-l6,245) 
55 6l>440s11(6c2-lH8c4-llc2+3) 

_   (2c2+l)c B22 ~c 

4s3 

c(272c8-504c6-192c4+322c2+21) 
24    = isl? 

n        -   3(8c6+1) 
B33    '  ~~^~ 

B =   (88»l28c14-208,224c12+70,848c10+54>000c8-2l,8l6c6+6264c4-54c2- 
35 12.288s12(6c2-l) 
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B =   c(768c10-448c8-48c6+48c4+106c2-21) 
44 384s9(6c2-l) 

„ (192,000cl6-262,720c14+83,680c12+20, I60ci0-7280c8)    , a _  _ _ —^ 2  
00 12,288slu(6c -l)(8c -lie + 3) 

, (7160c6-1800c4-1050c2+225) 
 TT5 1 3 Z— 
12,288slu(6c   -l)(8c  -lie +3) 

„ (8c4-8c2+9) ul       -    Z  
8s* 

C (3840c12-4096c10+2592c8-1008c6+5944c4-1830c2+147) 
2 512s10(6c2-l) 

C - 1 C3       "        ¥Ic" 

~ (12c8+36c6-162c4+141c2-27) C =       g  
192cs7 

There still remains the problem of determining the coefficients 
fe   and   X .    We will assume that the wave is described by the inde- 
pendent parameters H,   d,   L (crest to trought height,  water depth and 
wave length respectively).    It is easily seen that H is related to the 
profile expression y by the relation 

13. 

Thus,  using equation 10 and rearranging 

2 
Also,  using equation 12 and the expression for C      it is easily shown that 

•fc  -(f:)Tanh/3cl(,+X'2C,^4C,) 15. 

where __% 
I 

t    -   9- LO tj~T j    T = wave period and g = acceleration due to gravity. 
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Since the parameters H,  d and L are assumed to be known for 
the wave and since B,_,  B,,..  B,.,.,  C, and C, are functions of only 

d/L, the simultaneous solution of equations 14 and 15 yield both the 
values of d/L and the coefficient   X ..  Knowing the value of d, the value 
of /&   is easily obtained and hence the wave may be completely de- 
scribed in all its properties. 

Unfortunately, the solution of equations 14 and 15 is rather 
complex and tedious.   It would be advantageous to perform a com- 
puter solution to equations 14 and 15 and list the results in the 
manner used by Skjelbreia (Ref.   1) in a similar analysis of the third- 
order approximation. 

The results of the fifth order theory presented in this analysis 
will be compared with both the third-order approximation and the first- 
order Airy theory for the following wave. 

Given: 

water depth 
wave height 
wave period 

d = 30 ft. 
H = 18 2/3 ft. 
T = 7.72 sec. 

Determine: 

1. Wave length and wave velocity. 
2. Equation for wave profile and horizontal particle velocity. 

After substituting the given values for d, H,  and T into equations 14 
and 15,  the simultaneous solutions of these equations yield the correct 
values for d/L and  X .    The following results are obtained 

d/L = 0. 120 X= 0. 1885 

(Note for this example a digital computer was used to solve these 
simultaneous equations.) 

tained. 

Wave profile: 

B22   = 

From Tables I, II,  and III the following coefficients are ob- 

2.5024, 

B24   = -3.7216 

'33 

35 

=   5.7317 

= -4.8893 

B 44 

'55 

=   14.034 

=   37.200 

Potential function: 

11 

13 

=   1.2085 

= -5.1153 

A15   =40.6530 

A22   =   0.7998 

"24 

33 

= -4.9710 

=   0.3683 
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FIFTH ORDER GRAVITY WAVE THEORY 

*A. *22 

TABLE    I 

FIFTH    ORDER   GRAVITY    WAVE   COEFFICIENTS 

J24 B 33 B 35 B44 Bg5 All 

• 0500 
,,•0550 
• 0600 
• C620 

• 06*0 
• 0660 
• 0680 
• 0700 
• 0720 

• 0740 
• 0760 
• 0760 
• 0600 
• 0620 

• 0840 
• 0660 
• 0660 
• 0900 
• 0920 

• 0940 
• 0960 
• 0960 
• 1000 
• 1020 

• 10*0 
• 1060 
• 1080 
• 1100 
• 1120 

• 1140 
• 1160 
• 1160 
• 1200 
• 1220 

• 1240 
• 1260 
• 1280 
• 1300 
• 1320 

• 1340 
• 1360 
• 1380 
• 1400 
• 1420 

• 1»40 
• 1460 
• 1460 
• 1500 
• 1520 

• 1540 
• 1560 
• 1960 
• 1600 
• 1620 

• 1640 
• 1660 
• 1680 
• 1T00 
• 1720 

• 1740 
• 1760 
• 1780 
• 1600 
• 1820 

• 1840 
• 1860 
• 1880 
• 1900 
• 1920 

• 1940 
• 1960 
• 1980 
• 2000 
• 2100 

• 2200 
• 2300 
• 2400 
• 2500 
• 2600 

• 2700 
• 2800 
• 2900 
• 3000 
•3100 

• 3200 
• 3300 
• 3400 
• 3500 
• 3600 

• 3700 
• 3600 
• 3900 
• 4000 
• 4200 

• 4400 
• 4600 
•4800 
• 5000 
• 5900 

•6000 

2.5617 1 
1.9661 1 
1*9369 1 
1*4016 1 

1.2829 1 
1.1771 1 
1*0836 1 
1*0004 1 
9.2592 

8.5916 
7*9911 
7*4494 
6.9593 
6.9149 

6.1109 
5.7427 
5.4061 
5.0985 
4.8161 

4.5566 
4.3177 
4.0973 
3*8936 
3.7052 

3.5304 
3.3682 
3.2174 
3.0770 
2.9460 

2.8238 
2.7096 
2*6026 
2.5024 
2.4084 

2.3202 
2.2372 
2*1591 
2»C855 
2.0162 

1*9507 
1*8689 
1*8304 
1.7751 
1.7226 

1*6731 
1*6260 
1*5814, 
1*5389 
1*4986 

1.4602 
1.4237 
1*3889 
1.3557 
1.3241 

1.2940 
1.2652 
1.2377 
1.2114 
1*1863 

1*1622 
1*1392 
1.1172 
1.0961 
1.0759 

1.0965 
1.0376 
1.0200 
1.0028 
9.8635 -1 

9.7052 -1 
9.5531 -1 
9.4067 -1 
9.2660 -1 
8.6373 -1 

8.1146 -1 
7.6769 -1 
7.3081 -1 
6.9956 -1 
6.7299 -1 

6.9026 -1 
6.3076 -1 
6.1397 -1 
9.9948 -1 
5*0694 -1 

9.7607 -1 
9*6662 -1 
9.5839 -1 
9.9122 -1 
3*4495 -1 

9.3948 -1 
9.3469 -1 
9.3049 -1 
5.2681 -1 
5.2076 -1 

9.1606 -1 
5*1247 -1 
5.0966 -1 
9.0752 -1 
5.0400 -1 

5.0213 -1 

-1.0119 
-4*6442 
-2»2*50 
-1.7082 

-7.9179 2 
-6.2195 2 
-4.9177  2 

-3.9120 2 
-3.1205 2 
-2.5164 2 
-2.0331 2 
-1.6497 2 

-1*3438 2 
-1.09B6 2 
-9.0089 t 
-7.4012 1 
-6.1062 1 

-5*0429 1 
-4.1710 1 
-3.4534 1 
-?*8609 1 
-2.3700 1 

-1.9621 1 
-1.6222 1 
-1.3383 1 
-1.1005 1 
-9*010? 

-7.3328 
-5.9199 
-4.7282 
-3.7216 
-2.8704 

-2.1501 
-1.5402 
-1.0235 
-5.8591 -1 
-2.1533 -1 

9.6285 -2 
3.6341 -1 
5.8719 -1 
7.7571 -1 
9.3409 -1 

1.0667 
1.1772 
1.2669 
1.3443 
1*4059 

1.4555 
1*4950 
1.5257 
1.5489 
1.5657 

1*5770 
1*5836 
1*5863 
1*5895 
1*5819 

1.5758 
1.5677 
1.9579 
1.5467 
1.5343 

1*9209 
1.5068 
1*4921 
1.4769 
l.*6I4 

1*4456 
1.4296 
1*4136 
1*3976 
1*3190 

1.2457 
1*1794 
1*1704 
1*0686 
1*0?31 

9*8348 -1 
9*4892 -1 
9.1682 -1 
8.9259 -1 
8*6974 -1 

8.4481 -1 
8.3241 -1 
8.1721 -1 
8.0392 -1 
7.9230 -I 

7.8712 -1 
7.7120 -1 
7,6*37 -1 
7*5851 -1 
7*4719 -1 

7.3846 -1 
7,3170 -1 
7,2647 -1 
7.2242 -1 
7.1983 -1 

7.1233 -1 

1727 2 
0222 2 
8619 2 
5539 ? 

3057 2 
1041 ? 
3932 1 
0366 1 
9131 1 

9771 1 
1931 1 
5329 1 
97*1 1 
4989 I 

0930 1 
7448 1 
4447 1 
16*2 1 
9599 1 

7636 I 
5920 1 
4413 1 
3088 I 
1918 1 

0861  1 
9610 
141* 
4099 
7550 

1673 
6388 
1622 
7317 
3418 

9881 
6665 
3735 
1061 
8617 

6377 
4323 
2435 
0697 
9095 

7615 
6247 
4980 
3805 
2714 

1700 
0756 
9876 
9055 
6288 

7570 
.6896 
6269 
9678 
9123 

4601 
4110 
3647 
3211 
2800 

2411 
2043 
1696 
1367 
1055 

0760 
04T9 
0213 
9601 -1 
867* -1 

0058 -1 
3168 -1 
7594 -1 
3038 -1 
9279 -1 

6152 -1 
3934 -1 
1328 -1 
945B -1 
7866 -1 

6506 -1 
9338 -1 
433* -1 
3465 -1 
2714 -1 

2062 -1 
1495 -1 
100? -1 
0472 -1 
9868 -1 

9329 -1 
8915 "1 
8596 -1 
8390 -1 
7951 -1 

-3.3*25 5 
-1.1586 5 
-4.4307 * 
-3.0681 4 

-2,178? 4 
-1.5534 4 
-1.1193 4 
-8.1420 3 
-5.9747 3 

-4.4201 3 
-3.29*5 3 
-2.4724 3 
-1.8670 3 
-1.4179 3 

-1.0823 3 
-8.2986 2 
-6.3879 2 
-4,9330 2 
-3.8193 2 

-2.9625 2 
-2.3003 2 
-1.7864 2 
-1.386Q 2 
-1.0729 2 

-8.2743 1 
-6.3440 1 
-4,8229 1 
-3.6722 1 
-2.6732 1 

-1*9226  1 
-1*3288  1 
-8.59*7 
-4,8893 
-1.9711 

3.1870 -1 
2.1065 
3.4927 
4,5572 
5,36*0 

5,9645 
6.3998 
6.70^0 
6*9009 
7.0150 

7.0626 
7,0579 
7.0122 
6.93*6 
6.8327 

6*7124 
6.5787 
6.4353 
6.2855 
6.1317 

5.9761 
9*8201 
9.6650 
5.5118 
3.3614 

5,2141 
5*0706 
4.9310 
4.7957 
4.6647 

4 5380 
4 4158 
4 2980 
4 1846 
4 0754 

3 9704 
3 8694 
3 7725 
3 6793 
3 2665 

2 9300 
2 6551 
2 4296 
2 2436 
2 0893 

1*9606 
1.8527 
1.7617 
1,6846 
1*6191 

1*3631 
1.5151 
1.4738 
1.4382 
1.4075 

1.3608 
1.3577 
1.3175 
1.5700 
1.2914 

1*2694 
1*2926 
1*2497 
1.2297 
1*2136 

1.2090 

9*5495 3 
4.3146 3 
2.1132 3 
1.6200 3 

1.2948 3 
9.81*0 7 
7,7465 2 
6.1678 2 
4,9915 2 

4.0062 2 
3*2655 2 
2,6807 2 
2,2155 2 
1.8429 2 

1.5*73 2 
1.2984 2 
1,0992 2 
9.3566 1 
8.0053 1 

6.8632 1 
5.9466 1 
3.1609 1 
4.4966 1 
3.9382 1 

3*4614 1 
3,05*3 1 
2.7053 1 
2**048 1 
2.1*52 1 

1.9201 1 
1.7242 1 
1.5532 1 
1.4034 1 
1.2717 1 

1.1557     1 
1*0531     1 
9,6217 
6,6134 
8,0929 

7,4*90 
6,6771 
6.3544 
5.6863 
5.4679 

5.0878 
4.7434 
4,4308 
4.1465 
3*»8-*4 

3.6308 
3.43*4 
3.2361 
3.05*1 
2.8868 

2.7327 
2.5906 
2.499* 
7*3380 
2.7295 

2*1212 
2.0244 
1.9343 
1,8904 
1.7721 

1 6991 
1 6309 
1 5671 
1 5073 
1 4512 

1 3986 
1 3492 
1 3027 
1 2590 
1   0748 

9 3521 -1 
8 2747 -1 
7 4294 -1 
6 7567 -I 
6  2148   -1 

9.7733 -1 
5,4103 -1 
5.1093 -1 
*.857t -1 
4.6464 -1 

4.4677 -1 
4.3157 -1 
4.1861 -1 
4.0749 -1 
3.9794  -1 

3.8970 -1 
3.9256 -1 
1.7640 -1 
3,7104 -1 
3.6231   -1 

3.5566 -1 
3.3057 -1 
3,4666 -1 
3,4366  -1 
3.3880 -1 

1.7157 
6*0431 
2.3733 
1,6772 

6*4136 3 
4*7698 3 
3.9866 3 

2.7257 3 
2.0921 3 
1,6211 3 
1*2675 3 
9.9961 2 

7,9483 2 
6*3696 2 
5,1428 2 
4.1820 2 
3,4?41 2 

2,8719 2 
7.3403 2 
1.9525 2 
1.6384 2 
1.3825 2 

1.1728 2 
9.9<»91 1 
8*3673 1 
7.3752 1 
6.3779 1 

5.5395 1 
4.8116 1 
4.2313 1 
3.7200 1 
3.2829 1 

2.9076 1 
2.5843 1 
2.3047 1 
2.0621 1 
1*9508 1 

1.6663 1 
1*50*6 1 
1*3624 1 
1.2371 1 
1.1263 I 

1*0281 1 
9*4080 
8*6300 
7,93*9 
7,3124 

6,7936 
6.2508 
9.7974 
5,3876 
5,0168 

4.6802 
4,3743 
4,0956 
3*8413 
1.6089 

3,3961 
3,2009 
3,0219 
2,8969 
2*7044 

2 5641 
2 4344 
2 3143 
2 2031 
2 0998 

2 0038 
1 9145 
1 8314 
1 7538 
1   4353 

1 2033 
1   0304 
8 9S87 -1 
7 9700 -1 
7  1686 -1 

6,5294 -1 
6*0135 -1 
5,5927 -1 
5.2462 -1 
4,9585 -1 

4*7180 -1 
4*5156 -1 
4.3*** -1 
*.1«9« -1 
*.0744 -1 

3*9678 -1 
3.1761 -1 
3.7<»70 -1 
3.7266 -1 
3.6178 -1 

3.5339 -1 
3.4699 -1 
3,4210 -1 
3*3835 -1 
3,3230 -1 

3.1311 
2.8969 
2.5908 
2.5012 

2.4210 
2.1**7 
2.7708 
2*2070 
2.1369 

2.0732 
2.0166 
1.9610 
1.90S1 
1.6576 

1*8095 
1*7616 
1.7196 
1.6775 
1.6372 

1.5966 
1.561* 
1.5258 
1.4915 
1.4584 

1*4266 
1.3959 
1*3664 
1.3378 
1.110? 

1.2815 
1.2677 
1.2327 
1.2089 
1.1650 

1,1623 
1.140? 
1.1188 
1*0980 
1.0778 

1.0582 
1.0391 
1*0205 
1*0024 
9.8485   • 

9*6770 • 
9.5100 • 
9,3*71 - 
9.1664 • 
9,0335   • 

8*8674 • 
8,7148 • 
8,5908 • 
6*4502 • 
8.3177 • 

8,1764 - 
6,0472 • 
7.9188 . 
7.7931 • 
7,6705 • 

7,5501 • 
7,4327 • 
7,1173 • 
7,2047 • 
7,0943   • 

6 9861 
6 8801  - 
6  7762  . 
6 6744 • 
6 5745   • 

6 4766 • 
6 3606 • 
6 2864 - 
6 1939 • 
5  7568  • 

5 3575 • 
4 9916 - 
4 6553 . 
4 3454 - 
4 0591  • 

3,7942 • 
3,5485 • 
3,3204 • 
3.1084 . 
2,9110 • 

2.7270 • 
2.5954 • 
2.3953 ' 
2.2*56 • 
2,1058 • 

1.9750 • 
1.8576 - 
1.7300 • 
1.6108 - 
1.4361 • 

1.7650 - 
1.11*7 - 
9.8237 • 
8*6590 • 
6,3190 • 

1.36?* -1    1.7912 -1    4,6113 

• 0500 
.0550 
• 0600 
.0670 

.06*0 

.0*40 
• 0680 
• 0700 
.0720 

,0740 
• 0760 
• 0780 
,0800 
,0870 

• 0640 
• 0860 
• 0880 
• 0900 
• 09?Q 

.0940 
• 0960 
.0980 
• 1000 
• 1020 

.1040 
• 1060 
,1080 
• 1100 
.1120 

,11*0 
• 1160 
,1160 
• 1200 
• 1220 

• 1240 
,1260 
,1260 
,1300 
• 1320 

• 1340 
.1360 
.1360 
• 1400 
.1420 

• 1**0 
• 1460 
• 1480 
• 1500 
• 1920 

• 1540 
• 1560 
• 1560 
• 1600 
• 1620 

• 1640 
,1660 
• 1680 
• 1700 
• 1720 

.1740 
• 1760 
• 1780 
• 1800 
1820 

1840 
1860 
1880 
1900 
1920 

1940 
1960 
1980 
2000 
2100 

2200 
2300 
2400 
2500 
2600 

.2 700 

.2800 

.2900 

.3000 
• 1100 

.3200 

.3300 
• 3400 
.3500 
• 3600 

.3700 

.1800 

.1900 
• 4000 
• 4200 

.4400 

.4600 

.4800 

.5000 

.5500 

.6000 
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K. 

TABLE    H 

FIFTH   ORDER   GRAVITY   WAVE    COEFFICIENTS 

!22_ ^±- laa. "35 A44 *L 
.0500 
.0550 
#0600 
.0620 

• 0640 
• 0660 
• 0680 
.0700 
.0720 

.07*0 

.0760 
• 07SO 
• 0800 
.0620 

• 0640 
• 0660 
• 0680 
,0900 
• 0920 

.0940 

.0960 

.0980 

.1000 

.1020 

• 1040 
• 1060 
.1060 
.1100 
.1120 

• 1140 
• 1160 
.1160 
• 1200 
.1220 

.1240 

.1260 

.1260 

.1700 

.1320 

• 1340 
• 1360 
• 1360 
• 1400 
• 1420 

• 1440 
.1460 
• 1460 
.1900 
• 1520 

.1540 
• 1560 
• 1560 
• 1600 
• 1620 

• 1640 
• 1660 
.1680 
• 1700 
• 1720 

.1740 

.1760 

.1780 
• 1800 
• 1620 

• 1640 
• 1660 
• 1680 
• 1900 
.1920 

• 1940 
• 1960 
• 1980 
• 2000 
.2100 

• 2200 
• 2300 
• 2400 
• 2500 
• 2600 

.2700 
• 2800 
• 2900 
• 3000 
.3100 

• 3200 
• 3300 
• 3400 
.3500 
.3600 

.3700 

.3800 
• 3900 
• 4000 
• 4200 
.4400 
• 4600 
• 4800 
• 5000 
• 55-00 

.6000 

-2.6997 2 
-1.7096 2 
-1.1307 2 
-9.6847 1 

-6.3406 1 
-7.2201 1 
-6*2804 1 
-5.4861 1 
-4.8166 1 

-4.2446 1 
-3.7551 1 
-3.33*4 1 
-2.9713 1 
-2.6566 1 

-2.3828 1 
-2.1438 1 
-1.9344 1 
-1.7504 1 
-1.3861 1 

-1.4445 1 
-1.317? 1 
-1.2039 1 
-1.1029 1 
-1.0126 1 

-9.3U0 
-8.5884 
-7.9332 
-7.3417 
-6.6067 

-6.3218 
-5.8614 
-5.4807 
-5.1153 
-4.7816 

-4.4764 
-4.1966 
-3.9398 
-3.7037 
-3.4863 

-3.2856 
-3.1007 
-2.9295 
-2.7709 
-2.6238 

-2.4873 
-2.3664 
-2.2422 
-2.1321 
-2.0294 

-1.9334 
-1.8437 
-1.7596 
-1.6809 
-1.6071 

-1.5377 
-1.4726 
-1.4112 
-1.3535 
-1.2991 

-1.2477 
-1.1993 
-1.1535 
-1.1101 
-1.0691 

-1.0303 
-9.9343 -1 
-9.3848 -1 
-9.2530 -1 
-8.9378 -1 

-8.6380 -1 
-8.3527 -1 
-8.0611 -1 
-7.6223 -1 
-6.6955 -1 

-5.7940 -1 
-5.0624 -1 
-4.4606 -1 
-3.9603 -1 
-3.9392 -1 

-3.1613 -1 
-2.874* -1 
-2.6089 -1 
-2.3775 -1 
-2.1742 -1 

-1.9945 -1 
-1.8348 -1 
-1.6919 -1 
-1.5635 -1 
-1.4476 -1 

-1.3426 -1 
-1.2*69 -1 
-1.1597 -1 
-1.0797 -1 
-9.3673 -2 
-8.1874 -2 
-7.1564 -2 
-6.2706 -2 
-5.5015 -2 
-3.9842 -2 

-1.5812 » 
-4.461' 3 
-1.3365 3 
-6.3612 2 

-5.3159 2 
-3.4183 2 
-2.2396 2 
-1.3052 2 
-1.0462 2 

-7.5650 1 
-3.7724 1 
-4.6207 1 
-3.8784 1 
-3.3683 1 

-3.0526 1 
-2.6106 1 
-2.6249 1 
-2.4728 1 
-2.3408 1 

-2.2208 1 
-2.1083 1 
-2.0010 1 
-1.6977 1 
-1.7979 1 

-1.7015 1 
-1.6086 1 
-1.5193 1 
-1.4339 1 
-1.3522 1 

-1.2746 1 
-1.2009 1 
-1.1312 1 
-1.0653 1 
-1.0032 1 

-9.4475 
-8.8982 
-8.3826 
-7.8989 
-7.4456 

-7.0210 
-6.6234 
•6.2512 
-5.9029 
-5.5769 

-5.2719 
-4.9864 
-4.7191 
-*.*689 
-4.23*3 

-4,0150 
-3.8092 
-3.616* 
-3.*35* 
-3.2657 

-3.1063 
-2.9566 
-2.8160 
-2.6638 
-2.559* 

-2.4*23 
-2.3320 
-2.2281 
-2.1302 
-2.0378 

-1.9506 
-1.8662 
-1.7904 
-1.7166 
-1.6472 

-1.581* 
-1.5190 
-l.*598 
-1.4038 
-1.1631 

-9.7612 -1 
-8.2640 -1 
-7,1039 -1 
-6.1*96 -1 
-5.3697 -1 

-•.7252 -1 
-».1»73 -1 
-S.7341 -1 
-3.3*89 -1 
-3.0167 -1 

-2.7336 -1 
-2.4855 -1 
-2.2661 -1 
-2.0765 -1 
-1.9066 -1 

-1.7551 -1 
-1.6193 -1 
-1.4971 -1 
-1.3866 -1 
-1.1950 -1 
-1.0351 -1 
-9*0006 -2 
-7.951* -2 
-6.9653 -2 
-*.9**6 -2 

1.6054 1 
2.*290 1 
1.6693 1 
1.4724 1 

1.2863 
1.1314 

-2.6968  -2       -3.5848 -2 

6.95*1 
6.2020 
5.5*56 
4.9706 
4.4655 

4.0205 
3.6274 
3.2791 
2.9698 
2.6945 

2.4*88 
2.2291 
2.0123 
1.8536 
1.6966 

1.5533 
1*6240 
1.3070 
1.2011 
1.1O50 

1.0177 
9.3624 -1 
8.6987 -1 
7.996* -1 
7.395* -1 

6.8439 -1 
6.3369 -1 
5.6760 -1 
5.4512 -1 
5.0610 -1 

4,7021 -1 
4.1718 -1 
4.0675 -1 
3.7869 -1 
3.5276 -1 

3.2885 -1 
3.0672 -1 
2.8625 -1 
2.6729 -1 
2.4972 -1 

2.33*2 -1 
2.1630 -1 
2,0*25 -1 
1.9120 -1 
1.7906 -1 

1.6T77 -1 
1.5725 -1 
1.47*6 -1 
1.3833 -1 
1.2981 -1 

1.2167 -1 
1.1**5 -I 
1.0752 -1 
1.010* -1 
9.*988 -2 

8.9325 -2 
8.4025 -2 
7.906* -2 
7.4416 -2 
7.0062 -2 

6.5981 -2 
6.2154 -2 
5.6563 -2 
5.519* -2 
4.1187 -2 

3.0896 -2 
2.3281 -2 
1.7613 -2 
1.3370 -2 
1.0160 -2 

7.7713 -3 
5.9460 -3 
4.5584 -3 
3.9008 -3 
2.6927 -3 

2.0739 -3 
1.9992 -3 
1.2344 -3 
9.5367 -* 
7.3739 -4 

5.7056 -4 
4.4174 -4 
3.4219 -4 
2.6521 -4 
1,5949 -4 
9.60*2 -5 
5.7692 -5 
3.*92* -3 
2.1061 -5 
5.9790 -6 

1.6965 -6 

-1.7841 
-7.1634 
-3.2977 
-2.4189 

-1.6219 
-1.3736 
-1.0450 
-8,0134 
-6,1920 

-4,6166 
-3.7752 
-2.9761 
-2.3600 
-1.6617 

-1.5061 
-1.21*5 
-9.82*9 
-7.9818 
-6.5102 

-5.3296 
-4.3781 
-3,6080 
-2.9822 
-2.4718 

-2.0538 
-1.7104 
-1.4274 
-1.193* 
-9.99*1 

-8.3609 
-7,0360 
-5.9122 
-6.9710 
-*.1809 

-3.5165 
-2.9567 
-2.4843 
-2.0650 
-1.7470 

-1.4605 
-1,2175 
-1,0111 
-6.3577 -1 
-6.6666 -1 

-5.5983 -1 
-4.5193 -1 
-1.6013 -1 
-2.8206 -1 
-2.1371 -1 

-1.5935 -1 
-1*1154 -1 
-7.1051 -2 
-3.6829 -2 
-7.9686 -3 

1.6285 -2 
3.6590 -2 
5.3507 -2 
6.7516 -2 
7.9035 -2 

8.6413 -2 
9.5957 -2 
1.0193 -1 
1.0655 -1 
1.1003 -1 

1.1252 -1 
1.1*17 -1 
1.1511 -1 
1.1545 -1 
1.1526 -1 

1.1467 -1 
1.1370 -1 
1.124* -1 
1.1092 -1 
1.0097 -1 

8.9*27 -2 
7.80*5 -2 
6.7580 -2 
5.8291 -2 
5.0200 -2 

4.322* -2 
3.T2** -2 
3*2126 -2 
2.7759 -2 
2**014 -2 

2.06111 -2 
1*6064 -2 
1.9702 -2 
1.3669 -2 
1.191* -2 

1.0398 -2 
9.08*1 -3 
7,9**5 -3 
6,9542 -3 
5,3*12 -3 
•.1132 -3 
3,17*3 -3 
2**936 -3 
1*899* -3 
1,009* -3 

1,9640 2 
1,9649 2 
1,0268 S 
8,0465 1 

6,3359 1 
5.0202 1 
4.0009 1 
3.2061 1 
2.5923 1 

2.0899 1 
1.6969 1 
1.3870 1 
1.1366 1 
9.3319 

7.7205 
6.3947 
5.3130 
4.4272 
3.6991 

3.0988 
2.6022 
2.1902 
1.6473 
1.3611 

1.3220 
1,1213 
9,5264 -1 
6.1056 -1 
6.9064 -1 

5.8921 -1 
5.0126 -1 
4.3031 -1 
3.6828 -1 
3.1545 -1 

2.70*1 -1 
2.3191 -1 
1.9903 -1 
1.7087 -1 
1.4673 -1 

1.2601 -1 
1.0822 -1 
9.2916 -2 
7.9784 -2 
6.8464 -2 

5.871* -2 
5.0312 -2 
4.3068 -2 
3.6622 -2 
3.1434 -2 

2.6786 -2 
2.2777 -2 
1.9318 -2 
1.6335 -2 
1.3763 -2 

1.1547 -2 
9.6392 -3 
7.9972 -3 
6.5857 -3 
3.3737 -3 

4,3346 -3 
3,4431 -3 
2,6853 -3 
2,0376 -3 
l.»87l -3 

1,0206 -3 
6,2681 -* 
2,9583 -* 
1.9110 -5 

-2.1079 -4 

-4.0033 -4 
-5.5514 -» 
-6.6010 -4 
-7.7943 -« 
-1.0051 -3 

-9*7706 -* 
-9*8102 -» 
-7.0020 -* 
-5.5693 -4 
-4.3339 -4 

-3.3225 -* 
-2.5202 -* 
-1.8969 -4 
-1.419* -4 
-1.0573 -* 

-7.6*87 -5 
-3.6102 -5 
-•.2917 -9 
-3.1644 -5 
-2.3298 -3 

-1.7133 -5 
-1.2596 -5 
-9.2369 -6 
-6.7768 -6 
-3.6402 -6 
-1.9520 -6 
-1.0*34 -6 
-5*3939 -7 
-2*9911 -7 
-6*2*04 -6 

-7.9907 5 
-9,0711 * 
-1,0*95 * 
-2,0206 * 

-1,3337 * 
-9.2007 3 
-6.3113 3 
-4.1723 3 
-3.0368 3 

-2.1553 3 
-1.5316 3 
-1.0963 3 
-7.8986 2 
-5.7256 2 

-4.1736 2 
-3.0572 2 
-2.2494 2 
-1.6615 2 
-1.2313 2 

-9.1501 1 
-6.8140 1 
-5*0616 1 
-1.7922, 1 
-2.6296 1 

-2.1089  1 
-1.5662  1 
-1.1617  1 
-8.5587 
-6.2556 

-4.5215 
-3.2170 
-2.2375 
-1.5042 
-9,5791 -1 

-5,52*5 -1 
-2.5*81 -1 
-3.8641 -2 
1.1586 -1 
2.2379 -1 

2.9664 -1 
3.4322 -1 
3.7025 -1 
3.6264 -1 
3.6491 -1 

3.7943 -1 
3*6866 -1 
3.3430 -1 
3.3763 -1 
3.1963 -1 

3.0099 -1 
2.8224 -1 
2.6375 -1 
2.4579 -1 
2.2653 -1 

2.1209 -1 
1.965* -1 
1.8191 -1 
1.6820 -1 
1.5541 -1 

1.4390 -1 
1.3244 -1 
1.2220 -1 
1.1272 -1 
1.0397 -1 

9.9687 -2 
8.6*36 -2 
6.1370 -2 
7.52*7 -2 
6.9*26 -2 

6.4069 -2 
5.91*1 -2 
5.4606 -2 
5.0435 -2 
3.4077 -2 

2.3256 -2 
1.60*6 -2 
1.U97 -2 
7*9020  -3 
3.6389   -3 

•.0667 -3 
2.963* -3 
2.1606 -3 
1*6200 -3 
1.21*2 -3 

9.1763 -» 
6.9903 -» 
3*96*3 -» 
4.1451 -* 
3.2239 -* 

2.5222 -» 
1.96*1 -* 
1.9688 -4 
1.2*61 -« 
7.9605 -5 
5.1976 -5 
3.3809 -3 
2.2366 -5 
1.4910 -5 
5.5409 -6 

4.1384 
1.4909 
5.7694 
4.0311 

2.6370 
2.0121 
1.4361 
1.0331 
7.4987 

3,4651 
4.0048 
2.9495 
2.1822 
1.6212 

1.2039  1 
9.0432 
6.7943 
5.1019 
3.9**2 

2,9009 
2,1912 
1,6359 
1,2511 
9,**35 -1 

7,1197 -1 
5,3512 -1 
4.0107 -I 
2.9901 -1 
2,2143  -1 

1,6296 -1 
1,1792 -1 
9.4167 -2 
9.8724 -2 
3.9615 -2 

2.3401 -2 
1,4870 -2 
7.1619 -3 
1.3966 -3 

-2.3380 -3 

-5.0474 -3 
-6.8335 -3 
-7.9370 -3 
-8.5317 -3 
-8.7467  -3 

-8.7166 -3 
-8.4906 -3 
-8.1392 -3 
-7.7068 -3 
-7,2270 -3 

-6.72*3 -3 
-6.2172 -3 
-5,7176 -3 
-3,2332 -3 
-4,7732 -3 

-4,3413 -3 
-3,9360 -3 
-3,5596 -3 
-3.2122 -3 
-2.8932 -3 

-2.6013 -3 
-2.1352 -3 
-2.0933 -3 
-1,8740 -3 
-1,6737 -3 

-1,4967 -3 
-1,1343 -3 
-1.1902 -3 
-1.0996 -3 
-9.*28* -* 

-8.3800 -» 
-7***16 -» 
-6*602* -* 
-5*6626 -» 
-3,1392  -» 

-1.6607 -» 
-6.»237 -5 
-4.0*56 -5 
-1.76*9 -5 
-6.2124 -6 

-8.1T85 -7 
1**993 -6 
2.1616 -6 
2,1927 -6 
1.91*8  -6 

1.9962 -6 
1.2119  -6 
9.1626 -7 
6.7931 -7 
4,9624  -7 

3.9646 -7 
2.9666 -7 
1.6293 -7 
1.2908 -7 
6.3720 -6 
3.1039 -8 
1.5004 -8 
7.2013 -9 
3.43"7 -9 
3.3497 -10 

5,3406   -4       -1,2997 -8 2,1042   -6 8.2250 -11 

.0600 

.0620 

• 0640 
• 0660 
• 0680 
.0700 
.0720 

.0740 

.0760 

.0790 
• 0800 
• 0620 

.06*0 

.0960 

.0890 

.0900 

.0920 

• 0940 
• 0960 
.0980 
.1000 
.1020 

,1040 
,1060 
,1060 
• no" 
.1120 

.1140 

.1160 

.1180 

.1200 

.1220 

.1240 

.1260 

.1280 

.1300 

.1320 

• 1340 
.1360 
.1380 
.1400 
.1420 

.1440 

.1460 

.1460 

.1500 

.1920 

.1540 
• 1560 
.1380 
.1600 
.1620 

• 1640 
.1660 
.1680 
.1700 
.1720 

.1740 

.1760 
• 1780 
• 1900 
.1820 

.18*0 
• 1860 
.1680 
.1900 
.1920 

.19*0 

.1960 
• 1960 
• 2000 
.2100 

• 2200 
.2300 
.2*00 
.2300 
.2600 

• 2700 
.2600 
• 2900 
• 3000 
• 3100 

• 3200 
• 3300 
• 3*00 
• 3500 
.3600 

• 3700 
.3600 
.3900 
• *000 
.4200 
*»»00 
.»600 
.4900 
• 3000 
• 5500 

• 6000 



FIFTH ORDER GRAVITY WAVE THEORY 

*A. *S5 

TABLE    JH 

FIFTH   ORDER  CRAVITY    WAVE   COEFFICIENTS 

SINH(-^-) COSH(^-) 

• 0500 
.0550 
.0600 
.0620 

• 0640 
.0660 
.0660 
.0700 
.0720 

• 07*0 
• 0760 
• 0760 
.08 00 
.0820 

• 0840 
• 0860 
• 0B80 
.0900 
.0920 

• 0940 
• 0960 
• 0980 
.1000 
.1020 

.1040 

.1060 
• 1060 
• 1100 
• 1120 

• 1140 
• 1160 
.1180 
• 1200 
.1220 

• 1240 
• 1260 
• 1280 
.1300 
.1320 

.1340 

.1360 

.1380 
• 1400 
• 1420 

.1440 
• 1460 
• 1480 
• 1500 
.1520 

.1540 

.1560 

.1580 
• 1600 
• 1620 

• 1640 
• 1660 
.1680 
.1700 
.1720 

• 1740 
.1760 
• 1780 
.1800 
• 1820 

• 1040 
• 1660 
• 1860 
• 1900 
• 1920 

• 1940 
.1960 
.1980 
.2000 
.2100 

.2200 
• 2300 
.2400 
• 2500 
• 26O0 

.2700 

.2800 
• 2900 
.3000 
.3100 

• 3200 
.3300 
• 3400 
• 3300 
• 3600 

.3700 
• 3600 
• 3900 
• 4000 
.4200 
.4400 
• 4600 
• 4600 
• 3000 
.3500 

.6000 

4.070" 4 1,1897 
1.0458 4 8.1917 
2.9402 3 4,8396 
1.8067 3 5.1436 

1.1213 3 4.5511 
7.0206 ? 4.0436 
4.4301 2 3.6070 
2.8141 2 3.2297 
1.7975 2 2.9022 

1.1532 2 2.6169 
7.4212 1 2.3673 
4.7B41 1 2.1462 
1.0843 1 1.9352 
1.9831 1 1.7847 

1.2724 1 1.6336 
6.0967 1*4992 
5.0942 1,3794 
3.1500 1,2724 
1.6963 1,1764 

1.0936 1,0902 
3.8568 -1 1.0126 
2.6930 -1 9.4249 
7.7244 -2 8.7912 
-3.4780 -2 8.216B 

•9.5826 -2 7.6932 
1.2491 -1 7.2206 
-1.3443 -1 6.7880 
-1.3241 -1 6.3924 
-1.2398 -1 6.0315 

-1.1240 -1 3.7004 
-9.9660 -2 5.3965 
-8.6963 -2 3.1171 
-7.4980 -2 4.8600 
-6.4054 -2 4.6229 

-5.4324 -2 4.4041 
-4.5803 -2 4.2018 
-3.8433 -2 4.0146 
•3.2119 -2 3.6410 
-2.6730 -2 3.6800 

-2.2213 -2 3.5304 
•1.8396 -2 3.3913 
-1.3199 -2 3.2617 
-1.2529 -2 3.1410 
-1.0307 -2 3.0283 

-8.4608 -3 2,9230 
-6.9315 -3 2,8246 
•3.6667 -3 2,7324 
4.6227 -3 2,6461 
3.7625 -3 2.5652 

3.0546 -3 2.4892 
2.4735 -3 2.4179 
1.9970 -3 2.3508 
-1.6069 -3 2.2877 
-1.2881 -3 2.2282 

-1.0261 -3 2.1722 
•8.1654 -4 2.1193 
6.4471 -4 2.0695 
5.0550 -4 2,0223 
3,9305 -4 1.9778 

3.0247 -4 1.9357 
2.2976 -4 1.8938 
1.7166 -4 1.8560 

•1.2546 -4 1.8222 
•6.8893 -5 1.7883 

6.0149 -5 1.7560 
•3.7734 -5 1.7254 
•2.0420 -3 1.6964 
7.2076 -6 1.6687 
2.7225 -6 1.6424 

1,0036 -5 1.6174 
1.5275 -5 1.5936 
1.8679 -5 1.5709 
2.1204 -5 1.5492 
2.1944 -3 1.4550 

1.6255 -5 1.3797 
1.0620 -3 1.3190 
6.4895 -6 1.2696 
3.7992 -6 1.2289 
2.1545 -6 1.1953 

1.1891 -6 1.1673 
6.3913 -7 1.1*38 
3.3367 -7 1.1239 
1.6799 -7 1.1071 
6.0389 -8 1.0926 

3.5471 -6 1.0606 
1.3336 -8 1,0701 
3.1093 -9 1,0611 
1.1639 -9 1,0533 
•2.5696 -9 1,0466 

-2.6965 -9 1.0407 
•2.3353 -9 1.0366 
1.8435 -9 1.0312 

•1.3835 -9 1.0274 
7.0894 -10 1,0211 
3.3793 -10 1,0163 
1.5439 -10 1,0126 
6.6631 -11 1,0096 
2.9969 -11 1.0076 
3.5928 -12 1.0040 

-4.14*0 -13 

2.5169 
9.9954 
4.2946 
3.1292 

2.3054 
1.7164 
1.2906 
9.7969 
7.5036 

5.7966 
4.5147 
3.543« 
2,8028 
2.2326 

1,7911 
1,4464 
1,1756 
9,6148 
7,9112 

6.5*75 
5.4497 
4.560» 
3.8374 
1.2454 

2.7566 
2.3562 
2,0221 
1.7434 
1.5099 

1.3134 
1.1471 
1.0061 
8.6624 
7.6334 

6.9535 
6.1936 
5.5365 
4.9663 
4.4697 

4.0360 
3.6554 
3.3217 
3.0271 
2.7665 

2.5354 
2.3299 
2.1466 
1.9828 
1.6359 

1.7039 
1.5850 
l.*777 
1,380« 
1.2924 

1.2124 
1,1395 
1.0729 
1.0121 
9.3639 

9.0525 
6.5624 
8.1494 
7.7500 
7,3810 

7.0394 
6.7229 
6.4291 
6.1561 
3.4019 

3.6630 
5.4439 
5.2174 
5.0441 
4.2434 

3.6310 
3.2624 
2.8561 
2.5840 
2.3670 

2.1919 
2,0489 
1,9311 
1,8332 
1.7513 

1.6822 
1.6238 
1.57*0 
1.3315 
1.4950 

1.4636 
1.4364 
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FIFTH ORDER GRAVITY WAVE THEORY 

Other constants: 

C,    =     4.8600       C3   =   0.2328        sinh/3 d   =   0.8275 

C2   =   88.6250       C4   =   0.4314       cosh/3 d   =   1.2980 

Substituting these constants into equations 12,   10,   9,  and 1 
the following results are obtained. 

Wave velocity: "C   =   32-39 ft/sec 
Wave length: L   =   CT   =   250 ft. 

Wave profile: 

y = 7. 50 cos 0   + 3. 35 cos 2 0   + 1. 48 cos 3©   + 0. 70 cos 4© 

+ 0. 35 cos 5© 

Horizontal particle velocity: 

u = 6. 186 cosh /3 s cos ©   + 1. 434 cosh 2 ft  s cos 2© 

+ 0.205 cosh 3 <&  s cos 3 0 + 0. 021 cosh 4 /&   a cos 4© 

- 0. 003 cosh 5/3a cos 5 © 

The wave profile is plotted in Fig.  2 together with profile ob- 
tained by the Airy theory-points obtained from the Third Order Approxi- 
mation as also shown on the same graph. 

The horizontal particle velocity distribution at the crest station 
( ©  = 0) is plotted in Fig.   3 together with the velocity distribution ob- 
tained by the Airy theory. 

NOMENCLATURE 

C = Wave celerity 

& = /S   (X - Cr)   =   phase angle 

/3 = 2 TT /L 

L = Wave length 

d = Mean water depth 

H = Trough to crest wave height 

T = Wave period   =   L/C 

P = Absolute pressure 

X = Horizontal coordinate distance,   measured from crest 
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t = Time 

S = Vertical coordinate distance, measured positively up- 
wards from mud line 

y = Profile coordinate,  measured positively upward from 
mean water line 

<J» = Velocity potential function 

V = Laplacian operator   =    \ / \*    "*^/^M 
c = cosh /3 d 

s = sinh /3 d 

v a Vertical particle velocity 

u = Horizontal particle velocity 

X = /3 a 
a = A constant to be determined for each wave 

Lo = 3 =   wave length for "deep-water" wave 
'ZTC 
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CHAPTER 11 

THEORETICAL FORMS OF SHORELINES 

W. Grijm 
Engineer Coastal Research Department 

Rjjkswaterstaat, The Hague, Netherlands. 

INTRODUCTION. 

In previous publications Pelnard-Considere, Bruun and larras have 
d.erived theoretical shore formations. When doing so, it is necessary 
to idealize the conditions, such as a lxttoral transport by waves only, 
unvarying wave characteristics and a simple relation between the angle 
of wave approach and the littoral transport. Moreover various other 
simplifications have to be made in order to make it possible to handle 
the equations. 

The question may arise whether results, obtained from such an 
idealized situation, have any value for practical cases, where the con- 
ditions are much more complex and variable. The answer is no when we 
expect to obtain a true and detailed picture of the development of any 
particular stretch of coast. Such theoretical exercises can be of real 
value, however, because they help us to understand why and how certain 
formations come into being and how they are influenced by certain 
physical processes* This is the case for instance with such formations 
as deltas, spits and tombolos. 

We cannot say that we really know the function which determines 
the littoral transport. Up to now one of the simplifications in the 
mathematical treatment has been the restriction to stay within an area 
in which the values of <*.   are so small that the transport may be assaned 
to increase in direct proportion to the increase of the value of o< 
( c< being defined as the angle between the wave direction and the 
direction of the normal on the coast in the point considered)* However, 
experiments indicate that the littoral transport very likely reaches a 
maximum for a wave angle between 45° and 600. Interesting phenomena 
are bound to occur when this maximum is approached. 

With this in mind we have tried to introduce a transport function 
T « A sin 2ex., having its maximum when oC  « 45°. 

THE MATHEMATICAL TREATMENT, 

Ocnsidering a stretch of shore of length ds (fig. 1), the quantity of 
deposited (or eroded) material must be equal to the difference between 
the quantity of transported material in A and in B. Expressed by 
mathematical terms, we have: 

or 

- D 1* dldx  = |I dx di 

(1) 
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WAVE DIRECTION 

1 RIVER 

SOLUTIONS WHEN THE RIVER 
CONVEYS A SMALL QUANTITY 

OF MATERIAL TO THE SEA     2 

WHEN   P-O 

Fig. 3 
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in which: 
T is the transport function 
D is the waterdepth 
t is the time 
x and y are the coordinates 

In fig. 1 the angle /3   defines the wave direction with respect to 
the system of coordinates and the angle u  the value of f. Since we 
take T only depending on <x , it is sufficient to differentiate t  to 
one variable. Substituting T - A sin 2o(, the equation (1) can be 
worked out as: 

4Accs2fi      / + 2 ia, 2/i M - ($f     bly    __   >± 
D r, /jK/vn* ax2     at (2) 

[" ffiJ 
In order to obtain a set of solutions suitable to our purpose, we shall 
confine ourselves to such coastlines as remain similar in shape whereas 
the scale of this shape is varying in the course of time. Hence we 
introduce new variables u and v, proportional to y and x respectively 
and we require that there exists a functional relation between u and v 
independant of the time t. An important property of this type of 
solutions derives from the fact that the transport along the coast 
depends on its direction only. Since the direction in a point of the 
coastline is independant of the scale, the transports at the end of a 
coastline segment remain constant, so that the volume behind this 
segment must increase proportional to t. Some of these solutions, 
therefore, are suitable more in particular to describe the development 
of a delta of a river which charges the shore with material at a con- 
stant rate. By the substitution: 

y • xivt x - vVT" 

the differential equation (2) reduces in the requisite way to 

4A&2/&,     /+2 t*« 2/3 $?-($?!     , dhl   + V*!L _ u  - O m 
o f/^/mn1       d&+ vdv  u - °     (3) 

provided the depth is taken as a constant, which means that the seabed 
is horizontal. 

This equation can be simplified somewhat further for a few special 
cases. First we consider the case in which tan 2y3 and £rp   are very 
small in comparison with unity. The equation (3) then yields: 

in which 
dv1 dv 

a- u+Acos2fr 
b 
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The solution of this equation is: 

a = C, (e~& + f    e~& dv) 

when the shore at time t = 0 is a straight line. In a slightly differ* 
form this solution has already been presented several times in previot 
publications. 

Likewise we can consider a second case where tan 2/3 is very sma] 
and ~ so large that we can now neglect the first and second terms oJ 
the numerator and the first term of the denominator of the fraction it 
(3). This equation turns now into: 

IduV civ     u ~ ° 

of which the solution is: 

also when the shore at time t • 0 is a straight line. Figure 2 shows t 
diagrammatical representation of these two special cases in which /3 do 
not differ much from zero while the quantity of material that the rive 
conveys to the sea is small in comparison with the transport of the 
coastal regime. 

It can be shown that the numerator of the fraction in the equatio. 
(3) becomes zero in the point where c<. m  450. This means that in that 
point either v~£ - U  must be zero or £$t  becomes infinite. The first 
solution corresponds to the trivial case of a straight line through th 
origin. The second solution means that the variation in the gradient o. 
the tangent divided by the variation in v, is infinite. That indicates 
an abrupt change in the direction of the coastline at the point in 
question. Prom a physical point of view, however, we cannot have a 
sudden jump in the quantity of material transported. Hence, such a poij 
must be a cusp. 

These results can be obtained from analytical considerations of 
equation (3). For more general solutions it is necessary to integrate 
this equation numerically. Then it is more convenient to use polar- 
coordinates instead of Cartesian coordinates and to introduce two para- 
meters, viz. the angle oC  mentioned before and the angle "h  between the 
shoreline and the radius-vector (fig. 3). We obtain the following syste 
of two simultaneous equations 

dq=* 2cn2u d* ~-L R2dy> (4 
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RIVER 

Rl ER 

SOLUTIONS WHEN THE RIVER 
CONVEYS A LARGE QUANTITY 

OF MATERIAL TO THE SEA 

WHEN  (3 = 0 

1 2 

Fig. 4 

+ V0 

SOLUTIONS  WHEN   THE  RIVER 
CONVEYS A LARGE QUANTITY 

OF MATERIAL TO THE SEA 

WHEN  P-O 
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t*n V- dR  = Rdi/> (5) 

in which   If en V' are linked by 

oc * y / V - /3 (6) 

The equation (4) determines the displacement of the shoreline and 
corresponds with equation (3)* The equations (5) and (6) are geometrical 
conditions.   Q is defined as -X for which we adopted the function sin 
2X. * 
Solutions are being constructed by means of a computer. By this way of 
approach it will also b» possible, if necessary, to adopt other functions 
for Q and to alter the assumption that the seabed is horizontal. 

In the solutions two integration parameters appear. We intend to 
produce sets of curves for various values of these parameters. At the 
moment we write this paper, we are still engaged in pursuing this pro- 
gramme and we hmve to confine ourselves to show a few preliminary 
results. Two of the solutions obtained so far with fi>  equal to zero, 
are shown in the figure 4a and 4b. The curves are solutions which obey 
the differential equations and each of them has a special value of one 
of the integration parameters. Mathematically the solutions are correct, 
but the question is whether physical conditions can be found correspond- 
ing to them. This can be done by locating the initial shoreline along 
the axis v-j and Vo and in C and D the mouth of a river conveying a 
quantity of material corresponding with the angles <*, and crf». In this 
figure 4 we recognize the solutions shown in figure 2. Now, however, 
the solutions are not restricted to the condition that the ratio between 
the quantity of material transported by the river to the sea and the 
quantity which the coastal regime is able to convey, is small. As a 
matter of fact figure 5 shows the solutions in which ut and QL% are 
equal to 45°. The ratio mentioned before is then equal to 2. 

The work is being continued and further publication of the result 
is intended. 

I wish to thank Dr. SchtJnfeld of our Department for his aid in the 
mathematical treatment of the problem. 
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CHAPTER 12 

WAVE EFFECT ON THE COAST FORMATION AND EROSION 

Walenty Jarocki 
Professor, Construction Engineering 

Institute, Warsaw 

KINDS OF SEDIMENT MOVED BY WAVES 

Sediment may toe moved in consequence of the 
action of wind waves and of water currents. These two fac- 
tors may act separately or together. 

Sediment may be divided into 3 types: 
suspended load, bed load and detritus load. Depending on 
kind of movement of particles a bed load may he: rolled, 
slip, sprung and swollened. 

In the near-shore or in the open zone for waves 
the bed load and detritus load moves mostly in consequence 
of the action of wind waves. In open zones for waves where 
the tidal flow and tidal fall are appearing, the bed and 
detritus load are moving inconsequence of the action of 
the wind waves and.of water currents. 

The wind waves usually are small and the velocity 
of water currents may be larger in the narrow and long 
straits. Therefore the water current is in these zones the 
principal factor which moves the suspended, bed and detri- 
tus loads. 

The wind waves and water currents move the suspen- 
ded, bed and detritus loads in the shallow external zones 
of the water area especially if the bottom is argillaceous. 

VARIOUS DEPTH EFFECT ON THE SEDIMENT 
MOVEMENT 

The waves may cause the sediment movement on the 
depth equal about 0,4 of the greatest possible length of 
wave. Intensity of waves action decreases when the depth 
of sea decreases. Therefore in the shallow parts of sea 
the waves cause a larger scoure of bottom and they raise 
a great quantity of sediment. If the sea has a great depth 
then the scoure of the bottom and the raising of sediment 
may be caused only by means of heavy waves. 

The waves are moving a suspended load towards 
the wave propagation and in the opposite direction. Thus 
the suspended load are moving from a shallow parts of the 
sea to a deep parts in which the transport of suspended 
material is smaller. In these deep parts a suspended load 
may fall on the bottom. Thus the bottom erosion takes pla- 
ce in shallow parts of sea and the accumulation of sediment 
in deep parts. 
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INVESTIGATION OF THE ACTION OF WAVES ON THE 

SEDIMENT MOVEMENT. 

Various authors explain differently the mecha- 
nism of action of waves on the_ sediment movement. Some authors 
consider that the waves are raising the soil fractions from 
the bottom and water currents transfer them along the sea- 
board. The other authors suppose that each wave shears some 
soil in the bottom in littoral zone of the waves and wind is 
oblique to the shoreline. Beach currents catch and transport 
the sediment particles along the seaboard. 

These authors suppose when the wind is in the 
direction of seaboard /from sea/ then the bottom currents 
move in the opposite direction. These currents transport the 
ground particles in the direction of sea and thus the seaboard 
erosion arises. When the wind direction is opposite, the botto 
currents arise in the direction of seaboard and they cause 
the transportation of ground and the accumulation of seaboards 

These reasons show that the action of waves would 
cause only the separation of ground particles and their asoea- 
ding. 

Our last investigations and observations of the 
sediment movement have led the conclusion that the waves may 
cause the raise of the sediment partciles and also their tran 
port . The character of this transport depends on the wave 
kind and on the height and length of waves. 

General quantity of the lifted particles by means 
of waves increases as the power of waves or height and length 
of waves increases. If the power of waves decreases these 
particles fall. 

The waves are able to transport the bed load and 
detritus load without cooperation of the water current in 
spite of horizontal or inclined bottom. Under the action of 
waves the sediment moves the oscillatory movement. 

The waves move the bed load in the shallow exter- 
ior zones with the horizontal bottom only, towards the wave 
propagation. This material may be moved perpendicular the 
slope, according to the wave direction or in the opposite on< 

If the approaching wave creates the acute angle 
to the shoreline then the bed load moves near the seaboard. 

The transport of the bed load and of detritus loai 
change if the water current and waves appear simultaneously. 
The water current acts generally on the detritus load becaus 
the water moves this material easier than the bed load which 
rolls on the bottom. 
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COAST FORMATION AND EROSION 

The action of wares causes the movement of suspen- 
ded load from zones with a great quantity of this material 
to zones with a smaller one. 

The observations are showing that the bottom and 
the board slope of the shallow open zones consists usually 
of the coarse-grained particles because their raising is 
difficult. This phenomenon may be explained this way, the 
all light clayey close-grained particles were lifted up 
firstly and than they fell in deep zones. 

The movement of waves is the main factor which 
causes the formation of the coast and bottom in littoral 
zones. The action of waves may cause the erosion of sea- 
board or may cause the accumulation of coast. The investiga- 
tions showed that the short waves cause the erosion of sea- 
board and the long ones - the accumulations /fig. 1,2,3/. 

The process of action of waves be divided into 3 
stages. In the first stage, when the ware reaches the cri- 
tical depth, the ware crest comes down, pierces the water 
mass and attaines the slope surface. The orbital velocities 
of the superficial particles of water are always larger 
then the near-bottom velocities. Therefore the superficial 
particles of water carry along the ground particles from 
the slope to the limit of the critical depth because they 
keep the rotary motion. 

Thus the cylindrical hollow arises on the slope 
in this place, where the water strikes. The ground particles 
more down of the slope and underwater rampart raises about 
hollow. 

In second stage the ware strikes against a water 
surface and it causes the two new waves which strike against 
a slope. The strokes of these waves are weaker than the 
strokes of the main first wave. In that way these two new wa- 
ves produce two hollows and two ramparts on the slope. 
The size of these hollows and ramparts decreases as they 
approach to the water surface. 

In the third stage the oscillatory motion of water 
particles turns into translatory motion and it cause the 
uprush. 

At first the velocity of movement of the rampart 
and hollow down is considerable, later this velocity quick 
decreases and the rampart and hollow become stable. 

The length of way from the place of the formation 
of underwater rampart to the lasting position may be taken 

11 = 5/2h/ 
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The water depth above rampart in the stage of stabili- 
zation 

H., « 0, 75/2h/ 

The depth above hollow 

H2 - 1,6/2h/ 

The depth above hollow is proportional to 2 h and 
inversely proportional to D and i 

H2 - f / § / 

The distance between the top of the rampart and the 
centre of hollow 

12 
= 3/2h/ 

The average width of the erosion on the slope 

1 3 = 6/2h/ 

where : 2h - length of wave 
D - dimension the sediment partioles 
i - wave steepness. 

The process of the action of the long waves is other than 
the action of short ones. The intensity of the subsidence 
of wave crest is smaller and the second new wave do not 
formed. The larger quantity of water goes up slope and 
this watSr turns into the uprush. 

When the slope consists of impervious ground then 
almost all water rolls up on the slope. This water carries 
a ground particles which were raised first from water zones 
where was the critical depth. When this water meets the 
main beachcomber then the velocity this water decreases. 
At that time the ground particles fall and create a rampart 
of the sediment on the slope. 

When the slope consists of coarse-grained soil then the 
considerable quantity of water penetrates in the slope and 
the ground particles stay on the slope near the water le- 
vel. This quantity of water, which rolls on slope, is not 
taken of the sediment. 

Therefore the long waves forme the supermarine rampart 
independently of inclination of slope, if it consists of 
coarse-grained soil. 

It is the opinion that the material for formation of 
rampart is forthcominged from sea. The investigations showed 
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Fig2 

Fig 3 

Fig. 5 
Fig. 6 

Fig. 1. Action of short waves on the coast formation 
Fig. 2. Action of long waves on the coast formation 
Fig. 3. Cross - section of the coast after action of 

short wavesr 
Fig. 4. SaraOilow's device 
Fig. 5. Bottom bathometer of Bozich-Guriew 
Fig. 6. Water sound of Bozich 
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that this opinion is wrong. 
At first the intensity of the board reforming is 

large and afterwards it decreases. The intensity depends 
on the board height. 

INSTRUMENTS OF SEDIMENT MEASUREMENT 

The transport of near-shore sediment was investigated 
by Samoilow's device, by bottom bathometer of Bozich-Guriew 
and by testing ditches and walls. 

Samoilow s device /fig.4/ consists of following main 
parts: a/ a metallic tube A with longitudinal crenel, 
b/ a chain B which links are moved along the tube, c/ a set 
of metallic disches C with caps, fastened to the chain, 
d/ a wire rope D with the upper end over water-level and 
the lower one in water together with charge E. The disches 
may be opened, shuted or may be lifted along the tube. 

The device plunges into water when there are no waves. 
The dishes are suspended along the submarine part of the 
tube. These dishes are filled with non-cohesive soil and 
they are opened in water. Systematic observations are made 
in time of the action of waves. When the waves are calmed down 
then the dishes shut and partly taken from water. The aim 
of this procedure* is to state from which of these dishes 
the sand is removed. When the lower dish without ground will 
be taken out then the depth of plunge of this dish should 
be noted. 

These measurements are performed with sand of various 
fractions. Thus the action of waves of various intensity 
on the movement of different particles of sediment is determi- 
ned. By these measurements also the depth of the wave action 
of various intensity may be defined. 

The bottom bathometer of Bozich-Guriew /fig.5/ consists 
of following main parts: a/ round metallic bedplate A with 
sharp borders} the thin layer of sand is pasted to the 
upper surface of the bedplate, b/ cylindrical cap B, which 
is fastened to the short tube with valves C, c/ compass which 
may be moved along the rod but may not be turned around, d/ 
the raising cap velocity regulator, e/ vertical metallic 
tube D, which is screwed up under bedplate of bathometer 
which serves to take the ground samples. 

The construction this bathometer enables to load the 
bed sediment from all sides of the bathometer bedplate. 
This is important, because the diredtion of the sediment 
movement may be different as the direction of waves. 

This bathometer serves to determine: 
a/ the quantity of transported sediment in a time unit, 
b/ main direction of the sediment movement, 
c/ average velocity of the sediment movement, 
d/ average thickness of the sediment layer. 
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The approximate measurements of sediment were perfor- 
med in various places in bottom by testing ditches. The filling 
of these ditches depends on intensity of sediment movement. 

Approximate quantities of sediment were determined also 
by means of testing walls, which were built perpendicularly to 
the principal direction of the sediment movement. 

The measured profiles serve vto compare the sediment trans 
port in time of the action of waves of various intensity 
direction etc. 

INSTRUMENTS OF SEDIMENT MEASUREMENT IN THE LABORATORY. 

The various instruments were used in laboratory to 
the investigation of dynamics of% suspended and ditritus 
sediment, to the observation of dynamics of separate partic- 
les of bed and detritus load, and to the examination of move- 
ment of near-bottora sediment. 

Fixation of the dynamics of suspended and detritus 
load was performed by means of water sound of Bozieh. This 
device enables the sampling of water with suspended and 
detritus particles in every time and in every place. 

The quick sampling is necessary because the velocity of 
water fluctuation is large and the role of various phases 
of the wave action /e.g. crest and hollow/ must be fixed. 

The time, of sampling of water hesitates from 0, 015 
to 0, 20 sec including the time of opening and of closing 
of sound. The device gives the possibility also of sampling 
of detritus load without the artificial raising of small par- 
ticles which are on bottom. 

The water sSund /fig.6/ consists of following main 
parts: a/ cylindrical dish A with hermetic cap B, b/ vertical 
rod C with arm D above, and with buckler E below, c/ arrange- 
ment F to regulation of height opening of buckler, d/ tri- 
pod, e/ little pumping uhi£. 

The cylindrical dish A has inside a guide rod I and 
guide ring K. The end of vertical rod C has the treading on 
which may move a piston L. ThS/s- piston is connected with guide 
rod I, the pisfon L moves along the dish A if the rod C 
is turned. 

The buckler E is fastened stationary to the rod C. This 
buckler is immovable, when the rod C is turned^ but the 
piston L moves if the rod C is moved along the dish A. 

The sampling of this sound consists of the following 
operations: 
a/ putting of piston L, by revolution of arm D, in this 
position which allows to take the water samples of the necessa- 
ry capacity, 
b/ putting of regulator F in this position which insures the 
necessary opening device, 
c/ closing of dish A from below by means of buckler E, 
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d/ decrease of air pressure 0,3 -0,5 atmosphere, 
e/ closing of tap G, 
f/ putting of lower end of water sound in place of sampling, 
g/ quick opening of device by means of arm D. 

The water penetrates from below to the dish A, 
because the air pressure there small. 

The dynamics of the separate particles of sediment 
was investigated by means of conventional large particles 
of soil and by means of floaters. As conventional particles 
were used: aniline drops, pea stones, small balls of plas- 
ter etc. 

Intensity of the transference of bed load was exami- 
ned by means of the survey of bottom profiles loefor and 
after the investigation 
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NOTATIONS ET SYMBOLES 

excursion theorique d'uns particule du fluids sain situee 
pres du fond. 

parametre oaraoteristlque de la houle CL » ?£• 

parametre oaraoteristlque de la houle 6  - -£— • 

diametre des partioules. 

deml-dlstanoe entre axa des rides* 

demi-amplitude de la houle. 

demi-loagueur d'onde de la houle. 

pression. 

partis variable de la pression. 

demi-periode la houle. 

temps. 

yitesse horizontals. 

Vitesse "i^"*"» dans le fluids. 

Vitesse theorique maximum pres du fond. 

Vitesse theorique maximum a la frontiers de la oouehe limlte. 

Vitesse a la frontiers de la oouehe limits. 

Vitesse verticals. 

Vitesse de chute. 

epaisseur de la couohe limits. 

valeur redulte de S. !.</£* 
: valeur theorique earacteristique de 1'epaisseur de la couohe' 
limlte. 

$^S^P 
i dimension de la rugosity. 

: coefficient de viseosite oinematique. 

! viseosite relative. 

: densite dea materiaux. 

: densite du fluids. 

: demi-amplihde de la ride. 

: force de frottement. 

: parametre sans dimension t 
h'Aa* "    E— (parametre oaraotdriatique de la stability de la 

ff- oouehe limlte et de la formation des rides). V 

'#•*# parametre earacteristique   du mouvement en masse 
du sable). 

(1) II imports de bien noter queay a les dimensions d'une longueur, alors 
que et a les dimensions de 1'inverse d'uns longueur. 
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IMRODUCTIOU 

Hous exposerons dans cet article, les resultats 
d'experiences que nous avons obtenues, relativement aux mouvemen- 

des materiaux de fond sous 1'action des houles progressives, et 
nous tenterons de fournir des schemas d'explication des differen- 
ph^nomenes observes. 

Certains aspects des mouvements. de materiaux sous 
1*action des houles, n© peuvent s'expliquer que par 1*extension 
de certains phenomenes hydrauliques lies a. la propagation des 
houles progressives : repartition des courants d'entrainement, 
effet de viscosite des fluides, developpement de la eouche-limit* 
pres du fond, etc .... 

Hous nous bornerons d'ailleurs dans cette etude, a la 
description des mouvements de materiaux, qui dependent directemer 
des caracteristiques hydrauliques du mouvement du fluide, et plus 
.particulierement des caracteristiques de la couche limite, mais 
nous ne nous attacherons pas a, 1* etude de 1'influence des carac- 
teres geologiques ou sedimentologiqu.es du materiau sur le compor- 
tement de ce dernier, l'etude detaill^e de ces phenomenes sortani 
du cadre de cette etude. 

Sans exposer de facon complete et rigoureuse les phenc 
menes hydrauliques, il nous a semble" utile, pour la comprdhensior 
du texte, d'indiquersommairement certains aspects shhematiques d€ 
ces phenomenes. £es lecteurs desirant approfondir ces questions 
pourront se reporter aux ouvrages citds en bibliographie -(6) (7) 
pour les courants d'entrainement, (5) et (4) pour les phenomenes 
de couche limite. 

a) Ie3 courants d'entrainement. 

Diffe*rents auteurs, et en particulier H. HICHE, dans un 
article paru aux Aonales des Ponts et Chaussees en 1942, ont mont 
que les mouvements periodiques progressifs d'un fluide - (houle) 
n'etaient definis par les conditions aux limites, qu*a un paramet 
pres : la distribution du rotationnel le long d*une verticale. II 
en resulte done qu'il exists une simple infinite de houles de 
caracteristiques donnees. Physi.quement ces differences houles se 
distinguent par la distribution des courants moyens d * entrainemen 
dans l'epaisseur de la lame d''eau. 

En pratique, les houles naturelles, comme les houles de 
laboratoire, pr^sentent en 1'absence de phinomene perturbateur 
(action du vent, courant marin, etc..) une distribution caracte- 
ristique de ces courants d'entrainement, signals' en particulier p 
de Coligny et Ionguet lleggins x 

- en surface et pres du fond le courant d'entrainement est dirige 
dans le sens de propagation de la houle, 
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- au centre de la lame d 'eau,  le courant d'entrainement est dirig< 
dans le sens contraire de propagation de la houle. 

Une houle theorique r^pondant a ces caracterist: 
ques peut done §tre determined par extension des resultats de 
H. MICHE, en introduisant une double distribution de rotationnel 
l'une traduisant l1influence des effets de surface, l'autre tra- 
duisant 1'influence des effets de fond. 

figure ci-dessous 
On obtient alors le r^sultat schematise sur la 

DISTRIBUTION   DES   VITCSSCS    D' BNTMINCMENT 
DANS  UN MOUVCMeNT DC MOULt A£M00/0i/£*AOff/l£SS/l<'£ 

Stnt dtmmdtttlo* dt taAooU ^ 

w/t////////ftw7fr;/>/////t///////W,/wtwt//rrJ9///// 
ij Court* des vittst* d'tntrmin*m*nl   dtMs  * tut PtftlKAortno/   d» st/rfiteo. 

JT) Court*  dot v/t*—oa d'antrmtnomoni duts 4 on rotmtionnot   «* fond. 

Ml Court*, eomposdt  *n mecord »•»« its oknrvmifons. 
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b) Influence de la viscosite - Oouche-limite. 

Bu point de vue theorique, 1'introduction de ces rota- 
tionnels traduit 1*influence de la viscosite du fluide, influence pa 
culierement sensible paes des interfaces superieure et inferieure. 

En fait, les manifestations de la viscosite pres du 
fond - interface inferieure - sont particulierement importantes, et 
donnent lieu a 1»existence d'une "couche-limite", dont 1»importance 
est fondamentale dans le mouvement du fluide, Nous avons 3tudie les 
differents aspects de la couche-limite : couche limite laminaire, 
couche limite turbulente, couche limite partiellement turbulente, ai 
que les conditions de stabilite et l1influence de la couche limite s 
le mouvement du fluide superieur (fluide sain). 

Nous indiquerons rapideraent certaines caracteristiques 
des couches limites des houles en fonds fixes, ces resultats pe^mett 
de mieux comprendre les interactions entre le fluide et les materiau 
lors de l'<§tude des mouvements de raateriaux de fond sous l1action de 
houles. 

c) Oouche limite laminaire* 

Taut que 1'amplitude des houles ne depasse pas une cer 
taine valeur critique, on observe des,couches limites pres du fond 
parfaitement laminaires. II est aise de mettre en evidence, dans ce 
domain©, la couche limite laminaire, par la methode colorimetrique, 
car celle-ei est tres nettement differentiable du fluide situe hors 
de son domaine par sa ;. color'., at ion intense et surtout par la Vitesse 
moyenne d'entrainement qufelle presente tres superieure a la vitesse 
d'entrainement du fluide sain a la frontiere de la couche limite. 

En effet, la particularity essentielle des couches lira 
laminaires consiste dans 1'existence d'une vitesse d'entrainement 
moyen dans le sens de propagation de la houle correspondant a un de"b 
de fluide relativement important dans la zone situee pres du fond. 
Cette partL cularite qui permet de mettre nettement en Evidence la 
couche limite, au cours des experiences, ne peut s'expliquer par les 
theories classiques de la houle. Elle est etroitement liee a la man! 
festation des forces de viscosite dans la couche limite. 

Iorsque l'on observe attentivement la couche limite d* 
houle cylindrique de laboratoire, on observe en plus de ce debit moy 
une " respiration" de la couche limite correspondant a une variation 
d'epaisseur au cours du temps. Enfin, d*une fagon tres generale, au 
cours du mouvement re tour des particules du fluide, on observe egale 
ment un decollement caracteristiques de la couche limite. 

d) Couche limite turbulente. 

Iorsque 1*amplitude de la houle e3t suffisamment 6lev6 
et Iorsque la rugosite du fond est suffisamment forte, la couche 
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limite est instable et 1*observation colorimgtrique met en. evidence 
une emission particulierement active de turbulence pres du fond. 
II s*agit alors d'une couche limite turbulente dont les mouvements 
moyens d'entrainement sont beaucoup moins importants que ceux obser- 
ves au cours de 1*etude des couches limites laminaires et fortement 
aleatoires, pouvant d'ailleurs £tre diriges, soit dans le sens de 
propagation de la houle,  soit dans le sens contraire. 

L1 emission de turbulence provenant de l'instabil. 
te du mouvement,  par suite de l1action de la viscosite dans la zone 
ou se developpe la couche limite,  se traduit par une contamination 
du fluide sain qui devient progressivement egalement turbulent sur 
une hauteur importante. 

Hous avons etudie ces divers phenomenes et donn 
des valeurs pratiques de leur domaine d'existence. 

e) Oouche limite partiellement turbulente. 

Avant d'observer une couche limite totalement 
turbulente, on peut observer des couches limites presentant des 
phases sporadiques d'instabilite  (emission de bouffees turbulentes) 
tandis que le mouvement dans son ensemble comporte les caracteris- 
tiques d'une couche limite laminaire  (mouvement moyen dans le sens 
de la propagation de la houle, decollement, hauteur variable au cou 
d'une periode de mouvement).  II semble que ce phenomene ne constitu 
pas uniquement un phenomene de transition entre la couche limite 
laminaire et la couche  limite turbulente mais qu'il depend,  non 
seulement des conditions de stability pres du fond, mais egalement 
de 1*influence du mouvement general du fluide sur la s tabilite de 1 
couche limite. 

Nous abordons ici un caractere particulier des 
couches limites des mouvements a deplacement moyen negligeable pour 
lesquelles 1'influence du mouvement du fluide sain semble aussi 
importante sur la couche limite que l1influence du fond. Dans le ca 
particulier des houles,  de nombreux phenomenes exigent,  pour pouvoi 
§tre compris,  de ne pas perdre de vue que le mouvement orbitaire 
caracteristique de la houle qui correspond a un    mouvement particu- 
lierement stable par suite de la faible consommation d'energie dans 
le fluide sain comporte une certaine "rigidite" qui impose son in- 
fluence sur les mouvements de la couche limite d'une facon compara- 
ble a 1*influence de la paroi. 

f) Influence de la couche limite sur le mouvement du fluide sain. 

Si le fluide sain exerce une influence importante 
sur le de^oppement de la couche limite, reciproquement le mouvemen 
de celui-ci ne peut pas Stre etudie separement'de celui de la couch 
limite. llous avons deja dit que dans le cas d'une couche limite tot 
lement turbulente, 1'existence de celle-ci entrainait une Emission 
continue de turbulence dans la zone du mouvement du fluide sain, 
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c'est-a-dire dans la zone du mouvement ou la viscosity du fluide 
ne constitae pas un facteur d'emission de turbulence, mais consti- 
tue au contraire, un facteur drevolution de la turbulence. 

Juaqu*a. present nous avons admis - en particulier 
en ce qui concerne les phinomenes de couche limite - que les fonds 
(Staient imrariaW.es; (fonds flares). Mais si les fonds sont constitue 
de materiaux mobiles les interactions entre le fluide et les mate- 
riaux de fond modifient sensiblement 1'aspect de l'ecoulement. 

Reciproquememt, 1'action du fluide sur les mate- 
riaux constitutifs du fond, provoque dans certaines conditions, 
,  la mise en mouvement de eeux-ci. Les mouvements du fluide pres 
du fond, et ceux des materiaux de fond, reagissent alors les uns 
sur les autres, et les phenomenes sddimentologiques et hydrauliques 
deviennent alors indissolableiBent lies. 

Hfous exposerons successivement les mouvement sous 
1»action de la houle dies materiaux pulv^rulenta du type sable, 
c'est-a-dire formds d*un ensemble de grains ne pnSsentant pas de 
cohesion entre eux, puis les mouvements de materiaux du -type vase 
c'est-a-dire formant une phase fluide homogene posse"dant une cer- 
taine cohesion et distincte du fluide dans lequel se propane la 
houle. to 

JL - MQgVBMEmBaiBS MAIBRIAUX PULVERULENTS 

I - BTUDB8 BJ3CENIES CONCEBNANI LBS HQUVEtfEHTS DE i-IAIBRIAUX 
SOUS L'ACTION DE LA HOULE.- 

De nombreux ouvrages ont ete publics, qui traitent 
du mouvement et du transport des iiateriaux - et en particulier des 
sables - sous 1*action de la houle. La majorite de ces etudes con- 
cerne essentiellement le transport littoral ou les transports 
provoques par dea courants (rip-currents, courants de fond, courant: 
de masse); d'autres donnent des renseignements fragmentaires sur le 
profil d'equilibre des plages de sable sous 1'action moyenne de la 
houle. L*ensemble de ces etudes reprdsente une documentation extrS- 
mement interessat\te; mais rares sont les auteurs qui se sont preocci 
pes du mouvement des materiaux provoques, en eau profonde ou moyenn 
ment profonde, par l'action drune houle cylindrique sur le fond; 
quant a la correlation existant entre les mouvements de materiaux 
et les phinomenes de couche limite, elle n'est qu'effleuree lorsqu*. 
en est question. 
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Trois etudes meritent toutefois une mention speciale 
par le sujet qu"elles traitent et les resultats recents qu'elles 
apportent. 

a) Etude de M. LARRAS sur l'effet de la houle et du clapo- 
tis sur les fonds de sable, presentee aux IVes Journees de 1'Hydra 
lique,  1956 (2). 

L»etude de 1-1. LARRAS a essentiellement porte sur les 
limites inferieures d'erosion alternative des fonds de sable sous 
1'action d'un clapotis. le critere adopte" par M. LAURAS pour 
definir le seuil d»erosion des sables correspond, non aux mouve- 
ments des grains en surface, mais essentiellement a 1'apparition 
d'une Erosion periodique sur le fond, du type ride, pouvant d'ail- 
leurs ne s'effectuer qu*au bout d'un temps relativement long. Les 
etudes de M. LARRAS ont, d'autre part, permis de determiner les 
profondeurs maxima d'erosion sous l'influence d'un clapotis. 
Quelques essais ont egalement ete* realises, en ce qui concerne 
1'action des houles pures sur les fonds de sable. Nous nous servi- 
rons des resultats obtenus par cet auteur au cours de nos etudes, 

b) Oommunioation    de I'M. VINCENT et BUELLAN au Oomite 
Technique de la S.H.F. en Juin 1957, intitulee Mouvement solides 
prbvoques par la houle sur un fond horizontal (15)• 

Les essais effectues par MH. VINCENT et RUELLAN au Labc 
ratoire hydraulique de la S.O.G.R.E.H.A. etaient,  en certains 
points, oomparables,  dans leur but, a. ceux que nous avons effectue 
au Laboratoire Central d'Hydraulique de Prance. Ils ont distingue 
trois formes de mouvements de sable  : mouvement de grains en surfs 
ce,  formation des rides, mise en saltation. Ces auteurs se sont 
particuliement attaches a determiner,  dans la mesure du possible, 
les debits qui pouvaient §tre provoques par 1'action de la houle 

sur des fonds de sable. Si,  dans lfensemble, leurs resultats 
d1experiences sont comparables aux n6tres, ces auteurs n'ont pas 
donne dfexplication en ce qui concerne les processus fondamentaux 
de formation des rides; ils ont, d'autre part, attribue aux courar 
de masse, le transport des sables pres du fond, alors que celui-c: 
doit Stre relie directement a la Vitesse moyenne,  qui se developpe 
dans une couche limite laminaire, ou partiellement turbulente, 
phenomene- qui constitue une loi generale independamment des condi- 
tions aux limites. 

c) Etude de II. KADHAV lIAN0HAR(5l publiee dans le Beach 
Erosion Board, n° 75, 1955. 

Cette dtude est particulierement interessante car lfau- 
teur se proposait d*etudier le mecanisme du mouvement des sedimeni 
sur le fond,  sous 1'action des vagues, en les reliant directement 
aux phenomenes de couche limite. En fait,  cette etude fut le tm,in 
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(U.S.A.). Ce dernier avait effectue" une Stude purement hydraulique, 
et M. MADHAV MAFCHAR a utilise la m§me methode pour etudier le 
mouvement des sediments de fonds (sable) sous l'action de la houle, 
Rappelons que cette etude, dans le but de couvrir un domaine com- 
prenant, en particulier, les houles replies, avait consiste a fair* 
osciller le fond du canal d*es3ais, dont la masse d'eau restait imx 
bile; le materiau mobile, deSpose sur le fond, oscillait avec celui- 
cio 

L'auteur recjonnait lui-mSme que les resultats obte- 
nus concernant les mouvements de materiau, sont sujets a de nom- 
breuses reserves, par suite des effets de vagu.es stationnaires et 
courants secondaires, qui pouvaient Stre engendres    par la paroi. 
D'autre part,  les reserves qui doivent Stre formulees, au sujet de 
l'dtude hydraulique effeature dans les me'mes conditions, sont a 
fortiori valables pour 1*etude sedimentologique  s la masse d'eau 
restant immobile,  1'oscillation du fond est d'autant moins justi- 
fiable dans ce cas,  qu'il s'ajoute une force d'inertie des grains 
non negligeable,   et le mouvement ainsi represents  est pdriodique 
en fonction du tewp3, mais non point en fonction du parcours des 
molecules. 

Malgre" ces restrictions, les etudes de M. MADHAV 
KANCKAR sont particulierement int£ressante3, car elles font apparaj 
tre la possibility de mouvements dont les processus sont tout a fad 
differents, suivant 1* amplitude des mouvements envisages sur le for 

1. Mouvements isoles des grains; 

2. Formation des rides; 

5. Disparition des rides et mise en saltation des grains. 

la partie de nos e*tudes, qui concernait les rnate'ria 
de faible densite, a mis en evidence les m&maa etapes, mais nous 
n'avons pu retrouver, avec les houles de laboratoires, la troisieme 
etape "disparition des rides et mise en saltation", pour des matS- 
riaux de densite" superieure a 2. 

Etant donne qu'il est certain qu'una telle mise en 
saltation s'effectue dans la nature pour les houles de tempStes, 
il est particulierement inteSressant qu'au cours de ses essais 
H. MADHAV MAIOHAR ait pu realiser ce phenomene. 

Ces resultats pemettent en fait, d'extrapoler dans 
une large mesure les resultats de nos experiences. 

D'autre partj M. MADHAV MAN CHAR a constate qjxe I1 appa- 
rition d'un mouvement totalement turbulent du fluide, au-dessus- des 
materiaux, avait lieu lorsque les grains etaient mobiles, bien plus 
fSes^6 l0rS d6S ®tudes de W* m0U Li» effectuees avec des rugosity 
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Ge resultat est a rapprocher des conclusions auxquelle; 
nous avons about i,  au cours de cette etude,   ooncemant la otabilits 
i-elativement grande de l'ecoulement au-dessus  des rides,  et 1'exis- 
tence de couclie linite a oaractiristiques laminaires  lors de la 
nise en suspension du material! dans la ma^se. 

II - OBSERVATIONS xiPPECTUEBS  SUR LBS LOUV^JSHTS DE 
LIATMilAUX PULVERULENT3 . 

1°) Condition de realisation des essais.- 

Les essais relatifs aux niouvenents de materiaux ont et 
realises dans le grand canal vitre du Laboratoire Central d'Hydrau 
lique de Prance. 

a)  Caracteristiques des materiaux utilises. 

Les Etudes ont porte sur sept materiaux differents, do 
les  caracteristiques physiques figurent dans le tableau ci-dessous 

Une etude complete a fete faite pour les quatre premier 
materiaux,     different soit par la densite,  soit par la granulometr 

MATERIAU UTILISE 

Bakelite    

Sable de Seine  ........ 

Sable de Pontainebleau 

Soufre     

DEH3ITE 

1,45 
JL,45 
2,60 
2,60 

2,60 

1,88 
it 

DIAJflSIBB 
moyen. 

"0,075 cm 
P,028 cm 
'0,075 om 
£>,028 cm 

0,018 cm 

0,075 cm 
0,028 cm 

VITESSE 
chute 

moyerme 

(3,6cn/s 
II, 4cm/s 
"9 cm/s 
5,9cm/s i 
4,lcm/S 

7,7cm/s 
2,8cm/s 

b)Caractdristiques des houles. 

la houle reproduite dans le canal avait une longueur 
d'onde variant de 1 a 8m. Les experiences furent reprises pour tro 
hauteurs d'eau differentes:  30,  40 et  50 cm. La cambrure s«echelon 
nait de 0,25 a 6t6 '/«,   la houledevenant ensuite rapidement irregulie 
Quelques essais supplementaires ont ete realises avec 20 cm d'eau 

Saria^de0!1!^ |.L = 4 * PU±S 2 L = 6 m*tres»  et de« cambrures 
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c) Mode operatoire. 

Le material, etait etendu sur une coucJie de ; 
de long, 10 cm. de large et 2 cm. de hauteur. Avant chaque essai, la 
surface de la couche limito etait rendue parfaitement plans. Pour chs 
essai, on laissait-agir la houle pendant une demi-heure environ. 

2°) Description des phenomenes observes. 

Les differents mouvements de materiaux, qui 
developpement sous 1*action d'un mouvement progressif periodique cylj 
drique du fluide situe au-dessus du materiau, peuvent rev§tir trois i 
differentes : 

- deplacement en surface d'un nombre limits de grains; 

- formation de rides regulieres, avec ou sans deplacement, et evoluti 
de ces rides; 

- mise en saltation d'une quantity importante de materiaux, avec ddpl 
ment en masse decelui-ci. 

a) i'buvement en surface* 

Du point de vue experimental, il faut distin 
le mouvement a la surface d'un fond rigide de quelques grains isoles 
materiaux et le mouvement en surface d'un massif pulverulent relative 
homogene. 

Les grains isoles de materiaux, a la surface 
fond rigide (fond de cxment du canal experimental), sont animes d'un 
vement de va-et-vient, par roulement ou saltation sur lo fond, et cec 
poursJes amplitudes de houles relativement faibles. eur mouvement al 
est, toutefois, plus important que leur mouvement retour, de sorte qu 
sont animes d'un mouvement moyen, dans le sens de propagation de la h 
comparable au mouvement moyen de la couche limifce. 

L'etude des conditions critiques de mise en m 
vement des grains dsoles, n'a pas sembl.e' devoir conduire a des rdsultat 
pratiques interessants, par suite des facteurs tres diversifies inter 
nant dans le processus (coefficient de forme, rugosifce, stability du 
mouvement, dimensions des grains, etc..) 

Le mouvement de grains a. la surface d'un massi 
pulverulent relativement homogene s'observe pour des houles de faible; 
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amplitudes. Leur mouvement visualise, en quelque sorte, celui des 
particules du fluide pres du fonds mouvement alternatif, avec 
resultante moyenne dans le sens de propagation de la houle. Oe 
mouvement en surface des grains cesse, en general, au bout d'un 
certain temps, soit par elimination de ces grains en dehors du 
massif pulverulent, et l'on observe alors une progression de ces 
grains sur le fond rigide du canal, soit par suite de 1'incorpo- 
ration des grains dans le massif Iiomogene, les grains s'enclievg- 
trant les uns dans les autres. 

Pour certaines houles d'amplitude assez faible, 
on observe, en debut d'experience, un lyger mouvement en surface, 
qui disparait au bout d'un certain temps; les grains s'etant cales 
les uns colitre les autres, il n'y a plus d*oscillations, m§me sur 
place » 

Le mouvement en surface, pour le sable, c'est-a- 
dire pour un materiau pulverulent de forte densite, n'est que 
rarement observe. En general, des qu'il y a mouvement, des rides 
se forment. 

Pour des caracteristiques de houles correspondant 
a la limibe de la formation des rides, on peut toutefois observer 
des mouvements de grains s'apparentant a un mouvement en surface, 
mais intiressant une quantite plus importante de materiau. Oes 
mouvements, a. I1 oppose* de ceux des grains isoles, semblent dependre 
etroitement des perturbations apportees par le decollement de la 
couche limite permettant Inspiration des grains a. la couche de 
materiau. 

b) formation des rides. 

Suivant un processus que nous analyserons ci-dessouc 
des que le mouvement en surface devient relativement important, 
on observe, a la surface du massif pulverulent, la naissance de 
rides regulieres. 

L'existence de rides stables constitue en general, 
la preuve d'un equilibre dynamique, accompagne de formation de 
tourbillons enis a, des intervalles de temps egaux a la periode de 
la houle, et entralnant la raise en suspension d'une partie du 
materiau. 

On observe des projections de materiau, qui entrai- 
nent la formation reguliere des rides et la generation* rides 
nouvelles. Correlativement, se developpe une turbulence partielle 
de la couche limite, qui propage la formation des rides par la houl 

Oes rides peuvent Stre animees de mouvements de tran 
lation moyens non negligeables, en general diriges dans le sens 
de propagation de la houle. 
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Dans une zone de rupture de pente, on observe assez 
frequemment le cheminement, dans le sens oppose a, la propagation 
de la houle, des trains de rides. II s'agit alors d'un processus 
relativeinent complexe lie a I1evolution de la couche limite, qui 
tend a retablir la continuite du mouvement. En introduisant" une 
source colorante au sein du massif pulverulent, on observe, dans 
le cas du recul des rides, les phenomones suivants : 

- il se forme une trainee ooloree se dirigeant dans le sens de 
propagation de la houle, sur une epaisseur de l'ordre de 2mm; 

- au-dessus de cette zone marginale, situee a la limite superieun 
du massif pulverulent, existe une zone, dont la resultante du 
mouvement moyen est dirigee en sens inverse, d1epaisseur moyenne 
de l'ordre de 5mm environ; 

- une diffusion, plus prolongee du permanganate, met en evidence 
la composante du courant de masse du fluide dans le sens de propa- 
gation de la houle. 

c) I'louvement en masse. 

Une houle de forte amplitude agJLt en profondeur sur : 
couche de materiau, et met ainsi la couche e'n suspension sur une 
epaisseur importante. Le grain individualist est alors entraine 
rapidement dans le sens de propagation de la houle. Le processus 
s'explique par l'action, en profondeur, dans le massif pulverulen" 
du gradient de pression du a la houle. II semble, en effet, que 
la mise en suspension soit le resultat des differences de pressioi 
existant entre les faces horizontales opposees de chaque grain. 

Dans le cas de bakelite, dont le diametre moyen des 
grains est de 0,28mm ceu*ci se regroupent toujours pendant la phas 
retour du mouvement de la houle, en donnant 1'impression de rides, 
m§me lorsqu'il y a mouvement de toute la couche. Avec ce materiau, 
pour certaines caract'iristiques de houles, au debut de lteperience 
la couche est nise en suspension sur toute son epaisseur, puis, 
-lorsque son epaisseur est reduite par la houle a 0,5cm environ, 
il se forme, sur les 0,5 cm de materiau restant, des rides rigulie 
progresLsant lentement vers la plage d'amortissement, suivant le 
processus dicrit procedemment. 

Tant que la couche est assez epaisse pour qu'il y ait 
projection, elle s'dtend a l'arriere, bien que l1ensemble ait un 
mouvement de translation vers la plage. Des qu'il n'y  a plus pro- 
jection, tout le materiau remonte vers la Plage. 

En haut de la penbe, on a quelquefois observe la for- 
mation de ride3 a l'arriere de la couche et un depart en masse a 
l'avanfc, mais ce cas est exceptionnel. 
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Ces observations ne sont pas contradictoires, 
mais mettent en evidence les differences fondamentales du processus 
qui regit les dxvers phenomenes. La formation des rides est un 
phenomene de stabilisation de l'ecoulement, par formation periodiqu 
de tourbillons, tandis que la mise en saltation depend essentielle- 
ment du gradient de pression existant dans la couche de materiau 
pulverulent. 

Ill - FORMATION DBS RIDES. 

1°)  HAISSAHCB ET PROCESSUS DE FORMATION DES RIDES (Schema l). 

Pour que les caract<Sristiques de la houle envisa- 
ged soient compatibles avec l1existence de rides, il est necessaire 
que le nombre de grains mis en mouvement a la surface du massif 
pulverulent soit suffisamment important. Pendant la p£riode au coua 
de laquelle naissent les rides, et qui correspond a un regime trans 
toire dans le cadre du developpement de 1*experience, les grains 
sont arracb.es au massif d'une facon analogue a, celle produisant 
uniquement les mouvements en surface, c'est-a-dire suivant un 
processus aleatoire. Ges particules solides revelent, neanmoins, 
tres rapidement une tendance a. se rassembler, pour former une 
barre perpendiculaire au sens de propagation des lames (configura- 
tion presentant la stabilite maximum de l'ecoulement). 

La distribution, dans le sens longitudinal du 
canal, de ces barres de tres faibles dimensions, est elle-meme 
absolument aleatoire au debut du mouvement. 

La presence d'une telle barre accentue le decolle- 
ment de la couche limite au droit de cet obstacle, pendant la 
pdriode de deceleration du mouvement retour, et favorise l'arrache- 
ment et la sustentation par aspiration des grains de surface, 
situes a l'amont de la barre. (schema la) 

La mise en saltation de ces grains facilite l'entra: 
nement de ceux-ci au coura du trajet aller des particules fluides. 
Les grains du materiau pulverulent ainsi entrained se deversent 
par-dessus la barre initiale. Gette configuration provoque, tres 
rapidement, le decollement de la couche limite, pendant la periode 
de deceleration du mouvement aller, et favorise alors 1'arrachemenl 
des grains situes a. l'aval de la barre. 

En definitive, 1'obstacle que constitue la barre 
initiale (amorce de rides) tend a intensifier les mouvements de 
grains, en facilitant leur arrachement et leur mise en saltation 
de part et d'autre de celui-ci. ^es dimensions de cette barre 
augmentent en meme temps que raidit son profil, sous le vent de la 
houle. Le decollement simple de la couche limite, qui se produit 
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Sens dfpro/Hfjtioo <k la houle 

@ ® 

24 ••   
© 

Sah4ma    1 

a la fin du trajet aller, fait alors place a un tourbillon qui 
accentue, a. son tour, le creusement au pied aval de la barre. 

Jusqu'a 1*apparition du tourbillon, phenomene 
qui doit se produire assez brutalement, lorsque les conditions 
de l'ecouleiaent au voisinage de la barre le penaettent;, les parti- 
cules issues des faces aiaont et aval de la barre, se deposent, en 
inoyenne, dans des zones bien d^terminees, a. une distance qui depei 
en premier lieu, des caracteristiqu.es de la houle et des vitesses 
de chute des grains de materiau. Ces depSts constituent de nouvei: 
amorces de rides, au voisinage desquelles se developpeat les m§mes 
phenomenes que ceux decrits plus haut. 

Peu apres 1'apparition des tourbillons (un par 
rides) suivie d'une intensification des phenomenes de transfert de 
materiau, la couche presente un profil caracteristique en dents d< 
scie, dont la face la plus raide correspond a la region sous le v« 
de la houle, la face la moins raide etant exposee au vent de la 
houle. (schema 1^) 

La repartition dans le sens longitudinal du cans 
de ces ondulations dissymetriques, n'est toutefois pas definitivej 
en m§me temps que le profil des rides se creusent, leur repartitic 
varie jusqu'a §tre compatible avec l'etablissement d'un equilibre 
dynamique. 
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Le processus, tel que nous l'avons d£crit ci-dessus 
est particulierement net avec les mat^riaux de faible densite, 
que nous avons utilises. la formation de rides sur un lit de sable 
sous 1'action de houles de laboratoire, est cependant plus long 
et moins caracteristique. Le processus est toutefois absolument 
comparable. II se forme tout d'abord des zones privilegiees 
d'arrachement des materiaux de surface, formant des depressions 
localisees. Celles-ci s1approfondissent progressivement et s'alloi 
gent jusqu'a ce que l'on observe jaettement la formation du tour- 
billon caracteristique des rides. L1 allongement du sillon genera- 
teur s'effectue en me*me temps que 1'approfondissement de la partii 
centrale, ce qui explique la forme de croissant, a faible concavi 
tournde dans la direction de propagation de la houle, que l'on 
observe assez souvent. 

2°) EQUILIBRE APPARENT DES RIDES. 

Ainsi que nous l'avons vu, a une periode relative- 
ment breve, au cours de laquelle la surface de la couche de mate"r 
initialement horizontale, se plisse pour presenter un profil en 
dents de scie, succede une periode de pseudo-6quilibre dynamique. 
Le fond continue a &tre le siege de transferts importants de grai. 
cependant que le contour exterieur des rides s emble presenter une 
stability definitive. 

Lorsque cet etat est atteint, 1'ensemble des mouve 
ments des particules du fluide et des particules solides se deve- 
loppe de la fagon suivante : 

0(. Pendant le trajet aller du fluide sain, les forces de frottem 
d^veloppees dans la couche limite provoquent la remontee d'une 
certain* quantity de materiau le long de la face la moins raide 
de la ride qui vient se deverser par-dessus la cr§te de la ride 
sur la faoe/de celle-cij 

aval 
P« Pendant la deceleration du mouvement aller des particules du 
fluide sain au-dessus de la partie aval de la ride, il se forme u 
tourbillon qui constitue l'une des caracteristiques de l'evolutio 
des phenomenes marginaux pres du fond (il importe, pour bien situ 
le probleme, de considerer que le deuxieme phenomene se produit 
avec un certain retard dans le temps, par rapport au premier phe- 
nomene, par suite du deplacement dans l'espace. En effet, lorsque 
l'on parle de tranet aller ou retour, celui-ci depend de la 
variable (bt - axj . Les variations de pression consecutives a la 
formation du tourbillon, assure 1'arrachement des particules soli 
du fond, et leur mise en suspension. De plus, le tourbillon repre 
une partie du materiau deplace" en  ; 

0 . Oe tourbillon evolue et s'eleve au-dessus du niveau de la ri 
entrainant une partie importante des grains de materiau mis en 
suspension; 
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b . Pendant le trajet retour des partidules du fluide sain, le 
tourbillon est entraine, ainsi que les particules en suspension, 
vers l'arriere de la ride, 

L'ensenible du mouvement s'effectue, en definitive, 
au cours d'une periode egale a celle de la houle (2 T). 

Le mouvement pres du fond est alors devenu periodique 
dans le temps, et stationnaire dans l'espace (phenomene analogue 
aux ondes stationnaires du clapotis)'^-) 

3°) EVOLUTION DBS RIDES. 

Alors que le passage de chaque lame continue a sou- 
mettre les particules solides a un regime oscillatoire dissymetriqu 
une observation attentive du comportement des rides revele que 
celles-ci sont 1'objet d'une lente evolution. 

On assiste d'abord a une regression et (ou) a. une 
progression de certaines d'entre elles, jusqu'a obtention d'un etat 
d'equilibre conforme aux rides regulieresde la nature. L'equilibre 
est atteint lorsque le tourbillon se reproduit avec des caracteris- 
tiques fixes, ce qui determine 1'amplitude des rides (2 S") et 
lorsque la quantite de materiau qui est apportee a l'aval de la 
ride est egale a la quantite de materiau ernporteepar suite de la 
niise en saltation sous 1'action du tourbillon: ce qui determine la 
distance entre rides (2d), (schema 1 ) 

La formation d'un tourbillon de sens oppose au tour- 
billon precedeoment decrit, c'est-a-dire un tourbillon se formant 
lors de ladeceleration du mouvement retour des particules s'observi 
lorsque 1'amplitude des rides devient re4ativement importante par 
rapport a, la distance entre les rides. Son intensity est, en genera: 
inferieure a. celle du tourbillon lie au mouvement de retour, mais ii 
joue toutefois un r3le de stabilisateur vis a vis de la ride. En 
particulier, les mouvements deviennent plus symetriques, et la 
resultante du mouvement de la couche limite dans le sens de propa- 
gation de la houle devient negligeable. 

En fait, la formation des rides correspond a une modi- 
fication importante de la couche limite; d'une part les orbites des 
particules liees au fluide ne correspondent plus au mouvement de 
particules represents valablement par les equations du fluide sain 

(l) Cette remarque ne constitue pas qu'une image; elle explique, 
en fait, pourquoi la formation des rides, en presence d'un 

clapotis total ou partiel, est influence par les distances entre 
ventres et noeuds • 
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qu'a une distance au-dessus de la ride au mo ins egale a trois ou 
quatre fois 1'amplitude des rides, et d'autre part, le mouvement 
dans la zone marginale reste periodique en fonction du temps, 
mais n'est plus une fonction periodique de (bt - ax). Eneffet, il 
se forme, pour une suite de valeurs du temps discontinues, et a 
intervalles egaux (p^riodicite dans le temps) des tourbillons en 
certains lieux caracteristiques. Le schema explicatif des phenomenes 
de couche limite devient, de ce fait, beaucoup plus complexe, et 
le schema propose dans le chapitre II n'est plus valable. 

A la stabilite de forme des rides peut se superposer 
un mouvement d'entrainement moyen des particules solides, par suite 
de la predominance soit du glissement des grains le long de la 
surface des rides dans le sens aller, soit du transport dans le sens 
retour par saltation des grainsXe sens du debit solide moyen peut 
done §tre variable suivant les conditions hydrauliques. 

Indiquons que nous avons observe* la progression 
des demiers elements constitutifs d'un train de rides, dans le 
sens oppose au sens de propagation de la houle, dans des zones 
correspondant a des discontinuites du fond (rupture de la pente) • 
L'evolution de 1'ensemble tend a retablir la continuity de la pente 
du fond, et, par consequent, de 1 *ecoulement. 

Si l'on augmente l'amplitude de la houle, on observe 
correiativement une augmentation de l'amplitude des tourbillons, 
puis 1'instability des rides alors formeesj celles-ci disparaissent 
et l'on observe une mise en saltation generale du materiau. 

4°) STABILISE DE L'EOOULBMENT PRBS DU FOND LIEE A L«EXISTENCE DES 
RIDES. 

L"analyse des modes de formation des rides jusqu'a 
1'obtention de l'equilibre dynamique du fond, prouve que le phenomen 
de generation des rides constitute une reaction d* auto-defense du 
materiau, vis-a-vis de l'action de transport de la houle sur le 
fond, ou, ce qui revient au m§me, tend vers un equilibre correspon- 
dant a la consommation minimum d'energie. En effet, les rides se 
forment lorsque le mouvement commence a e*tre suffisamment important 
pour que la Vitesse moyenne de la couche limite ne soit pas negli- 
geable, ce qui correspondrait, une fois les mat^riaux mis en salta- 
tion lors du decollement de la couche limite, a un transport impor- 
tant au sein de cette couche limite. Mais la modification apportee 
a la couche limite, par la generation des tourbillons, enleve a 
celle-ci sa caractdristique de transfert uni-directionnel et retabli 
l'equilibre entre les rides, soit que celles-ci deviennent stables 
par generation de deux tourbillons, soit qu'elles ne progressent 
plus que tres lentement. 
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5°) LIMITS DE STABILITE DES RIDES. 

Une augmentation progressive de 1'amplitude de la 
houle s'accompagne corr^lativement d'une augmentation de la dimensi 
des tourbillons et provoque, par la suite, 1'instability des rides 
alors formees. Oelles-ci disparaissent peu a peu, jusqu'a faire 
place a une mise en saltation generale du matSriau. 

la mise en saltation du materiau, sur une epaisseur 
relativement importante, entralne, pres du fond, un ecoulement dont 
la forme generale se rapproohe de 1'ecoulement d'une couche limite 
partiellement turbulente. En particulier, cette zone marginale 
possede une Vitesse moyenne importante dans le sens de propagation 
de la houle. II semble,mSme que les vitesses moyennes, qui ont 3te 
relev^es dans ce cas, soient d'autant plus dlevdes que 1'epaisseur 
de la zone int£ress£e est plus epaisse. les mesures etaienttoutefoi 
rendues difficiles par la rapidite* du deplacement obtenu dans ce 
cas-la. 

II importe de noter que, tres souvent,les caract^ristiq 
considirees correspondent a une couche limite entierement turbulent 
pour un fond infiniment rigide, alors que la presence de materiau 
conserve les caract^ristiques laminaires de la couche limite, et 
semble introduire une modification des propriety du milieu, com- 
parable, du point de vue hydraulique, a une augmentation tres appr£ 
ciable de la viscosite" du fluide. 

En fait, si nous augmentons encore 1'amplitude du mou- 
vement, nous obtenons un mouvement re*ellement turbulent, qui provoq 
la mise en saltation locale tres intense, mais pour laquelle la 
resultante du transport moyen dans le s ens de la houle est beaucoup 
plus faible. 

6°) RELATION EHTRE LES CARACIERISTIQUES DES RIDES ET LES CARACTERIS 
TIQUES DE LA HOULE.- 

Revenons en arriere, et consid^rons une houle dont les 
caractfSristiques sont compatibles avec 1*existence d'un train de 
rides stables. 

» 

Le processus de formation des rides, ci-dessus decrit, 
exige que la distance entre rides soit inferieure a I1excursion 
totale des molecules au-dessus des rides lorsque ces rides correspo 
dent a un equilibre, que ce soit un equilibre dynamique ou statique 
(avec ou sans deplacement des rides, dans le sens de propagation de 
la houle). 

Ainsi que nous l'avons indique" precedemment, la distanc 
entre rides est essentiellement d^terminee par la capacite de trans 
port par le fluide des mat^riaux, prealablement mis en saltation, 
par le tourbillon qui se ddv^loppe devant la face aval de la ride, 
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mat^riaus qui se deposent sur la crSte de l'autre ride au cours 
du trajet de re-four des molecules. 

Btant donne"  qu'une partie du trajet de retour est 
mScessaire pour Involution du tourbillon, on peut ecrire,  en 
appelant    r    la distance n^cessaire a Involution du tourbillon; 

k d + r = (SLr 

k etant une fraction simple ddfinissant le nombre de rides exis- 
tant pour une longueur d"* excursion. 

En admettant que la longueur r necessaire soit 
proportionnelle a 1'amplitude 2 de la ride, on peut ecrire 
1'equation ci-dessus sous la forme : 

1) CLj  = kd + *S~ (1) 

(X ne dependant que des caractdristiques du materiau. 

1 

E 
u 

15 
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5 
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(1) Dan.3, cette^formule,  le terme essentiel est k d,  car d est en 
£••fal \a 10 fois plus ^and que £ ;c*S\ioit itre considere 
comme un terme correctif. 



COASTAL ENGINEERING 

Hous avons trace la courbe (2), qui justifie rela 
vement biences considerations theoriques, en posant 0< = 1 pour 
des grains de diametre moyen <Sgal a 0,28mm, et c* = 2 pour des 
grains de diametre moyen <3gal a 0,75 mm. 

Sous les essais represented sur cette courbe ont 
ete" effectu^s en utilisant un materiau de faible densite: 1,45, la 
density relative £tant egale a 0,45. L'utilisation d'un materiau 
defaible densite a pour avantage de mieux mettre en evidence le 
processus hydraulique seul, les forces d'inertie pouvant alors 
§tre negligees, et la vitesse de chute des grains etant du meme 
ordre de grandeur que la vitesse verticale des molecules du fluide 

Pour ce materiau, nos experitnees correspondaient 
a des valeurs de k » 1, 2, 3 et 3/2, c'est-a-dire a la formation 
de une, deux, ou trois rides par longueur d'excursion, ou, dans 
certains cas, de trois rides pour deux longueurs d*excursions. II 
rdsulte de ces considerations que les conditions de l'^coulement 
au-dessus des rides, conditions li£es directement a, la stability 
du tourbillon, constituent le facteur essentiel determinant la 
longueur des rides. Les caracteristiques du materiau ont une influ 
ence plus directe sur les conditions limites de formation des ride 
et sur la duree necessaire pour atteindre vat  systeme stable de rid 
ainsi que sur la profondeur des rides. 

Rappelons d'ailleurs a ce propos, que H. LARRAS(l5) 
avait trouvd, au cours de ses essais, le resultat inattendu suivan 
la limite d*erosion, de part et d'autre d'un obstacle, au bout d'u 
temps pratiquement infini, ne depend, toutes choses e*gales par 
ailleurs, que?la density des materlaux remaps, a 1'exclusion pra- 
tiquement de leur diametre moyen et de leur courbe granulom^trique 

II y a la un resultat tres int^ressant et qui peut 
s'expliquer en conside*rant la formation des tourbillons, comme le 
phdnomene essentiel de l'^rosion. la profondeur limite d'erosion 
est celle a laquelle pour les caracteristiques donne*es du mouvemen' 
la turbulence engendrie par les tourbillons ainsi Gv66a  est suff i- 
sante pour soulever un matdriau, de densite donn£e. On concoit que 
dans une certaine mesure la granulometrie du materiau n'influence 
pas la profondeur limite d'erosion (qui esttoujours la m§me) mais 
influence directement le temps necessaire pour obtenir cette 
profondeur limite. 

IV - CRITEKB DE FORMATION DES RIDES. 

Ainsi que le fait remarquer M. l'Ingenieur en Ghef 
des Ponts et Ohaussees MRRAS, les mouvements'de grains en surface 
ne correspondent pas a un phenomene caract^ristique du mouvement 
mais dependent essentiellement de la compacite des grains a la ' 

230 



MOUVEMENTS DES MATERIAUX DE FOND SOUS L'ACTION DE LA HOULE 

surface du fond. II ne semble done pas possible de donner une loi 
correspondant au debut de l'entralnement en surface, sous 1*action 
de la houle. II faut toutefois noter que e'eat la un processus 
qu:j/peut effectivement exister et donner lieu a certains trans- 
ports isoles, parfois non ndgligeables, en particulier lorsque 
les elements deplacds sont de grandes dimensions (superieurs a 
5 cm) * 

Dansses etudes, I-i. LAURAS a choisi comme critere, 
definissant le debut de 1'action Erosive des houles et du clapotis, 
1'amorce de legeres ondulations, du type rides, phenomene carac- 
teristique des effets d'Erosion des houles. 

M. LARRAS a trouve" des resultats extrSmement precis, 
particulierement int^ressants, en ce qui concerne les mouvements 
stationnaires du type clapotis pur, et il semble que, dans ce cas, 
le debut de formation des rides soit un phenomene fort bien ddfini, 
correspondant a des valeurs caracteristiques precises„ 

les essais que nous avons effectues sur la houle ont 
donne" des resultats relativement moins stables que les essais de 
M. LARRAS. En fait, d'apres le processus ci-dessus explique de 
formation des rides, il semble que la ride puisse se produire 
en un endroit lorsque la mise en mouvement des grains en surface 
permet la formation d'unebarre d'epaisseur suffisante pour provo- 
quer, soit un decollement relativement important de la couche 
limite laminaire, assurant ainsi la mise en suspension d'une quan- 
tity de materiaux non negligeable au vent de la barre, soit la 
formation d'un micro-tourbillon amorcant 1'erosion sous le vent 
de la barre. 

On constate que ces phenomenes, de m§me que les 
phdnomenes lids a 1»emission de turbulence partielle, dependent 
beaucoup de parametres aleatoires divers : rugosite" du fond, pente 
du fond, turbulence moyenne de la houle, stability initials du 
mouvement .... Nous avons done cherche* essentiellement a. deter- 
miner un ordre de grandeur des parametres caracteristiques de la 
formation de rides sous l'action de la houle. Dans 1*exploitation 
de nos resultats, nous avons ajoute" ceux provenant des essais 
effectuds par M. LARRAS, qui possedaient, entre autre, l«inter§t 
de concerner des caracteristiques de sediments et de houles sen- 
siblement diffdrentes des nStres. 

RECHERCHE DE PARAMETRES CARACTERISTIQUES. 

Les parametres proposes par M. HADHAV MANOHAR ne nous 
ont pas permis de classer correctement nos resultats d'experience. 
Nous avons done recherche a mettre en evidence d'autres groupements 
de parametres pour caracteriser le ddbut de formation des rides. 
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La formule proposee par H. LARUAS^1), qui s'ecrit: 

semble particulierement bien verifiee dans le cas des clapotis 
(mouvements stationnaires) mais ne semble pas applicable a la for- 
mation de rides sous la houle progressive. Le domaine d*applicatior 
de cette formule semble devoir §tre limite aux phenomenes d'erosior 
sous 1'action de mouvements stationnaires periodiques cylindriques. 

Dans 1*etude des differents groupements de parameti 
que nous avons effecvue's, nous avons cherche a, determiner les poini 
differenciant le domaine de formation des rides et celui des mouve- 
ments en surface, en fonotion d»un parametre de la forme : 

Les meilleurs r^sultats ont £te obtenus pour la 
valeur m = n et c'est, en particulier, ce choix qui nous a permis 
d'obtenir le meilleur regroupement de nos points avec ceux de 
K. LAURAS, dans un domaine legerement plus dtendu. 

Physiquement, 1' expression kD \E~'"' traduit le 
A 

rapport des forces de gravite appliqu^es aux grains, a la force de 
tension exercee par le fluide sur celui-ci. En effet, la force de 
gravite peut s'ecrire ic'J^^FP'io 7. et la force de tension peut 

s'ecrire K JJ j , en appelant j le vecteur repre"sentatif des 
forces de frottement, par unite de surface, exercee par le fluide 
sur le grain. II semblerait done que le debut de formation des ride 
depende essentiellement du rapport existant entre la force de tensi 
exercee sur le grain par le fluide - ou la force d*aspiration exer- 
cee a la surface d'un grain lors de la depression due au decollemen 
de la couche limite laminaire - et les forces de gravite. 

Nous avons porte sur le graphique 3, les differents 
points experimentaux obtenus dana differentes-, conditions, en foncti 
des parametres sans dimensions"/!" ~/»)*> *etX" • Les differentes droi 

caracteristiques du ph^nomene correspondent a. une equation de la 
forme : 

(l) Pour determiner les valeurs critiques d'apparition des rides. 
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ce qui correspondrait en appelant 1    une valeur caracteristique de 
efforts de tension ou des pressions locales,  a une relation de la 
forme  : 

^expression (3)  peut d»ailleurs s'ecrire,  en explioita 
la valeur de ^C : 

formule dans laquelle p    repr^sente la partie variable de la pres 
sion exercee par la houle sur le fond. 

L'ensemble des courbes caracteristiques du tableau 3, 
peut s'ecrire  : 

f.     »'*• i 

la valeur de A^etant de 4.10-4 pour le fond horizontal. 

La pente de 1 c/o,  ainsi que nous l'avons vu, correspond 
un regime ganeralement plus stable que le fond horizontal; nous av 
obtenu des resultats correspondant a une valeur de Ac legerement 
inf^rieure : AC = 1.10-4. 

Sur les pentes de 2 f»  et 5 #, la valeur de AC semble 
§tre legerement superieure au resultat obtenu avec la pente de 
1 <•/>  ( AC = 2.10-4). Signalons toutefois qu'il semble y avoir une 
plus grande dispersion, pour la pente de 5 "At  &

es resultats prove- 
nant de l1augmentation de la probability d'emission de turbulence 
partielle qui depend largement de la pente du fond, ainsi que nous 
l'avons vu precedemment. 

Dans 1'ensemble, les pentes suffisamment faibles consti- 
tuent done un facteur de stabilite, vis-a-vis de la formation des 
rides. 

V - ORITEBE DJ3 DISPARITION DiSS RIDES ET D'APPARITI 

du llOUVEHBiJT en MASSE, 

Dans nos conditions d'experience, nous avons observe, ave 
les elements de densite inferieure a 2, la disparition des rides e 
une mise en saltation des elements a partir de certaines valeurs 
de 1«amplitude de la houle. 
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la zone marginale presentait les caracteristiques 
d'une couohe limite partielleiaent turbulente et, en particulier, 
possedant une vitesse d*entrainement moyen, dirigee dans le sens de 
propagation de la houle, non negligeable. 

i'epaisseur de la zone marginale etait beaucoup 
plus importante que celle observee dans le cas d'un ecoulement sur 
fond fixe, et pouvait atteindre plusieurs centimetres. Precisons qu 
general, les caracteristiques de houles necessaires pour obtenir le 
mouvement en masse correspondaient souvent a des valeurs du para- 
metre JK£ determinant une turbulence totale de la couche limite di 
mouvement sur fond stable. 

II semble done que la mise en saltation d'une epa: 
seur importante de materiaux tende a developper une couche limite 
relativement plus stable a caracteristiques partiellement turbulen- 
mais d'epaisseur beaucoup plus importante: autrement dit, la presei 
de particules solides mais mobiles aurait une influence comparable 
a celle d'une augmentation de viscosite. 

les. experiences effectuees par d'autres auteurs qu 
ont mis en evidence 1* existence de ces mouvements en saltation sur 
une grande epaisseur, en particulier dans le cas das clapotis, et , 
resultats obtenus par H. 11ADHAV I1AM0HAR concernant la disparition < 
rides de sable pour des oscillations du fond correspondant a des 
mouvements relatifs du fluide par rapport aux materiaux, comparabl 
a ceux engendr^s par les houles de la nature, perniettent d'etendre 
ce resultat au cas des sables pour des houles d'energie superieure 
celle des houles de laboratoire. 

Rappelons que de tels mouvements sont d'ailleurs 
parfaitement visibles sur les plages pres des zones de deferlement 
et, de plus, ils permettent seuls d'expliquer les destructions des 
digues a parois verticales, et, en particulier, la destruction de 
digue &e Ilustapha, a Alger, par la mise en suspension des materiau 
sur une hauteur importante. 

Hous avons porte" sur le graphique 4, les valeurs 
correspondant aux experiences au cours desquelles nous avons obser 
la. disparition des rides et la mise en saltation du sediment avec 
depart en masse. II ne semble pas que les parametres sans dimensio 
que nous avons adoptes pour determiner les valeurs caracteristique 
de la formation des rides, puissent dtre aussi adoptes pour caract 
riser ce nouveau phenomene; en effet, les points reprtlsentatifs 
des re"sultats d'experience relatifs a ce phenomene ne sont pas dis 
tincts des points representant la formation de rides stables, si 1 
conserve ces me"mes parametres. Oeci n'est pas surprenant car le 
phenombne est totalement different; la mise en saltation exige des 

°^S?  i3ti(1UeS de h0UlQS  c°rrespondant a un gradient de pression 
suffisant pour que la difference entre la pression en surface et 1 
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pression a l'interieur de la masse pulverulente exerce sur les 
particules une force ascensionnelle suffisante. 

Nous avons tout d'abord recherche, pour tenir 
compte des caracteristiques du grain, un parametre de la forme 

J~) (fZ-J     permettant de caracteriser le phenomene; les meil- 

leurs resultats ont ete obtenus pour des valeurs de fTi  et n. 

definies par la relation Z m  « KL  , c'est-a-dire iJDfLZL?) 

aent met en evidence 1'influence preponderante de la densite rela- 
tive dans le phenomene de mise en saltation d'une masse importante 
de materiau. Oeci est a rapprocher du resultat trouve" par k. LARRi? 
et que nous avons ddja cite, d'apres lequel les profondeurs d'Ero- 
sion limite sous 1'influence de mouvements stationnaires ne depen- 
draient que de la d ensite et non pas des caracteristiques granulo- 
metriques du materiau. 

Nous avons re^presente, sur le graphique 4, les 
rdsultats dfexperiences obtenus en fonction des parametres sans 
dimensions : 

r- 
L'importance du facteur I '   '"}   » dans le groupe- 

^mf; - *z 
Les conditions d'observation de mouvements de masse, consecutifs 
a. une mise en saltation generale du materiau, peuvent §tre definie 
comme correspondant a un domaine delimite par ladroite caracteris 
tique dont 1'equation serait : 

l f. J v* 
II est interessant de remarquer que 1'equation caracteristique de 
ce phenomene,  proposee par I«I, IIADHAV MAiTOHAR,  est  : 

(6) J)     ILL)      $      »    = k 

et que, dans cette equation, le groupement X/ V—z—1   est le m&me 

que dans notre equation. Par contre, les groupements des parametreg 
representatifs de l'ecoulement soni; differents dans les deux for- 
mules. 
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On peut en conclure que les forces d'inertie, qui 
etaient preponderates dans les experiences de liADHAV 11ALT0HAR, 
jouent un r6le essentiel dans le ph^nomene de mise en saltation 
generale du materiau. Par contre, les forces developpees par 
l1oscillation du fond ne sont pas comparables a celles provoquees 
par l1 existence d'un mouvement pai^iodique reellement progressif. 

1'equation (5) s'ecrit, en explicitant -^v^,: 

D'autre part, il est interessant de faire apparaltre 
au lieu du diametre des materiaux, les vitesses de chute lit de 
ceux-ci, qui s'ecrivent, pour les materiaux que nous avons 
utilises : 

L'equation s'ecrit done : 

Oette relation determine la valeur critique du 
gradient de pression pres du fond assurant la mise en saltation 
des grains, en fonction de deux parametres sans dimensions : 

- le rapport de la vitesse de chute des grains a la Vitesse maxi- 
mum pres du fond; 

- le rapport de la densite relative, a la racine carree de la 
periode du mouvement. 

II semble logique d'admettre que la valeur du gra- 
dient de pression constitue le facteur essentiel de la mise en 
saltation des materiaux sableux. En effet, par suite de la per- 
meabilite des sables, les differences de pressions existant en 
surface se transmettent dans le massif pulverulent, suivant une 
loijl1 extinction exponentielle, etayec un certain dephasage dans 
le temps. L'instant ou la pression est minimum en surface corres- 
A°^ZL ?n co"setlue^?e» a une sous-pression importante susceptible 
d expulser les grains avec une force vive non negligeable. 
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Influence de la pente.- 

la pente du fond a pour effet de retarder sensible- 
ment la mise en saltation de la masse du matdriau. L'origine de ce 
phenomene peut Stre rechercb.ee dans 1'augmentation de 1*influence 
des forces de gravite, par suite de 1'existence d'une composante 
dirigee vers le bas. 

loutefois, ce.~ci n'est sensible qu'a. une certaine 
distance de l'extr^mite amont de la pente, le debut de la pente 
dormant lieu, pour les pentes de 2 %  et 5 $, aux memes resultats que 
le fond horizontal. .. 

Dans la formule Jj I - j "J —•% -~ /c^^les valeurs 

de K provenant de nos experiences sont : 

- 100 pour le fond horizontal et de debut de la pente, 

- 70 pour la pente de 2 f»f 

- 50 pour la pente de 5 '/». 

VI - APERCU SUR LES LOIS GBJffiJRALBS DU TRANSPORT 

SOLIDS SOUS L'ACTIOH DE IA HOULE. 

Les resultats des etudes que nous avons exposees 
ci-dessus, permettent de definir les valeurs critiques des different 
mouvements des materiaux pulvurulents tapissant le fond de la mer, 
sous 1'action de la houle, dans les domaines de l'eau profonde ou 
assez profonde. Oes resultats ne permettent pas toutefois de formule 
des lois de debits qui sont, en fait, extrSmement variables en 
fonction d'autres parametres que les seules conditions de propaga- 
tion de la houle au voisinage du fond. 

Mais il est possible, a partir de ces resultats, 
d'enoncer quelques considerations generales sur les debits solides. 

a) Mouvements isoles de grains. 

Les mouvements isoles de grains se produisent, 
ainsi que nous 1'avons vu, pour des caract^ristiques variables de la 
houle, qui dependent dans une large mesure du coefficient de forme, 
de la position du grain sur le lit du fond, et des dimensions du gra 
par rapport a, la rugosite moyenne du fond. 

Les transports resultant des actions sur des grain 
isoles correspondent a des debits solides relativement faibles et ne 
presentent pas, en general, d'interSt primordial. Toutefois, les 
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etudes effectuees permettent de chiffrer les profondeurs maxima a 
partir desquelles une houle donnee est susceptible de produire des 
erosions, pour un materiau donn<§. 

En c e qui concerne les elements relativement grossiers 
qui sont moins sujets que les sables aux mises en saltation et aux 
transports par les differents courants maritimes, ce procede de 
determination de la limite d'alimentation peut aussi donner des 
renseignements interessants. 

On pourra admettre en regie pratique, que les mouve- 
ments de grains isoles correspondent a des effets appreciables, dam 
certains cas particuliers, et doivent §tre pris en consideration 
dans lretude de l'equilibre des cStes, pour les gros galets, a 
partir de la limite correspondant a la formation des rides. En 
effet ces gros elements ont beaucoup moins tendance que les sables 
a. se former en rides, par suite de leurs dimensions m§mes; dans ce 
cas, la remontee des elements isoles peut constituer un processus 
continu, non negligeable. 

b) transport des sables. 

En ce qui concerne les sables, des que le mouvement 
en surface tend a §tre relativement intense, la forme d'equilibre 
prise par le niateriau du fond correspond a la formation de trains 
de rides relativement stables. II n*y aura un transport non negli- 
geable du sable que lorsque, sous l'action de la houle, le train 
de rides se deplacera suivant les processus analyses precddemment. 

En fait, les transports appreciables de sable n'auror 
lieu que lorsque l'on aura atteint des amplitudes des houles 
correspondant a la mise en suspension d'une masse importante du 
materiau. 

II serait particulierement interessant de determiner 
1'importance de ces transports et les debits auxquels on peut ainsd 
arriver, mais ces determinations se heurtent a de nombreuses diffi- 
culty . En particulier, le debit resultant au droit d'une section, 
est lie, d'une part, au transport dans la couche limite, transport 
qui s'effectue toujours dans le sens de propagation de la houle et, 
d'autre part, aux transports des elements mis en suspension sous 
l'action des courants de masse, dont le sens depend du sens de ces 
courants de masse, ainsi que l'ont fait remarquer Mil. VIIdBFJ} et 
EUELLAN (15). 

Bn particulier, dans le cas des houles a fort courant 
d entrainement en surface (zone du vent, approche de la zone de 
dSferlementj 1»influence du courant de retour se traduit par une ac 
tion dans les zones voisines de la couche limite, dirigee dans le 
sens contraire a la propagation de la houle. II peut done v avoir 
la une cause de debit important dans le sens oPP?se a iSproSgitic 
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de la houle, auquel peuvent d'ailleurs s'ajouter, dans certaines 
zones, les transports dus aux rip-currents. 

En definitive, le debit a. travers une section 
correspondrait a 1'integrale pri8e sur la hauteur de mise en salta- 
tion des grains, du produit de la turbidite locale par la valeur 
moyenne des courants de masse. 

Une experience interessante permet d'avoir uneade< 
des variations d'une telle int^grale pour le cas des houles de labo- 
ratoire. Si l'on etudie le deplacement de spheres sur un canal ho- 
rizon bal, sous 1'action d'une houle d'amplitude donnee, on s'aperco: 
que le sans du deplacement pour une m§me caracteristique de houle 
depend essentiellement du diametre de la sphere. Sant que 1'epaissei 
de la sphere crolt, la vitesse de deplacement de la sphere decrolt 
jusqu'a une valeur critique du diametre correspondant a une vitesse 
nulle. Lorsque l'on etudie les mouvements de spheres de diametres 
plus eleves, on s'apercoit que les mouvements de celles-ci s'effec- 
tuent dans le sens contraire de la propagation de la houle. 

Toutefois, il semble qu'en nature, avant que le 
transport d^. au courant de masse annule totalement le transport pro- 
voque par la progression de la couche limite laminaire partiellement 
turbulente sur le fond, l'on atteigne des valeurs pour lesquelles 
la couche limite au contact du fond est entierement turbulente. 

l'on a vu que, dans ce cas, il n'existait pas de 2 
generale concernant la vitesse moyenne de la couche limite et que 
celle-ci, ainsi que la valeur des courants de masse, dependaient, da 
une large mesure, des conditions aux limites de la zone envisaged. 

On peut alors observer, dans ce cas, des debits 
variables suivant les conditions aux limites. 

Rappelons d'autre part, que tous ces resultats ne 
sont valables que dans le domaine de l'eau profonde ou assez profond 
et cessent, en particulier, d'etre valables pres de la zone de defer 
ment. Le processus de transport devient alors totalement different. 
L'ecoulement dans cette zone est entierement turbulent, et le ddbit 
resultant depend essentiellement de la qugntLte des materiaux rejetes 
a la plage lors du deferlement de la lame (elements qui proviennent 
de 1'aspiration, par la houle, des materiaux mis en saltation a, 
l'amont du deferlement) et de la quantity de materiaux entraine"s lor 
du black-wash ou par les rip-currents dans le courant de masse a 
l'exterieur de la zone de deferlement. 

Ge processus, bien que totalement different, perm.' 
toutefois la continuity du transit littoral, sous 1'action de la hou, 
jusqu'a l'estran. 

Sous 1*action de ce transit littoral, les plages 
tendent, en fait, vers un etat d'equilibre correspondant, ainsi que 
nous l'avons vu precedemment, a un profil a, pente croissante a. cour- 
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bure dirigee vers le haut,  et qui constitue un profil de defense 
vis-a-vis de 1'action de transfert des houles. 

Ces considerations permettent,  toutefois,  d'expliquer 
en l'absence d'autres phenomenes,   le resultat general,  bien connu 
des hydrographes,  suivant lequel les houles de tempSte degarnissen 
1'estran,  alors que les houles d1 amplitude moyenne le nourrissent. 

3«M * fnfftkim * U twaWt lMrrM4*diMMMM 

~<3n> 

I. trd II <tt*ttkm pr ft* tu*fc. 
K- frrfll Mpllibn pr htuk mtftm. 

PROM. tf&UIUBOE DUNE PiAOE SOUMISE A UNE ATTAQUt mOMTALE 
D'UNC HOULE DE fo/rre TEMPETE ETOVNI HOULE MOYENNE 

Croquia 5 

3ur le croquis 5 nous avons porte les profils d'equilibre 
par houles de forte temp§te et houles de tempSte moyenne. Une forl 
teinp§te determine un profil d'equilibre dans lequel 1 • alimentatior 
de la barre situee avant le deferlement est assuree par les materj 
provenant de fonds relativement importants et, simultanement, par 
le sable ramene lors du black-wash depuis le haut estran vers le 
bourrelet de deferlement. 

Oette forme de rivage devient instable des qu'une houle 
d'amplitude inf^rieure, mais suffisante pour mettre en mouvement ] 
materiaux jusqu'a une profondeur superieure a. celle du bourrelet 
de deferlement, transforme le profil I de la plage suivant le 
profil II. L'etat d'equilibre correspond alors a une remontee du 
materiau provenant essentiellement du boun-elet de deferlement 
precedemment forme, vers la region de l1estran. 
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c) Applications pratiques. (10. 12. 8.) 

Les quantites de materiaux participant a la reraontee 
sous 1*action des houles correspondent a des debits relativement 
faibles par rapport aux quantites transporters par les courants 
littoraux (8), les rip-currents, dans le transfert dit en "dents 
de scie"n sous l'action du black-wash et du defilement, de 1'un- 
dertow, et de la dispersion g^nerale des sediments vers le large(10) 
Toutefois, ilserait impossible d'expliquer le maintien de la ma- 
jeure partie des plages, s'il n'existait pas une action continue 
ramenant une partie importante du materiau, qui risque d'etre en- 
trained par les courants de masse, les rip-currents et les courants^ 
de fond, a partir des plages. Les Etudes auxquelles nous avons proce 
6.6  ont montre le r6le important des phenomenes de la couche limite 
dans ces remontees de materiaux et les processus suivant lesquels 
s'effectuent ces mouvements. 

II eat, tovitefois, des cas pratiques ou le phenomene 
de remontde des matdriaux s'effectue de facon relativement pure pour 
e"tre evident par lui-m§me. 

Oitons, en particulier, quelques observations qae nous 
avons effectuees sur les c6*tes mediterraneennes (mer sans maree 
dans, laquelle oes mouvements sont en consequence beaucoup plus vi- 
sible s) . 

0(. Remontee de galets sous l'action de la houle. 

La plage de" Garno (Herault) avait completeuent disparu 
par suite de la construction d'un mur vertical en bordure de plage 
destine a soutenir le boulevard de bord de mer de cette station 
baln^aire. Toutefois, apres la disparition de sables, il s'est forme 
une plage relativement importante de galets sous l'action des houles 
de forte tempSte qui se"vissent dans ces parages. 

D'apres les recherches qu'i ont ete effectuees, ces 
galets ne pouvaient provenir que des fonds rocheux existant par 
profondeur de 7 a. 8 m. au large de la c6te. 

Seule, la remontee des materiaux sous l'action de la 
houle permet d'expliquer cette arrivee de materiaux. 

/S» Bxemple de remontee de sable a. la plage. 

Le Service des Fonts et Ohaussees de 1'Herault a cons- 
truct une serie d' epis perpendiculaires a la mer sur la c6te medi- 
terraneenne a l'Est du port de Sete, pour proteger la route c8tiere 
attaquee par lu mer au lieu-dit "la Peyrade". Par suite de la presen- 
ce de ces epis, la plage s'est considerablement engraissee en sable 
fin et s'est avancee de plusieurs dizaines de metres. 
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La plage,  dans cette region,  presente une oaua?bU3?e 
relativement constante et relativement faible, traduisant une plage 
en equilibre, sous 1'action de la houle dominante, avec faible tran 
port Est-Ouest. L'equilibre de cette plage,  dans une zone dewier san 
maree, ne peut s'erpli&uer qu'en faisant intervenir un apport fron- 
tal non negligeable,  equilibre" par 1'action du faible  transport lit 
toral et le transport,  vers le large,  provoque- par les rip- current 
la construction de la route  littorale a eu pour effet d'augmenter 
1'action du rip-current et du black-wash,  ainsi que 1'importance 
du transport littoral. 

La realisation d'dpis,   compartimentant la plage en di- 
vers troncons bien d^finis, a diminue" d'une facon importante le 
transport littoral et 1'importance des rip-currents, ne laissant 
subsister que 1'action de remontee du matSriau depuis les fonds 
jusqu'a la plage. La ligne du rivage a alors avarice" jusqu'a ce que 
1'action des rip-currents  et des transports littoraux retablissent 
1'Equilibre du bilan de sable. Une  des earacteristiques des engrais 
sements  de plage obtenus,  en facilitant la remontee du mate'riau,  et 
en supprimant les actions de dispersion, reside dans la parfaite 
syme"trie de la ligne  de plage de part et d'autre de l'e"pi. 

0-  Bxemple d'applications emprunte aux "Etudes littorales" de A. RL 
YIERE  (12). 

Les"e"tudes littorales" de A. Riviere constituent la 
mise^au point la plus rdcente publiee sur les mouvements de material 
pulverulents (sable) aux abords d'un littoral. De nombreux phenomeni 
observes par les sedimentologues et exposes dans cette "£tude" s'ex- 
pliquent du point de vue hydraulique a la lumiere des r^sultats que 
nous avons ci-dessus exposes. Nous en examinerons deux particuliere- 
ment importants. 

La notion de dispersion des mate"riaux vers le large es 
essentiellement lie*e,  semble-t-il,  a 1'existence d'une   forte turbu- 
lence sur le fond provoquant 1'entrainement vers le large sous 1'ac- 
tion des divers  courants. Parmi ces courants,  les  courants de masse 
pres du fond diriges dans le sens oppose a la propagation de la 
houle  sont particulierement importants lorsque la couche limite est 
turbulante  car,  ainsi que nous 1'avons vu,  il n'y a pas de compo- 
sante de translation dans le sens de propagation de"la houle. L'exi£ 
tence de ce courant de masse en profondeur particulierement impor- 
tant, dans ce cas,  a rendu necessaire pour le sedimentologue, une 
notation particuliere  :  c'est ce phe"nomene qui est designe sous le 
vocable de   :  "undertow". 

D'autre part, A.  Riviere observe que 'l'e"rosion provo- 
quee par les vagues poussees par le vent cesse brusquement lorsqu'ei 
fin de tempSte celui-ci vient a diminuer de violence alors que la 
mer demeure encore tres forte:  il est m€me frequent de voir des 
masses importantes de sediment Stre ramenees a ce moment au rivage", 
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Ce phenomene s'explique si l'on admet que la houle de 
vent etant entierement turbulente crde, auocontact du fond, une cou 
che limite turbulente sans mouvement moyen dirige vers la c6te, et 
done 1'action est essentiellement un entrafnement de materiaux vers 
le large. Au contraire, des que le vent cesse, la mer demeure tree 
forte mais on se trouve alors en presence d'une houle partiellement 
etablie dont 1*action sur le fonds correspond a une mise en salta- 
tion du sable avec earacteristique de couche limite laminaire ou 
partiellement turbulente et transport important dans le sens de 
propagation de la houle, done remontee des materiaux vers l'estran. 

B - MDUYEMENTS DES VASES SOUS LA HOULE EN L» ABSENCE 

DE REMISE EN SUSPENSION 

VII.  DESCRIPTION DBS ESSAIS. 

1° Description sommaire des phenomenes observes. 

En prolongement des Etudes que nous avons effectudes, 
relativement aux proprietes de la couche limite des houles de labo- 
ratoire, sur un fond parfaitement rigide, nous avons etudi^ 1' infix; 
ence des houles sur des materiaux formant un fond deformable, et 
sur des sediments a proprietes thixotropiques importantes, tels que 
les vases. 

Cette etude portait essentiellement sur l'observatior 
des phenomenes assimilables, par leurs proprietes, aux phenomenes 
de couche limite; 1'action des houles qui deferlent ou celle des 
houles qui assurent la remise en suspension du materiau n'a done 
pas ete envisagee, le processus d'action etant fondamentalement dii 
ferent. En effet* si l'action d'une houle assurant la remise en sue 
pension d'un materiau vaseux est, en partie, comparable a celle du 
transport en masse, observe pour les sediments sableux, ce phenomer 
est masque par un phenomene essentiel du transport constitue" par 
1*existence des courants de densite, phenomenes caracteristiques 
des transports da sediments du type vase. 

En nous limitant a l'action de la houle, avant que 
son amplitude soit suffisante pour assurer la remise en suspension 
du materiau, nous avons pu mettre en evidence un phenomene qui, a 
notre connaissance, n'a jamais ete signaie et qui consiste en une 
translation lente, dans le sens de propagation de la houle, du fonc 
de vase, et qui a pour resultat de provoquer une modification du 
profil des fonds de vase avec remontee du materiau vers l'estran, 
sans remise en suspension du materiau. 
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2°  Condition de realisation des esaais - &£neralit£s. 

Le de"placement  des vases sous la houle a 6t6 £tudie" 
en canal vitr^ au laboratoire  central d'Hydraulique de Prance: 

la vase experimente*e £tait une vase marine de la 
region de la baie de 1'Aiguillon,  dont les caract^ristiques avaient 
ete prealablement etudi^es  (nature,   composition granulometrique, 
vitesse.de  chute et de tassement,  pour differentes  concentrations, 
etc..)   (1). 

I'eau utilised dans le  canal avait e"te" prealablement 
traitde a l'aide d'une solution de chlorure de magnesium et  de so- 
dium,   ce qui,lui conf£rait les mSmes actions  floculantes que les 
eaux marines  (concentration en chlorure de magnesium a 0,126 N,   cor- 
respondant a la somme des concentrations en ions divalents de l'eau 
de mer). 
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(l) En ce qui concerne les methodes d'analyse des materiaux argileux 
voir les ouvrages de M. le Professeur RIVIERE (9, 11). 
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Avant chaque experience, la vase introduite dans l'eau 
du canal etait soumise a tin brassage m£canique intense afin d*obte- 
nir un melange initial homogene de concentration determinee. 

Les temps de de"p$t et de tassement des vases ont et^ 
mesur£s a partir du moment ou l'on arrStait ce brassage -temps t0 - 
et les mesures effectuees pour differents temps de tassement tx, 
t2, tj....tn (graphique 6). 

Au cours de ces essais, la viscosite" de la vase etait 
soigneusement enregistree (l) a l'aide d'un viscosimetre Brookfield, 
dont le principe conaste a mesurer le couple resistant exerce sur un 
rotor tournant a une Vitesse determinee. 

L'amplitude des trajectoires des particules, ainsi que 
leur deplacement, etaient mesures en reperant des particules de mate"- 
riaux a differentes profondeurs. Dans certains cas, des elements trei 
fins, colores, d'une density apparente voisine de celle de la vase 
(afcolene), etaient pr^alablement introduits dans la masse afin de 
faciliter le reperage des mouvements de vase. 

Des pr^levements d'eau a differentes profondeurs per- 
mettaient de suivre avec precision la variation possible de la tur- 
bidite au-dessus du plan de separation de l'eau et de la vase, au 
cas ou une remise en suspension du materiau serait apparue. 

Parallelement a ces mesures, la variation du profil le 
long du canal etait relevee, dans le but de suivre la variation de li 
profondeur due au tassement de la vase et de controller le d^placemenl 
sous la houle, de la masse de vase, et la modification de pente des 
depfits en resultant. 

la 
(l) la mesure de/viscosite de la vase demande quelques precisons. En 
effet, la vase naturelle, qui constituait le materiau experimental, 
possede des proprietds rheologiques et thixotropiques trSs particu- 
lieres, qui peuvent enlever toute signification aux mesures si celles 
ci ne sont pas effectuees dans certaines conditions. 

II importe tout d'abord, de preciser que toutes les mesures sont des 
mesures de viscosity relative, rapport de 1'effort effectue" par la 
vitesse de rotation. Btant donne que la vase possede une rigidite" 
initiale non negligeable, cette valeur ne pr^sente une signification 
que pour des vitesses dlevees de rotation du rotor. 

D'^autre part, la vase dou^e de prdprWtSs thixotropiques, ne donne de 
resultats coherents que dans des conditions bien definies. Les me- 
sures effectuees, l»ont ete a une Vitesse de 60t/mn, pour laquelle 
nf J^±a^?nS dUSS aUX ProPrietes thixotropiques sont negligeables. 
i>e plus, elles concernent la phase vaseuse ayant atteint sous l'ao- 
•cxon de la houle un etat rheologique stable (voir graphique 7). 
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VIII - BBSULTATS DBS ESSAIS. 

1°) Propagation de la houle sur les fonds de vase. 

la propagation d*un mouvement cylindrique monochroma- 
tique, sur un fond de vase, engendre un certain nombre de phenomen 
qui la differencient notablement de la propagation d'une houle 
classique, que ce soit sur fond infiniment rigide, ou sur fond 
mobile constitue" de sable ou de galets. 

En laboratoire, les ph^nomenes illustrant lea particu 
larites de ces mouvements, sur fond de vase, peuvent §tre observes 
par des experiences de deux types : 

- action d'une houle sur fond vaseux ayant subi un tassement plus 
ou mo ins prolong^, 

- propagation d'une houle dans un domaine fluide de viscosite" ini- 
tialement homogene, subissant l'effet de tassement. 

Oette description schematise les conditions naturelles 
moyennes, mais permet de suivre Involution des ph^nomenes en caus 
en fonction des caracteristiques du milieu dans lequel se propage 
le mouvement. lies conditions impos^es par ces schemas represented 
cependant - assez grossierement, il est vrai - des milieux naturel 
qui correspondent respectivement aux deux etats suivants : 

- une periode qui fait suite a un calme plat de longae dur£e et 
permet une consolidation des fonds vaseux; 

- une periode qui fait suite a une temp§te exceptionnelle et pro- 
voque la mise en suspension du mat£riau vaseux dans toute la masse 
du fluide. 

Le milieu naturel le plus f rdquemment observe* constitu 
done un cas interm^diaire. 

Ho tons, de plus, que la phase visqueuse, d£pose*e dans 
canal d'essais, est limitee' a une profondeur relativement faible, 
une chape rigide, au niveau de laquelle, dans la majority des cas 
exp^rimentaux, le mouvement ondulatoire n'est pas n^gligeable; la 
vase des fonds naturels atteint, par contre, des profondeurs extr 
mement importantes. 

1. Dans le cas d*un fond vaseux, ayant subi l'effet d'un tassec 
prolonge, 1"existence d'une rigidite initiale (yeld value) a pour 
consequence le fait qu'un mouvement progressif de tres faible ampl 
tude s'identifie avec la propagation d'une houle sur fond rigide. 
longueur d'onde est alors donate par la loi d'Airy, et les particu 
de fluide, au voisinag<§ du fond, d^crivent des ellipses infiniment 
aplaties; il se developpe, entre autres, dans le fluide, une couch 
limite, dans des conditions qui ont 6±6 etudiees dans les chapitre 
precedents. 
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Des que 1' amplitude de la houle devient suffisante, 
on assiste a l'amoree d'un mouvement des particules de vase, a 
la surface du fond, qui presente un mouvement ondulatoire de plus 
en plus caracterise et, correlativement, une modification des tra- 
jectoires des particules d'eau situ^es pres du fond : les ellipses 
infiniment aplaties de la theorie classique font place a des ellips 
dont la dimension du petit axe n'est plus negligeable. 

Ce mouvement apparalt lorsque 1'action des forces de 
pression, developp^es sur le fond de vase, est suffisante pour bri- 
ser la rigidite initiale de la vase.(l) Des que ce mouvement s'amor 
ce, la rupture de la rigidite" initiale se transmet en profondeur. 
Simultanement, les proprietes thdologiques du milieu evoluent par 
suite des proprietes thixotropiques caracteristiques des vases. L'e 
paisseur de vase int^ressde par le mouvement croit j'usqu'a. un etat 
limite fonction des caracteristiques cinematiques du mouvement orbi 
tal a 1*interface (variables pendant la p^riode d'etablissement du 
regime) et de celles de la vase elle-m§me (variables elles aussi); 
ces deux groupes de caracteristiques reagissent l'un sur l'autre, 
pour aboutir a l'etat d'equilibre dyaamique final* 

On peut supposer, en premiere approximation, que les 
Equations qui regissent le mouvement de l'eau claire - et, en par- 
ticulier, celui de la surface libre - ont une forme identique a 
celles de la houle classique; mais il importe de noter que les cond: 
tions aux limites ne correspondent plus a un fond horizontal, mais 
a une ondulation pdriodique de 1'interface, supposed bien definie. 
Oette ondulation peut §tre assimiiee, en premiere approximation, 
au mouvement de la surface : y.0 = H, definie par les molecules 
d'eau situ^es a la cote H0  au repos, relative a une houle se propa- 
geant par une profondeur H' superieure a celle de l'eau claire Hl2), 

En consequence, si cette hypothese est exacte, la 
longueur d'onde d'une hoiie, pour une epaisseur d'eau claire donnee, 
variera suivant les caracteristiques du mouvement ondulatoire de 
1'interface, done suivant la viscosity du milieu charge de particul* 
vaseuses• 

(1) Les caracteristiques de la houle susceptible de rompre la rigi- 
dite initiale sont, a priori, fixees par les caracteristiques 
cinematiques du mouvement au contact du fond, et dependent des 
proprietes de la vase et, en particulier, de son degre" de tisse- 
ment. 

(2) L'experience montre que 1*interface est effectivement, dans la 
majorite des cas, animee d'uja mouvement ondulatoire assimilable 
a celui d'une surface y„« C^j pour certaines houles particulier 
ment violentes, 1'interface peut presenter neanmoins, une dissy- 
metrie extremement prononcee, et des creux tres eieves. Dans ce 
dernier cas, le mouvement de l'eau claire peut aussi §tre repre- 

sente par des equations d'une forme identique a celles de la houl 
classique, sauf, toutefois, au voisinage de 1'interface. 
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On verifie que, pour me periods donate du mouve- 
ment progressif, la longueur d'onde est comprise entre les lon- 
gueurs d'onde des houles se pro pageant dans un milieu sans visco- 
sity, par des profondeurs respectivement egales a l'epaisseur 
de la lame d'eau claire, et a l'epaisseur totale du milieu inte- 
resse par le mouvement. 

II n'est pas dans notre intention de proceder a une 
description complete des experiences ayant porte" sur les caracte- 
ristiquea des mouvements progressifs sur fond de vase, ni d'en 
enumerer tous les resultats, car tel n'est pas le but de la present 
etude• Hous nous contenterons de decrire, ci-apres, une experience 
typique, qui rassemble pratiquement tous les risultats susceptibles 
d'expliquer, par la suite, le comportement des fonds vaseux, a 
partir des phlnomenes purement hydrauliques inherents a la nature 
des mouvements progressifs. 

2» L'experience que nous allons decrire, a consiste a reproduir 
un mouvement progressif (houle etablie de laboratoire) dans un 
milieu charge de particules vaseuses, subissant les effets de tasse 
ment. la surface libre a ete fixee a 25 cm. au-dessus d'une chape 
horizontale parfaitement rigide. 1'eau etait chargee d'une certadne 
quantite de vase, conferant au milieu fluide, apres brassage, une 
viscosite homogene de l'ordre de 10 cpsj ce milieu etait excite 
par le "groupe generateur de houle" produlsant des ondes progressi- 
ves de 4»1 cm. de creux, avec une periode^a 1 seeonde (voir gra- 
phique 8). ' egale-1- 

Au debut de 1*experience, les longueurs d*ondes mesu- 
rees etaient aensiblement egales a. celles que nous aurions obtenues 
pour 25 cm. d'eau claire; c'est-a-dire que, pour une viscosite de 
l'ordre de 10 cps, la longueur d'onde du mouvement est sensiblement 
la m§me que pour de l'eau pure. A la precisions des mesures pres 
et dans ce cas limite - correspondant a une faible viscosite -, le 
mouvement en surface, c'est-a-dire enrealite,. sur une epaisseur 
tres faible, serait correctement rendu en ecrivant les equations 
classiques de la houle pour une profondeur H' = 25 cm. lies equation 
ne pourraient rendre compte des mouvements au sein du fluide, car 
1'influence des termes de viscosite introduit un dephasage dans la 
propagation du mouvement en profondeur (l). 

Au fur et a mesure que le tassement s'accentue, et qu 
correiativement, la viscosite de la couche de vase croit, la lon- 
gueur d'onde moyenne devient inferieure a celle de la longueur 
d'onde que permet de prevoir la courbe theorique d'Airy, appliquee 
pour la profondeur de 25 cm, mais superieure a celle que permet de 
prevoir la courbe d'Airy pour la profondeur H existante d'eau clair 

(i; le dephasage apparalt d'une facon evidente pour la consideratio 
des equations de KAVIER-SfOKES. Son existence est cependant 
assez difficile a deceler avec les houles de la^boratoire. 
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la courbe experimentale (l) et la courbe d'Airy, 
susmentionnSes, se eonfondent a partir d'un point qui correspond 
pratiquement, d'apres nos experiences, a une hauteur qui ne. 
laisse subsister qu'une epaisseur de vase egale a 2,5 cm, dont 
la valeur de la viscosite est relativement tres dlevee (2), 
(plusieurs milliers de cps au moins). On peut done admettre qu'a. 
partir de cette valeur, pour des houles de gradient de pression 
comparable a oelui des houles de laboratoires, les fonds vaseux 
se comportent sensiblement comme un fond infiniment rigide en ce 
qui concerne la propagation du mouvement. 

En ce qui concerne la propagation des houles en eau 
claire (de viscosite" nSgligeable) relativement peu profonde, au- 
dessua d'une phase visqueuse, sSparee de la phase fluide, de 
viscosite" nSgligeable, par une interface bien dSfinie, les obser- 
vations effectuees au cours de cette experience permettent de 
distinguer du point de vue purement hydraulique differents pro- 
cessus d*interaction entre ISs deux milieux. 

Lorsque la viscosite du milieu charge de particules 
de vase est inferieure a 10 cps environ, le mouvement est conve- 
nablement represents par les equations classiques de la houle. 
la couche limite, qui se deVeloppe au contact d'un fond Sventuel, 
estcependant plus epaisse (proportionnellement a \[W ), 
et les phenomenes propres a la couche limite engendrent des perte 
d'Snergie par frottement sensiblement plus importantes que dans 
l'eau tiniformement claire. 

lorsque la viscosite de la phase visqueuse augmente, 
tout en restant relativement faible, e'est-a-dire pratiquement 
inferieure a 100 cps environ, le mouvement se propage au-dessous 
de 1*interface, et reste tres analogue a celui de l'eau claire. 
le milieu visqueux est, neanmoins, anime d'un mouvement qui ne 
peut §tre correctement represents par les equations de NAVIKR- 
SSOEBS simplifiSes, dans lesquelles on neglige les effets de 
viscosity. 

(1) On peut verifier par des conditions d'ordre theorique que la 
courbe experimentale passe par un minimum. 

(2) II semble qu'une determination precise de la limite inferieux 
de la viscosite de la vase, au-dessus de laquelle le compor- 
tement du fond permet de l'assimiler a un fond rigide, doive 
reveler une variation de cette limite en fonction des carac- 
teristiques de la houle. II e st, en particulier, evident que 
cette limite est tres faible, poujr une houle courte qui se 
situe dans le domaine de l'eau tres profonde. 
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L*influence de la viscosity se traduit, en parti- 
culier, par un certain d£phasage, qui varie avec la valeur de la 
viscosite" et avec la profondeur au-dessous de 1*interface. 

Iorsque la viscosite" de la phase visqueuse atteii 
et depasse 100 cps, le mouvement dans la phase visqueuse devient 
relativement reduit, et l'on observe, dans le f luide situe" au-dessus 
de 1'interface, la naissance d'une couche limite. Autrement dit, al< 
que les pertes d'energie par frottement se concentrent dans le mili< 
visqueux, Iorsque celui-ci est doue d'une viscosity relativement 
faible, celles-ci se r^partissent a la frontiere de 1'interface des 
que la viscosite augmente. £e domaine marginal du fluide visqueux, 
int^resse par ces phenomenes d^crolt Iorsque la viscosity augmente, 
tandis que le domaine marginal du fluide a" viscosity ndgligeable cr< 
On observe done, a nouveau, 1"existence d'une couche limite dans le 
domaine de l'eau claire, dont 1*importance augmente avec la viscosi- 
de la phase visqueuse jusqu'a redevenir comparable a cell© de>elopp< 
par un fond infiniment rigide, o'est-a-dire pratiquement a partir 
d'une valeur de la viscosite" relative de l'ordre de 10.000 cps, pcau 
des houles de gradient de pression au-dessus du fond, comparable a. 
celui des houles de laboratoire experimentees. 

Nous pensons qu'il est inutile de s'etendre d'avai 
tage sur les conditions de propagation des mouvements progressifs 
periodiques, dans les milieux comportant une partie d'eau claire e1 
une partie, plus visqueuse, d'eau charged de particulea de vase. 
Rappelons, en effet, que les indications sommaires qui precedent, 
n'avaient pour but que d'introduire 1'etude des consequences de la 
propagation du mouvement de la houle dans des milieux partiellement 
vaseux - Iorsque la viscosite" d'un tel milieu est comprise entre 
10 et 100 cps; les phe"nomenes quise developpent, dans ces conditior 
constituent un processus naturel tres particulier des displacements 
de vase sous 1*action des houles. Nous ne traitons, de plus, cette 
question qu*en tant qu'application de 1'etude des phenomenes propreE 
aux couches limites des houles, 

2°) Mouvements oscillatoires des particules de vase sous 1'action 
d'une houle. a differentes profondeurs. 

Ainsi que nous l'avons expose ci-dessus, la pre- 
sence d'un mouvement progressif, p^riodique, dans la lame d'eau 
situ£e au-dessus d'une vase de viscosite" comprise entre 10 et lOOcps 
developpe dans celle-ci un mouvement pe"riodique cylindrique qui ne 
repond plus aux Equations classiques du fluide parfait, car il est 
indispensable de faire intervenir les termes de viscosite dans les 
equations de NAVIER-S20KES. loutefois, les orbites decrites par les 
particules que l'on peut mettre en evidence par 1'introduction de 
grains d'un materiau pulverulent de m^medensite que la vase (afcole 
sont sensiblement constitutes par des ellipses dont les dimensions 
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du grand axe et du petit axe diminuent en fonction de la profondeur 
de la particule considered dans la couche de vase (voir schema $). 

Ie graphique 10 donne les resultats des mesures 
des grands axes des orbites en fonction de la profondeur pour une 
houlf particuliere: H = 25 cm, 2 1 - lm.30, 2 T = 1 s, pour differen- 
tes valeurs de 1»amplitude en surface 2 h, et pour dxfferentes va- 
leurs de la viscosite. 

1» influence du terme de viscosite se traduit, 
pres de 1»interface, par une d<Scroissance tres rapide de 1'amplitude 
du mouvement, alors qu»au contraire, dans un fluide non yisqueux, 
l'amortissement du grand axe est extremement progressif (voir graphi- 
que 11). la profondeur, jusqu'a laquelle le phenomene est sensible, 
depend de facon tres directe de la viscosite de la vase, et de 1'am- 
plitude de la houle. II s'agit la, nous le rappelons. d'un mouvement 
propre au fluide visqueux, qui ne peut genSralement etre consxdere 
comme un mouvement de zone marginal© . 

Pratiquement, on peut admettre que 1'amplitude 
des mouvements a faible distance de 1»interface, n'est, dans la vase, 
qu*environ les 7/10 de 1'amplitude des mouvements observes dans le 
fluide non visqueux au-dessus de 1'interface, des que la viscosite 
atteint des valeurs d*environ 40 cps. 

Uous rappelons qu'il n'est pas possible de degs 
ger des lois de ces mouvements sans faire intervenir les proprieties 
rheologiques du milieu. En effet, la thixotropie de la vase, est tel] 
que sa viscosite" varie eonsMerablement, lorsque l'on s'^loigne de 
1'interface, par suite de la mise en mouvement plus ou mo ins importar 
te de la vase. 

Le r^sultat essentiel de nos experiences concei 
en fait le mouvement de translation moyen d es particules de vase qui 
r^sulte des phenomenes de frottement pres de 1'interface, et que nous 
exposerons maintenant. 

3°) Mouvements de translation des particules de vase dans le sens 
de propagation de la houle. 

le developpement d*un mouvement laminaire, dans 
le fluide yisqueux, sous l'action d'une houle cylindrique du fluide 
sain, situe" au-dessus du milieu visqueux, se traduit par un mouvemeni 
de translation moyen des- particules de vase dans le sens de propaga- 
tion de la houle, d'une facon comparable aux phenomenes que nous avon 
studies et analyses, en ce qui concerne la couche limite des houles 
sur fond rigide. 

Oette action se met particulierement bien en 
evidence par son effet global, qui a pour reaultat de faire evoluer 
un fond horizontal de vase dans un canal, vers un prof11 d'dquilibre 
rdgulierement croissant, de l'amont jusqu'a l'aval, avec accumulation 
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dans la partie aval du canal, devant la limite aval de celui-ci, 
de materiaux provenant de la partie amont sans aucune remise en 
suspension de ce mat^riau. 

Les etudes que nous avons effeetuees avec des 
grains de m§me density que la vase incorpores a celle-ci nous ont 
permis dfexaminer les conditions qui influent sur les phe*nomenes 
de translation des particules de vase sous 1*action de la houle. 

Hous ^tudierons successivement : 

- la repartition des vitesses de translation moyennej 
- 1*influence de la viscosity sur les vitesses de translation; 
- l*in£uence des caracteVistiques, de la houlej 
- le debit solide des vases qui peut resulter de l'action de la 

houle dans une section type. 

Le croquis 12 schematise la repartition des differents courants 
moyens existants, dans le fluide sain, pour lequel la viscosite 
est negligeable, et dans la vase sous-jacente pour laquelle les 
forces de viscosite jouent un rdle essentiel. 
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Le grapaique 13 donne la repartition de la Vitesse de 
deplacement de la vase, en dessous de 1*interface de separation 
des deux milieux pris comme zero de reference. I1on constate, 
d'une part, une decroissance rapide des vitesses resultantes 
moyennes, en fonction de la viscosity, et, d'autre part, une 
attenuation brutale du mouvement pres de la surface, des que la 
valeur de la viscosite est importante. O'esij en effet, la zone 
ou le gradient des vitesses est tres 6lev6,  qui constltue prati- 
quement une zone margiaale dans laquelle se de>eloppent les force 
de frottement. la variation du gradient des vitesses moyennes 
est peu sensible pour les viscosit^s de l'ordre de 10 a 30 cps, 
pourlesquelles on peut admettre que les phenomenes de frottement 
a 1*interface aont n^gligeables. le mouvement s*observe plus en 
profondeur et ne peut plus 6tre assimile' aux mouvements de couche 
limite. 

VITDStS MWCNNCSMIAV*CCNfONCTIONDCL'AMNJTUOeDCLAHOUttETotu viscosire 
HAUTIU* D'CMI IS€m - ftaiOU! 1mt 
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Kous avons porte" sur le graphique 14, la variation 
de la Vitesse de d^placement a diffe" rentes profondeurs, en fonc- 
tion de la viscosite" de la vase pour une m§me houle. Ces courbes 
mettent en evidence 1*influence essentielle de la viscosite sur 
les vitesses moyennes de d^placement, et 1*interpretation de ces 
courbes permet de deduire une notion de de"bit solide possible 
en fonction de la viscosite. 

lfinfluence 
Du point de vue tbiorique, il apparalt episode la 

viscosite, dans la propagation de mouvements progressifs cylin- 
driques plriodiques, se traduit par un mouvement moyen d'entraine 
ment des particules dans le sens de propagation de la houle. la 
compensation de ce mouvement, qui permet de conserver une surface 
libre stable s»effectue dans la zone de viscosite" minimum (la 
nappe d'eau claire dans le cas de nos experiences). 

c 
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Dans le caa de propagation de ces mouvements dans 
un fluide peu visqueux (eau claire) sur un fond rigide, seules les 
zones de frottements marginaux (couche limite de fond et de sur- 
face) sont animees de ce mouvement de d^placement moyen dans le 
sens de propagation du mouvement. 

Si le mouvement progresse dans une nappe d'eau, 
situee au-dessua d'un milieu de viscosity superieure, oelui-ci 
s'anime dans un mouvement periodique, qui s'accompagne d'un d^pla- 
cement dans le sens de propagation du mouvement.(1) 

Oeci est valable, aussi bien dans 1© cas ou le 
mouvement dans le milieu visqueux s'apparente a un mouvement de zo- 
ne Jtnarginale a fort gradient, de vitesse, ou a un mouvement de iaass< 
sans zone privilegi^e de dissipation d'lnergie par frottement. 

En pratique, ce resultat a pour consequence d'en- 
tralner une remontee vers la cdte des materiaux du milieu visqueux 
jusqu'aux zones de turbulence elevge, qui assurent la remise en 
suspension du materiau (zone de deferlement essentiellement) Remar- 
quons d'ailleurs que la propagation du mouvement sur fond deforma- 
ble augmente la stability de 1*interface et retarde 1*apparition 
de turbulence de fond. 

IX - APPLIOAIIOffS PRATIQUES 

le phenomena de remontee de la vase sous 1*action 
de la houle, que nous avons ddcrit ci-dessus, constitue une cause 
non negligeable d'alimentation des atterrissements de vase sur 
certains points des c6tes; en particulier, les remont^es de vases 
marines participent certainement, dans une mesure importante, a la 
formation des polders d'origine marine tels ceux de la Sevre 
Ifiortaise, en France, ou ceux de la mer de Waden en Hollande. 

Oe processus permet d'ailleurs de completer 1'expli- 
cation de certains phenomenes, qui ont ete souvent observes dans 

(l) Une image physique du f^eocessus peut Stre donnee, si l'on con- 
sidere que, bien que les particules du fluide parfait restenfc 

stables en valeur moyenne, l'energie et, par consequent, la 
pression sur le fond, progresse, sa  cours de Involution du 
mouvement progressif. L'action sur 1* interface de ce mouvement 
est done assimilable du point de vue pression, au passage d'un 
train de rouleaux successifs se deplacant sans frottement. On 
pressent que le passage de ces rouleaux au-dessus d'un milieu 
visqueux entrainera le deplacement de celui-ci dans le sens 
general du mouvement. 
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les zones de polderisation.(l) 

II suffit, en effet, qua le gradient de pression 
soit de l'ordre de grandeur de la rigidite initiale (yeld value) 
des vases, pour que 1'on observe une lente remontde du materiau. 
Or, la partie variable de la pression s'^crit : 

n 
d'ou :   /!£_) u  = ... A^ 

les houles les plus faibles, que nous avons expe- 
rimented, et qui correspondaient de"ja a des debits non negligeables 
de vase, possedaient les caracteristiques suivantes : 

H = 25<MU 21= lm.60 

2 I = 1 s. 2 h = 2,7 em. 

une houle oceanique,  correspondant a une periode de 2 1 = 12 s et 
une amplitude de 2 h = 4m,  c'est-a-dire, une houle de tempSte moyenr 
et non exceptionnelle, aura une influence comparable jusqu'a une 
pirofondeur H*  telle que    ~dp    soit d'un ordre de grandeur comparable 

a la valeur de 1'essai cites ci-dessus  : 

-L. _l£ -    /**-     - 4,3 5-JC      _ fn-z_   h'a-'       Zk'TC      _   l+OOTC 

80 

cMcJH'=Jt*L- =Z,ot,   >,    H'=0,lSxZ20m # IfOm. 

Une houle de me'me periode  (21 = 12 s)  et de 6 m dr£ 
plitude aurait une action comparable pour  : 

okcJH'=3,0£        J'oIL      H'- 0,Z7 xZZOm. =#= gO m. 

On voit done que les houles oceaniques sont suscep- 
tibles de provoquer une remontee de la vase des fonds depuis des 
profondeurs pouvant atteindre plusieurs dizaines de metres,  et sans 

l^Cf. etude de M. VAN STHAA3JEN (13.14)  et conference prononc^e par 
celui-ci,  sur les facies de la mer de Waden (Hollande)  a la 
Sorbonne,  le 11 Avril 1957. 
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doute meme des profondeurs de l'ordre de 100 m, pour les grandes 
tempStes oc£aniques» 

Sous ces actions, il se produit une migration 
de la vase depuis les grands fonds vers la c8te. En general, le 
mat^riau n'attaint pas la cSte, car, des que les fonds deviennent 
insuffisants, e t , en particulier aux abords de la zone de deferle- 
ment, celui-ci est remis en suspension et entraine vers le large, 
par suite de I1action des courants de masse (ripcurrents, ou cou- 
rants de compensation), ou de 1*action des courants de densite, 

Le materiau remonte teutefois a la c6te sous 
1'influence des courants de maree, ou de densite, si celle-ci est 
protegee de 1'action brutale des lames -baie abritee, bassin des 
ports, etc.), les bandes ccHieres abritees de la houle par une 
succession d'lles (lies Friesland en Hollande, lie de Ee devant le 
Itaais Poitevin, Uoirmoutier, etc .») constituent des plages parti- 
culierement propices a. I'atterrissement des materiaux vaseux, et 
permettent, en particulier, lorsque la houle est suffisamment att£- 
nu£e par la diffraction, au processus de remont^e de la vase, sous 
l'action de la houle, de se poucrsuivre Jusqu'a 1'estran. Oe pheno- 
mene permet d'expliquer certains envasements, et en particulier 
l'apport des vases dans les polders marins de la baie de 1'Aiguille 

QONCLUSIQHS 

L'etude que nous avons entreprise, ne s'etait 
donne" que comme un but secondaire, la recherche des lois d^terminan 
les mouvements des materiaux de fond sous 1*action de la houle. Mai 
nous avons constate" au long du d^roulement des etudes, que 1'explic 
tion des mouvements du fluide pres du fond, comportait un domaine 
d'application extr&mement fecond : celui du mouvement des materiaua 
de fond. 

Nous pensons que la poursuite de telles etudes 
devrait permettre de mieux connaxtre ces phenomenes importants qui 
interessent vivement l'ingenieur maritime, tant pour la protection 
des cdtes, que pour le maintien des profondeurs. 

Une conclusion que nous croyons devoir$.rer de c 
etudes, concerne l'apport que les recherches en laboratoire permett 
d'obtenir dans 1'etude de problemes complexes et pour leaquels 
1'experimentation en nature, est couteuse et delicate. En particuli 
nous pensons que dans l'etat actuel des connaissances des phenomene 
maritimes, l'etude systematique des phenomenes a echelle reduite do 
jpreceder toute campagne-de mesures en natures, afin de mieux connal 
le phenomene lui-meme, les difficulty inherentes a son observation 
a sa mesure, et de pouvoir dresser un tableau d«experimentation en 
nature, rationnel et efficace. -u^uu^xon en 
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CHAPTER 14 

THE RELATIONSHIP BETWEEN WAVE ACTION AND 
BEACH PROFILE CHARACTERISTICS 

P. H. Kemp 
Department of GivH Engineering. 

University College London, England. 

ABSTRACT. 

The rational design of coast protection works requires a 
knowledge of the behaviour of the beach under natural conditions. The 
understanding of the relationship between the waves acting on the beach 
and the characteristics of the beach profile produced, is thus a 
necessary preliminary to the analysis of the causes of beach erosion 
and the evaluation of the effect of projected remedial measures. 

The present paper describes the results of a series of prelimin- 
ary hydraulic model experiments carried out by the author prior to a 
model study of the behaviour of groynes in stabilising beaches. Most of 
the beach materials used represented coarse sand or shingle in nature. 

The results demonstrate the fundamental importance of the "phase- 
difference" in terms of wave period between the break-point and the 
limit of uprush, in relation to flow conditions, cusp formation, and the 
change from "step" to "bar" type profiles. 

Within the limits of the experiments an expression connecting 
the breaker height, beach profile length, and grain diameter is 
developed, and its implications examined in relation to beach slope, 
and to the previous "wave steepness" criterion for the change from 
step to bar type profiles. 

Observations are included on the rate of recession of a shore- 
line due to the onset of more severe wave conditions. 

INTRODUCTION. 

BEACH CHANGES. 

Changes in the coastline may be classified as:- 
(1) Progressive changes resulting in prograding or recession of the 

shoreline over a long period of time. 

(2) Short term variations which reflect the fluctuating nature of the 
forces acting on the beach. 

An examination of both these aspects would require a study of 
the forces acting, the type, quantity, source and behaviour of the 
beach material, the submarine contours, and the regional geology. 
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This paper relates to the mechanics of the short term variations 
in beach profile characteristics. 

It is reasonable to suppose that if waves of given character- 
istics act on a beach composed of particles which are capable of being 
moved under the action of the wave forces, then the beach will take up 
a configuration or profile characteristic of the waves and of the beach 
material. This relationship was remarked upon by Cornish (l) who 
defined the final beach configuration due to a given set of wave con- 
ditions as the "equilibrium profile" or regimen of the beach. Fenneman 
(2) defined such a profile as "that which the water would impart if 
allowed to carry its work to completion". This equilibrium form is 
probably seldom attained in nature. 

Whereas the hydraulic model is a valuable aid to the understand- 
ing of beach processes, the variability of wave conditions in nature, 
together with the lack of complete reaction by the beach, makes the 
problem of correlating model and prototype measurements correspondingly 
difficult. 

BEACH STUDIES. 

So far no generalised theory has resulted from the many 
observations which have been made both in the laboratory and in the 
field. 

Beach profiles have however been broadly classified as one or 
other of two types.  These types are generally associated with steep 
waves and with low waves.  The two beach profile types have been 
variously defined as 

(a) summer, ordinary, or berm type 

(b) winter, storm, or bar type. 

Typical profiles are shown in Figure 1. One Dasic difference between 
these profiles when well developed is the presence of a "step" in case 
(a), and a "bar" in case (b).  Type (a) is frequently found on shingle 
beaches, and type (b) on sand beaches.  The profiles will be referred 
to as step type and bar type. 

Waters(3) carried out a series of experiments on beach profiles 
and concluded that the change from step to bar type profiles was a 
function of deep water wave steepness HQ/LQ .  He found the critical 
value to lie between 0.02 and 0.03, the bar type existing for the 
higher values. Similar results have been found by other investigators. 
Field studies by Patrick and Wiegel (4) have not confirmed these 
model values of critical wave steepness, and much lower values have 
been quoted (5)> (6). 

Bagnold (7) has shown that for step type beaches, the beach 
crest height is proportional to the wave height. Experiments have also 
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shown that profiles produced during variations in tidal range and 
wave period do not differ appreciably from the profiles formed under 
constant conditions (8), (9). 

PRE3EHT EXPERIMENTS. 

APPARATUS. 

The wave tank was a small three dimensional model with overall 
dimensions 15'0n x 9»0tt.  The paddle was designed for translator/ 
and rotary movement, and was driven by a constant speed motor, with 
fixed ratio reduction gears.   The bed of the tank was concrete. The 
beach end was fitted with an adjustable bed plabe to provide an 
inclined base for the beach material. The operational water depth was 
six inches. 

Wave height and phase measurement were made by means of 
capacitance wire probes and long-after-glow oscilloscope. Details of 
breaking waves and run-up were obtained by cine photography. 

BEACH MATERIAL. 

For true similarity beach material should be moved by waves 
or currents at the corresponding depth, behave in a similar way in 
suspension, and be deposited in the correct relative position. In 
addition the rugosity and permeability of the material should corres- 
pond to the prototype values. 

For the same specific gravity, fall velocity and permeability 
are similar functions of grain diameter. Absolute values depend on the 
coefficient of drag which in turn depends on the flow condition 
relative to the particle. This may be laminar, transitional or turb- 
ulent. If particles are scaled down they may be transferred from say 
turbulent prototype conditions to transitional or laminar flow con- 
ditions in the model. The general hydraulic environment of the particle 
is also important. Here distinction must be made between conditions 
seaward of the breakers, and those landward of the breakers. The flow 
conditions in the seaward zone are likely to be very different in 
prototype and model.  In and shoreward of the breakers fully 
turbulent conditions exist in both model and prototype, and dynamical 
similarity is good. 

It may be concluded that a beach material chosen to represent 
conditions shoreward of the breakers, may not show results which are 
representative in the offshore zone. 

In the present instance the materials employed were chosen so 
that their fall velocities were outside the laminar range, with median 
diameters between 0.45 mm and 2.0 mm. Both quartz sand and pumice were 
used.  The present paper relates only to the quartz sand experiments^ 
accept where otherwise stated. 
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Fig. 1.   Schematic step and bar type profiles 

100       „   - 200 
N°   of   WAVES 

Fig. 2.   Rate of shoreline recession   R  and increase 
in breaker depth  db   under severe wave attack. 
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EXPERIMENT : RATE OF 3SAGH ADJUSTMENT. 

The rate at which a beach adjusts its profile to the onset of 
new and more severe wave conditions was first studied. 

Having preformed the beach to a step profile using waves of 
period T = 0.55 sees, Ho = 0.48 inches, the beach was attacked by- 
waves of period T = 0.42 sees, HQ = 1.17 inches. The beach material 
in this e:cperimentwas pumice, median dia 0.9 mm, specific gravity 2.0, 
and fall velocity 4.1 cm/sec.  Beach profile measurements were made 
after the following numbers of waves:- 

10, 20, 40, 70, 100, 200, 400,   and thereafter at 
4 minutes, 9 mins, 13 mins and 25 mins, measured from the 
beginning of wave attack. 

The initial stages of beach adjustment are represented in Figure 
2, where the rate of recession of the shoreline and the lowering of the 
beach step are plotted.  The initial rate of recession is small until 
the original step has been destroyed. 

Following this initial recession it was found that the rate of 
retreat of the shoreline was proportional to the logarithm of the time 
measured from the beginning of wave attack. 

The most spectacular beach changes under storm conditions can 
therefore be observed in the early stages. 

EXPERIMENT : PROFILE FORMATION, AND TRANSITION FROM STEP TO BAR PROFILE 

General Description. With low waves a step profile is formed. 
The step is created by a vortex produced by the backwash. The water 
flowing down the beach in the backwash has a velocity distribution 
with a maximum in the upper layers and a minimum at the bed.  On 
approaching the still water level the water is decelerated. The 
deceleration is usually accentuated by a rise in water level due to 
the proximity of the next wave crest. This deceleration results in 
the formation of a vortex with a horizontal axis, in which the upper 
layers rotate downwards towards the bed and thence in a shoreward 
direction. Figure 3.  The high velocities associated with this motion 
produce a scour depression.  Some of the scoured material goes into 
suspension. The heavier particles are moved landward by the component 
close to the bed. 

As the crest of the next wave reaches the break-point the high 
velocity of the horizontal component of its orbital motion near the 
bed produces a reverse vortex at the edge of the scour depression. 
Figure 3. This deepens the scour hole. At the s^me time the orbital 
velocity "planes" the'bed down in the area just seaward of the break- 
point, leaving a horizontal shelf. Some of this material is carried 
forward with the onwash to form the beach crest. 
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Fig. 3.   Mechanism of step formation. 

Fig. 4.   Phase difference   P  versus breaker distance 1 
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Fig. 5. Relationship between breaker distance and 
breaker height in the transition and surf conditions 
for several quartz sands. 
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With increase in wave height the step moves seaward <md the crest 
moves landward, the crest height initially increasing.  With 
successive wave height increments the crest first reaches a maximum 
height, then decreases, and is finally flattened by the highest waves. 
The step profile gradually elongates.  Material from the foreshore 
moves seaward to the break-point.  Here the fine material goes into 
suspension and moves seaward through the breakers. The coarsest 
material is trapped at the bed on the seaward face of the step, build- 
ing it seaward. 

During this transition from step to bar profile, a scour hole 
or plunge pocket may form landward of the break-point, due to the 
turbulence created by the breaking wave assisted by the interference 
of the seaward flowing current of the backwash in the lower layers. 

The step profile gradually becomes indefinite end finally 
changes to a bar profile. 

After the bar profile has fully formed the breakers become less 
violent, since the momentum effect of the backwash is reduced. This 
is explained by the character of the return flow referred to under 
the heading M The Surf Condition " below. The plunge pocket may partly 
fill in. 

Detailed Examination. In these experiments each wave period 
was held constant while a series of runs was made using different wave 
heights, starting with low waves and increasing the wave height for 
each run.  The following observations were made:- 

(1) wave height 
(2) distance from break-point to limit of uprush, referred to 

below as the "breaker distance" 
(3) time for the wave to travel from the break-point to the 

limit of uprush 
(4) type of flow in the zone shoreward of the breakers 
(5) regularity of the shoreline in plan. 

If the time of uprush mentioned in (3) above is expressed in 
terms of the wave period, then it can be described as the " phase- 
difference" between break-point and beach crest. 

The phase-difference was found to be the dominant factor in 
the relationship between the waves and the beach profile, and resulted 
in the following classification of wave/beach conditions. 

The Surge Condition. Figure L, shows phase-difference plotted 
against breaker distance for varying periods and wave heights. 

Increase in wave height produces an increase in the breaker 
distance. Figure 4. shows that initially the phase difference or 
time of uprush remains constant at a value of approximately 0.3 T, 
even though the breaker distance increases. The beach material in 
this instance wss pumice 0.9 mm median diameter. 

268 



THE RELATIONSHIP BETWEEN WAVE ACTION AND 
BEACH PROFILE CHARACTERISTICS 

As the breaker distance is further increased a, critical point 
is reached at which the phase-difference ceases to be constant. 
Thereafter the phase-difference increases with increase in wave height. 

The behaviour of the wave and the beach profile in the initial 
zone of constant phase-difference resembles the behaviour of a simple 
pendulum. An increase in amplitude of the incident wave produces an 
increase in the velocity of the wave surge. The beach crest retreats 
and steepens but the time of the surge remains constant. This 
condition will be referred to as the " Surge Condition". 

Flow conditions in the surge zone of behaviour are of the type 
noted by Bagnold (7) in which negligible mixing or interchange takes 
place between the water seaward of the break-point and the shoreline. 
The motion is characteristically oscillatory. 

It was observed in the case of all wave periods, that beaches 
formed under surge conditions were well sculptured and perfectly 
regular along the line of the beach. There was no tendency for lateral 
circulation to take place. 

The Transition Condition.  With further increase in wave height 
a point is eventually reached at which the beach crest to breaker 
distance ratio no longer satisfies the surge condition. This is the 
critical point already referred to.  The crest height ceases to 
increase and later begins to diminish.  With the retreat of the beach 
crest and the seaward movement of the break-point, the time taken for 
the wave to reach the crest increases.  The time available for back- 
wash before the next wave breaks is consequently reduced. As a result 
the backwash is not completed before the next wave plunges. This is 
the point of demarcation between the surge zone, with its stable 
oscillatory flow conditions, rnd the "transition zone" of behaviour 
characterised by unstable flow and lateral circulation. 

The instability of the flow pattern under transition conditions 
inevitably results in local lateral circulations being set up which 
enable the lack coincidence between the completion of the backwash 
and the next plunge , to be replaced by a continuous and self - 
perpetuating pattern of flow between the break-point and the shore. 
This horizontal flow pattern is the origin of Beach CUSPS. 

Further observations on beach cusps were made which are out- 
side the scope of the present paper. It will however be readily 
appreciated that if the waves are breaking obliquely to the shore, 
the littoral current forms an alternative or additional flow route 
for the backwash, and the development of cusps is retarded or 
eliminated according to the degree of phase-difference in relation to 
the obliquity of the breakers. 

Transition conditions are characterised by some interchange 
between the water in the zone seaward of the breakers and the near- 
shore zone. 
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The Surf Condition. As the phase-difference increases, the 
partly oscillatory nature of the onwash and backwash with limited 
interchange of water through the breakers gradually gives way to 
continuous flow into and out of the breaker zone. Continuous flow 
conditions become fully developed when the phase-difference becomes 
equal to the wave period. 

This is the point at which the bar type profile achieves full 
development. 

The flow conditions for phase-differences greater than the 
wave period T will be calssified as the "surf condition". 

The change from step to bar type profile is therefore a 
function of phase-difference. Hitherto the criterion has been that 
of critical wave steepness.  However the variation in value quoted 
by different investigators is well known, and evidence that the value 
varies with beach slope (10) supports the phase-difference criterion. 

Beach cusps disappear once surf conditions are established. 

DOMUMT FACTORS RELATING BEACH AND W&.VE CHARACTERISTICS. 

This is in the nature of an interim report on the aspect of 
the investigation directed towards the determinction of specific 
relationships .enabling the results of model experiments to be applied 
to beaches in nature. 

The model laws relating to gravity waves alone are well 
established.  The difficulty arises in relation to the behaviour of 
the beach material under wave action. 

One encouraging aspect of this problem is the observed fact 
that model beach profiles posess the general characteristics of their 
natural counterparts.  A second point, alrerdy mentioned, is that the 
conditions for dynamical similarity are most likely to be found in 
the turbulent profile-forming zone between the break-point and the 
limit of the onwash. 

It is clear that any scale relationship of this type must 
reconcile two generally acknowledged discrepancies between the model 
and nature, namely 

(i)  that the critical wave steepness values found in models 
for the change from step to bar type profiles are much 
higher than in nature 

(ii) that model beach slopes are usually much steeper than 
in the prototype. 

Choice of parameters.  A number of investigators have made 
dimensional analyses of the problem. The number of variables included 
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has been large, aM as a result a correspondingly large number of 
non-dimensional groups have been derived.  By keeping the number of 
variables to a minimum experimental verification is facilitated. 
The minimum choice must include (i) a wave characteristic (ii) a 
beach characteristic (iii) a beach material characteristic. 

(i)The wave characteristic was chosen after making a limited but 
detailed study of the breaking wave under surf conditions. This 
confirmed that at and subsequent to the break the wave velocity 
corresponds very closely to that given by the solitary wave theory. 
In addition these experiments indicated that the envelope of wave 
height between the break-point and the limit of the onwash, shows 
an approximately linear decrease with distance. 

The wave height at the break-point was therefore selected 
as the wave characteristic. The wave height adequately describes 
the solitary wave, since the water depth at the break-point is 
directly proportional to the wave height. The effect of shoaling 
on the wave length, wave celerity and height of oscillatory waves 
is thus eliminated. 

(ii)The beach profile characteristic normally chosen is the beach 
slope. However, the slope of a beach is different at different points 
between the offshore zone and the shoreline, and both the choice of 
reference position rod the accurate measurement of the slope in a 
small model is not easy.  On the other hand the engineer is primarily 
concerned with the determination of the landward limit of wave action 
under given conditions.  In the present case therefore the variable 
chosen was the breaker distance.  This in addition provided a link 
with the phase-difference experiments.  Since the bed level at the 
break-point is related to the breaker height, an indirect measure of 
beach slope can be derived. 

(iii) Both fall velocity and permeability are functions of grain 
diameter. Grain diameter is also a measure of roughness. To allow 
for the choice of materials posessing different specific gravities, 
both fall velocity and grain diameter were chosen as variables. 

Using the following notation:- 

Hb = breaker height 
1 = breaker distance (from break to limit of uprush) 
w = fall velocity 
D = grain diameter 
g = force per unit mass due to gravity 

and with constant fluid characteristics, dimensional analysis 
leads to :- 

1  -   Hb..^(^J      (1) 

OT    1  =   Hb   0 [(
H,^>(S>)j      (2) 
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where Np is the Froude Number relating the wave and grain character- 
istics. 

A series of preliminary experiments was undertaken to explore 
this relationship. Figure 5 shows a logarithmic plot of 1 v % 
for quartz sands ranging from 0.5 to 2.0 mm median diameter.  The 
upper part of the curve consists of measurements computed from data 
published by Waters (3).  The range of wave periods employed varied 
from O.44. to 1.4-0 seconds.  The effect of variation in grain 
diameter is not shown. The curve does not apply to the surge zone. 

The curve indicates that for a constant specific gravity of 
grain of 2.64 and using coarse sands, the breaker distance 1 is 
proportional to   % (Rb)M   where  n  is approximately 0.5. 

i.e.   1 «c  H 

Segregation of data based on grain diameter so far carried out 
indicates that  1 is in fact also a function of D, and that the 
relationship can be written 

1  =  K. Hb /Hb\"     (3) (r)n 

Although sufficient data are not yet available to enable 
final values of K and n to be established, the value of  n 
seems to lie between o.45 and O.65, and the approximate value 
of K is 24  when Hb is in feet units, and  D is in num. 

Provisionally therefore 

err ^ 1  =  24 Hb * •"- x""5 

The beach slope can be represented by the ratio _!__ 
Hb 

since the breaker depth dp is proportional to Hb.  Thus if  x 
is an horizontal coordinate, the cotangent of the beach slope becomes:- 

x (SO"        (5) 

Hence for the same grain diameter and specific gravity in 
model and prototype, the beach gradient scale distortion is proportional 
to the   n th  power of the vertical scale in the model. This 
assumes that the waves are produced to the vertical scale. For example, 
with a vertical scale of  '/40 , and  n= 0.5, the model beach slope 
would have a distortion of 6.3 . 

In the surge zone,   1 «c H . 
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APPLICATION TO THE CHANCE FROM STEP TO BAR TYPE PROFILES. 

As already shown the change from step to bar type profiles 
depends on the phase-difference. This in turn is a function of wave 
period and wave height for a given grain diameter. The beach slope 
is similarly a function of wave height and grain diameter. It is 
possible therefore to relate the change from step to bar profile to 
these characteristics. 

The phase-difference involves the time  t  for the wave to 
travel from the break-point to the limit of the onwash. Since the 
envelope of wave height decreases almost linearly with distance x 
from the break-point, then the wave height dimension  h  measured 
above the S.W.L. at any point distant  x from the breakers is 
given by 

hx  =  hb(l -Jl_)       (6) 

The celerity of the solitary wave is given by:- 

0  = /g (db • h)       (V) 

Since both     db    and     hb      are proportional to Hb , then 

C       =   /k g Hb    (8) 

Introducing equation (6) 

Cx  = /k g Hb (/ -_x_)     (9) 

The time for the wave to travel an elemental distance  dx is dt =? dx 
/x G-JJ 

dx 

Cx 
is 

The total time  t for the wave to travel from the break-p^int to 
the limit of the onwash is thus:- 

" (k i %> P "T-flo ..(10) 

i.e. t  =   2 1, 
(k g Hb)2 

(11) 

Since the full change over from step to bar profile occurs when 
the time of uprush equals the wave period T , then for a given period 
the critical condition is given by :- 

(kgHb)* 
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If the depth at which the wave breaks dfc> is equal to 1.3 Hb >  s»<i 
the wave height asymmetry  h = 0.7 Hb then 

T  =  2 1. ,   (13) 
(2 g Hb)<"

f 

For a given grain diameter   1 dS ( Hb ) 

therefor©  f «»c ( Hb )   (14) 

If  n  is taken as 0.5 > the critical breaker height then varies 
directly with the wave period 

Hb « T  (15) 

or  Hb -c (LQ)0-5"  (16) 

Comparison can now be made with the wave steepness criterion, 

since 2b «c (k)0** JL  (17) 
Lo    L0      T 

In other words, the critical value of wave steepness varies inversely 
with the wave period. 

For example, with a given beach material with a critical wave 
steepness value Bb/Lo of  say 0.032 for  T = 1 second, the 
corresponding steepness value in nature for T = 8 seconds would be 
equal to  O.OO4. 

By assigning specific values to K and  n  in equation (3) 
and to  k in equation (12), calculated values of breaker distance, 
critical wave height, and beach slope can be easily derived. 

DISCUSSION 

The paper has attempted to present an integrated picture of 
the relationship between waves and beaches.  Work is still proceeding, 
and where numerical values are given in the text, these must be 
regarded as provisional.  It is never-the-less hoped that their 
presentation will lead to more specific evaluation. 

In attempting to relate and apply the parameters to beaches of 
fine sand, it is possible that the immobility of such beaches under 
the action of small waves, may obscure the wave/beach profile relation- 
ship. In models, fine sand beaches not formed initially to the 
correct equilibrium slope, may be only partially adjusted by subsequent 
wave action.  Similar beaches in nature may develop a profile 
characteristic of a dominant wave, with only significant movement in 
the breaker area.  Similarly on shingle beaches, if the waves are 
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relatively small compared with the size of the beach material, the beach 
may behave ss a permeable wave absorber. 

For wave periods less than 2 seconds, Diephuis (11) has shown 
that the wave steepness becomes a differential factor in relation to 
the breaker depth.  This could affect the breaker distance as computed 
from the breaker height. In the present experiments the exclusion of 
waves  with high initial steepness end of short period from the results 
did not affect the wave/breaker distance relationship. 

SUMI'ARX. 

1. The turbulent conditions in and shoreward of the 
breakers in both model and prototype are conducive to 
dynamic similarity. 

2. The rate of bepch adjustment under more intense 
wave action is initially high, but decreases log- 
arithmically with time. 

3. The phase-difference or ratio between run-up time 
and wave period, is the dominant factor in determining 
the characteristic shape of the besch profile.  The 
phese-difference criterion enables wave conditions to 
be classified ss 'surge',  'transition*, or 'surf, 
each with characteristic flow patterns. 

4..  The transition from step to brx type profile is 
fully achieved once surf conditions are established. 

5. Beach cusps are initiated end developed by the three 
dimensional flow pattern which occurs when the phese- 
difference ratio is in the unstable transition zone. 
Cusps do not occur under surge or surf conditions. 

6. The dominant factors for dimensional similarity in 
relation to beach profiles, are :- 

(a) breaker height (Hb) 
(b) breaker distance (l), i.e. the distance from 

the break-point to the limit of the onwash. 
(c) the fall velocity of the grain (w), and 

the grain diameter (D). 

7. For beach materials of a given specific gravity, the 
relationship betireen the beech profile dimensions and the 
wave characteristics is of the form below for transition and 
surf conditions 

1  =  K Hb 

(For surge conditions  1 <* (H^)  ). 
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8. The cotangent of the beach slope is proportional 
to  (EL/D)11 •  Model beach slope distortion is thus 
proportional to the  n th power of the vertical scale. 

9. The numerical value of the power n referred to 
in paragraphs 7 and 8 above, is of the order of 0.5 . 
The scatter of values so far obtained lies between 0.45 
and 0.65. 

10. The critical wave height at breaking for the 
transition from step to bar type profile is a function 
of the wave period T, viz. 

_ n+o-s 
Hb(crit) •*=  T 

which for a value of  n  =  0.5 becomes Hb(cr^) «*= T 

11. Values of breaker distance, critical wave height, 
and beach slope, can be readily derived from the relation- 
ships developed above. 
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CHAPTER 15 

RESEARCH ON WAVE ACTION ON LAKE SHORES AND UNLINED SLOPES 
OF ARTIFICIAL EARTH STRUCTURES 

A. A. Pichoughkin 
Candidate of technical science 

The All-Union Scientific Eesearch 
Institute of Hydrotechnics named for 

B. E. Vedeneev 

The construction of big modern hydro-electric plants makes it 
necessary to create large reservoirs, of which the surface area can be 
on the order of some hundreds   or even thousands square kilometers. 
As for example, the surface area of the Kuibyshev reservoir is 5600 km 2 
that one of the Sherbakov reservoir - 4500 km^, of the Stalingrad reser- 
voir - 3470 km2, of Kahovka reservoir - 2155 km2.   The dimensions of 
reservoirs in plan being so considerable, the waves of 3-3,5m   height 
can appear on the water surface.   The shoreline of reservoirs created 
on U.S.S.R. plain rivers exceeds the length of 13000 km.   The prob- 
lem of the protection of the upstream slopes of artificial earth struc- 
tures and natural shores against wave action is of extreme importance 
under these conditions. 

From the very first days of the existence the reservoir shores 
are subject to a rather considerable reforming.   The destructive force 
of the surface water waves is the principal factor for the determination 
of the volume of shore disintegration along the reservoir bottom contour. 
When combined with landslides, landslips and caving-in of macroporous 
soils, the surface water waves cause shore movement up to 250 m, 
measured horizontally, average year movement being 15-20 m (within th 
first 4-5 years). 

Hundreds of settlements and industrial enterprises are often lo- 
cated on reservoir shores, which can turn out to be eroded and submerg< 
consequently in some years.   So when designing the hydro-electric proje 
it is necessary to determine the danger zone and to move all the settle- 
ments and enterprises out of it; otherwise some adequate measures for 
protection against submergence must be taken.   These problems have 
assumed ever greater importance within the last few years . 

The first knowledges of reservoir shore dynamics relates to 
thirties in the U.S.S.R.   In 1935 the noted soviet hydro-geologist, 
academician F. P. Savarenski (1)* raised, for the first time, the questi 

*See References 
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about the creating of the scientific basis for predicting the volume of the 
shore disintegration due to wave action for the reservoirs, projected on 
the Volga and Dnieper rivers at that time.   He himself predicted the 
volume of shore disintegration for Iljinskaja power plant reservoir on 
the Lower Dnieper.   His work was supplemented later by his disciples 
and followers:   W. A. Shirjamov (2,3), B. W. Poljakov (4), E. G. 
Kachugin (5), who proposed some engineering methods of predicting 
the shore dynamics with a fair degree of accuracy.   The above men- 
tioned scientists having analysed the results of a great number of ob- 
servations carried out on the Volga reservoirs: Ivankovskoje, 
Istrinskoje, Himkinskoje, Klaxminskoje and Uglichskoje proposed the 
design schemes for determining the stable profiles of underwater slopes. 
In the post-war period the scientific articles by B. A. Pyshkin (6), 
Gh. S. Solotarev (7), N. E. Kondratjev (8) and others were published. 
The results of systematical observations carried out on the reservoirs: 
Kahovskoje, Kuibyshevskoje, Gorkovskoje, Rybinskoje, Tsymljanskoje 
and others were analysed in. those works . 

Apart from storing and systematization of the quantitative data 
on final shapes and dimensions of underwater slope profiles the attempts 
are made to determine the effect of the shore-forming factors: the wave 
energy, the reservoir water level fluctuation, the lithology and the 
height of above-water shore zone, the initial under-water slope contour 
as well as the character of water surface undulation.   The problem of 
interaction between the waves and the eroded reservoir bottom and 
natural laws of shore-forming processes, all as a function of the time, is 
presently under investigation. 

All the problems above are to be solved.   For this purpose it is 
necessary to obtain not only the prototype observational data but some 
model study data too.   The latter should enable to determine the effect 
of each of shore-forming factors separately.   That is why in the U.S.S.R. 
the most serious attention is given to the development of different methods 
of modeling of wave processes over inclined eroded bottoms an d of move- 
ment of non-cohesive soils due to waves.   Some achievements obtained 
have been already published (A. S. Ofitserov; 10).   Published data in- 
dicate that by carrying out the laboratory tests properly it is possible 
to ensure the similarity of research on the model and on the prototype 
with a satisfactory approximation.   The Soviet hydraulic engineers and 
scientists direct their efforts towards the construction of the earth dams 
and levees with gentle unlined slopes, having the contours similar to that 
of the old reservoir, lake or sea bottoms.   The artificial shallow water 
parts of the reservoir are to favour the avoiding the expensive concrete 
and large stones to be used for earth structure slope protection.   Some 
works in this field by B. A. Pyshkin (11), E. S. Tsaits (12), J. E. 
Gugnjaev (13) enable to build the 0.2 mm sand levee with unlined upstream 
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slope 1:20 on Kremenchug reservoir near Cherkassy.   In 1958 on the 
Terek river (Sengeleevskoje) there was built the 7.5 m earth dam with 
the protective gravel-rubble prism 1:15 on the upstream slope (14). 

As a result of the experimental research carried out by Hy- 
draulic Laboratory of the All-Union Scientific Research Institute of Hydrc 
technics names for B. E. Vedeneev (VNIIG) in 1957-58 the empirical 
relations are obtained which determine the shapes and the dimensions of 
stable profiles of artificial earth structures and natural shores composed 
of non-cohesive soils and subject to the frontal wave action.   The frontal 
wave approaching is often a design value, as: 

(1) The earth dams are usually oriented perpendicularly to the 
river valley direction, so to the longest fetch direction. 

(2) The levees are usually built on flat shores, this fact giving 
almost frontal wave approaching due to refraction in shallow water. 

The report by engineer I. J. Popov on some model study data 
obtained at the Hydraulic Laboratory of VNIIG has been offered to the 
present Congress. 
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CHAPTER 16 

EXPERIMENTAL RESEARCH IN FORMATION BY WAVES OF STABLE PROFILES 
OF UPSTREAM FACES OF EARTH DAMS AND RESERVOIR SHORES 

I. J. Popov 
Engineer, the All-Union Scientific 

Besearch Institute of Hydrotechnics 
named for B. E. Vedeneev 

Leningrad, U.S.S.R. 

INTRODUCTION 

Within the last few years the Soviet hydraulic engineers have beer 
making continuous efforts to avoid use of concrete slabs and blocks and 
stone riprap as protective cover of upstream slopes of earth dams and 
reservoir shores against the disrupting effects of waves generated by the 
action of wind upon the water surface. 

Their efforts have been aimed at finding the cheaper procedure. 
Of all the possible ways of slope and shore protection, an engineering 
measure, the idea of which consists in distributing the wave energy dis- 
sipation over a considerably large portion of a sufficiently gentle slope, 
should be given a special attention.   This measure makes it possible to 
substantially relieve the protective cover and in some cases to leave the 
slope uncovered.   The possibility of unlined slopes, stable enough agains 
wave action is proved out by the experience of reservoir operation. 
Shores and underwater slopes of artificial lakes composed of non-cohesiv 
soils are usually subject to considerable disintegration due to wave actioi 
The process of disintegration which goes on rather fast at the initial 
stage of lake existance, slowff down with the formation of a flat lake-side 
shallow, whereon dissipation of wave energy takes place.   At a certain 
stage of development the underwater slope assumes such dimensions and 
outlines which enable it to dissipate the whole of the wave energy and 
practically to protect shores from further destruction.   The profile of 
the slope at which it will permanently stand underwater is referred to as 
the "profile of equilibrium" or "dynamically stable profile".   The term 
"equilibrium" in this case doesn't imply absolute immovability of the 
material acted on by waves, but stands for such a movable state at which 
particles of the soil are making oscillatory movements round some 
middle position without the resultant movement neither towards nor 
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off shore. 

The problem, thus, is reduced to reproducing on the submerged 
slope of a dam during construction or on shores of a future reservoir 
the relief analagous to that of the bottoms of long-term reservoirs or 
artificial lakes (ponds) and seas . 

Dimensions of waves, the direction in which the wave rides up 
the shore or structure, limits of reservoir water level fluctuations and 
size of soil particles are controlling factors determining outlines of the 
profile of equilibrium. 

In 1957-58 the Hydraulic Laboratory of the All-Union Scientific 
Research Institute of Hydrotechnics named for B. E. Vedeneev initi- 
ated a test program on wave effect on the upstream slopes of earth 
dams and on reservoir shores . 

The first series of tests have been carried out to study the in- 
fluence of the two above-mentioned factors, that is: dimensions of 
waves (height and length) and size of particles of non-cohesive soil on 
the form of the profile of equilibrium. 

The purpose of the test program was to set up the design re- 
lations by means of which it would be possible at given wave dimen- 
sions and grain-size distribution in an earth structure to determine 
the outlines and dimensions of the underwater slope which provide its 
stability without lining, the wave ride-up being frontal and the level 
of still water in a reservoir being constant. 

The following notations are used in this paper 

h = the height of the wave from trough to crest 
X = the length of the wave 
d = the diameter of the soil grains 
v - the coefficient of kinematic viscosity of water 
g = the acceleration of gravity 

Symbols "m" and "p" indicate that the above values should be 
referred to model and prototype respectively. 

aA=   the geometrical scale coefficient for values of 
linear dimensions 

hp Xp        dp 

hrn Xm      dm (^"      H~    "      Xm"    d 
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I.   INVESTIGATIONAL METHODS.   TESTING PROCEDURE 
AND BRIEF DESCRIPTION OF EXPERIMENTAL SET-UPS 

The stability of particles of non-cohesive soils on the slope sub- 
ject to wave action is determined, apart from gravity, by the following 
principal forces: 

1.   Forces resulting from streamlining of soil particles by the 
liquid with variable in time, value and direction bottom velocities 
caused by wave action above the slope surface. 

2.   Variable in value and direction percolation forces normal to 
the surface of the slope acting on a particle out from the porous medium 
of the slope. 

The shallow-water-wave-over-an-inclined bottom theory does 
not afford opportunities to set up the functional relationships permitting 
to determine by way of calculations the velocity and pressure fields 
in a bottom layer.   In connection with this it should be noted that, at the 
time being, it seems impossible to obtain the equation of equilibrium 
of soil particles on the surface of pervious slope and to determine the 
gradients corresponding to the stable state of the latter.   This largely 
explains for experimental way of studies. 

The first and foremost problem arising from consideration of 
different testing procedures is the problem how the values obtained 
during tests should be adapted to prototype.   If we were sure before- 
hand that the forces determining the stability of soils on the slope obey 
scaling-up according to the law of gravitational similarity (Froude's 
law) it would be enough to obtain in laboratory conditions the stable 
profiles of slopes for a number of wave height-to-grain diameter ratios 
ai=_VD—   ' az= h|m     etc* anc* us*n§ geometrical scale coefficient to 

adopt Ihem to prototype for the same values of    at,    . It goes without say 
ing that the grain diameter would be scaled-up in accordance with the 
geometrical scale coefficient of the model    (dp   = ag • dm ). 

However, of all the forces acting on soil particles on the surface 
of the slope, only external wave pressure probably obeys Froude's law. 
Scaling-up of the bottom velocities by this law is strongly doubted, and 
as to seepage phenomena associated with reservoir roughness they can 
hardly obey, due to their nature, the law of gravitational scaling-up. 

Taking into consideration the said above, a conclusion could be 
easily drawn that the geometrical scaling-up of grain-size and wave di- 
mensions does not provide the same geometrical similarity of stable 
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profiles formed by waves (this is referred .at least to those cases when 
model tests are carried out on a relatively small scale). 

The absence of the theory of scaling-up the erosion and deposits 
of non-cohesive soils due to wave action necessitated that scale series 
of tests should be carried out in laboratory conditions, i.e. such tests 
when a phenomenon under investigation was reproduced on different 
geometrical scales. 

Experimental research consisted of three testing series corre- 
sponding to three grain-sizes respectively: dgo = 2 mmx)   (1st series), 
dgo = 3.5 mm (2nd series) and d60 =6.0 mm (3d series), the coefficients 
of non-uniformity being equal to  K = -^BCL =1.2-4-1.8. .   63 tests were 
made on sands of the above-mentioned grain-size, wave heights being 
from 5 to 40 cm and steepness E = jr- = 4p-r? 'TS-    

an<* on    •    ^he 
tests were carried out in two glass numes: one 14 m long, 0.7m wide, 
and 1.3m deep, the other 30.5m long, 0.65m wide and 2.0m deep. 
Both flumes were provided with pusher-type wave generators . 

II.   THE RESULTS OF THE EXPERIMENTS 

Numerous successive photographs of the profile of the slope in 
different stages of forming by waves, also measurements of bottom 
velocities by means of specially designed measuring calls make it pos- 
sible to characterize the process in the following way. 

Formation by waves of a stable profile is the continuous damping 
process of erosion of the upper part of the slope and of accumulation of 
the eroded material in the lower part.   The stable slopes have peculiar 
curved outlines with four characteristic zones (Fig. 1, heavy line 1-2- 
3-4-5) being as follows: 

1. Above-water zone limited from above by point 1, the upper- 
most point of wave ride-up on the slope, and from below, by point 2, 
the point of intersection of the profile of the slope with the still water 
level. 

2. Below point 2 there is a comparatively flat underwater zone 
2-3 elongated up to the bottom of the hollow. 

3. Immediately after the hollow there is an underwater roller 
of which the uppermost point 4 may be assumed for the extreme right 
boundary of the third zone 3-4. 

4. Finally there is the fourth zone ending with point 5 which is 

x)   dgo is the grain diameter; number 60 indicates that the content 
of finer grains in a sample is 60% by weight. 
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.the lower limit of the stable slope formed by wave action.   Below this 
point the profile of the slope is represented by a straight line inclined 
towards the horizon, the angle of inclination being that of the natural 
slope of soil in water. 

The above outlines of the stable slope was characteristic for the 
whole test program with wave dimensions being as hm = 5 to 40 cm and 

Xm= 50 to 600 cm and grain-size of soils being as dso = 2.0; 3.5 and 
6.0 mm.   Changes in wave dimensions and grain-size of soils leads only 
to changes in dimensions of the above-mentioned zones, of their slopes, 
etc., but does not lead to substantial difference in forms of slopes taken 
as a whole. 

At the initial stage of the process of formation by waves of the 
stable profile erosion of the upper part of the slope is going on rather 
fast with point 1 and 2 moving continuously in the direction of the strurtuj 

The zone 2-3 in its upper part flattens.   The lower limit of wave 
forming action - point 5 moves in the direction of the reservoir and 
slowly sinks below the still water level (SWL).   As to the hollow and the 
underwater roller, these two elements of the profile formed at the very- 
start of testing remain practically unchanged as far as their position 
and form are concerned. 

Since the curved form of the profile of unlined slopes is not con- 
venient both from the standpoint of calculations and mainly from the 
standpoint of construction works, we think it necessary to schematize 
this form, presenting the design scheme in the form of cut-off lines 
averaging the curved portions of the profile obtained in experiments. 
(Fig. 2, broken line ABCDE). 

The relationship between dimensions of the stable profile on 
factors determining these dimensions may be written as 

A   = f   (d,h,X,g,iO (l-A) 

where 

J^       =   certain linear characteristics of the profile 
(length, depth, etc.) 

d =   grain diameter of sand 

h =   wave height 
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b     2     A     6     B     10    12    14    16    18 
Time,hotns — 

Fig. 1. Different stages of the process of formation "by waves of a 
stable profile of the slope. Gravel with the grain diameter 
&6o = 6 mm* Wave parameters: h = 30 cm; \ = ^-50 cm; 
T = 1.73 sec. 

I - original slope. 
II - profile of the slope after 3-6 hours. 
Ill - 
IV - 
V - 

VI - 

k.B hours. 
6.0 hours. 
9.6 hours. 
16.8 hours. 

L - slope length, cm.    •, 
V - volume of erosion, dcnr/ dcm 

Fig. 2. Design scheme for construction of the profile of the stable 
unlined slope. Design values: 

HA; K, =5~; Mn 
V "C 
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X   =   wave length 

g    =   acceleration of gravity 

v   =   coefficient of kinematic viscosity of water 

Using methods of the theory of dimensions we have set up the 
following system of dimensionless parameters which determine the phe- 
nomenon under investigation and satisfy the requirements of the theory 
of similarity:   ^ ' d*'   \     anc^    ^®ld_    in connection with this equation 
(1-A) may be re-written in the following form: 

h      n d '  X        v     i (l-B) 

As a result of the analysis of the experimental data the following 
empiric relationships for the determination of the geometrical elements 
of the profile of equilibrium are obtained: 

1.   Relative height of the wave run-up on the slope at 

10 < .J-   <  100 

?£=   5,65  1    -   4,.3   iL +   0.58 (i) 
h h X 

and at     -4-   >  100 
d 

5^  =   0.63-4.3   Y- (2) 

h X 

2.   Coefficient of slope (cotangent of angle of inclination of the 
slope towards the horizon)   Mi, elongation AB 

<v^d1d at 200 < v»       —     <   1200 

"»,   .(Z-S-K)--^)^ (» 
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and at        J& • d    >    1200 
v 

h   1>A 

Mj =   1,3   (%) (4) 

3.   Coefficient of slope M2» elongation BC. 

h           h    ll3 

M2 = (2.9-10   £)     (4-)   (5) 

4.   Deepening of the horizontal elongation CD below the water 
level. 

Hc = HD   = 0.6h       .    . .... (6) 

5.   Relative length L3, elongation CD. 

£L, (0.6-3-*)      (I)''3  (7) 

6.   Coefficient of slope M4, elongation DE, 

h 
d 

at    ii > 40 

M4=  jg° -v     +2,1 • • •   •     (8) 
yi^d 

and at -r < 40 

M4 = K(-m^-   +   2.1) • ••   (9) 

where K should be assumed according to the following Table: 
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h 
d 

10 15 20 25 30 40 

K 1.7 1.5 1.3 1.2 1.1 1.0 

7.   Relative depth above point E 

Hi 
h 

400-v       ncc    i   iBOU-y, o^yn 
($)" (10) 

where 

n = 0.27 
35.9 

V^ 

In the above formulae for the design diameter of noncohesive soils 
was assumed the grain-size of which finer particles content is 60-% of the 
material by weight. 

When structures are being built of fine-grained sands it seems 
more economic to cover the upstream slope by the protective layer of 
coarse-grained materials according to the scheme, being as shown in 
Fig. 3.   This will considerably reduce the volume of earth works.   The 
following empiric formula is obtained to determine the thickness of the 
protective layer. 

8 =   K« 0.02 (-£-) 
2/3 

(11) 

where K is the safety factor which should be assumed as being equal to 
2.0 at h 

TT   - 
<   70 and to 1.5 at h 

TT >70. 

The above formulae may be used in the design and construction of 
gentle slopes composed of soils with the grain diameter dr 2,Omm subject 
to wave action, the wave height being upto 1.5 m. 

It is our opinion that the results of investigations obtained herein 
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Fig. 3- Scheme of the slope of an earth structure with protective 
cover on it. 

I - protective layer made of coarse sand or gravel. 
II - hydraulically filled structure built of sand. 
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Fig. k     Variation of coefficients of slope ML and M>  dependent on the 

value of —  
m 

j - 66.7;     v - 0.012U JS- d '' sec 

Fig. 5  Relationship between relative depth (the lower limit of wave 
Hg              ^gdj.' . d_ 

forming action) T— and the value of  
m 

| - 66.7;  v = 0.0124 ^L d     ' sec 
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are of some interest from the point of view of predicting the volume of 
work made by waves on natural shores of newly built reservoirs . 

III.   SOME CONSIDERATIONS ON SCALING-UP EROSION 
AND DEPOSITION OF NON-COHESIVE SOILS 

DUE TO WAVE ACTION 

The analysis of the results obtained from the point of view of 
scaling-up the elements of the profile, the geometrical scale of the 
model with geometrically scaled grain-size and wave dimensions being 
taken account for, made it possible to draw the following conclusions . 

Elements of the stable profile according to the assumed design 
scheme (Fig. 2) may be divided into two groups being as follows: 

1.   The first group comprises values HA> M2, He, L3 and 6 
determined by relations 1, 2, 4, 5, 6, 7 and 11 involving besides con- 
stant coefficients relative dimensionless values II and x. .   Thus in 
meeting requirements ^S-=   ^_ .  .  . (12) andM* =   **£... (13) and 
also in maintaining the boundary conditions the i&entioned above values 
may be scaled-up to the prototype by way of multiplying the corres- 
ponding values obtained in the test by geometrical scale coefficient. 

Such scaling-up is undoubtedly justifiable if sand with the grain 
diameter dm >   2,Omm is used on the model as eroded material and the 
requirement   Jl.s20 is met. 

d 

2.   The second group comprises values Mi, M,4 and HE for whicl 
aa it may be seen from relations 3,8,9 and 10, geometrical similarity 
model and prototype might have been provided if an additional require- 
ment 

Vgd^dp 

besides conditions 12 and 13 was met. 

If it was not, geometrical scaling-up of values Mi, M4 and HE 

is not guaranteed. 

Moreover, at j^ <   1000 it may lead to substantial error 
This circumstance is clearly illustrated by the diagrams shown in Figs.' 
and 5X'.   These diagrams show the dependency of values Ml, M4 and HE 

x)   In Figs. 4 and 5 the curves shown by dotted lines have been plotted 
according to the corresponding empirical relations 3, 9 and 10. 
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m'"m k 
on values of z/m for one particular case:   -v- = 10 and 
!l   =66.7   (ratio between maximum wave height 40 cm and maximum grain- 
iizedm = 6.0mmi.e.   -^^ =-*§*-= 66 .7).    With ^^ -->I000 
i.e. with using sand of whf5h the grain diameter dm = 5 mm values Ml, 
M4 and Hg can be practically scaled-up in accordance with geometrical 
scale of the model (the error being not more than 15% toward exaggera- 
tion) . 

It should be noted that supposition of possibility of scaling-up all 
elements of the profile is the basis of many investigational works associ- 
ated with studying the disruptive effects of waves on shores and bottom 
reservoirs. 

The preliminary results given in this paragraph show that such 
scaling is far from being always justifiable. 
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CHAPTER 17 

ESSAI D'ANALYSE DES PHENOMENES INTERVENANT 
DANS LA FORMATION D'UN ESTUAIRE 

M. Banal 
Directeur-Ad-joint des Etudes et Recherches 

Electricity de Prance 

INTRODUCTION 

Les considerations qui vont Stre developpe"es re"sultent des observations, 
des Etudes, et des lectures que l'auteur a pu faire pendant qu*il e"tait charge 
du Service des acces au port de Rouen sur le fleuve Seine au nord-ouest de la 
Prance. 

II en resulte que d*une part elles ne valent que pour les estuaires 
possedant avec celui de la Seine les caracte"ristiques communes qui seront defi- 
nies ci-dessous, mais d'autre part qu'on s'est efforce d*en exclure ce qui est 
apparu comme trop particulier au cas de la Seine. 

Les conditions auxquelles doit satisfaire un estuaire pour qu*on puisse 
lui appliquer les considerations qui suivent, sont : 

— forte maree et faible de~bit fluvial, 
— embouchure embarrassee de bancs de"couvrants constitue's par du sable fin 

ou tres fin (granulometrie voisine de 1/10 de mm), 

MECANISME DE LA FORMATION DES BANCS 
ET DE L'EVOLUTION DES CBENAUX 

La topograpbie d*un estuaire peut Stre examinee sous les trois aspects 
suivants : 

— niveau moyen general des fonds, 
— formation et evolution des chenaux et~des bancs, 
— largeurs et profondeurs des chenaux utilisables par la navigation 

NIVEAD MOIEN GENERAL DES PONDS. 

Si l*on dispose de leve"s des fonds assez anciens, on constatera en gene- 
ral une remonte*e progressive des bancs traduisant une accumulation de sable 
dans 1'estuaire. 

Cet engraissement se"culaire n'est pas un phenomene extraordinaire en soi, 
car le colmatage des baies parait fctre au contraire une regie assez gen^rale 
d*evolution des cfttes, des lors que les courants ou la'houle trouvent des 
mate"riaux a. mettre en suspension. 

Dans le cas des estuaires, ce colmatage ne peut cependant ttre complet 
en raison du de"bit fluvial si faible soit-il. 
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Si l'aspect qualitatif de 1*engraissement d'un estuaire n'a done rien de 
surprenant, on ne peut prevoir au contraire le taux annuel d1engraissement et 
la cote d'^tablissement des depftts. 

Lieu des depfrbs - Les materiaux accumules dans un estuaire sont repartis 
dans des depSts de trois sortes (fig. 1) : 

- zones ayant atteint la cote des P.M. de vives-eaux moyennes et couvertes 
en general d'une ecorce herbee, 

- zones d*evolution des chenaux, 
- zones de progression des bancs vers le large. 

1°) Bancs herbes : Une extension rapide des bancs herbes est en general la 
consequence de constructions d*ouvrages prote"geant certains bancs de l'action 
des courants. Toutefois, les bancs herbes peuvent progresser a partir de 
l'amont de l1 estuaire et s'ils ne sont pas protege's par des digues Stre atta- 
que"s par les courants et disparaitre apres plusieurs anne"es d*existence. II 
faut cependant noter que la reprise des bancs dont le niveau atteint la cote 
de P.M. de VJS. qui ne peut se faire que par attaque du talus est toujours 
lente. Ces bancs sont done relativement stables. 

2°) Zone d*evolution des chenaux : C'est dans cette zone que s'observent les 
fluctuations rapides des chenaux. Si le niveau moyen de cette zone d'evolution 
des chenaux s'eleve progressivement sous 1*effet de 1' engraissement seculaire, 
on peut dire qu'il est stable par rapport aux phenomenes se produisant pendant 
un petit nombre de marees. 

Le flot provoque un deplacement de materiaux vers l'amont et le jusant 
effectue le transport contraire mais sans ramener les materiaux exactement Ik 
ou. ils ont et^ prisj le deplacement re"siduel s'efface sur une p^riode plus 
longue par suite de la fluctuation des chenaux pour ne laisser comme bilan 
final que 1'engraissement seculaire. 

3°) Zone de progression des bancs vers le large : Au large de la zone ci-dessus 
on observe des bancs (toujours immerges) dont la topographie ne se d^forme que 
lentement, 

Ces bancs se developpent devant le d^bouche des chenaux de jusant et se 
r^tractent ailleurs. 

En moyenne, on observe une avance"e progressive de ces bancs, consequence 
de 1'engraissement seculaire sauf pendant les pe"riodes oil des endiguements sont 
executes a l'amont. 

Pendant ces p^riodes en effet, les bancs s'e"rodent de maniere a fournir 
les materiaux qui s'accumulent derriere les digues. 

Engraissement seculaire - Le taux annuel de 1'engraissement de 1'estuaire 
depend grandement de la zone sur laquelle porte la comparaison. 

Si 1'on observe seulement la partie amont, 1'engraissement est en general 
tres faible sauf pour les annees suivant des travaux d'endiguement, pour 
lesquels il devient considerable. 
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Si les cubatures comparatives portent sur tout 1'ensemble de l'estuaire 
jusqu'au large (cote — 10 sous le niveau des BM par exemple), on constate au 
contraire un taux annuel d'engraissement assez peu variable d'une annie a, 
l'autre, qu'on a tendance a considdrer coiame une constante de la nature. 

Avant d'admettre toutefois 1'existence d'un taux permanent d'engraisse- 
ment independant de l'action de l'homme, il faut se demander si son extension 
pendant 1000 ans ou davantage ne souleve pas des contradictions eVidentes. 

Usure des materiaux dans l'estuaire - II etait presque unaniraement admis 
autrefois que le sable marin dtait forme par un broyage progressif, par 1'agi- 
tation de la mer, a l'dtat de plus en plus fin, des produits de destruction de 
cdtes. 

On a plut&t tendance a. considdrer actuellenent que la granulometrie des 
sables siliceux est celle des cristaux de silice du granit dont ils sont les 
produits de decomposition. 

Par consequent, aucun broyage des sables siliceux ne pourrait se produir 
dans l'estuaire et il y aurait une separation complete entre le sable siliceux 
et la vase. 

II n'y aurait done pas lieu de compter sur le broyage des materiaux pour 
combattre l'engraissement d'un estuaire comme on l'a cru autrefois, et on ne 
devait attribuer aucun avantage a ce point de vue a 1'existence d'une grande 
surface de bancs mobiles. 

FORMATION ET EVOLUTION DES CHENAUX ET DES BANCS - DISSTMETRIE DES ACTIONS DU 
PLOT ET DU JUSANT. 

Le courant de flot se forme alors que le niveau a deja, sensiblement mont« 
et atteint sa valeur maximum pour une cote assez voisine de la pleine-mer. Le 
jusant au contraire agit surtout au-dessous du niveau de la m-maree (fig. 2). 

L'action du flot consiste done dans un decapage general de tout l'estuaii 
se produisant de maniere sensiblement egale sur les bancs et les chenaux, suivi 
d'un dep8t uniforme a, l'dtale de pleine mer. 

Le jusant au contraire n'agit sur les bancs qu'au debut et son action se 
concentre rapidement dans les thalwegs. 

II en resulte deux consequences : 

a) Les materiaux transported par le jusaait arrivent a la limite de 
l'estuaire par les chenaux et foment des barres d*embouchure aux debouches de 
ces chenaux. 

Au contraire, l'action de decapage du flot est uniforme sur la lisiere 
aval des bancs. 

Les fonds etant en moyenne en equilibre, il en resulte que des bancs se 
developpent au debouche des chenaux et que des fosses se creusent ailleurs. 
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L'e"quilibre de 1*estuaire ne peut done e"tre obtenu que par les fluctuations 
des chenaux qui les font deboucher la oil des fosses existaient pr6cedemment. 

Si cet effet d'auto-colmatage des chenaux est connu depuis tres longtem] 
il ne semble pas que son importance ait toujours 6t4  completement appre"ci6e. 
Le cube des mate'riaux qui se deposent au debouche" d'un chenal a partir du 
moment oil il y a une concentration totale du de"bit de fin de jusant peut Stre 
considerable et hors de proportion avec le taux annuel moyen d'engraissement 
avec lequel il n'a a priori aucune relation. 

Nous pensons que certaines fermetures brutales de chenaux imputees 
autrefois aux conditions atmo sphe~ricru.es n'etaient que le reSsultat du pheno- 
mene d'auto-colmatage. 

b) Sauf a la lisiere aval des bancs, le modele" des bancs et des chenaux 
re"sulte surtout de 1'action du .jusant. 

Les evolutions des chenaux sont done assez analogues a celles observe'es 
sur un fleuve non soumis a. la maree et s'e"coulant dans le sens du jusant. 

On sait depuis Pargue que la disposition du lit d'un fleuve s'4coulant 
dans un terrain affouillable inde"fini en 1'absence de tout ouvrage d'endigue- 
ment est une suite de me"andres. 

Les evolutions d'un tel lit sont de deux sortes : 

— Evolutions progressives (accroissement de 1*amplitude des meandres ou 
de"placement vers l'aval), 

— Evolutions brutales, formation des coupures (lorsque le debouche aval 
d'un chenal est colmate'). 

Toutefois, 1'existence ou la frequence de certaines positions des 
me"andres peuvent Stre influencees par les courants de flot dont la direction 
depend notamment des courants au large et du trace des berges de 1'estuaire. 

11 semble bien, par contre, que les temp^tes et les crues n'aient sur 
le modele des fonds de l'estuaire qu'une action re"duite qu'il ne nous a pas 
ete possible de constater d'une maniere certaine. 

RESUME DES TENDANCES ESSENTIELLES DE L'ESTUAIRE. 

— Engraissement seculaire (formation des bancs herbe"s, engraissement du 
niveau general des bancs jusqu'a une certaine note moyenne, extension des 
bancs vers l'aval). 

— Chenaux existant a un instant donne se de"f onnant a la maniere du lit 
d'un fleuve s'e'coulant dans le sens du jusant. 

— Remblaiement du .debouche" aval de tout chenal de jusant, le cube de 
materiaux deposes dependant du decapage des bancs par le flot et non du taux 
d'engraissement seculaire de 1*ensemble de l'estuaire. 
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Fig. 2.   Estuaire de la Seine: courbes maregraphiques et de vitesse 
de courant par coefficient 95 au Havre, a la Falaise des Fonde et a 
la Roque (Rive gauche). 
(cotirbe de maree en trait plein;., •    , courbe des vitesses 
en trait interrompu ). 
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Fig. 3.   Schema des transports de materiaux dans un 
estuaire en entonnoir a endiguement de lit mineur. 
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- Echancrures des bancs a l'aval par le flot en dehors des debouches des 
chenaux de jusant, 

— Penodiquement, soit en raison du developpenent des meandres, soit en 
raison du colnatage a l'aval, formation d'un nouveau chenal par ouverture 
brutale d'une coupure. 

EUSTORIQUE DES EVOLUTIONS DE L'ESTUAIEE 

Les regies elementaires cx-dessus suffisent a peu pres, dans une situatio 
donnee des ouvrages d'endiguement, a expliquer les evolutions a caractere 
sensiblement periodique constatees dans un estuaire sans qu'il soit necessaire 
de faire intervenir les phenoiaenes aleatoires comme les temp§tes, les crues et 
encore moins le pur hasard„ 

Lorsque ces ouvrages sont modifies, les evolutions se produisent dans de: 
conditions differentes„ 

Mais on peut constater pendant et apres la construction des nouveaux 
ouvrages une situation transitoire pendant laquelle Vestuaire presente un 
aspect "anorraal". 

Etant donnee la frequence des interventions, un estuaire peut rarement 
e"tre considers; comae ovoluant librement, et les evolutions des fonds constituairi 
des sequelles des travaux ont souvent masque les lois reglant les nouvenients 
des chenaux indiquds precedemment. 

II faut preciser egalenent que les evolutions possibles du chenal depen- 
dent de l'etat d'engraissement de 1'estuaire et des evolutions anterieures,, 

PROFONDEUR DES CHENAUX. 
PRINCIPES DE L'AMELIORATION DE L'ESTUAIRE. 

Nous etudierons simultanement les conditions qui fixent la profondeur 
des chenaux et les moyens de l'ameliorer. 

La profondeur d'un chenal utile a la navigation depend de sa profondeur 
moyenne et de son modele. 

Un chenal de faible profondeur moyenne niais auquel une digue a forte 
courbure donne un profil en travers triangulaire peut §tre plus favorable a la 
navigation qu'un chenal de profondeur noyenne superieure, niais a fond i>lat« 

De me"me des nouilles tres profondes sont sans mter§t si elles sont 
separees par des seuils d'inflexion plus eleves0 

Les principes d*amenagement indiques par Fargue et Girardon doivent done 
ttre appliques au trace des endiguoments. Mais une profondeur satisfaisante du 
chenal de navigation sera d'autant plus facilenent obtenue que la profondeur 
moyenne du chenal hydraulique et sa largeur seront plus grandes. 

Si, d'autre part, on s'astreint a. limiter le prolongement des digues 
vers l'aval, on se trouvera t6t ou tard dans 1'obligation d'utiliser un chenal 
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libre pour lequel on ne pourra plus agir que sur les facteurs conditionnant la 
profondeur doyenne, a 1'exclusion de tout effet d>ouvrage sur le courant de 
jusant. 

Or, la profondeur moyenne est liee notamment a la "puissance hydrau- 
lique" du fleuve. Cette notion, a. laquelle une importance except!onnelle est 
attribute depuis de tres nombreuses annees, me rite d'etre examinee en detail. 

SOLIDARITE ENTRE LES DIPFERENTES PARTIES D'UN PLEUVE A MAEEE - LOI DE 
L'ELARGISSEMENT KLLCMETRIQUE. 

Nous citerons des extraits du memoire celebre de Mengin-Lecreulx sur 
la puissance hydraulique des fleuves a raaree. (1)« 

"Les courants qui sont par eux-^nemes des agents de de"blaiement, qui 
creusent et entretiennent des chenaux de navigation sont en meme temps les 
agents de transport des matieres qui les encombrento Ils portent done en 
eux-m§mes le mal et le remede, et le resultat utile depend d'un certain 
equilibre dont la determination constitue la difficulty du probleme". 

"D'autre part, en vertu du mouvement des eaux, toutes les parties d'un 
fleuve sont solidaires comme celles d'un organisne vivant, aucune d'elles ne 
peut e"tre modifiee sans une repercussion plus ou moins forte sur toutes les 
autres, lors done qu'on etudie une amelioration locale, il est essentiel de 
rechercher quelle sera, pour le temperament du fleuve, la consequence des 
mesures projetees". 

"En vertu du mime principe, lorsqu'on veut ameliorer un fleuve, il 
importe de faire concorder entre elles, et autant que possible d'executer 
simultanement toutes les ameliorations partielles, de maniere que leurs 
effets se renforcent les uns les autres", 

"Nous tiendrons pour acquxs qu'on abordera les difficulty's de I'embou- 
clmre dans des conditions d1autant plus favorables que le debit de raaree sera 
plus considerable.(2) et que 1'importance de ce debit doit e"tre proportionate 
a, celle des difficultes a, vamcre, soit qu'elles proviennent du debit solide 
d'anont, soit qu'elles proviennent du de"bit solide d'aval, e'est-a-dire des 
matieres venant de la mer, qui se presentent a 1'entree du fleuve, y p&netrent 
avec le flot, en ressortent avec le jusant et dans cette lutte entre 1'intro- 
duction et 1'expulsion, donnent lieu a un etat d1equilibre plus ou moins 
favorable a la navigation". 

Mengin-Lecreulx se fixe done comme but 1'amenagement du fleuve dans 
la partie amont ou il est endigue, en vue d'arriver au d4bit maximum conside"re, 
a priori, comme la condition du succes pour 1'amenagement de l'aval. 

(1) 1880. 

(2) Bien entendu, il ne faut prendre en consideration que le debit concentre 
dans un chenal unique. 
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II remarque que pour obtenir le de"bit maximum, il faut avoir les plus 
grandes largeurs possibles avec les profondeurs necessaires a la fois a la 
transmission des marges et a la navigation et les plus faibles vitesses 
compatibles avec l'obtention des profondeurs. 

Supposant connues, cette vitesse minimum et la profondeur a, obtenir, 
Mengin-Lecreulx determine une loi d*e"largissement de l'amont vers l'aval qui 
est de la forme (4+ A)311  ( -x. abscisse en km, ^ coefficient d'e"largis- 
sement kilometrique) . 

Pour la vitesse de 0,8 m/s admise par Mengin-Lecreulx, il trouve 
A =  0,05 environ, soit un e"largissement de 50 % tous les 10 kilometres. 

L'ide"e qu'en fonds affouillables indefinis seul un estuaire ayant une 
certaine loi d'elargissement de l'amont vers l'aval conserve la loi de 
prof ondeur desire"e nous paraft incontestable, mais la formule donne'e par 
Mengin-Lecreulx reste a demontrer et la loi d'elargissement devrait §tre fixee 
par des considerations expe"rimentales ou theoriques moins sommaires. Cette 
notion doit en outre ttre completee sur diffe"rents points que nous allons 
examiner. 

ENDIGDEMENT DU LIT MAJEUR. 

La loi d'elargissement kilometrique est e"tablie par Mengin-Lecreulx en 
considerant seulement le jusant. 

II se borne a donner sur le flot les indications suivantes : 

"De plus, puisque le niveau moyen pendant le flot est plus e"leve que 
pendant le jusant, tout accroissement de largeur dans les parties superieures 
diminuera la vitesse du flot sans affecter au meme degre" celle du jusant, il 
y aura done benefice. 

"II est ainsi tres utile a. ce point de vue aussi bien qu'a celui de 
1'augmentation du cube de mare"e qu'il y ait un lit majeur ou qu'au moins le 
lit soit plus large a, la surface qu'au fond, M. Franzius a fait remarquer 
qu'au flot le niveau des eaux ^tait convexe et que le lit central se dechar- 
geait dans le lit majeur lateral tandis que pendant le jusant 1*inverse se 
produisait, cette tres interessante observation conduit a la meme conclusion". 

Mengin-Lecreulx avait parfaitement compris que dans un estuaire comme 
celui de la Seine, le niveau d'e"quilibre des chenaux s'approfondissait si l'on 
rdduisait la puissance de transport (et done la vitesse) du flot par rapport a 
la puissance de transport du jusant. 

Mais, il se trompe lorsqu'il pense pouvoir require le debit solide du 
flot en e"largissant le lit majeur. 

La vitesse instantanee du flot dans un profil en travers n'est pas 
conditionne'e en effet par un de"bit determine a. assurer, mais principalement 
par la loi locale de variation des hauteurs. 
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En e"largissant le lit au-dessus du niveau de basse-mer, on accroit 
done le de"bit instantane" du flot sans re"duire les vitesses et par consequent 
on accroit le d4bit solide. 

Gependant, si les digues du lit majeur sont peu convergentes et sensi- 
blement paralleles aux digues du lit mineur, l1observation de Franzius 
permet de penser que l'e'largissement du lit majeur peut avoir un effet favo- 
rable sur la profondeur d'6quilibre du chenal. 

Mais, si les digues du lit majeur sont tres convergentes, un resultat 
tout a fait contraire est obtenu, 

Au lieu de la reduction de la vitesse du flot escompte'e par Mengin— 
Lecreulx, on constate un accroissement tres rapide de ces vitesses vers 
1' amont« 

Le cube accumule a l1 amont n'est que tres faiblement accru par la 
sure'le'vation de la cote de P.M. au fond du convergent, mais la duree du 
flot dans l'estuaire est par contre considerablement reduite. 

Les graphiques des vitesses montrent 1'extreme brievete de la pointe 
de vitesse du flot et la dissyme"trie existatit dans l'inteneur de l'estuaire 
entre le flot et le jusant. 

Or, cette dissymetrie est directement opposee au but cherche puisqu'un 
cube liquide donn^ peut entrainer une charge solide d'autant plus forte qu'il 
est debite pendant un temps plus court. 

Dans plusieurs Etudes anglaises, la dissymetrie du jusant et du flot 
est consid^ree comme un veritable critere d'amenagement d'un fleuve a mar^e 
qui est d'autant plus satisfaisant que la dissymetrie est plus faible. 

Par ailleurs, bien loin de se decnarger dans le lit majeur lateral, le 
lit central regoit les produits de de"capage des bancs de lit majeur comme il 
apparalt clairement sur la figure 3. 

L'idee de completer un endiguement du lit mineur par des digues hautes 
beaucoup plus largement evase"es, nous paralt done tres fg.ch.euse. 

OBSERVATIONS COMPLEMENTAIEES. 

a) Pour une loi donnee de maree, la dissymetrie entre le flot et le 
jusant est d'autant plus accusee que les profondeurs sont plus faibles. 
Autrement dit, un estuaire tend a se degrader d'autant plus rapidement qu'il 
part d'une situation naturelle plus mauvaise» 

b) La dissymetrie naturelle de la mar^e au large est une condition 
defavorab}.e qui est probablement une des causes du niveau naturellement 
eieve des bancs de certains estuaires. 

c) Meme s'ils ne sont pas limite"s par des digues tres convergentes, 
les bancs du lit majeur peuvent constituer des dangers pour le chenal s'il 
n'est pas rectiligne. 
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II n'est pas possible en effet de faire cotncider la direction du cou- 
rant de flot avec le trace des digues basses de lit mineur. 

Le deversement dans le chenal des materiaux arraches aux bancs par le 
flot sera une cause de perturbation dans le chenal. 

II semble done bien que le mamtien d'un tres large lit majeur presente 
de graves mconvenients; il ne s'accommode notamment pas des inflexions. 
Franzius etait partisan de laisser subsister de larges lits majeurs et de 
faire des endiguements rectilignes, la coincidence de ces deux ide"es n'est 
peut-§tre pas fortuite. 

APPLICATION DE LA LOI D'ELARGISSEMENT DE MENGIN-LECREDLX - SIMILITUDE. 

L'application pratique de la notion d'elargissement progressif vers 
l'aval paralt devoir e"tre liraitee en general a une mise en harmonie des 
differentes parties d'un fleuve comportant seulement 1'execution de retouches 
(elargissement ou retrecissement de certames parties d'endigueraent, en consi- 
derant les autres comme acquises, dragages de fonds pas ou peu affouil- 
lables (1), etc.). 

Conrpte tenu des incertitudes dans la determination the'orique de la loi 
d'elargissement, on la choisira en general d'apres 1'observation de la situa- 
tion naturelle des fonds. 

Le reaultat obtenu sera certainenent favorable aussi bien dans la partie 
endiguee qu'a son aval. 

Cependant, bien des ingenieurs ayant e'tudie 1' anenagement d'un estuaire 
ont fait observer qu'au lieu ,de l'etrangler a l'aval, conne on le fait souvent, 
il serait bien preferable de lui laisser son debouche naturel et de mettre 
1'endigueiaent amont en hanaonie avec ce debouche. 

II paralt bien probable en effet que, toutes cboses egales d'ailleurs, 
des estuaires ge"ometriquement senblables en plan (2) presentent des profon- 
deurs d'autant plus grandes qu'ils sont plus larges. Toutefois 1'incertitude 
actuelle sur le resultat quantitatif d'une dilatation transversale d'un 
estuaire sur toute sa longueur a empe'che jusqu'ici d'entreprendre les travaux 
considerables qu'elle necessite (3). 

(1) L'endiguement doit Stre concu de maniere que les fonds s'entretiennent 
naturellement et non jiour obtenir 1' enlevement nature 1 de de"p8ts anciens qui 
peuvent e"tre beaucouj) moms mobiles que les dej>8ts se f omant a, chaque mare'e, 
bien que constitues par le m&me materiau. 
(2) Pour pousser ce raisonnement par des considerations de similitude, on se 
heurte a. deux difficultes du fait que le narnage et le debit fluvial ne sont 
pas modifies. 
(3) Cet elargissement doit itre prolonge vers 1'amont jusqu'a la limite de 
penetration des sables de mer existant apres la transformation (qui peut e*tre 
tres en amont de la position de cette limite avant la transformation). 
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DANS LA FORMATION D'UN ESTUAIRE 

REDUCTION DE L'AUTO-COLMATAGE. 

La concentration des apports de jusant au debouche des chenaux constitue 
-one difficulty supplementaire a vaincre pour etablir des profondeurs satis- 
faisantes au passage de la barre d'embouchure. 

II est entierement conforme aux idees de Mengm-Lecreulx exposees prece- 
demment que de penser qu'une reduction des apports solides du jusant provoquera 
un abaissement du niveau moyen du chenal. 

Une reduction du debit de jusant dans le chenal pourra me"me e"tre admis- 
sible si elle est la condition d'une reduction relativement plus importante 
du de"bit solide. 

Enfin, 1'efficacite des dragages sera d'autant plus grande que les 
apports solides du jusant seront plus faibles. 

Les considerations qui precedent, conduisent a ajouter aux principes 
d'amenagement deja, exposes la reduction des apports du jusant au debouche 
du chenal par l'un des artifices suivants : 

a) Deviation d'une partie du j'usant en dehors du chenal de navigation, 

b) Si l1 anenagement comporte un chenal unique de jusant, utilisation de 
l'effet de courbure d'une digue de soutien du chenal d'ou resulte une repar- 
tition des depBts sur un banc de convexite ou ils sont repris par le flot. 

c) Approfondissement local de la barre par un ouvrage agissant sur le 
flot. 

d) Reduction de la turbidite du jusant en supprimant le balayage des 
bancs par le flot. 

CONSEQUENCES DU PRINCIPE D'ACCROISSEMENT DE LA PUISSANCE HIDRAULIQUE SUR LA 
CONCEPTION DES TRAVAUX D'AMENAGEMENT. 

Nous sonnies convaincus que tout ce qui sera fait pour mettre en harmome 
les unes avec les autres les differentes jiarties du chenal endigue aura certai- 
nement un effet tres favorable sur les conditions de navigation dans ce chenal 
endigue et sur la profondeur du chenal libre a l'aval des digues. 

Nous avons mdique aussi qu'on pouvait escorapter un resultat favorable 
de 1'elargissement d'un estuaire sur toute sa longueur. 

Nous ne pensons pas par contre que la consideration de la puissance 
hydraulique puisse imposer une forme ou une autre pour 1'endiguement de 
1'estuaire. 

Si les traces directs nous paraissent a priori pre"ferables aux traces 
sinueux, c'est parce qu'ils evitent des inflexions, nais mieux vaut certame- 
went un trace sinueux stable qu'un trace direct de 1" endiguement du lit naj'eur 
que le chenal ne suit pas. 
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Par contre, une sinuosite supplementaire utile a, la stability ne saurai" 
re"duire fa'cheusement la puissance hydrauliqueo 

L'ame'nagement de l'estuaire doit, en definitive, satisfaire aux condi- 
tions indique'es pr^cedenment (stabilite et reduction de l'auto-colmatage) et 
si le souci d'accroitre la puissance hydraulique doit faire poursuivre active- 
ment les rectifications locales des irregularitys de 1*endiguement a l'amont, 
il ne doit pas faire abandonner un trace" d'endiguement dormant, par ailleurs, 
les raeilleures conditions au de'bouche' aval du chenal. 

Nous avons indique, d'autre part, que tous les moyens ne sont pas bons 
pour accroitre la puissance hydraulique et que les bancs de lxt majeur 
notamment accroissaient relativement plus le cube des materiaux apportes par 
le flot que le debit du jusant susceptible de les remporter. 
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CHAPTER 18 

ETUDE SUR MODELE DU TRANSPORT LITTORAL 
CONDITIONS DE SIMILITUDE 

J. Valembois 
Chef de la Division Recberches 

Laboratoire National d*Ifydraulique — Chatou 
Prance 

IOTBODUCTIQN 

L*objet do la pr^sente note est d*e"tudier les conditions'de similitude 
que l'on obtient, pour la representation sur modele du transport littoral, a 
partir de divers criteres, Les re"sultats concernent les plages form^es de 
sable fin, a 1*exclusion des plages de galets et des zones ou la vase existe 
en proportions importantes. 

Le premier critere examine" est la reproduction du debut d* entratnement 
des mate'riaux de fond sous 1' action du mouvement oscillatoire de 1'eau dft a 
la houle, la oouche limite etant suppos^e laminair* dans la nature et sur le 
modele. 

Les re"sultats obtenus sont ensuite etendus h la representation du de*but 
d* entraliiement sous l1action du courant de transport de masse perpendiculaire 
a la plage, ffifene lorsque cet ecoulement est turbulent au voisinage du fond. 

La representation correcte du debut d* entratnement conduit probablement 
a une bonne concordance entre le modele et la nature pour la zone situe"e Men 
au large du de"ferlement, mais il n'est pas du tout Evident (et il serait m&me 
etonnant) qu'elle permette d'obtenir sur le modele un transport littoral 
ressemblant au transport naturel dans les zones voisin.es du deferlement et 
pres du rivage. En effet, les phenomenes hydrauliques sont tout a fait diffe— 
rents dans ces regions, ou interviennent de facon preponderante la turbulence 
cr^ee par le deferlement, les courants de masse perpendiculaires et paralleles 
a la cdte, et probablement la percolation dans la zone de l'estran, ainsi que 
1*action du vent sur la surface de l'eau. 

Pour aller un peu plus loin, on a essaye de definir les conditions dans 
lesquelles le mouvement des materiaux en suspension est correctement repre- 
sente sur le modele. 

La connaissance incomplete oue l'on a actuellement des lois du transport 
littoral ne permet pas de decider a priori si les criteres retenus sont vala- 
blesj cependant, on est arrive dans divers Laboratoires, avec des modeles dont 
les echelles etaient voisines de celles auxquelles on aboutirait de cette 
facon, a representer des transports littoraux assez semblables a ceux de la 
nature. On verra d'ailleurs que les conditions auxquelles on arrive laissent 
quelque liberte dans le choix des echelles. Cette liberte a probablement ete 
utilisee dans le bon sens sur les modeles en question. 
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SIMILITUDE DU DEBUT B'ENTRAINEaffiNT. 
CAS HE LA COUCHE LIMITE LAMINAIEE. 

Si I1on. eonnaissait les lois du de"but d'entra4nement dans la nature et 
sur modele, on pourrait en de"duire les conditions de similitude. 

Comme on ne connait pas les lois naturelles, il faut bien partir des lois 
e"tablies sur modele*, en admettant leur extrapolation a la nature. 

RELATION DE SIMILITUDE DE GODDET. 

Soddet /~5_Z "trouve, pour le de"but d* entra4nement en modele, la loi : 

*A ~<A  rn VZ Y^^nfter^T (1) 
(unites c.gaS.) 

viw^xest la vitesse maximum du mouvement oscillatoire de 1* eau du a la 
houle pres du fond, immediatement au-dessus de la couche limite, 

f>     est la masse specif ique de 1* eau, 
a      est la masse specifique du sediment, 
£ »(A -g ) /f>    est la densite" apparent© du sediment, 
J)  est le diametre des grains, 
T    est la pe*riode de la houle. 

II applique oette relation a un modele oil la houle est reproduite en 
similitude de Proude, l'echelle des longueurs d'ondes e"tant e*gale a lTe"chelle 
des hauteurs, dont 1* e"chelle en plan peut Stre diffe"rente, et ou l*e"chelle de: 
creux de houle n* est pas forcement e"gale a l'e'chelle des hauteurs. Il en 
de"duit une relation de similitude qui peut s'e'crire sous la forme > 

I^^V-zT (2) 

§  est l'echelle des profondeurs = profondeur mod/profondeur nature, 
f<-  est 1' e"chelle des densites apparentes des materJ-aux de fond, 
S     est 1* echelle des diametres JD des materiaux de fond, 
J>c    est la distorsion des creux de houle par rapport aux profondeurs = 

e"chelle des creux /£ . 

La relation (2) nrest eVidemment valable que pour autant que la rela- 
tion (1) puisse Stre extrapole*e a la nature, ce qui est vraisemblable tant 
que la couche limite y reste laminaire. 

Larras /~1_7,Vincent /~2_7,Madhav Manohar /~3_7,Lhermitte t£~4_J> Soddet £~5_ 
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RELATION HE GOISDET MODIPIEE. 

Pour Toir si la loi de de"but d*entratnement trouYe"e par Goddet a des 
chances d*e*tre extrapolable, on peut essayer de la mettre sous une forme qui 
se rapproche de la forme adoptee par Shields ]_&J pour le de'but d'entratne- 
ment sous I1 action d*un courant. Cette relation peut s'e'crire : 

-K 

*e$:D = f(n*) (3) 

f0    est la tension tangentielle exerce"e par 1* eau sur le fond, 
f^* s(CKI^/V  est le nombre de Reynolds e'toile' rapporte" au grain, 

-p  e"tant la viscosite" cinematique de l'eau et *£#- /"2»/o 
la Vitesse de frottement. 

Nous introduirons ici un nombre sans dimension dont l'importance pour 
le transport solide semble considerable. C'est le rapport de  *•/<£ f9D 
a /?* . II s'cScrit : 

G „ i££ (4) 

Nous l'appellerons parametre du grain. II caracte'rise le comportement 
du grain dans le fluide. 

La relation (3) de Shields peut s*e"crire 

<£= £(**) x K% 

ou, aussi bien, 

Q  - f(K*) (5) 

La figure 1 montre la relation de Shields (canal) sous la forme (5), 
ou plutftt sous la forme G —  jf (K% ) . 

On a ports' sur le graphique les points expe'rimentaux de Goddet (houle). 
Pour cela, on a calcule" la tension tangentielle maximum ?£ au moyen de la 
the*orie de la couohe limite laminaire oscillatoire f~j ~J  , 

-% = V C v~» mux 

On a alors : 
/\it  — _x J> 
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On voit que les points expe"rimentaux se groupent raisonnablement sur 
une droite pour R%   compris entre t et 3 X 10^, Si l'on admet comme 
Equation de cette droite* 

<?    -   *>  &A 

cela revient a : 

V^, ^o/^^e3/vJ>'/vT'A 
(6) 

qui ressemble d'assez pros (et ce n*est pas e"tonnant) a la loi (1) qu'admet 
Goddet. 

La loi (6) donne comme condition de similitude : 

«f =    yU3cTj)c (T) 

Nous ne nous ^tonnerons pas non plus que cette relation ressemble de fort 
pres a la relation (2). 

CONDITIONS D«APPLICATION DE CES EELATIONS. 

II semble bien que 1*on puisse admettre l'une ou l'autre des relations de 
similitude, pourvu que les conditions suivantes soient remplies, aussi bien 
pour la nature que pour le modele t 

— la couche limite doit Stre laminaire,      , 
«• £ - £g1>i/V':L      doit e"tre inferieur a 2 X 10 , ce qui correspond pour 

la nature a. une dimension maximum des grains de sable de l'ordre du 
millimetre.    .  

- A>* » K,** Z>yt /V T     doit Stre inf ^rieur a 400. ( /P#<20). 

Cette derniere relation,pour une houle de 10 secondes, conduit a une 
Titesse maximum admissible de l'ordre de 1 m/s pour des grains de 1 mm, et de 
4 m/s pour des grains de 0,5 mm. 

Afin de nous affrancnir de ces limites, qui sont dues simplement aux 
limites des conditions experimentales des essais sur lesquels nous nous 
sommes base's, nous allons essayer d'utiliser la liberte' importante qui 
reste dans le choix des e'ohelles. Cette liberte" pourra aussi e*tre mise a 
profit pour e"tendre le domaine d*application de la similitude envisage'e. 

* Liquation, choisie en toute bonne foi, se trouve e'liminer i>    de la rela- 
tion (6). C'est pourquoi on ne trouve pas I'e'chelle des Yiscosite"s dans la 
relation de similitude (7). 
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RELATION IE SIMILITUDE PEBMETTANT D*AYOIR SUE LE MQDELE 
IAMEMEYALEDRDE 0 .*,*•/? W*UB U*Om 

Les relations (2) et (7), qui caracterisent la similitude du debut 
d*entralnement dans une couche limite laminaire oscillatoire, laissent une 
grande liberty dans le choix des echelles, puisque nous avons une seule rela- 
tion obligee entre les Echelles £, /*, ° * Q>   Y  et )  ,  cette derniere 
^cheUe e"tant 1* e"chelle ge"ome*trique en plan, qui n'intervient pas dans les 
relations ci-dessus. 

11 nous est done possible d*essayer de faire intervenir d'autres criteres 

ERQPRIEEES DU PABAMETKE G 

La conservation de la mfcme valeur de G = €fT> /y'"dans le modele que 
dans la nature paratt ttre inte'ressante, ear ce parametre semble avoir des 
proprie"tes remarquables. 

Si, par exemple, on e"crit liquation donnant la vitesse TV"de chute libre 
d*un grain de forme donoie en e"galant le poids apparent et la poussee, on 
obtient la relation x 

(8) 

avec R^ssWu/V  , nombre de Reynolds correspondant a la chute libre du graii 

Done, si lron conserve G  , on conserve ??*, e'est-a-dire que lron se 
trouve dans le mSme regime d'ecoulement autour du grain tombant en. chute 
libre dans 1* eau. On retrouve ici une proprie"t6 remarquable des lois de la 
chute d'un corps pesant dans un fluide : si deux corps de mime forme (deux 
spheres par exemple) tombant dans le m§me fluide ont m#me poids apparent, leu: 
Ryt  de chute est le meme, e'est-a-dire que leur vitesse de chute est inverse- 
ment proportionnelle a leur diametre. 

Si, d,autre part, on considere la facon dont les divers auteurs ont port 
en graphique les lois de 1'entrainement des materiaux de fond par l'eau (pour 
un courant unidirectionnel), on voit que le regime du materiau de fond 
(immobility, d£but de charriage, rides, dunes, etc..) est caracte'rise' par la 
position du point representatif du regime sur un graphique dont les coordonne" 
sont soit t^/iff®  et R* , soitK^/Vet /?,. Ces deux representations s'e'qui 
valent, car on peut transformer le graphique (^i/Sfg-t)/ /?*) en un graphique^/ 
La meme operation peut gtre faite aussi Men sur le graphique (u.^/W1 KM) _, 
puisne       ^/w m  ^ ^  ^   ^ /f(^ 

La correspondence entre les graphiques (<?  /?*) et (u*/w, #x)  de"pendra cepen 
dant de la forme des grains, puisque la. relation <p= A/P^Jen depend. 

Mais, pratiquement, on peut dire que le regime du mateYiau de fond est 
caracterise' par les valeurs de Q  et de 7%^ . 
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Si l'on considere maintenant Ies diverges formules admises pour le de"bit 
transports dans une riviere par charriage, on pourra remarquer que des formules 
aussi dissemblables que celles d'Einstein, de Meyer—Peter, de Frijlink (et sa 
forme simplified due a Bijker), se mettent toutes sous la forme : 

rc~'A . j(«i c") (9) 

' — fy  /V , est un nombre que nous appellerons parametre de transport, 
dans lequel a   est le dSbifr en volume de matSriau solide par unite" de largeur 
du lit.    ' 

On voit que A* et G  caractSrisent aussi le dSbit solide transports par 
units de largeur. Si ces lois sont valables, en conservant <*  et ^# sur un 
modele, on y aurait le me*me dSbit solide en Tolume par unitS de largeur que 
dans la nature*. 

RELATION BE SIMILITUDE CONSERVANT G 

La relation de similitude correspondent a 1* SgalitS (xm„( = ^„^ est la 
suivante j 

r~ -'A.   */3 
fX if (10) 

Rappelons que : 

d = *®moJ /^n*f est 1* Schelle des diametres des matSriaux, 
|U- est I*Schelle des densitSs apparentes des materxaux, 
(0   est 1*Schelle des viscositSs (on pourra souvent admettre que V = 1), 

RELATIONS DE SIMILITUDE CONSERVANT <S ET /^ * 

Les relations de similitude (7) et (10) combinees donnent alors : 

*/3 

(11) 

Ces relations sont beaucoup plus restrictiyes que la relation (7) seule. 

* II faut noter que la relation (9) est incomplete, car les divers auteurs 
font intervenir aussi un coefficient tenant compte de la fraction de la force 
tractrice totale qui est utilisee pour le transport. II faudrait evidemment 
en tenir compte dans une Stude plus poussee. 
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Remarques - 
a) La similitude de*finie pax les relations (11) est plus ge"nexale qu'on 

ne pourrait le penser. En. effet, elle result© de la combinaison de la relation 
(7), e"tablie a partir de 1*Equation <j? =/<> ft%   ,  et de la condition G^- ^w 

On obtiendrait les m&mes relations a partir de la condition (xmtt/ — <?„«A 
et d'une relation quelconque C = /«V?*}de"finissant le de"but d*entrainement. 
En effet, conserver G  et une relation de la forme <r ~ ///^^reyient en fait a. 
conseryer <£ et ~RK» 

La similitude de"finie par les relations (11) consiste done s 
— a prendre le me*me parametre de grain Q  sur le modele que dans la nature, 
— a prendre la meme valeur de ft* sur le modele que dans la nature, en admet- 
tant pour le calcul de t0 que la couche limite oscillatoire est laminaire. Si 
la condition de de"but drentralnement est Men de la forme G =/{/?*)>  on a 
automatiquement la similitude du d£but d,entralnement, avec les hypotheses 
restrictives indique'es ci-dessus. 

b) L'^chelle des density's apparentes conditionne 1*Ichelle des diametres 
de grains. Si l'on prend un materiau de density plus faible que le sable, les 
grains seront plus gros sur le modele que dans la nature. (Voir fig, 2). 
(Nous supposons ici la viscosite" peu diffe"rente dans le modele et dans la 
nature). 

c) L'e"chelle des profondeurs est assez arbitraire, puisqu'il suffit de 
modifier un peu l'e'chelle des creux de houle pour la faire Tarier dans de 
larges limites. Pour une e"chelle des creux de houle e"gale a l*^chelle des 
profondeurs, elle dependrait uniquement de l'e'chelle des densite"s apparentes 
(fig. 2). 

d) L'Schelle en plan est absolument arbitraire. 

On voit qu'il reste une grande liberte" pour adapter le modele a satis- 
faire a d'autres exigences. 

DEBOT D'HWRAINEMENT PAR LE COURANT GENERAL DE MASSE 
PERPEK0ICDLAIKE A. LA PLAGE 

Longuet-Higgins ,£ 8_/ a calcule", pour une houle frontale, le courant de 
masse associe" a la houle en supposant que l'e"ooulement reste laminaire. Ce 
courant porte a la c6te au roisinage du fond. 

Russel et Osorio £*)J ont verif±6  sur modele que la formule de Longuet- 
Higgins donne de bons re"sultats pour le courant au yoisinage du fond, meme 
si l'e'coulement devient turbulent. Longuet-Higgins a expose" les raisons de 
cette concordance dans le meme article. II calcule aussi la Taleur moyenne 
de la tension tangentielle % sur le fond, qui, en regime purement oscilla- 
toire est nulle, et il aboutit a une expression que nous e"crirons sous la 
forme : __     1y» i 

T =S      * X i~- :r., .,' - 

C etant la ce*lerite* de la houle. 
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Le ft# correspondent est done donne" par la relation s 

? 

(° 
**       ^L  s  &J^'x* (12) 

On Toit que pour conserver la valeur de ce **• ,  il suffit, si l'on 
satisfait aux relations (1t), de conserver sur le modele la meme valeur de 
Vw/Cque dans la nature, car les relations (11) sont obtenues k partir de la 
conservation de Vfn2)^>>/vT a  Cette condition est realise© si l'on a une 
4chelle des creux egale k celle des profondeurs. 

On restreint ainsi beaucoup le choix des 'chelles. L'^chelle O    des 
diametres de mate"rlaux et 1* e"chelle en hauteur g~   sont determine" es, des 
qu'on a choisi /U.  , echelle des densites apparentes (fig. 2 avec 3>c = it  ). 

Dependant, si l*on s*ecarte un peu de la condition de conservation de 
Vm /C,  on change assez peu la valeur du /?* correspondent au courant de 
masse, mais on peut faire Tarier beaucoup 1*echelle en hauteur, puisqu'elle 
varie comme JC^"V» 

On peut remarquer que, si l*on partait de 1*expression (12) pour n-x- , 
les relations de similitude correspondent a la conservation de (x   et R* 
seraient les relations (11), ou -2>c~

v serait remplace" par -2J, . La distorsion 
des creux de houle y est encore plus importante, ce qui se comprend, puisque 
la tension tangentielle introduite est proportionnelle au carre" de ces creux. 

BEPEEOTTATIGN DBS TRANSPORTS EN SUSPENSION 

II faut, dans un modele de plage, que le profil soit correctement repre- 
sent^. Des essais en canal avec le mate'riau choisi et les houles du modele 
indiquent le profil modele correspondent au profil natural, et de'terminent 
la distorsion, done 1' echelle en plan a adopter. 

Pour obtenir th^oriquement cette distorsion, il faut trouver le pheno— 
mene determinant dans la formation du profil. Or, le profil d'une plage 
depend de nombreux ph^nomenes physiques, et particulierement de la nature 
plus ou moins r^guliere de la houle incidente (une houle irr^guliere erodant 
l'estran alors qurune houle re"guliere le recharge), et aussi probablement 
J/_10_/ de la percolation pres du rivage. Enfin, et surtout semble-t-il, le 
profil depend de la fagon dont les materiaux mis en suspension par le defer- 
lement sont transport's par les courants de masse. L'influence du vent est 
aussi tr&s sensible. 

II est cependant probable qu'une condition n'cessaire, sinon suffisante, 
pour qu'un modele de transport littoral soit repre"sentatif, est que les 
chemins parcourus par les particules en suspension soient homologues aux 
parcours naturels. Pour simplifier, nous considererons le transport en sus- 
pension des materiaux sous 1*action des courants de masse perpendieulaires a 
la plage, et nous ecrirons la condition de similitude correspondante. Cette 
condition consiste k conserver dans le modele la valeur naturelle du rapport 
suivant : 
 vitesse de chute / profondeur d'eau  

Vitesse du courant de masse / longueur perp. a la plage 
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Nous supposexons que nous avons de"jk admis la conservation, de ^, et de Cr « 

L*e"chelle de la Vitesse de chute W  est, puisque lTon conserve /f^, = WJ>/, 
en conservant £, 

&A (w) = S"1 <f 
La vitesse du courant de masse au voisinage du fond est, d'apres Longuet- 

Higgins, 

v= svJ Ac 
Son echelle est done t 

BUM* ^rVi = rA^ 
( o est 1'echelle des ereux de houle). 

Si on appelle A  1*echelle des longueurs perpendiculairement a la plage 
et ty~$/A  la distorsion geome'trique correspondante, on obtient la relation 
de similitude suivante j 

Combinee aTec les relations (11), cette relation devient t 

3*   = ^~* (13) 

Si, au lieu de la Valeur de Ta  correspondent k la couche limite laminaire 
on avait utilise la Taleur correspondant au courant de masse pour ecrire la 
conservation de /t!^, on aurait l 

_Z>^ =r [*• "' -2)* (13 MS) 

Les valeurs donates par la relation (13) sont du m§me ordre de grandeur 
que les valeurs obtenues par des essais en canal. Pour un materiau de densite 
absolue 1,4 par exemple, la distorsion k adopter est 4. 
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CHAPTER 19 

SCALE EFFECTS IN MODELS WITH LITTORAL SAND-DRIFT 

R. Reinalda 
Delft  Hydraulics Laboratory. 

INTRODUCTION 

In the "De Voorst" Laboratory of the Hydraulics Laboratory, 
Delft, a model investigation has been carried out concerning the 
problems which present themselves around the Thyborjzfa Channel on 
the west coast of Denmark. This investigation was commissioned 
by the Danish Board of Maritime Works, who also supplied,the 
necessary data and information. In tiiis model a scale effect very 
clearly presented itself with regard to the littoral drift caused 
by waves, which led to phenomena m the model which deviated con- 
siderably from those in the prototype. As this scale effect is 
likely to occur in some degree in most of the models with littoral 
drift caused by waves, the publication of the phenomenon observed 
seems justified. 

DESCRIPTION OP PROTOTYPE 

The Jutland Peninsula, the mainland of Denmark, is divided 
into two by the Limfiord, which connects the Cattegat with the 
North Sea (figure 1). The western approach to the Limfiord is 
the Thyborpn Channel, which is actually a breach through the 
barrier separating the Limfiord from the North Sea, which 
occurred in 1862. In previous years this barrier had repeatedly 
been burst during heavy storms from the west, but in Qourse of 
time the channels formed in this way sanded up again. 

Ever since the existence of the Thybor/n Channel much sand 
has been introduced into the Limfiord, where an extensive sand- 
bank area was formed. This sand comes from the parts of the coast 
on either side of the entrance to the channel, each about 10 km 
in length, for the period from 1912 to 1943 about 0.77 million 
cubic metres of sand a year were calculated to be deposited in 
the Limfiord. 

The recession of the coast-line during the first years 
after the development of the Thyborjzfn Channel was enormous, 
especially near the entrance to the channel. The first in- 
formation about this dates from 1874» that is 12 years after 
the breach (figure 2). The average recession between 1874 and 
1890 of the coast-line of 20 km was about 10 m a year. 

In order to reduce ooa,stal erosion, and to protect, for 
the benefit of navigation, the channel against sanding up many 
groyne's were built along the coast, most of them between 1885 
and 1905. The first groynes reached to only small depths, some 
no further than to about the low-water contour. The construc- 
tion of the groynes was such that the position of their heads 
could not be maintained when the coast-line further receded. 
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2. After the building of the groynes the erosion of the bar and 
the scouring of the channel was too heavy. This was the result 
of the alteration of the scale for the littoral drift owing to 
the groynes. So the transport capacity of the current veloci- 
ties in the channel and on the bar after the construction of 
the groynes was too great. This could be corrected in a simple 
way by reducing the current velocities to such an extent that 
the scale for the material movement m the channel and on the 
bar was again equal to that of the littoral drift. 

CONCLUSION 

The most important conclusion is that in small-scale models 
in which problems concerning littoral drift are studied, a con- 
siderable scale effect may occur in the transport distribution 
in a line perpendicular to the coast. At the same time it 
appears that this may result in phenomena m the model which 
greatly deviate from the prototype. 

Now by visual observations the impression is created that 
in other coastal models in the Hyaraulies Laboratory "De Voorst" 
where sand with dm = ^00 - 25O \i  is used as transport material 
this scale effect occurs to a far lesser degree. From this it 
might be concluded that in similar models this sand is preferable 
to ground baselite, which was used m the Thyoor^n model. On the 
other hand, however, the critical velocity for the initial movement 
of the sand is higher than for ground bakelite. If an inlet is 
present, and sand is used, the current velocities in tnis inlet 
will often have to be exaggerated m oraer to obtain sufficient 
transport. In that case the condition nv = n = V^*h ls no longer 
satisfied, which results m a deviating refraction pattern of the 
waves, and thuo to an incorrect transport of solids. In future 
a transport material may have to be found which already starts 
moving at relatively low velocities, and for whicn the transport 
distribution by waves in a line perpendicular to tne coast corres- 
ponds with the situation in nature. For this purpose, however, 
more data about the transport distribution in the prototype must 
be available than has been the case so far. 

Experience has taught, however, that if the various 
factors which influence the littoral drift are taken into 
due account, and if, moreover, sufficient data are known of 
the changes in the bottom configuration during the past in the 
prototype, a very workable model can be designed (figure 5)« 
If the model results are handled with caution, which in the 
majority of investigations is imperative in. any case, a coastal 
model, too, will oe an important aid m solving various probJems. 
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that at the point of time mentioned the groynes reached to a 
depth of 8 cm on an average, so that the waves broke on the land- 
ward side of the line connecting the groyne heads. A further in- 
crease m the distance between the heads of the groynes and the 
coast-line only little influenced the littoral drift. 

From the figures 3A and 3B a relation can be found be- 
tween the points of time at which the recession of the coast- 
lines in prototype and model since 1874 were equal. This re- 
lation is shown in figure /'A, in which the years for the pro- 
totype on the horizontal axis are plotted against the hours 
for the model on the vertical axis. The relation over the 
period from 1874 to 1890 as well as after 1920, appears to be 
linear. Now the gradient is a measure for the time-scale of the 
coastal erosion, which is represented in figure 4B. For the 
period from 1874 to 1890 one year prototype corresponds with 
1/2 hour model, after 1920 one year prototype corresponds with 
2 hours model. 

This change in the time-scale for the coastal erosion is 
caused by the fact that in the model the transport distribution 
in a line perpendicular to the coast deviates from that in the 
prototype. In the model relatively too much material migrates 
along the coast m the breaker zone. Consequently the groynes 
in the model exert a much greater influence on the littoral 
drift than in the prototype. In the prototype the ratio between 
the recession of the coast-line before 1890 and after 1920 is 
4.5 : 1j in the model this ratio is 18 : 1. 

The incorrect transport distribution in the model resulted 
in a number of phenomena which deviated from those in the proto- 
type. 

1. Before the groynes had been built the coast near the channel 
entrance m the model showed a tendency to accretion, in 
contrast with the prototype where at this place the coast eroded. 
In this area the wave notion near the coast was relatively 
slight, as the waves were breaking further seaward on zae  bar 
where, at the time, the depths were small. Hence the transport 
capacity of the waves was here less than at a greater distance 
from the channel entrance. Now m the prototype the reduced 
transport by the waves was compensated by higher current velo- 
cities near the channel entrance. 

As in the model the littoral drift was far more concen- 
trated in the breaker zone the transport of solids close to 
the coast by the waves near the channel entrance was far more 
reduced than in the prototype. The current velocities, which 
were adjusted m such a way that the depths on the bar and 
in the channel were correctly represented, now appeared to 
be only partly capable of compensating the reduced transport 
capacity of the waves near the coast. 
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The boundary conditions to be adjusted with regard to the 
currents and waves were determined by reproducing the changes 
of the bottom topography m the prototype since 1874 in the 
model. For this purpose the wave motion.and the littoral current 
were provisionally determined, so that the coastal erosion was 
simulated with reasonable accuracy. The current velocities and 
the tidal periods in the channel were adapted to tnis, the 
depths on the oar and in the channel corresponding with those 
in the prototype. Owing to the refraction of the waves caused 
by the tidal currents which occurred on the bar, the current 
velocities had to fulfil certain requirements. In order to ob- 
tain a correct representation of the refraction of the waves 
resulting from the slopmg-up of the bottom the condition 
n = V"n"L must be applicable, and for a correct representation 
of the wave refraction caused by the currents n = n . Hence 
n = VrT. In the model the wave period was T = 1.3 sec and the 
wave height H = 5 cm, which compared with prototype T = 8 sec, 
and H = 2 in. 

For the judgment of the model results the following 
magnitudes for prototype and uodel have in the first place 
been compared: 
a. The recession of the coast-line; 
b. The erosion of the bar} 
c. The scouring of the channel. 

The recession of the coast-line since 1874 in prototype, 
both north and south of the channel has been represented in figure 
3A. Between 1874 and 1890 the recession averaged 10 m a year. 
Owing to the presence of the groynes the annual recession be- 
tween 1890 and 1920 became less. After 1920 T,he recession has 
been practically oonstant at 2.2 ma year. The reasons for this 
are the following: 
a. Since 1920 the groynes reach, for most of the waves, beyond 

the breaker zone, and thus the greater part of the littoral 
drift has been checked. On the seaward side of the-breaker 
zone the transport of solids per unit of width is litcle, 
and a further extension of the distance between the groyne 
heads and the coast-line has, after 1920, not much influence 
on the coastal erosion. 

b. Moreover, the groynes in the prototype show some aorasion, so 
that the annual increase in the distance between the heads and 
the Deach-lme is even less than 2.2 m a year. 

In the model a similar phenomenon was observable as in the 
prototype. After the building of the groynes, here, too, the 
coastal erosion became less, but much more so than in the proto- 
type (figure 3B). It may be observed here that m the model the 
groynes were built at those points of time at which the position 
of the coast-line corresponded with that in the prototype. Most 
of them were built from 5,5 to 18 hours after the initial point 
of time. After operation of the model for 33 hours the position 
of the coast-line corresponded with that in the prototype in the 
year 1920. It is noteworthy that since that time the recession 
of the coast in the model had also a constant value. It appears 
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Hence the effect of the groynes on the coastal erosion was 
slight. By applying a heavier construction and by carrying out 
much maintenance work, the position of the groyne heads over 
the last dozens of years has been ensured with reasonable 
success. The recession of the coast-line has thus been reduced 
considerably and since 1920 it averages 2.2 m a year. 

By the building of the groynes the sand transport to the 
channel entrance was greatly diminished. This resulted in serious 
erosion of the bar before the entrance to the channel and in 
scouring of the channel. 

LAY-OUT OF THE MODEL 

The model represents -the Thybor^n Channel, a small part of tne 
Limfiord and the stretches of coast on either side of the en- 
trance to the channel, each 10 km in length. The horizontal 
scale of the model n, = 250, the vertical scale n, = 40. The 
distortion of the model has been chosen in such a way that the 
slopes of the coast in the model correspond with those in the 
prototype. Ground bakelite with d = 1.8 mm and a dsnsity 
Q = 1350 kg/m was decided upon as transport material. The model 
is further fitted with a wave generator with a total length of 
80 m. At sea in the model a north-going and a south-going current 
can be adjusted, combined with both an incoming and an outgoing 
current in the channel. 

MODEL INVESTIGATION 

Before the investigation on the measures proposed to im- 
prove the situation could be started, the transport of solids 
in the moael had to be verified with that in the model. A furtner 
item of importance was the determination of the time-scale for 
the transport of solids. 

According to the nature of the transport of solids three 
areas can be distinguished: 
a. the coast, where the transport of solids is caused by the 

motion of the waves and the weak littoral current. 
b. the bar and the channel entrance, where the waves and the 

strong tidal currents cause the transport of solids. 
c. the channel, where the transport of solids is caused al- 

most exclusively by the tidal currents. 

There is a close connection between the phenomena which 
occur in these three areas. The rate of the coastal erosion 
for example, and consequently the movement of material to 
the channel entrance will influence the depths over the bar 
and m the channel. From this it follows directly that the 
currents and the waves in the model must be selected in such 
a way that the scale ratios for the transport of solids in 
the three areas mentioned must be equal so that there is one 
time-scale for the events. 
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Fig. 5.   Development Thybor^n channel. 
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CHAPTER 20 

LITTORAL TRANSPORT IN THE GREAT LAKES 

Dr. L. Bajorunas 
U. S. Late Survey, Corps of Engineers 

INTRODUCTION 

The Great Lakes Superior, Michigan, Huron, Erie, and Ontario extend 
almost to the middle of the North American Continent. With their 95,000 
square miles of water surface and their three navigable connections with 
the Atlantic Ocean and Gulf of Mexico, they affect the well-being of about 
4.0 million people living within their vicinity in Canada and the United 
States. Possessing a shoreline of 6,600 miles, these waters have been 
called the fourth coast of the continent along with the Atlantic, Gulf, 
and Pacific coasts. This paper analyzes one of the many problems of the 
Great Lakes, the littoral transport problem. 

Littoral transport has been defined as the movement of material 
along the shore in the littoral zone by waves and currents. The material 
thus transported is referred to as the littoral drift. The littoral drift 
originates from the beach material, being picked up by the water and 
transported along the shore and deposited in another location. Shore 
erosion, littoral transport, and deposition of drift are all factors in the 
littoral process. 

A knowledge of the littoral process is important for many engineeri] 
projects including the construction and maintenance of shoreline harbors. 
The harbor breakwater extending from the shore into deep water forms a 
littoral barrier, and by stopping the transport action causes the depositio 
of drift on the updrift side. If the breakwater does not entirely stop the 
transport, or when the storage area on the updrift side is filled, the 
drift will bypass the breakwater and fill the dredged navigation channel 
causing frequent and expensive maintenance dredging. This problem is 
especially important in the small harbors on the Great Lakes planned every 
25 to 30 miles as refuge for fishing and pleasure boats. These harbors 
have a rather small capacity for littoral drift, and the costs of maintenan 
dredging of so many entrance channels would be almost prohibitive. 

In order to provide data required for the design and economic 
evaluation of the small refuge harbors on the Great .Lakes, the United 
States Lake Survey, Corps of Engineers, conducted a study of the best 
method of estimating the rate of littoral transport along the shores of 
the Great Lakes. Although much of the data used in this paper was taken 
from the above study, the views and conclusions stated here do not 
necessarily reflect those of the Lake Survey. 
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DERIVATION OF TRANSPORT EQUATION 

The present knowledge about littoral transport is briefly 
summarized by Savage, 1959, in the following way: "The mechanics of 
littoral transport are not precisely known, but it is generally agreed 
that the major portion of the littoral transport is caused by waves which 
approach the shore obliquely. Such waves have three main effects. First, 
before breaking, the waves create oscillatory currents along the bottom 
which tend to move material alongshore in suspension in the turbulent 
eddies generated by the interaction of the oscillatory currents and the 
sand surface of the bottom. Second, during breaking, these waves produce 
a current along the shore. Beach material placed into suspension by the 
turbulence of the breaking waves is carried alongshore in this current. 
Third, during and after breaking, these waves propel a mass of water up 
the foreshore. This mass of water has an alongshore velocity component, 
and therefore moves material slantwise up and down the foreshore; the 
net direction of material movement being alongshore in the direction of 
the alongshore energy component of the wave." 

General agreement stops at the point where littoral transport is 
a function of waves in respect to their energy. No methods are generally 
accepted to bring the amount of drift into accord with the wave energy. 
Therefore a relationship is needed between transport and energy based on 
theoretical considerations and actual observations. For the purposes of 
harbor design, statistical data from long period observations are 
considered adequate to derive this relationship. 

The material lying in the littoral zone must be stirred up before 
it is picked up and transported downdrift. The transport at a point 
along a straight shore is the summation of material picked up over a 
distance D updrift of the point. 

-/ 
D P dD (1) 

where, 

Q is the transport at a point. 
P is the pickup updrift of the point per unit length of 

shore. 
D is the distance updrift over which pickup is taking 

place. 

The pickup is a function of the wave energy component perpendicular to 
the shore while the transport is a function of the component along the 
shore. 

P„ = c E0
n cos «o (2) 

Qc = a E„
n sin*o (3) 
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where, 

P„ is the potential pickup when transport is zero. 
Q„ is the potential transport when pickup is zero. 
c, a, n are constants. 
E„ is the deepwater wave energy. 
<0 is the angle between the wave crests and the shoreline. 

Although the wave energy along a straight coastline is the same per unit 
length of shore, the portion of energy available for pickup of new 
material will be only what is left from the energy expended in picking 
up and transporting the material from updrift reaches. Therefore, the 
pickup at some distance is: 

P = c (E0
n - En) cos<*o U) 

Substituting the energy from (3), the pickup becomes: 

P = b cots, (Q0 " Q) (5) 

where b = c/a. 

Substituting the pickup P from (5) in (l), the transport is: 

Q = fV  (Q - Q) b cot«0 dD (6) 

Integrating (6) and using (3) for Q0, we derive the transport equation 
for a straight coastline: 

Q=aEo
nsin«0   [l - e " b D oot"-] (7) 

When the coastline is not straight, it can be divided into several 
straight reaches, and the transport computed reach by reach. At the 
downdrift end of the first straight reach, the transport is obtained by 
equation (7), and at the end of each of the subsequent reaches by the 
equation: 

Qg = -\ e - b D2 cotoC,, 2 + a E„n sinoc 0 0     0 ^ 
1 _ e - b D2 coto<o2 

where, 

QL is the transport at the end of the previous reach. 

*02 
is the angle between the wave crest and the shoreline 

of the straight reach being considered, and 
D, ) is the length of the latter reac h. 

LITTORAL TRANSPORT OBSERVATIONS 

In deriving the constants a, b, and n in the transport equation 
(7), the observations were used on rate of littoral transport, deepwater 
wave energy, length and alignment of shore, available shore material, ar 
the material in transport. Other elements affecting the transport, as 
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wave steepness, storm duration, wave refraction, lake level, and water 
temperature, were not considered in the interest of simplifying the 
problem. They are partly implicit in the statistical data used. 

TRANSPORT RATE. 

Remarkably accurate soundings of the offshore and beach areas of 
the Great Lakes were recorded by the Lake Survey during the last half of 
the 19th century. These early soundings when compared with more recent 
hydrographic surveys show the changes along the shore that have taken place 
over long periods of time. Because even small errors in the soundings or 
their location along areas of little change result in relatively large 
inaccuracies in computing the change in volume, the areas to be studied 
had to be carefully selected. The areas investigated for this study were 
located at natural or man-made barriers where the changes in volume were 
large. By catching the transport from one direction and excluding it from 
the opposite direction, the barriers also made it possible to correlate 
transport with the wave energy from one direction. Erosion from the 
relatively short face of the deposited drift is rather small and can be 
estimated without significant error. The location of the areas selected 
are shown in Figure 1, and the results of the detailed investigations are 
summarized below. 

Grand Marais Harbor is located on the southern shore of Lake Superior, 
see Figure 2. The construction of the harbor was started in 1883 with 
two parallel breakwaters extending into the lake protecting a dredged 
navigation channel. Later the breakwaters were extended further into 
the lake and at the present time are about 2,000 feet long, extending 
into 20 feet of water. Many hydrographic surveys have been made of the 
areas on both sides of the harbor, however, most of these surveys did not 
fully cover the area involved. The soundings made in the vicinity of the 
harbor in 1880, 1902, and 194-1 provided the best data for computing the 
changes in volume over long periods of time. Profiles from these soundings 
at Section 1 are shown in Figure 3. The accretion per year on the west 
side of the harbor was computed as 54,000 cubic yards over the 19-year 
period from 1883 to 1902, and 58,000 cubic yards over the 39-year period 
from 1902 to 1941. The average accretion was 57,000 cubic yards per year 
for the entire period of 58 years. The rate of erosion from the face of 
the deposits was estimated to be in the order of 2,000 cubic yards per 
year. Thus the average transport rate from the west becomes 59,000 cubic 
yards per year. 

The soundings also indicate that a small amount of drift bypasses 
the west breakwater and is deposited at a depth of about 17 feet. On the 
east side of the harbor the soundings show a continuous erosion, Figure 4. 
A protective wall about 5,700 feet long was built along the shore to the 
east in the 1895-1898 period. The shore material on both sides of the 
harbor is fine sand, and the supply is unlimited. The deposited material 
west of the harbor is also fine sand. 
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Au Sable Point is about 8 miles northeast of Tawas Point on the west shore 
of Lake Huron, see Figure 5. The coastline north of Tawas Point has a 
general northeasterly direction. At Au Sable Point the shore turns sharply 
to the east and then to the north forming a small hay south of the point. 
A part of the material being transported from the north is deposited just 
south of Au Sable Point while the rest of the drift is transported along 
the shore to be deposited at Tawas Point. Based on the soundings made in 
1856 and 1949, the transport at Au Sable from the north was determined to 
be 121,000 cubic yards per year. The drift along this reach is sand, and 
the available beach material north of Au Sable Point is mainly sand with 
some rock outcrops. 

Tawas Point is located on the westerly shore of Lake Huron at Tawas City, 
Michigan. The contour of the lake shore at this location is such that all 
the transport is trapped in the Tawas Bay. Most of the material transported 
along this shore comes from the north and is deposited at the end of Tawas 
Point. There is a small amount of transport from the south which is 
deposited at Tawas City. 

The accretion at Tawas Point is composed of sand with a rather flat 
initial slope of 1 on 170. At a depth of about seven feet, the slope 
abruptly changes to about 1 on 25, and is more or less constant until the 
lake bottom is reached in about 30 feet of water. This changing slope is 
shown by the profiles in Figure 6. The soundings made in 1856 and 1911 
indicate that the average accretion at Tawas Point was 67,000 cubic yards 
per year. The soundings in 1949 show an average accretion of 60,000 
cubic yards per year for the period after 1911. The average for the 
93-year period was 64,000 cubic yards per year. The accretion at Tawas City 
is in the order of 2,400 cubic yards per year. 

Alabaster is a small town on the shore of Lake Huron about 5 miles south of 
Tawas City. The lake shore north of Alabaster shows evidence of considerable 
erosion over the years. It is here where the Lake Huron waves start to pick 
up new shore material after depositing the transport from the north at Tawas 
Point. The erosion at Section 4 near Alabaster is shown by the 1856 and 
1949 profiles in Figure 7. Over the 93-year period, the erosion in the 
northerly mile of the reach shown in Figure 5 averaged 4,200 cubic yards per 
year while the average rate of erosion over the 5-mile reach was 25,000 cubic 
yards per year. These erosion values are not as accurate as the accretion 
values obtained because of the relatively large area affected with respect 
to the amount. The available beach material consists primarily of sand 
with rocks, clay and occasional gravel scattered throughout the reach. 

Fairport Harbor is located near the middle of the southern shore of Lake 
Erie about 29 miles east of Cleveland. The breakwaters shown in the harbor 
layout, Figure 8, extend out from the shore into 20 feet of water. The 
dominant direction of transport in this area is from the west. In Figure 9 
the profiles at Section 5 west of the harbor are based on soundings made in 
1911, 1945, and 1958. These soundings indicate an accretion during the 
1911-45 period of 124,000 cubic yards per year, and during the 1945-58 period 
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of 88,000 cubic yards per year. The large difference in accretion rates 
for the two periods may he due to shore construction west of the harbor, 
such as the water intake pier near the Chagrin River built in 1951, or to 
an increase in the transport passing the harbor. The erosion from the 
face of the deposits is estimated to be 6,000 cubic yards per year. On 
the east side of the harbor a serious erosion problem existed. In 1932 
the east breakwater was extended 5,400 feet eastward parallel to the 
shore to protect the beach. 

The Division of Shore Erosion, State of Ohio, made an extensive 
survey of the beach along the Lake Erie shore. In the reach from 
Cleveland to Fairport, samples were mostly sand ranging from fine to 
coarse with the sizes 0.2 to 0.4 mm predominant. The samples also 
included some clay, pebbles, and cobblestones. The material deposited on 
the west side of the harbor is very uniform and has a median size of 
0.24 mm with a coefficient of sorting 1.1. This uniformity of size 
indicates that waves select the material being transported from the 
large assortment available on shore. 

WAVE ENERGY. 

Wave energy is the prime factor of littoral transport. The general 
circulatory currents and the currents resulting from water level 
disturbances do not significantly change the picture of the energy in the 
littoral zone of the Great Lakes. These currents might be a factor in 
some isolated restricted areas. 

Wave energy for this study was computed by the generally accepted 
simplified equation for the energy of deepwater waves in fresh water: 

E0 = 20 H0
2 T t (9) 

where, 

Ee is the annual wave energy transmitted forward from deep 
water toward the shore in foot-pounds per foot of 
wave crest. 

H„ is the deepwater wave height in feet. 
T  is the wave period in seconds. 
t  is the time, in seconds, during one year that waves are 

acting upon the shore from given direction. 

Wave height and period. 
The height and period of waves are the basic elements used to 

compute the wave energy. Primarily, these elements depend on the speed 
of the wind over the water, the fetch over which it blows, and its duration 
The graphical relationships between winds and waves prepared by Bretschneid 
and published by the Beach Erosion Board, 1954, were used to obtain the wav 
heights and periods for significant waves. A significant wave is the avera 
of the higher one-third of all the waves. The use of significant waves 
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results in a wave energy greater than actual. However, the ratio of the 
actual energy contained in a given wave train to that computed from the 
significant waves has been found by various authorities to be nearly 
constant, and in the order of 0.58. Therefore, the use of significant 
waves will indicate correctly the variation of the actual wave energy. 

Wind speed. Wind statistics for land stations in the vicinity of the 
sites studied are available for seven to ten year periods. The data listed 
on IBM cards produced a tabulation of the duration of all winds from 16 
different directions for speeds 0-12 mph and 13-24 mph, and of the 
individual wind speeds of 25 mph and higher. Wind speeds over large water 
areas are known to be significantly higher than those indicated at adjacent 
land stations. On Lake Superior some wind records are available for the 
small rocky island, Stannard Rock, 30 miles from the nearest shore. These 
records may be considered as those of the actual winds over Lake Superior. 
These overwater winds were found to be about 80 per cent faster than those 
recorded at the nearest land station. More detailed investigations of the 
relationship of overwater to overland winds in Lake Erie have been made by 
Hunt, 1958, using wind observations on commercial vessels equipped with 
anemometers and at the nearest land stations. The Lake Erie investigations 
showed the relationship depends upon the stability of the air masses of the 
overwater area and upon the heights of the anemometers above the land and 
water surfaces. Based on these findings, the wind speeds from the land 
stations were adjusted to speeds over the water at an 8 meter level before 
they were used in wave height and period computations. 

Storm duration. From the data available, it was not possible to compute 
the duration for individual storms with wind speeds less than 25 mph. 
Therefore, it was assumed that these lesser storms lasted long enough 
to produce waves of ultimate height. The duration of the winds of 25 mph 
and over was studied in detail and the average values were used to 
determine the energy. 

Fetches were determined from Lake Survey navigation charts for the sites 
where transport was studied. 

Ice effect. 
This factor must be considered in estimating the total time the 

waves act upon the shore. The presence of ice along the shore protects 
the beach from attack by the waves. The fresh water of the Great Lakes 
tends to freeze quite early in the winter season, with ice appearing 
first in the calm inlets and bays and later extending out from the shore 
into the lake. The ice-free part of the lake varies in size depending 
upon the severity of the winter, however, none of the Great Lakes has 
been known to completely freeze over. According to Zumberge and Wilson, 
1954, the freezing progresses out from the shore in two steps, first 
forming an ice foot and then an ice cover. Once established the active 
ice foot, that borders the open lake, protects the shore from the impact 
of the breaking waves. However, since the ice often contains some sand, 
some shore erosion is probably still going on, but on a much smaller scale. 
Navigation season statistics show that ice and cold weather stops navigation 
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for an average period of 4.5 months on Lake Superior, 3.5 months on Lake 
Huron, and 3 months at the westerly end of Lake Erie. The period during 
which the shore receives the most protection from the ice is shorter than 
the closed navigation season. For this study the time during each year 
when no wave action occurs on the shore was considered to be 3 months 
for Lake Superior, 2.5 months for Lake Huron, and 2 months for Lake Erie. 
More precise determinations of the time of inactivity would require long 
observations in the field. 

EXPONENT FOR ENERGY. 

As indicated in equation (7), the transport varies as the deepwate 
wave energy with exponent n. Based on actual observations and on model 
tests this exponent was selected as being unity. Evaluation of the expone 
is possible when all the factors affecting transport are constant except 
the wave energy. Actual observations for one direction of wave approach 
are difficult to obtain and adjustment of several directions to one 
introduces some degree of error. The value of the exponent based on 
actual observations are listed by Caldwell, Watts, and Lee as follows: 

Anaheim Bay, California 1.0 
South Lake Worth Inlet, Florida 0.9 
Fort Sheridan, Lake Michigan, Illinois      0.97 

The data for California and Florida shows considerable scatter, but the 
accuracy should be within ten per cent. Fort Sheridan data for Lake 
Michigan is based on the energy of individual waves uncorrected for wave 
period variations, and the 0.97 value may be on the low side. 

The data obtained by Sauvage and Vincent in France from model tesl 
using a sand with 2.6 specific gravity, indicate a value of 1.1 for the 
energy exponent. Other model tests, as shown by Savage, 1959, indicate a 
lower value for the exponent, but the data have much more scatter. 

GREAT LAKES TRANSPORT EQUATION 

The constants in the equation (7) were determined by substituting 
the data developed above and solving the simultaneous equations. The 
resulting transport equation for a straight shore line in the Great Lakes 
is: 

= 19 E0 sin <=<0 1 - e 0.023 D cot<*0 (10) 

where 

Q  is the average annual rate of littoral transport in 
cubic yards at the downdrift end of a straight reach 
due to waves from one direction. 

E0 is the annual deepwater wave energy from one direction i 
millions of foot-pounds per foot of wave crest. 

°<o is the angle between the shore line and the wave crests 
which are considered perpendicular to the wind directi 

D  is .the length of the shore in miles between the point of 
transport and the updrift barrier. 

19 and 0.023 are the constants determined from the data. 
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Use of equation. 
Equation (10) is designed to compute the annual rate of transport 

over a long period from long-period average wind data of winds from 16 
directions. At the sites investigated the littoral drift is fine sand, 
and the beach material is mainly sand in unlimited supply. The effects 
of varying lake levels on the transport have been counterbalanced because 
of the long periods used. Adjustment of the constants would have to be 
made before equation (10) could be used under conditions other than those 
discussed above. 

Another point to be considered when using the transport equation 
is that the shore length is limited by the duration of storms and by the 
speed the drift moves along the shore. When a storm begins and waves 
start hitting the lake shore, the transport is at first of uniform rate 
throughout the total length of a straight shore. As the storm continues 
the drift moves forward and the transport grows in size. However, there 
is always a point on an infinitely long shore up to which the transport 
is growing and from which in the downdrift direction the transport is of 
uniform rate. This distance from the barrier to the point of constant 
transport is termed the effective shore length. The effective shore 
length for the prevailing direction of storms in the Great Lakes may be 
over 50 miles, however, no observations are available to substantiate 
this figure. 

TESTING THE EQUATION 

The transport equation for the Great Lakes was compared with the 
available observations in nature or in model to assure that results are 
in good agreement with the observations. 

Comparison with Actual Transport. 
The observed transport rates are compared with the rates as computed 

by equation (10) in the table below. 

Lake Location 
Period 
in Years 

Shore Length 
in Miles 

Annual Transport 
in 1000 Cubic Yards 

Type Actual Computed 

Superior 
Huron 
Huron 
Huron 
Huron 
Erie 

Grand Marais 
Au Sable Point 
Tawas Point 
Alabaster 
Alabaster 
Fairport 

58 
93 
93 
93 
93 
34 

6 
34 
42 
1 
5 

21 

accretion 
accretion 
accretion 
erosion 
erosion 
accretion 

59 
121 
64 

4.2 
25 

130 

60 
123 
63 

3.7 
19 

115 

Observations on most effective angle. 
The littoral transport rate varies with the angle between the 

approaching wave crests and the shore. Waves having the same energy produce 
the highest transport when approaching the shore at a certain angle. This, 
most effective angle is generally believed to be constant all along the shore. 
Model tests by Shay and Johnson indicated that wave crests approaching at an 
angle of 43° produce the maximum transport. A later study by Johnson, 1955, 
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indicated a most effective angle of 30°. A widely adopted method of 
adjusting the wave energy per foot of wave crest to per foot of shore is 
that developed by the Los Angeles District, Corps of Engineers, where the 
factor of sin 2<*<1 is used. This factor indicates that an angle of 45° 
produces the highest transport. Professor Munch-Petersen from his 40-year 
experience in research of littoral transport along the ocean coasts con- 
cluded that the transport is close to its maximum when the original wave 
(the deepwater wave) moves parallel to the shore (Svendsen, 1950.) 

The transport equation derived for the Great Lakes indicates that 
the most effective angle is not constant t>ut varies with the length of 
unobstructed shore. For various lengths of shore, the most effective angle 
were determined from the equation as follows: 

Shore length, in miles 
Most effective angle 

The above relationship shows that along the shore just downdrift of a 
harrier, the most effective waves are those hitting the shore with their 
crests almost parallel to the shore. It is believed that such nearly 
direct waves and not the rip currents are the cause of the erosion at the 
downdrift side of a barrier. Going downdrift along the shore, the most 
effective angle increases until at a distance of about 14 miles it reaches 
30°. This angle was also obtained in the model tests by Johnson and might 
be of help in determining the scale for that.model. The most effective 
angle of 45° corresponds to a shores-line length of 53 miles. However, this 
distance was derived from the transport equation for the Great Lakes and 
cannot be transferred directly to ocean conditions. For a very long 
straight reach, the angle should be close to 90°, the angle observed by 
Munch-Petersen. Also in shorter reaches the maximum transport can be 
produced by waves moving parallel to shore when the downdrift portion of 
a convex beach is parallel to the direction of the wind. 

Shore length and transport. 
The Beach Erosion Board, Corps of Engineers, as reported by Savage, 

1959, made model tests where the transport rates were compared for two 
different shore lengths with all other factors remaining unchanged. In 
the first series of tests the beach length was about 97 feet, and in the 
second series the same beach was divided into two reaches by a long, high 
groin as shown in Figure 10. The effective length of the beach downdrift 
of the groin was 34 feet. The rate of transport was measured at the end 
of the original long and subsequent short beaches. The average transport 
rates during the 50 hours of testing were 374 pounds per hour for the 
97-foot beach, and 154 pounds per hour for the 34-foot beach. 

It is not possible to compare the model transport rates directly 
with those observed in the Great Lakes because of the uncertainty of the 
model scale. However, both the model tests and the actual transport data 
from the Great Lakes show that the unobstructed shore length is an 
important factor affecting the quantity of transport. The tests in the 
model were made with an angle of 30° between the wave crests and the shore 
If this angle was the most effective angle for that model then, as shown 

338 



LITTORAL TRANSPORT IN THE GREAT LAKES 

above, the corresponding long and short shore lengths in the Great Lakes 
would be in the order of 14 and 4.9 miles, respectively. The ratio 
between the computed transports for these long and short shore lengths in 
the Great Lakes is 2.41> and the ratio of the corresponding transports 
observed in the model is 2.43. 

Wave-crest angle and transport. 
As previously shown, at any point along the shore there is one wave 

direction which produces the maximum transport, and lesser amounts of 
transport are produced with the same energy from different wave directions. 
The variation of transport with changing wave angles was investigated in 
model tests by Johnson. The relationship between the angle of wave crests 
and per cent of maximum transport determined in the model and as computed 
for comparable conditions in the Great Lakes are shown in Figure 11. A 
wave steepness of 0.04 from model tests was selected for computing the 
transport. This wave steepness occurs during the larger storms on the 
Great Lakes. The transports observed in the model and computed by equation 
are in good agreement for wave angles around 30°, but deviate as the angle 
increases and decreases. One reason for the deviations probably is that 
the effective shore length of the model is not constant, but changes with 
the angle of the wave machines. 

ACCRETION IN FRONT OF A BARRIER 

When a barrier which would stop the littoral transport is planned, 
it is necessary to estimate the effects of the structure. Normally, an 
accretion of the drift will take place on the updrift side of the barrier, 
and an erosion of a larger or lesser extent will occur on the downdrift 
side. The accretion over a number of years is the sum of the annual 
transports less the erosion from the face of the deposits by waves from 
the downdrift direction. The erosion from the deposits is equal to the 
transport originating along the face of the deposits. 

The accretion will occur within the triangle formed by the natural 
shore, the barrier, and the new shore as shown in Figure 12. Two sides of 
the triangle are known, but the new shoreline must be estimated. The 
concave shape of the new shores-line is more or less defined by two tangents. 
The angle between the new and natural shore/lines, <x( , may be estimated by 
assuming that the transport would move along the tangent at this angle 
without depositing or picking up new material. Under these conditions, 
the transport would be equal to 19 EQ sin (°<0 - <*,). Equating this 
transport to the actual transport at the point of intersection of the new 
and natural shorelines gives a relationship between o<i and the updrift 
shore length as follows: 

•  / ,    \  /n    ~ °-023 D cot<x0,  .        .,,. 
sin (°<0 - °<i )  = 11 - e ; smo<0     (11; 

Equation (ll) shows that the angle between the new and natural shores-lines 
will be small for long updrift shore length, and approaches the angle of 
the wave crests as the updrift shore length becomes very short. 
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The angle of the tangent at the harrier end of the new shores-line, 
<K2, is always less than the angle of the wave crests c<0. It would be equal 
to °<0 if there were no energy losses in the movement of the drift. 

The values of the angles of the new shore tangents discussed above 
were based on a consideration of same of the theoretical factors involved 
in the problem of accretion. These limits are considerably modified by 
other factors such as the increasing storage capacity due to the 
progressively deeper water out from the natural shore, and that some 
displacement of the material deposited with one wave direction takes place 
when the direction changes and also by wave reflections from the barrier, 
therefore the angles of the new shore tangents derived above must be 
modified by observed data. 

In most cases the angle between the mean new shores-line and the 
natural shores-line, angle fi   in Figure 12, can be estimated with sufficient 
accuracy by applying an experience factor to the mean of the wave-crest 
angles weighted to their transport. The equation to estimate the angled is 

£  = k °<0' ^ +0<oz  ^2 +a<°3   %  + ••• (12) 

Qx + 02 + % + ... 

where 

j9 is the mean angle the new shore makes with the natural 
shore. 

k is the experience factor. 
°<oi is the angle of wave crest for direction shown by second 

subscript. 
Q, is the transport corresponding to angle of wave crests 

for subscript direction. 

The value of k obtained from observed data from Grand Marais and 
Fairport was found to be 0.33. The value of k determined from the Beach 
Erosion Board model tests illustrated in Figure 10 is 0.5 for waves 
approaching from a single direction at an angle of 30°. 

PROBLEM OF EROSION 

Although the problem of erosion is not the subject of this paper, 
some observations are being added for future studies. Because a barrier 
stops the littoral transport, the waves have a larger energy to pick up 
new material from the shore on the downdrift side of the barrier, and 
erosion of the shore takes place. Observations show that the volume 
eroded from the shore is usually much greater than the transport requiremer 
A portion of this eroded material is transported along the shore but a 
larger portion is used to change the profile of the beach. Observations ai 
Grand Marais and Fairport indicate that a flattening of the profile occurs. 
The eroded material is transported some distance downdrift and deposited ii 
the deeper places. Sooner or later the beach is changed so much that a nen 
enuilibrium is established, and subsequent erosion is just enough to satisi 
the needs of transport. 
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The profiles on the east side of Grand Marais Harbor (Fig. 4) show 
a large erosion between 1867 and 1902, but much smaller erosion during the 
1902-1941 period. In the Alabaster reach in Lake Huron, where the erosion 
is not man-induced and the process has been going on for centuries, the 
profiles shown in Figure 7 indicate that the slope of the beach is already 
stable, and the amount of erosion is nearly equal to that needed for the 
littoral transport. 

One must also consider the amount of drift from opposite directions 
being stopped on the downdrift side of a barrier. If the amount of that 
drift is significant, the expected erosion may not even take place, and 
deposition of drift material may occur on both sides of the barrier. 
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CHAPTER 21 

SEDIMENT MOVEMENT AT INDIAN PORTS 

Madhav Manohar 
Professor & lead of Civil Engineering Department 

Birla    Institute    of   Technology 
Ranch!    -    India 

INTRODUCTION 

India has a large coastline being bounded on three sides bj 
water*  On the vest side, the coastline faces the Arabian Sea. 
Similarly the coastline on the east side is bounded by the Bay 
of Bengal*  The Indian ocean separates the Arabian Sea and the 
Bay of Bengal at the southern-most end of the coastline (Fig* 1] 
Since the last IS years, there have been proposals from time to 
time to establish new harbours or Improve existing harbours or 
save vast lengths of coastal strips from erosion by wave action 
In evaluating the merits and de-merits of the sites, a study of 
the coastal sediment movement is Important since what may be 
beneficial to a harbour may be harmful for preservation of a 
coastal strip*  Defective planning may cause the loss of the 
entire shoreline and or the complete blocking of the harbour 
areas*  Improper use of protective structures such as seawalls. 
breakwatersf groins, jetties etc* will not only be unscientific 
and uneconomical but accelerate the changes along the shoreline 
rather than stop them. 

The frequent or long-term changes In shoreline, beach, 
offshore zone, inshore zone, under ground bars, spits, lagoons, 
tombolas and similar characteristics of the coastline have 
significant meanings regarding the sediment motion at the coast- 
line*  Hith respect to sediment available for motion, the shor< 
may be a source, a drain, ovemourlshed, undernourished, suffi- 
ciently nourished (Per Bruun, 1955), or a physiographic unit 
(Mason, 1950).  With each type, coastal works will be dlfferen* 
for shoreline improvement and for harbour maintenance.  Erosioi 
and accretion by natural processes extend upto offshore zones 
while with man-made structures, erosion will always start in th< 
inshore and foreshore zones of the shallow water area.  This 
distinguishing feature in the changes of a shoreline will be a 
good and reliable preliminary check to determine the type of 
erosion*  Having classified a shoreline according to its sedi- 
ment nourishment and as a source or a drain, the type of coasta: 
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protection may be selected tentatively.  The selected works 
may then he studied by model techniques.  If the premilinary 
analysis was complete and accurate, the tentatively selected 
type of coastal work will be found to be most satisfactory 
thereby saving unnecessary waste of time and money from test- 
ing various types of works by model analysis*  This method of 
analysis will be found to be extremely useful in many countries 
where investigations of the coastlines are far from adequate* 
Analysis of the changes at existing coastal structures along 
the coastline and the interpretations of the results as out- 
lined above will be the most satisfactory method*  The coast- 
line of India may also be Interpreted similarly in relation to 
erosion, accretion, and transportation of sediment from the 
data available from existing structures, harbours and coastal 
strips, and divided into arbitrary overnourished, sufficiently 
nourished and undernourished strips and classified as sources 
or drains as far as possible so that various suitable types of 
coastal protective structures may be suggested* 

Indian coastline as a preliminary step may be divided into 
the West coast facing the Arabian Sea and the East coast facing 
the Bay of Bengal since the characteristic features of both the 
coastlines are entirely of different nature with respect to the 
wind forces, erosion,accretion, and littoral drift along them* 

WIND SYSTEM 

As described in an earlier article (Hanohar, 1958), the 
whole year may, in general, divided into 4 seasons with respect 
to the wind system*  They are: 

1* N.E. monsoon season from December to March when the 
winds blow in a north-easterly direction. 

2* S.W. monsoon season from June to September when the 
winds blow in a south-westerly direction* 

3* Hot weather period in April and May just before the 
S.W* monsoons when N.E* winds are replaced by 
southerly winds* 

4* Transition monsoon period in October and November 
when S.W* winds are replaced by northerly winds* 

WIND SYSTEM ALONG WEST COAST 

!• N*B« monsoon season - Figs 2a and 2b show the wind roses 
for the wind system on the west side.  Though in the Arabian 
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Sea, the wind direction is between N.N.E. and N.E. with force 
of 2 to 4 on the Beaufort scale, winds are 'lighter near the 
coast with N.E. or E. direction.  The wind force gradually 
rises from north to south and is a maximum in January with an 
average force of 2 to 4 rising to 7 on frequent occasions. 
They progressively decrease in February and March and become 
northerly and north westerly along the coast* 

During the hot weather period, the wind blows in the same 
direction as in March with force of 2 to 3. 

2» S,»W» monsoon season - The S.W. monsoon which is stronger 
in force and longer in duration starts in the third week of 
May in the lower part of the coast and over the whole area by 
the second week of June.  Generally the direction of the wind 
is between south west and west with a wind force of 5 to 8 in 
the sea and west or north west along the coast with a force of 
3 to 5.  Winds are fairly constant in June, July and August. 
Gales of force 8 to 10 are encountered in the centre of the 
Arabian Sea with similar gales of slightly lesser intensity 
along the coast.  In September, the wind force decreases to 
between 3 to 4 rising upto 7 occasionally but the winds are of 
the same general character as in previous months. 

During the transition monsoon period, winds are of land 
origin blowing with a force of 2 to 4 in N. and N.E. direction 

WIND SYSTEM ON THE EAST COAST 

Wind roses (fig. 3a to 3c)  show the direction and lnten 
sity of wind both in the sea and at the coastline.  N.E. and 
S.W. monsoon winds over the Bay of Bengal and east coast of 
India vary in strength and direction at different parts of the 
coast.  In the northern regions, the north-easterly and 
easterly winds of N.E. monsoons are fully established in the 
first week of December while they are in full swing in the 
southern part only in the third week of December.  Similarly 
S.W. monsoons become regular in the southern part only at the 
end of April or beginning of May while in the north, they set 
in only in the middle of June. 

1» N.E. monsoon season, - In December and January, the average 
force of the wind is 4 while in the central region, a force of 
6 is reached at times. On the Pamban coast (fig. 1) which is 
shielded by the island of Ceylon, the force is less and of the 
order of 2 to 3. On the Orissa coast, they are strongest in 
January while on the Coromandel coast, they are strongest in 
February, the direction being northerly to easterly.  From th< 
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beginning to the end of March, the winds gradually change begin- 
ning from the northern end to the southern end to a southerly 
to southerly-westerly direction. 

In hot weather period, wind direction is variable with 
frequent occurrances of storms called "Nor'westers**. 

2. S.W. monsoon season - These continue consistantly from June 
to September with an average force of 5 though gale foroes 
between 6 and 7 and storm forces between 8 and 9 are also expe- 
rienced during this period.  They are predominent over the 
central and western areas of the Bay of Bengal and their direc- 
tion is south westerly. 

In the post S.W. monsoon period in October, the direction 
of the wind is still south-westerly with an average force of 
3 to 4 but there are many periods of calm weather, light winds 
and fair weather.  In November, the N.E. winds start blowing 
with an average force of 2 to 4. 

Therefore, on both coasts, the south and south-westerly 
winds are stronger and more durable and exist for almost 8 
months a year generating an alongshore component from south to 
north.  Similarly for the remaining 4 months the alongshore 
component travels from north to south because of north-easterly 
winds*  Frequent storms of great intensity occur along both 
coastlines affecting the stability of the coastlines to a 
great extent. 

WEST COAST 

General topography • The west coast of India from latitude 23°N 
to the southern-most tip, namely, Cape Comorin has a coastline 
of about 2,000 miles.  Along the coast upto latitude 21° N, 
and at 20 to 100 miles inland, a continuous chain of mountains 
rises upto an elevation of 8,000 feet.  These mountains are 
known as the Western Ghats.  The coastline is mostly sandy with 
the exception of a few rocky outcrops, a few marshy areas in the 
north and a few lagoons and a backwater in the south.  Very 
few rivers discharge into the Arabian Sea.  Even those which 
do so are small and since they start from the Western Ghats 
which is so near the coast, the sediment carried by them from 
land areas is comparatively little.  Historical records show 
that the work of nature of millions of years had somewhat carved 
an equilibrium along this coast with only localised erosion and 
accretion at Isolated coastal strips.  As usual, because of the 
alongshore component, there was littoral drift getting its nou- 
rishment from rivers, lagoons and eroded areas.  Bat unfortu- 
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nately man-made Installations such as construction of harbours, 
blocking of rivers discharging into the sea and natural distur- 
bances such as silting of inlets, river mouths etc., have upset 
the material-energy balance resulting in large scale localised 
erosion along the entire west coast.  Though natural distur- 
bances are rather very slow in their oecurrances, the one along 
the Kerala coast, namely, the blocking of the passage of the 
backwaters to the sea near Alleppey long ago seems to have up- 
set the sediment supply along this coast with consequent disas- 
trous erosion to which reference will be made later.  To eva- 
luate the methods necessary for the preservation or restoration 
of a shoreline or the maintenance of a harbour along this coast- 
line, the coastline has to be interpreted on the basis of the 
behaviour of the existing coastal works and coastal strips 
which are in order from north to south as follows* (1) Kandla 
port, (2) Mithapur intake channel, (3) Porbunder port, (4) 
Veraval port, (5) Kelva, (6) Versova, (7) Bombay harbour, (8) 
Karwar, (9) Bhaktal port, (10) Malpe port, (11) Mangalore port, 
(12) Cochin harbour, (13) Chellanam coastal strip, and (14) 
Asthamudi port. 

GULF OF KDTCH COASTLINE 

Kandla port and vicinity - Kandla port is the northern-most 
port along the west coast and lies in the Gulf of Hitch at 
latitude 23° N and longitude 70° E.  The shoreline along the 
Gulf of Hitch is low and marshy (fig. 4) and is inundated 
with salt bed mud in many places, the biggest marshy area being 
the Little Rann into which many streams and creeks discharge 
as much as 1,800,000 cfs during S.W. monsoon season.  The 
tidal range in this area being high and as much as 23', the 
coastline along the Gulf of Kutch should be viewed as a tidal 
one*  The tides as usual bring a large amount of sediment from 
the sea bottom and coupled with this, the sediment brought by 
rivers and streams are left along the coast resulting in 
marshy areas.  With waves reaching the shore being compara- 
tively small, sedimentation by tidal action causes large scale 
silting of the Gulf except where ebb tide follows certain 
channels of flow.  Thus because of large ebb flow, there exists 
along the northern shore, a deep and wide creek called the 
Kandla creek at its eastern end (fig* 5)•  A depth of over 
30* without dredging exists in this channel for about 6 miles 
in length ideally suited for anchorage and turning sr>ace for 
ships (C.W.P.R.S., 1952).  This site is at present being 
developed into a port called the Kandla port.  There are also 
many interconnected creeks which subsequently join the Kandla 
creek and the Little Gulf.  The problem encountered in this 
region is the shifting of channels due to natural causes such 
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as deficiency of outflow and therefore the flushing velocity- 
due to a weak monsoon season or the deficiency of ebb over tide 
or tide over ebb.  The shifting of tidal channels may be 
rather a slow process or a sudden process but it has to be 
checked if the harbour is to be kept effective.  If these 
changes are hastened due to human interference such as reducing 
the ebb flow by structures upstream, then the remedy will, ob- 
viously, be to restore the original conditions so that the 
scouring velocities of the ebb and tide are the same as they 
used to be.  Dredging the silted portion will be the other 
remedy. 

SAURASHTRA - KUTCH COASTLINE 

1. Mi$h,apur, JLnfrake channel - Beyond the G-nlf of Hutch and 
moving towards the south in the Saurashtra-J&iteh region, an 
intake channel had been in existence since 1933 at Mithapur, 
7 miles from Ofcha port (fig. 6a) (C.W.P.R.S., 1948).  This 
intake channel was constructed to divert the sea water into two 
shallow water lakes existing inland from the shore.  As soon 
as the intake channel was constructed, silting was noticed on 
both sides, the southern side accretion being far in excess of 
that on the northern side.  The shoreline at the intake 
channel thus advanced every year and in order to prevent sil- 
ting of the intake channel, it was extended towards the sea 
every year and walls were built on both sides normal to the 
shoreline.  There was also considerable decrease of depth in 
the foreshore zones on both sides (fig. 6b). 

2» Porbundar, port - At Porbundar (fig. 7) which is situated 
a few miles south of Mithapur, at present an open roadstead 
exists and ships anchor about li miles away from the shore 
(C.YI.P.R.S., 1956).  The present plans are to develop it into 
an all-weather port by providing an approach channel 26* deep 
and by providing a sufficiently long breakwater enclosing a 
basin for safe anchorage.  Currents and tides are small and 
have no effect on coastal changes.  Along this coast, the 
S.W. monsoon from April to October with waves reaching the 
coast from westerly direction is the strongest.  Wave heights 
usually range from 61 to 15' with periods of 5 to 10 
seconds.  In June, frequent storms with waves as high as 20' 
are not uncommon.  During the months from November to March, 
waves are relatively lov in height varying from 3' to 6' 
with periods from 3 to 5 seconds.  Thus littoral drift 
during the S.W. monsoon season is far greater than durjng the 
N.E. monsoon season.  The rate of accretion measured at nearby 
existing structures as at Mithapur indicates the yearly litto- 
ral drift to be of the order of 7,000 tons from south to north, 
and 3,100 tons from north to south.  This quantity is rather 
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very little to cause any difficulty in the maintenance of a 
harbour located in this area.  The bed under the sea is exte 
sively rocky at comparatively shallow depths. 

3* Veraval port - Yeraval port (fig. 8) which is situated 
at about 70 miles south of Porbunder is at present a small 
fishing port having no protection from waves (C.W.P.R.S., 195 
Though a small breakwater was built in 1931 to prevent waves 
of the S.W. monsoon entering the harbour from the south-»west 
direction, it had been far too short to meet the requirements 
of an all-weather fishing port.  In order to develop this 
port, an approach channel 150' wide and 18* deep has to be 
dredged and maintained and the existing breakwater extended 
further into the sea to give enough protection to the basin. 

W£ST COAST FROM STJRAT TO MANGALORE 

This coastline of about 670 miles has practically no 
river discharging into the sea except at the northern end and 
at Mangalore.  Hence the littoral drift is very small except 
in the foreshore zones due to local erosion.  Starting from 
the northern end, some information about the behaviour of the 
coastline and harbour works Is available at (i) Kelva, 55 
miles north of Bombay, (ii) Versova beach, a suburb north of 
Bombay, (iii) Bombay, (iv) Karwar, 350 miles south of Bombaj 
(v) Bhaktal, 415 miles south of Bombay, (vi) Malpe, 465 milei 
south of Bombay, and (vii) Mangalore 500 miles south of Bomba: 
This coastline is exposed to a severe swell of S.W. monsoon 
and to a lesser extent to the waves induced by the north- 
westerly winds.  Thus the littoral drift occurs from both 
directions, namely, from south to north and north to south, 
the former being greater in magnitude than the latter.  Be- 
cause of the absence of lagoons, tidal inlets, or big sediment 
carrying rivers and since the deep water areas are very near 
the coast, natural disturbances are few so that the coastline 
had been fairly stable except for localised changes. The 
localised changes have been mainly around river mouths due, 
chiefly, to the sediment load discharged into the sea travel- 
ling as littoral drift along the coast.  Man-made structures, 
however, have disturbed the local equilibrium causing erosion 
and accretion. 

!• Kelva - This is a fishing port (Joglekar, 1958) at the 
mouth of a creek 55 miles north of Bombay (fig. 1).  The 
small amount of sediment brought by the creek resulted in the 
formation of low lying areas at its mouth.  In the process of 
reclaiming the low lying marshy land, a salt water barrier and 
a bridge which constricted the waterway considerably were 
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constructed across the creek about 35 years ago resulting in 
the reduction of flushing velocities, tidal influx and sediment 
discharge into the sea.  This, in turn, caused silting of the 
mouth of the creek, erosion of the downdrift side and the con- 
sequent change in the course of the creek to the sea (fig. 9). 
It may be noted that waves as high as 10• and tidal range as 
much as 14* occur in this area. 

2« Igrsoxa ~ This is a suburban beach of Bombay situated 
north of the city (fig. 10).  As at Kelva, waves as high as 
10' with periods of 7 to 9 seconds reach the shore from S.S.W 
to W. direction during the S.W. monsoon period (Joglekar, 
1958).  With deep water zone very near the coast and the 
underwater slope as much as 1 in 40, high waves strike the 
coast eroding the coastline.  Since 50 years, with Bombay city 
expanding to suburban areas, marshy areas at the Versova beach 
were being reclaimed by shutting off the creeks flowing into 
the sea and by filling those areas with sand removed from the 
beach.  Though littoral drift by itself is very small along 
this coast, these reclamation processes caused depletion of 
the available littoral drift, and resulted in higher waves 
reaching the shore and eroding the coastline further.  With 
tides as high as 14*, there has been large scale erosion in 
this area. 

3« Bombay - Bombay harbour (fig. 11) is one of best natural 
harbours in the world.  Though waves as high as 10' with 
periods from 7 to 9 seconds reach the coast, the littoral drift 
as at Kelva and Versova is small.  Coupled with this the tide 
is high at 20' so that the main entrance channel which is at 
present sufficiently deep to admit ships of drafts upto 30' 
has never heen dredged upto the present time.  However pre- 
vious soundings indicate that silting occurs beyond that depth 
and that dredging will be necessary for maintaining any depth 
beyond. 

4. £aj2gar. - About 340 miles south of Bombay, ttoere exists a 
bay called Karwar Bay with varying depths upto 25*.  At the 
southern end of the bay, a rock outcrop named Karwar head ex- 
tends into the sea giving protection to the bay from the S. W. 
monsoons.  Protection from N.W. winds is partly afforded by a 
number of islands on the northern side.  Rock is usually 
found at 32* to 58' below ground level.  Clay and silt brought 
into the bay by river Kalinadi from the Western Ghats and by 
the tides from the sea are found above the rocky bottom.  Lit- 
toral drift being very small and shoreline being very rocky, 
erosion and accretion of the shoreline area are negligible. 
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5* Bhakftal - About 70 miles south of Karwar, there exists a 
small port where a river discharges into the sea.  The river 
In question is Bhaktal river and it carries a large amount of 
sediment causing the formation of a large sand bar at its 
mouth*  This area is subjected to a direct attack from the 
S.W. and N.E. monsoons with no natural protection of any kind 
existing in that area.  The bottom is rocky and the 5 fathom 
line lies 3,000' from the shore.  As in other cases, littora] 
drift is very small being fed mostly by the river sediment. 
The difficulty in providing an all-weather port at this place 
will be the construction of the breakwaters upto deep water 
areas on both north and south sides and to dig an approach 
channel through the rocky bottom. 

6» MalPe - 50 miles further south from Bhaktal, a small rlvei 
discharges into the sea in a northerly direction*  About a 
mile from the shore, there exists a row of rock outcrops run- 
ning parallel to the coast and offering protection to it from 
the monsoon waves*  Rocky bottom exists 33' below sea level. 
Littoral drift is very small and erosion and accretion around 
the area are also very small*  Since sediment carried by the 
river is not considerable, river mouth silting is also not 
considerable. 

7. Manga lore - This is, at present, an open roadstead with 
vessels unloading about 2 miles away from the port (Manohar, 
1958)•  Conditions are similar to those sites mentioned 
already except that they are of far greater magnitude.  Two 
fairly large rivers, (fig. 12) Gurpur and Netravatl having a 
maximum discharge of 60,000 cfs and 120,000 cfs respectively 
during the S.W. monsoon season and carrying a large quantity 
of coarse sediment flow into the sea through a tidal estuary 
at Mangalore.  Part of the sediment settles in the estuary, 
another part forms a large sand bar at their common mouth in 
the sea and another part supplies material for the littoral 
drift*  Two large sand spits separate the rivers from the sea 
so that the tidal estuary is protected from the waves.  The 
depth over the sand usually varies from 7' to 9*.  The sand 
bars and sand spits grow in size after the S.W. monsoons becau 
of large river deposits and shrink during fair weather season 
apparently due to littoral drift and loss in deep sea areas* 
The net littoral drift is about 200,000 tons per year from sou 
to north as estimated from erosion and accretion at a natural 
rock outcrop 3 miles south of the gut.  However there is also 
considerable littoral drift from north to south during the 
N.E. monsoons.  With a large sediment load from the Netravatl 
river, the Netravatl portion of the estuary is usually shallow 
er than the Gurpur portion.  A tide of 5* coupled with maxi- 
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mum wave conditions during the monsoons results in large sedi- 
ment deposits in the estuary.  During the ebb period, this 
sediment partly finds its way into the approach channel, and 
the sea providing littoral drift for localised accretion and 
erosion* Experiments indicate that the tidal influx is strong 
enough only to maintain a depth of 20' in the approach channel 
with some dredging and with the provision of a 1,000* long 
breakwater on either side of the channel.  Since there is 
littoral drift from both sides along the coastline, coastline 
changes are few and to a small extent. 

COASTLINE PROM MANGALORE TO CAPE COMORIN 

Coastline from Mangalore to Cape Comorin is in many ways 
different from the coastline discussed above.  The foreshore 
zone is covered with mud and silt.  Several mud banks with 
their characteristic behaviour of sudden appearance and sudden 
disappearance exist at several places.  The continental shelf 
has a gradual slope upto 100 fathoms and then there is a steep 
fall.  Between Cochin and Cape Comorin, there exist several 
lagoons and a large sheltered area of backwater of 125 square 
miles extending as far as 40 miles south of Cochin with only 
one small outlet, 1,500* in width, open to the sea at Cochin. 
Mud banks have considerable calming effect on waves so that 
even the roughest waves are damped as they travel over them 
resulting in the stoppage of the littoral drift movement. The 
littoral drift as in other cases travels from south to north 
during the S.W. monsoon season and from north to south, during 
the N.E. monsoon season.  Three mud banks have been known to 
appear between Manga lore and Cochin and two between Cochin and 
Cape Comorin.  Because of their peculiar property of appear- 
ing at different places, these natural phenomena do not allow 
material-energy balance to exist so that erosion is consider- 
able along this coastline.  The following examples in order 
from north to south show the behaviour of the coastline under 
different situations. 

!• Cochin harbour, and adjoining areas - This harbour is loca- 
ted about 100 miles from the southern-most tip of India 
(Manohar, 1958)•  It is situated in the sheltered area of the 
backwater just behind the 1,500* wide outlet of the backwater 
to the sea (fig. 13).  The southern end of the Western Ghats 
drains through many small rivers into this backwater bringing 
down silt and sand from its slopes.  It is possible that the 
long peninsula between the backwater and the sea was formed as 
a result of the opposing forces of the waves and the discharg- 
ing power of the rivers into the sea.  At present, with only 
one opening of the backwater to the sea, namely, at Cochin, 
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most of the silt from the Ghats settles in the backwater itself 
though part of it finds its way out through the opening formini 
a bar at the entrance, causing slltation of the approach chan- 
nel and supplying littoral drift material along the coast. 
Before the development of the harbour, an outer bar in the fora 
of a horse-shoe with a depth of only 9' above, used to be form- 
ed just outside the entrance moving farther towards the sea 
during the monsoons and towards the peninsula during the fair 
weather season*  However, two natural channels of depths 40* 
existed Inside the backwater near the opening mainly due to the 
flushing power of the large quantity of water discharging into 
the sea during the ebb period.  One may visualise the enormous 
quantity of water drained from the backwater from the fact that 
the backwater level is usually 3* to 4* higher than the sea 
level during the monsoon season.  At present, with the approac 
channel maintained to a depth of 38', much of the littoral 
drift is arrested from forward movement at this point.  As far 
as the harbour is concerned, maintenance by dredging for about 
4 months a year is sufficient to keep a safe minimum depth of 
32' at all times in the harbour. 

As far as the neighbouring coastline was concerned, with 
the stoppage of the littoral drift movement by the deepening 
of the approach channel and with the net littoral drift occur- 
ring from south to north, there was considerable erosion on 
the northern side and accretion in the immediate neighbour- 
hood in the south.  There was also silting of the bottom on 
the south side and deepening of the bottom on the north side. 
The fact that there was littoral drift from north to south, was 
made use of to regain the lost coastline by providing a stone- 
faced bund in the lower part of the spit and a series of dis- 
continuous stone groynes running nearly parallel to the shore 
and overlapping each other in an eschelon fashion for a dis- 
tance of 2 miles (fig. 14).  By making these groynes discon- 
tinuous, there had been less erosion at the outer toe and 
even silting was induced behind them.  The result was that 
the shoreline was considerably restored to its original posi- 
tion. 

It may be mentioned that S.W. monsoons are very strong 
along this coast with waves as high as 6' with a period of 10 
seconds reaching the coast during a considerable part* of this 
season.  Frequently severe storms with waves as high as 13* 
also occur during this season.  The net littoral drift is 
northwards at a comparatively small quantity of 42,000 tons 
per year, so that the littoral drift problem is not as great 
as the problem of silt brought into the backwaters from the 
Western Ghats. 
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2. Coastline, south of Cochin - Though there is considerable 
accretion on the south side of the approach channel of Cochin 
harbour causing the growth of the sandsplt, a 20 mile strip of 
a shoreline southwards beyond 2 miles from the sand spit, and 
popularly called the Chellanam coastline (fig. 15) had been 
undergoing considerable erosion (C.W.P.H.S., 1955) threaten- 
ing a break in the peninsula between the backwater area and 
the sea - an occurrence which would be a calamity endangering 
the entire disappearance of the peninsula separating the back- 
waters from the sea.  Within the last 60 years, a coastal 
strip 20 miles in length and 1,300' in width had been comple- 
tely lost to the sea as a result of the erosion.  Seawalls 
were constructed along this stretch but most of them were des- 
troyed after they experienced a few storms of the S.W. mon- 
soons with waves as high as 13* striking the walls during the 
storms.  During the fair weather season - November to March, 
with waves reaching the coast from west to north west, the 
southerly drift partly restored the eroded area but the net 
result however, was a loss by erosion of the coast.  Since 
seawalls alone could not prevent erosion as experienced in 
this case, a mile length of seawall combined with groynes was 
constructed in the worst eroded section.  These structures 
have since then, prevented erosion but because of very little 
littoral drift, only a few groins at the southern end were 
filled up.  The erosion of the coastline has, however, been 
reduced and the groynes are slowly getting filled up. Measures 
are under way to protect the entire 20 mile strip with simi- 
lar structures. 

Beaches along the coast of Kerala are narrow with fairly 
steep (1 : 12) underwater slopes.  During the S.W. monsoon 
season (June to September), the wave direction is between 
10° and 40° south of west while during the fair weather peri- 
od (October to May), it is usually in the north direction. 
Prior to the construction of protective structures, coastal 
strips as wide as 30' used to be eroded by storm waves within 
48 hours.  The net erosion per year used to be as much as 
15' to 201 of the coastline. 

3« Ashtamudi fishing port - Near Quilon, north of Trivandrum, 
there exists a lake called Ashtamudi Lake (C.W.P.R.S., 1956) 
with an outlet to the Arabian Sea (fig. 16)•  There are pro- 
posals, at present, to develop this lake into an all-weather 
fishing lake.  At the entrance to the lake, there exists a 
bar with water to a depth of 3'.  Waves break over the bar 
and during the monsoon season, these breakers assume large pro- 
portions making it difficult for any craft to pass through. 
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A number of shoals exist at the outlet between a channel 
in the south and one in the north*  The northern channel has 
depth of 7* to 9* at all times while the southern one is shal] 
and gets silted due to sand movement*  Unlike in other parts 
of the west coast* this movement is not) most probably* due tc 
the S.W. monsoon waves since these waves reach the coast almos 
at right angles with no alongshore component in existance* 
These S.W. monsoon waves, however* which are sometimes* as hig 
as 10* probably bring sediment towards the shore from the sea 
bottom*  The sediment thus brought by the waves along with tb 
sediment discharged from the lake by the S.W. monsoons and by 
tides of 3' to 4' is moved alongshore from north to south by 
coastal currents of speeds upto 2 knots and from the south to 
north by less stronger currents*  Obviously since there are r 
major rivers to supply the sediment for this drift, most of it 
is derived from the sea* by erosion of the coastline and from 
the lake* 

Very near this lake and towards the south, there exists a 
rocky outcrop called Tangasseri Point projecting into the sea. 
Between the lake and this point, the coastline is rocky and 
the bottom is covered with sand (1 mm), mud and silt (0*25 mn 
The foreshore zone is flat and the waves break at a distance 
from the shoreline*  Sediment analysis indicates that most of 
the coarse sediment between this Point and the lake must have 
been derived from coastal erosion and brought to this zone by 
diffraction of waves at this Point*  The beach south of this 
Point is very steep causing waves to break at the shore and mo 
of the sediment in motion to disappear into deep sea areas* 
As such there seems to be very little sediment in motion beyon 
this point.  On the other hand, the foreshore zone north of 
the lake is shallow containing silt (0.25 mm) and mud.  Sedi 
ment analysis shows these to have their origin in the Lake and 
in the small streams discharging into the sea* 

A feature of this coastline upto Cape Comorin is that 
there are many lagoons separated from the sea by small strips 
of land.  In general, the outlets point towards the south ind 
eating sand drift in this region to be from north to south pro 
bably due to coastal currents. 

WEST COAST-HARBOUR PRESERVATION 

From the point of view of littoral drift, this coast is 
ideally suited for location of a harbour.  With very few rive 
discharging into the sea, littoral drift is localised with onl 
local accretion and erosion.  However with the rainfall heavy 
along the coast, rivers bring down a large quantity of sedimen 
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which manifests itself in the form of sand bars, sand spits, 
shoals and littoral drift.  In addition, with the severe anc 
consistant S.W. monsoons for 4 months, heavy swells reach th€ 
coast making it difficult to do any effective dredging to 
keep the approach channel and the harhour basin from silting. 
In general, the foreshore zone is steep and thus the diffi- 
culty of extending the breakwaters to the sea as protective 
structures to the basin is a factor to be reckoned with. 
Considering the coastline from Kandla to Cape Comorin the 
following may be concluded. 

(a) Coastline bordering Gulf of Kutch - With wave action and 
littoral drift small and tides high, the problem along this 
coastline is mainly a tidal one.  With a large number of 
small streams discharging into the Gulf and with the coastlin 
consisting of low lying areas, there exist many flow channels 
to the Gulf which shift due to natural causes such as defici- 
ency of outflow as a result of a weak monsoon, or deficiency 
of ebb over tide or tide over ebb.  The shifting of tidal 
channels may be rather a slow process but it has to be checke 
if the harbour basin is to be kept effective.  The only 
remedy will be to have regular depth soundings of the flow 
channels and prevent change of course of the channels by res- 
toring the original ebb and tide discharges so as to have the 
same scouring velocities and resort to dredging if necessary. 

(b) Saurashtra-Kutch Coastline - Beyond the Gulf of Kutch an 
towards the south on the west coast in the Saurashtra-Hutch 
region, the coastline between marks A and B in fig. 1 may be 
called a physiographic unit, that is, a coastal strip in whicl 
the energy and the material available within the area and 
therefore erosion and accretion in the area are not dependent 
upon the adjacent areas.  This area can, therefore, be treat' 
as a separate unit by itself.  From the behaviour of the 
coastline and harbour areas, the following may be interpreted 
Since the littoral drift is small of the order of 7,000 tons 
per year from south to north and 3,100 tons per year from 
north to south, maintenance of the harbour from this point of 
view will be easy.  A little dredging during fair weather 
season will be sufficient.  However, breakwaters have to be 
extended sufficiently into the sea for the littoral drift to 
be directed to deeper portions and to protect the harbour froi 
the severe swells of S.W. monsoons.  Diffraction of waves anc 
the resulting deposition of sediment in the lee of the break- 
waters and ranging in the harbour have to be carefully analyse 
in these regions.  With very little littoral drift, the dan- 
ger of erosion and accretion of the adjoining coastline is 
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slight except during storms,  SeawalDs to withstand the wave 
action and groins to trap the available sediment will be suffi- 
cient • 

However for small intake channels such as at Mithapur, cons- 
truction of long breakwaters will, not only, be expensive but is 
not warranted by the situation.  In such cases, the high range 
of tide may be used beneficially and the original conditions 
especially the tidal velocities and discharges as they existed 
before the construction of coastal works should be restored. 
The coastline is' bound to get shallow behind the breakwaters 
but if the tidal velocities especially those of the ebb are 
strong enough to flush the sediment deposits, no further reme- 
dial measures may be necessary. 

An ideal example of accretion caused by man-made structures 
can be found at Mithapur.  With coastal works, erosion and 
accretion will always start first in the inshore and foreshore 
zones, that is, in comparatively shallow water causing a gra- 
dual decrease in depths in the shallow water zones on the accre- 
tion side and gradual flattening of the beach profile.  This 
is typically evident in fig. 6b. 

(c) West coast from Surat to bangalore - This coastline is 
directly in the zone of severe S.W. monsoon swell and to a 
lesser extent to the waves induced by the north-westerly winds. 
Thus the alongshore components occur from both south to north 
and north to south, though the former is stronger than the 
latter.  The deep water areas are very near the coast and much 
of the material brought by the rivers go into those areas. 
Littoral drifts are localised and vary from 3,000 tons per 
year to a maximum of 200,000 tons per year at places where the 
sediment load carried by the rivers is great such as at Manga- 
lore. 

Harbours along this coastline can mostly be located at 
river mouths only because of the difficulty of construction of 
long breakwaters into deep sea areas near the coasts and be- 
cause of the severe monsoon swells reaching the coast. However, 
river harbours of the type which can be constructed along this 
coast have the following disadvantages.  Rivers bring a large 
amount of sediment which deposits partjyat river mouths because 
of the tidal influx opposing the heavy swells at those places. 
Also the ebb tide takes part of it to the approach channel. 
Thus the harbour basin and the approach channel get silted and 
sand bars, sand spits and sandy shoals are formed.  Usually 
along this coastline, the flushing power of the ebb is large 
enough only to maintain a maximum depth of 20* during the 
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monsoon season.  Dredging of the approach channel will also 
difficult during the monsoon seasons due to high swells. 
Therefore for the maintenance of a harbour, river sediment 
should be arrested or disposed off before reaching the harboti 
basin.  The proper remedy will be to build sand traps just 
above the harbour basin and to dispose off the trapped sedime 
to the sea by dredging during fair weather season.  If the 
sediment is placed along the shoreline at proper places, the 
sediment thus placed will act as artificial nourishment for 1 
toral drift.  Because of high waves reaching the coast, sea 
walls and groins should be constructed at critical places of 
erosion to prevent erosion and restore the eroded strips resp 
tively. 

Along this coast, Bombay is, however, an exception becau 
it is situated in a bay having a large tidal influx maintaini 
a depth of 30* in the approach channel without dredging and 
thus making it an ideal natural harbour. 

(d) Coastline from Mangalore to, Cape_.Comorln - Along this 
coastal strip, there exist many distinct features not found 
elsewhere and as described before.  These are in the form of 
many lagoons, mud banks, and a large backwater separated from 
the sea by a peninsula.  The direction and quantity of litto 
ral drift are almost the same as in the coastal strip above 
(northwards) except for the coastline below (southwards) from 
Ashtamudi Lake to Cape Comorin where the waves reach the coas 
almost at right angles leaving no alongshore component.  How 
ever in this southern-most area, coastal currents are of 
sufficient magnitude for alongshore movement of the sediment. 
Except at Cochin where the flushing power of the ebb is great 
due to the large quantity of water discharged into the sea 
through the harbour entrance, it will not be possible to main- 
tain a depth of more than 20' in the approach channel at any 
other place for reasons mentioned earlier.  If however this 
depth is to be maintained, dredging for a few months of year : 
the fair weather season will be sufficient if a sand trap is 
built above the harbour basin to trap the sediment brought 
during the monsoon season. 

COASTLINE PRESERVATION OF THE WEST COAST 

Because of very little erosion along the coastline and 
that too localised to a great extent at nlaces where the mate- 
rial-energy balance is disturbed by the construction of coas- 
tal works, the shoreline and foreshore zone considered as a 
whole seem to be in equilibrium.  With very few rivers dis- 
charging into the sea and with no serious erosion or accretioi 
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the littoral drift seems to be just sufficient to keep the 
shoreline in equilibrium moving in both directions, namely, 
from south to north and vice versa restoring the eroded parts 
of the previous season.  However, erosion of considerable 
extent occurs during storms in isolated places and restoration 
of this area by littoral drift of the fair weather season is 
never comolete because of insufficient littoral drift.  Thus 
the erosion extends inwards gradually every year.  In such 
cases, a seawall situated sufficiently inside the shore to pre- 
vent erosion and groins to trap the sediment in motion will be 
required.  If littoral drift is insufficient to cause any 
accumulation of sediment at the groins, artificial nourishment 
in the form of the dredged sediment from the river mouths or 
harbour or accretion areas may be necessary if economically 
feasible and if this does not affect the nearby harbour areas 
to a harmful extent. 

EAST COAST 

General_toppgraphy - The east coast of India which extends from 
Cape Comorin in the south to the mouth of Ganges in the north 
has a coastline of about 1,750 miles.  The west coast of Gulf 
of Mannar shielded by the island of Ceylon extends from Cape 
Comorin to Pamban.  From Pamban to about latitude 16° N, the 
coast is called the Coromandel coast.  The remaining coastline 
is divided into Circars coast upto latitude 19° 23' H and the 
Orissa coast upto the River Hoogly.  Numerous hills lie along 
the coast and unlike on the west coast, they are not continuous. 
For a considerable length, these hills are far inland from the 
coast and a broad strip of low lying land lies between them and 
the Bay of Bengal.  Southwards of Madras, the width of the 
coastline is about 80 miles and in the north, it narrows to 30 
miles.  Most of the sediment carrying big rivers of the south 
and central India, such as Mahanadi, Godavari, Cauverl, and 
Kistna have their origin in the Western Ghats and flow into 
the Bay of Bengal in the east between the hills.  North of 
Godavari river (lat. 16° 30* N), the Eastern Ghats are conti- 
nuous and very near the sea.  The coastline above Circars coast 
essentially consists of the wide deltas of Mahanadi and Hoogly 
rivers. 

From the point of view of littoral drift, this coastline is 
at large variance from the west coast.  Rivers discharge a 
large amount of sediment into the sea and this travels back and 
forth along the coast.  As on the west coast, the littoral 
drift is from south to north during the S.W. monsoons and north 
to south during the N.E. monsoons.  It has been estimated from 
existing installations that the net drift from south to north is 
of the order of 1 million tons per year.  This large littoral 
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drift has resulted in flat foreshores for long distances on 
either side of the river outlets.  Under natural conditions 
before the development of harbours and other coastal struc- 
tures, there seem to have existed equilibrium conditions with 
this large quantity of sediment moving in comparatively shallow 
depths along the coastline balancing erosion and accretion. 
But with the construction of coastal works arresting the large 
littoral drift, there had been large scale accretion on the 
updrift side and large scale erosion on the downdrift side. 
The difficulty of restoring such a tremendous material-energy 
inbalance has been the bane of the east coast.  The following 
descriptions of a few existing installations, the difficulties 
experienced and the methods used to overcome those difficulties 
will give a correct picture of the problem. 

1. Madras - This is an artificial harbour situated in southern 
India along the east coast (fig. 17)•  This shoreline harbour 
is formed by the projection of two artificial breakwaters from 
the shoreline (Manohar, 1958).  An extension of the southern 
breakwater northwards and called the sheltering arm protects 
the entrance on the northern side.  A masonry arm of about 
720 feet at the south-eastern corner of the southern breakwater 
prevents ranid silting of the foreshore zone on the south side 
with the sediment being deflected into deeper areas.  Two 
rivers, one north of Madras, namely, Pennar and one south of 
Madras, namely, Cauvery contribute to most of the sediment to 
the coastline.  Waves of the S.W. monsoons reach the shore at 
an angle of 30° and with the large scale northerly littoral 
drift the foreshore zone was advancing rapidly on the southern 
side till the construction of the sand screen.  Because of 
silting, the original entrance on the east side was shifted 
to the present one on the northside.  At present, with the 
foreshore zone flat on this side, the surf breaks at about 
1,000' from the shore with waves as high as 14'.  With the 
shallow coastal shelf very narrow and ocean depths compara- 
tively close inshore, the danger of littoral drift silting the 
harbour entrance is no longer a problem with the provision of 
the sand screen (masonry arm) which serves two purposes, 
namely, deflection of a large amount of sand drift into deeper 
areas and allowing the removal of sediment by dredging from 
behind the screen.  On the northern side where there had been 
considerable erosion, provision of stone revetments along the 
coastline and the sediment brought by the southerly drift du- 
ring the N.E. monsoons have prevented further erosion.  The 
trouble with this harbour, at present, is not from littoral 
drift but from 'ranging' which is sometimes, as high as 2'9". 

2» Yizagpatam - This harbour is situated farther north of 
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Madras and unlike that harbour, the neighbouring coastline is 
bounded by hills in some places and rock outcrops in other 
places (fig. 18),  It is a natural harbour at the mouth of a 
small river which flows into a bight and then into the Bay of 
Bengal (Ash & Rattenbury, 1935).  The entrance channel is 
short and is situated between the high bluffs of Dolphin's 
nose in the south and Vizagpatam town with its small hills in 
the north.  At times, the rainfall is intense so that the 
large quantity of silt brought by the river is deposited in 
the harbour basin.  This slit, however, can easily be dredged 
and disposed off into the sea.  As at Madras the worst troubl 
is from littoral drift estimated to be a million tons per year 
moving towards the north and about 20,000 to 300,000 tons per 
year moving towards the south.  To keep the 300' wide approac 
channel in operation at all times and to a depth of 33*, a 
detached breakwater in the form of two sunken ships and appro- 
ximately 1,000 feet in length sunk in shal3ow water of 18» to 
25' depths has been very effective in preventing sand from 
reaching the channel.  The breakwater acts as a sand trap 
depositing sand in its lee from which it is dredged and 
disposed off to the northern side, 

3. ParadjLp port - Halfway between Vizagpatam and Calcutta, on 
of the ma^or rivers in India, namely, the Mahanadi river dis- 
charges into the Bay of Bengal.  About 2 miles up the river, 
a port called Paradip port (fig. 19) is being developed to 
cater to traffic for areas between Vizagpatam and Calcutta. 

River Mahanadi divides itself into a large number of tri- 
butaries just before reaching the sea.  During the S.W. mon- 
soon season when the discharge from the river is as much as 
500,000 cfs,a large amount of silt and sand of the order of 
28 million tons per year is discharged into the sea.  Much of 
the sediment deposits at the mouth of the river or travels 
alongshore as littoral drift material with the result that a 
large triangular delta of 4,500 square miles is in existence 
at its mouth.  During the fair weather season (October to Ma; 
river discharge being very small and flood tide being compara- 
tively large, some of the silt finds its way back into the 
river.  At the southern entrance, however, a depth of 40' has 
always been maintained and it is at this place that a port is 
being developed (C.W.P.R.S., 1956).  Between this basin and 
the sea, a sand bar is formed at a minimum depth of 11' below 
water moving towards the river during the fair weather season 
and shifting back to the sea during the S.W. monsoon season. 
Because of the large quantity of silt brought by the river, a 
long and narrow sand spit, 6 miles in length, always exists 
parallel to the coast.  When it assumes a large size, a break 
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occurs for the river to flow into the sea and then it shifts 
its position from north to south and vice versa.  This growth 
and movement of the sand spit with the consequent change of 
course of the river mouth is a recurring phenomenon, for, this 
area acts as a source for distribution of sediment to other 
areas*  As in the case of Madras and Vlzagpatam, the south- 
westerly winds with littoral drift from south to north exists 
for 8 months a year with the strongest drift occurring during 
the S.W. monsoon, from June to September.  Similarly there 
exists a drift from north to south during the other four months. 
S.W. monsoon waves are, sometimes, as high as 10* and with this 
intense wave action and large quantity of sediment available 
from the river, there is a net littoral drift of 1.5 million 
tons per year travelling from south to north.  This drift along 
with the tides (maximum of 71) has been responsible for the 
various changes that occur in this area from time to time. 

4. Calcutta - Calcutta port situated 120 miles up the river 
Hoogly from the sea (Bay of Bengal) is a typical river chan- 
nel harbour (fig. 20).  With the harbour far inland from the 
sea and with a large tidal influx, there are channels of suffi- 
cient depths at the river mouth which are not affected by the 
littoral drift.  However, the large amount of sediment brought 
by the river from the upland reaches through its many tribu- 
taries, chiefly Rupnarain and Damodar moves back and forth in 
the river as a result of the large variation in the tides. 
The tidal range is as much as 17' near Calcutta and the effects 
of tides are felt upto Swarupganj, 84 miles north of Calcutta. 
Soundings indicate that the Hoogly estuary is deteriorating 
rapidly especially in the reaches above the Diamond harbour. 
Depths below Diamond harbour usually maintain themselves at 14' 
but depths above deteriorate to as low as 6' without dredging. 
It may be noted that but for the fact that only coarse sediment 
settles to the bottom, the river would have silted up long ago. 
It is also interesting to note that most of the sediment brou- 
ght by the river settles in the river reaches themselves resul- 
ting in very little sediment discharge into the sea. Conse- 
quently about 70 to 80 million cubic yards of sand are dredged 
every year from the various bars to keep the navigational 
channels in operation.  These bars are the worst from February 
to middle of May during the equinoxial perigree spring tides 
when there exists very little freshet discharge and a large in- 
flux discharge of the order of 50 to 60 million cfs creating 
many channels of flow through the bars.  From middle of May to 
middle of July, these bars are prevented from further deterio- 
ration by the gradual increase in the freshet discharge. 
From middle of July to end of October, that is, during the S.W. 
monsoon season, the flood tide is held back by the large 
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freshet discharge which reaches a maximum of 210,000 cfs In 
the Hoogly and the bars Improve so that in some places, depth 
are as much as 24'.  However these freshet discharges create 
more flow channels and these being not the same as those formi 
during the fair weather season and not being the same every 
year, result in the formation of a large number of bars, shoa! 
and twisting channels in the river necessitating enormous con- 
tinuous dredging to keep open the navigational channels.  Ba- 
and shoals deteriorate later during the post freshet period 
from November to January when the freshet discharge decreases 
and the flood tides predominate.  In addition, Hoogly experi- 
ences variation in mean tide level from season to season resu: 
ting in change in velocity for the same range of tide and thus 
affecting the bar formation.  Hoogly estuary shows another 
peculiarity in that there are rotary currents caused by the 
change in the direction of the flood and ebb tides in some 
places due to the peculiar regime of the estuary.  Yet anoth< 
peculiarity in the Hoogly river is the occurrence of the 
••hydraulic bore" with waves of 8' to 10' heights travelling 
very fast up the river and destroying the banks and neighbour- 
ing property in their path.  All these affect the bar and 
channel formations and the depths in the river and therefore 
the harbour area, with the lit'toral drift along the coast havir 
very little to do with them. 

EAST COAST-EARBOUR PRESERVATION 

With the large amount of littoral drift of the order of 
1 million tons travelling along tho coast, construction of 
harbour works will result in rapid silting of the foreshore 
zones, approach channels and harbour basins as experienced at 
Madras.  In addition, the difficulty of dredging such a large 
quantity of sediment under severe wave action of the S.W. mon- 
soon season will also be a problem to be dealt with.  If the 
harbour is an artificial one as at Madras with breakwaters 
extending from the shoreline to the sea, arrangements similar 
to those made at Madras for the disposal of the sediment depo- 
sit and for prevention of erosion may be made.  A better 
arrangement would, probably, be to dispose off the accreted 
material to the erosion side, that is, the north side, to re- 
plenish the coastline.  If the harbour is a natural one as at 
Vizagpatam, a similar arrangement in the form of a detached 
breakwater acting as a sand trap and disposal of the accreted 
material dredged from behind the same trap to the erosion side 
may be the best one if the foreshore depths are shallow.  If 
the harbour is situated in a river delta as at Paradlp it will 
be difficult to predict the type, position and nature of the 
coastal works because of the shifting nature of the flow 
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channels and sand bars and because of large littoral drift* 
In any case, for any harbour along this coastline, it will be 
difficult to state exactly the type of coastal works necessary 
unless rigorous model studies are conducted though the measures 
taken at Madras and Vizagpatam may be used as guides. 

COASTAL PRESERVATION 

From the point of view of coastal preservation under 
natural conditions, the methods to be adopted on the east coast 
are fairly straight forward because of the heavy littoral drift. 
A series of groynes spaced pronerly and with sloping top sur- 
face to al]ow the excess littoral drift to pass over them and 
seawall built sufficiently inside the beach to prevent the 
heavy waves from damaging the coastline will be more than 
sufficient.  The groyne spacer will get rapidly filled res- 
toring or extending the coastline.  This coastline may be term- 
ed an ovemourished coastline and the river mouths which are 
numerous, act as sources with sediment brought by the rivers 
acting as the littoral drift material.  If, however, coastal 
works such as breakwaters, approach channels and other similar 
harbour works are built, consequences will be disastrous. 
The large material energy inbalance will be so large that 
large scale accretion on the updrift side (south side) and 
large scale erosion on the downdrift side (north side) will 
result.  The best way to restore equilibrium along the shore- 
line will be by artificial nourishment from updrift to the 
downdrift side of the excess material available on the former 
side, if economically feasible. 
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CHAPTER 22 

SUR DEVALUATION DE CERTAINES CARACTERISTIQUES 
DU TRANSPORT LITTORAL A LA BASE DES DONNEES METEOROLOGIQUES 

Pawei S2omianS:o 
Professeur Agrege a, l'Institut 
Maritime. Gda6.sk - Pologne. 

Les transports littoraux de sables ou de graviers qui 

s'effectuent le long des cotes marines donnent lieu a un cer- 

tain nombre de processus interessants et importants, tant du 

point de vue scientifique que du point de vue des solutions 

pratiques. Ne citerais-je ici que les phenomenes de la forma- 
tion de depots de sables, de 1'ensablement des ports et des 

estuaires fluviaux, ainsi que de l'abrasion des ootes marines. 

L'intensite et la direction du transport littoral en 

sont les traits oaracteristiques essentiels. les deux oarac- 

teristiques en quantite majeure et en premier lieu dependent 

des courants de la houle agissant sur la zone cotiere, ainsi 

que de la force et de la frequence des vagues. Afin de pou- 
voir determiner d'une maniere exacte les caraoteristiques pre- 

citees du transport littoral, on est tenu de poursuivre des 

etudes dont les methodes,  cependant, ne sont pas encore ela- 

borees d'une maniere.definitive,  quant aux etudes memes - 

- elles sont en general couteuses et presentent des difficul- 

tes en cours d'essais. 

Parmi lesdites etudes on peut citer la determination 

du volume de 1'apport de sable du cote au vent de l'obstacle 

transversal,  ainsi que la methode, assez reoente d'ailleurs, 

d'usage de sable marque a l'aide d'isotopes [4,7] , ou bien 

encore a l'aide de colorants luminophores [1,8] f    Lesdites 
methodes, cependant, comme il l'a ete signale plus haut, sont 

assez onereuses dans leur application. Les necessites pra- 

tiques imposent souvent des solutions, concernant la caracte- 

ristique generale des transports littoraux il se peut moins 

precises, mais plus promptes. 
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Les reponses satisfaisant lesdites exigences pratiques 

peuvent etre obtenues le plus facilement au moyen du calcul 

de l'energie totale des vagues attaquant la zone donnee de la 

cote de directions diverses. II y a, toutefois, peu de pays 

qui puissent se louer de posseder un servioe hydrologique ma- 

ritime tel qui soit a, meme de poursuivre des observations per 

manentes des elements de la noule a, l'exeraple du Servioe mete 

rologique qui poursuit des observations oonstantes de la fore 

et de la direction des vents. 

Done, les tentatives faites jusqu'a oe temps dans le 

but d'etablir une formule simple, oaracterisant les forces 

oharriant le transport solide, forment deux groupes essentiel 

et notamment: 

Le premier groupe comprend les formules basees sur les 

elements mesures de la houle; parmi oes formules, entre autre 

peut etre olassee la formule des ingenieurs americains [3]   ', 

& = 0.5- k, w- e-sin2<£ (1) 

et la formule de Jdanov [14] 

JuJ= 
8T EK = -jh^ <2> 

Le deuxieme groupe de formules, tout en partant du meme prin- 

cipe, tente d'exprimer l'energie de la houle par des fonction 

meteorologiques, enregistrees depuis des annees, sur presque 

toutes les cotes du monde oivilise* 

A oe groupe appartient la formule de Munoh-Petersen   [ 9] 

TM= k-V2>p -VF-sinoC (3) 

modifiee par Knaps [6] ,  comme suit: 

TK = k • v'p • VTTf' SinoC-COA^C (*) 
Sur le littoral Polonais nous nous servons preoisement 

des formules du deuxieme groupe, etant donne que les observa- 

tions systematiques de la houle sont poursuivies en Pologne 

depuis peu et en certains endroits de la cote seulernent,quant 

a. 1'application des sables a grains marques on en est a peine 

aux tentatives d'applioation de ladite methode, et cela a une 

petite echelle. Cependant, le transport littoral longitudina 

qualifie en Pologne de "flux du transport s6lideM s'effeotue 
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sans doute sur toute la longueur des cotes polonaises. On cora- 

prend par oette definition de wflux du transport solide" un tel- 

aspeot de transport littoral, qui, etudie durant une periode de 

2 « 3 ans pour le moins, produise la resultante des charriages 

s'effeotuant toujours dans la meme direction. En raison des 

problemes surgissant dans ce domaine l'auteur du present rapport 

a soumis les deux formules precitees a une analyse plus minutieu- 

se qui a donne lieu a de nouvelles modifications des expressions 

susmentionnees. 

Sans porter prejudioe au principe meme, sur lequel sont 

basoes les formules de Munch—Petersen et de Knaps, a voir de la 

formule initiale pour l'energie de la houle sous la forme de: 

E = |'h2'L (5) 
ou  £ - est l'energie de la houle par unite de longueur de la 

crete de la vague, 

h - la hauteur d'onde, 

L - la longueur d'onde, 
il est indicate de tenir compte des circonstances suivantes: 

1. II existe un certain nombre de formules theoriques 
determinant les elements essentiels de la houle a l'aide de va- 

leurs oaracteristiques du plus important facteur meteorologique 

- du vent. Dans les divers reservoirs d'eau on est tenu d'ap- 

pliquer les formules qui accusent la plus granda conformite 

aux phenomenes pbserves en nature. Cependant les deux relations 

examinees, determinat la force de transport (3)  et (4) al- 

leguent seulement les formules de Stevenson, elaborees d'ail- 

leurs pour les cotes d'Angleterre [9] J Men qu'elles intro- 

duisent en outre le celerite du vent, dont la forraule de Ste- 

venson ne tient pas oompte. 

II existe done de ce fait deux methodes d*evaluation 

des elements de la houle: les constructeurs-hydrotechniciens, 

pour calculer les forces agissant sur les ouvrages hydrotech- 

niques, se servent, dans le cas ou. ils ne disposent pas de me- 

sures en nature, de formules theoriques estimees oomme les plus 

377 



COASTAL ENGINEERING 

propres pour la region donnee. En Pologne on admet la formule 

de Boergen pour determiner la hauteur de la houle au large; 

quant a la determination de la force d'entrainement du trans- 

port littoral on adoptait jusqu'a oe temps la formule de Munch- 

-Petersen ou de Knaps qui renferme egalement les elements de 

la houle, bien que sous une forme dissimulee et differemment 

interpreted. II apparait dono qu'il serait plutot logique 

d'introduire dans 1*expression representant la force de trans- 

port *•» la hauteur d'onde a tit re d'element de "base et de cal- 

culer sa valeur a l'aide de la formule la plus conforme pour 

la region en question, 

2. La capacite du transport solide est d'autant plus 

considerable que la largeur de la zone des profondeurs cri- 

tiques - la zone dans laquelle se produit le deferlement des 

vagues — est plus grande* A des chutes plus ou moins regulieres 

du *ond, ladite largeur sera certainement et en premier lieu 

dependante de la hauteur de la vague, done elle lui sera pro- 

port ionnelle, a voir la these de Munch-Petersen. 

3« De plus, l'energie de la houle, comme il s'ensuit de 

la formule (5) , se trouve etre directement proportionelle a la 

longueur de l'onde, ce dont la formule (3) , ainsi que la for- 

mule (4)  ne tiennent pas opmpte. De toute faeon, ces deux 
elements - la hauteur et la longueur de l'onde - sont etroite- 

ment lies. Par rapport aux conditions qu'offre la mer Baltiqi. 

l'analyse des donnees allemandes ainsi que des observations po- 

lonaises en partie deja, publiees, demontre que ladite relation 

est analogue a la relation lineaire, ou pratiquement, elle peui 

etre partagee en deux relations lineaires, 

Ainsi par exemple, en raison des donnees rapportees par 

Roll [2] , on peut constater le fait que pour la Baltique occi- 

dentale il existe deux relations lineaires: 

pour de petites ondes:  L = I4.9'h+I2.5 (6) 

pour des ondes plus considerables: La48.6'h~35.2        (7) 
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Tableau 1 

La signification des symboles appliques 

(31.   La auantlte totale de matexial du txanspoxt litto- 
tal, q.ui passe un pxofile pax an, sous 1'Influence 
de 1'action des vague3 d'une pexiode et dixeotion 
oonnue. 

/(. /fy. — les ooeffioients dependant de la pente de la plage, 
du dlametxe des grains et d'autxes faoteuxs* 

W       le txarail total effeotu pax an pax toutes les 
ragues d'une pexiode et dixeotion oonnue. 

6   le coefficient definl pax le xappoxt des distances 
entxe les oxthogonales de Tagues en eau pxofonde et 
dans la zone llttoxale* 

OC  1»angle entxe les oxetes de vagues et la ligne de 
en roxmule lynlTage ^g la z0n8 de defexlement de la houle 

I.       le pexiode d'onde 

IM:IK)IS) la oapaoitede transport des materiaux solides le 
long de la cote. 

v.     ——  l'intesitedes rents 

D.   *•—~ la fxequenoe des rents en t> 

.Z7.  ~ 1'extension de 1'action des rents 

&• la coefficient, g.ui pxende en oonsidexation le 

pexiode d'existanoe de oourextuxe du glace. 

en foxmule""(3)1,angle foxme'pax la ligne ootiexe et la dixeotion 
- du rent. 

oC. 
en foxmules   1'angle foxme pax la normale a la ligne 00- 
(4), (12),(13) tlexe et la dixeotion du rents ou du ragues* 
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Le graphique de Schumacher, elabore de meme pour la zone 

occidentale de la Baltique [ 2] , donne lieu a juger que lesdit 

rapports se posent respectivement comme il suit: 

L= 26.7-h-6.09 (8) 

et        L= 111'h+22.5 (9X 
L'analyse des donnees polonaises pour l'estuiare de la 

Bale Pomeranienne Swinouj^cie 13 donne lieu a la relation 
lineaire suivante: 

L= 22,73 • h + 5.64 (10) 

lies observations recueillies par 1'auteur au cours des 

recherohes poursuivies sur la fleche de Hel amenent egalement 

pour les houles de tempetes a 1'equation lineaire: 

L= 50-h - 31.5 (n) 

A part les divergences obtenues, on peut affirraer cepen- 

dant que, pratiquement, la longueur de 1*oxide peut etre traitee 

comme grandeur proportionnelle & sa hauteur, au moins pour une 

vague influence peroeptible sur le transport littoral, 

4. L'application des formules du type  (3)  et (4) re- 

cele un danger, et notamment, on admet que la vague se pro- 

duit seulement dans le cas ou il fait du vent; de ce fait on 

ne tient pas compte de la houle. On peut obvier a cet incove- 

nient en adoptant la proposition de Knaps [5] de tenir compte 

egalement de la houle apparaissant lors des vents de terre dans 

le cas, ou la direction de ces vents n'accuse pas de deviation- 
-sup,erieure a 30° par rapport a la ligne ootiere. Afin deter- 
miner un coefficient convenable derivant de 1'admission preci- 

tee Knaps, oomme on le sait, joint la courbe en fonction de 

sinoC «  cos cC   ou cC   est 1'angle forme par la normale a la 

ligne cotiere et la direction du vent et la tangente a ladite 

oourbe Fig»1. 

Pour rendre les operations uniformes il y a lieu egale- 

ment d'introduire une fonction trigonometrique qui remplirait 
les conditions suivantes: ayant<?C = 0° et cC   = 120°, sa va- 

leur s'exprimerait par zero et le maximum aurait lieu apC ra- 

proche de  45°. 
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L> expression: formerait par exemple une fonotion pa~ 
reille..    1.5 tf* Sin2(oC+60°) 

Les recherch.es effectuees durant les dernieres armies 
font preuve que le maximum de la force de transport apparait 
pour les directions de houles dont l'angle est superieur a 45° 
et      rapproche de    60°    [11] . 

Dans ce cas ce serait 1'expression: qui formerait la 
fonotion propre.      StnoC'Sin (cC+ W)zos {cC- 60°) 

Les trois fonotion trigonometriques sont rapportees par 

la Fig.1. 

Tenant compte des considerations precitees la fonotion 

de la foroe de transport des materiaux solldes le long de la 

oote s'exprimera par l'expression suivante: 

Ts= k-h4-p  sinl.5oC'sm2(o060*) (12) 

ou hien 
Ts= k-h^p[sinoC- sin^60°)cos(^-60°)]     (13) 

Dans oe cas le coefficient k dependralt non seulement 

de la granulometrie du materiel et de la pente du fond, mais 

aussi du coefficient de la proportionnalite de la longueur de 
l'onde a sa hauteur« 

En oe qui concerne le prohleme des houles il serait 

utile de noter que l'analyse precise des vents et de la houle, 

realisee pour la Bale Pomeranienne, accuse une oonformite tres 
nette des roses de houle et de vents hien que pour les periodes 

mensuelles les roses de ce type denotent de grandes differences. 

[13] « II en resulterait qu'en analysant des cycles au raoins 

annuels, les erreurs dues a la nonobservance des houles n'ont 

pas d,importance dans la pratique, au moins dans les conditions 

du littoral polonals. Le trait dominant des modifications ap- 

portees est certainement 1*introduction d'une quatrieme puis- 

sance de l'eleraent qui exeroe une influence decisive sur le 

transport solide# Cette innovation met en relief, par rapport 

aux formules (3)  et (k) ,    le role des vents de tempete, done 
le role de la houle egalement, elements deoisifs pour le trans- 

port littoral, 
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Afin de oonfirmer le bien-fonde de 1'introduction d'une 

quatrieme puissance, l'auteur presente les resultats de l'ana- 

lyse des conditions existant sur les cotes plonaises. 

Bien que les vents de directions ocoidentales soient pre 

dominants sur le littoral polonais, on peut observer toutefois, 

le long des optes de la pleine mer, au moins deux „flux de tran 

port solide" - l'un dans la direotion de l'est, donnant lieu, 

entre autres, a, un constant allongement de la fleche de Hel, 

l'autre dans la direction de l'ouest, formant des depots de sa- 

bles dans la Baie Poraeranienne« I'endroit precis, ou s'effectu 

le processus de bifurcation des deux „flux de transport solide" 

n'est pas oonnu. Sur la base des indices morpnologiques on peut 

neanmoins supposer qu'il se trouve aux environs du port de Ko— 

iobrzeg* On observe que la zone se trouvant a, l'est dudit port 

affeotee par le transport littoral, est caraoterisee du point 

de vue de sa morphologic par des apports de sables formant des 

depots du cote ouest des jetees portuaires et d'autres obstacle, 

au travers. II a ete egalement constate, qu'il y avait tendance 
d'avanoement des estuaires fluviaux, non—amenages, dans la di- 

reotion Est# Le processus d'erosion considerable des bords du 

cote Est des jetees et des groupes d'epis oonstitue egalement 

un indioe oaraoteristique. I*accumulation des apports de sablei 

des deux ootes des jetees portuaires de Kolobrzeg s'effectue 

d'une maniere plus ou moins analogue; quant aux estuaires flu- 

viaux situes a l'ouest du dit port, ils accusent, ou aocusaient 

jusgti'au moment de leur amenagement en ouvrages reglant les 

conditions desdits estuaires, une tendance d'avancement dans 

la direotion ouest# La comparaison toutefois des valeurs de la 

puissanoe de transport, oalculees a l'appui de la formule Munch- 

-Petersen et de celle de Knaps, pour differents endroits du 

littoral, indique que la bifurcation dont il a 'ete question 

plus haut, n'a lieu, en depit de toute attente, qu'aux envi- 

rons de Dziwndw, c'est a dire, eloignee de 50 km environ, a 

l'ouest de Eolobrzeg. Quand a la oapacite d'entrainement des 

sables, calculee selon la formule proposee par l'auteur, elle 

demontre que c'est precisement aux environs de Kolobrzeg q.ue 
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„le flux de transport solide" change de direction en entrainanl 
les sables vers l'ouest. 

La Fig*2 raporte les roses energetiques, representant 

les forces de transport pour Kolobrzeg en la periode 1947 - 

- 1955, oaloulees a l'appui des formules de Munch - Petersen, 

de Knaps et de l'auteur de oe rapport* Chaque direction oompor- 

te les valeurs totales en la periode precitee, se rapportant 

a ladite direotion« Les eohelles des roses partioulieres ne 

peuvent etre evidemment oomparees. Les resultantes TM,    TE, 9?s 

sont representees par de petites fleches paralleles a la ligna 

cotlere. La valeur de la resultante Ts n'est pas grande, elle 

se monte a 3,7? a peine par rapport a la somme des valeurs 

obsolues des forces de transport /Ts/, mais ladite resultante 

est distinctement orientee dans un sens oppose a oelui des 

resultantes calculees a l'appui des formules(3) et(4)• Sa va- 

leur minirae fait preuve precisement que c'est dans oette zone 
it 

que la bifurcation des „flux  doit avoir lieu, ce qui est en 

parfaite oonformite des observations faites dans la nature, 

II en resulterait done que cette simple determination 

du problerae du transport littoral longitudinal, proposee par 

Munch-Petersen, apres y avoir apporte les modifications citees 

plus, se trouve etre une methode susceptible d'etre appliquee 

a des buts pratiques, bien qu'elle ne tienne pas coropte de 

phenomenes importants tels que la refraction de l'onde et la 

naissanoe des courants de houle littoraux. 
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CHAPTER 23 

STABILITY OF COASTAL INLETS 

P. Bruun and F. Gerritsen 
Coastal Engineering Laboratory, University of Florida 

Gainesville, Florida 

ABSTRACT 

This paper is a continuation of papers of earlier date (4) and (5) 
and is an abstract of (6). Pertinent factors involved in inlet stability 
are discussed briefly. Results of analysis of existing data are mentionec 
and a future research program is outlined. 

PERTINENT FACTORS INVOLVED IN INLET STABILITY 

In order to obtain a stable tidal inlet in alluvial material it 
appears to be an inevitable assumption that littoral drift material is 
being supplied continously to the inlet. Part of this material is 
deposited on the inlet bottom where the tidal currents will move it 
forward and back as a kind of "rolling carpet." 

In order to obtain a relatively stable situation this carpet must 
not move back and forth too rapidly since it thus runs the risk of being 
lost at both ends (the ocean and the bay). Nor can it be allowed to move 
too irregularly, changing its velocity and travel time rapidly, since it 
may soon "get stuck" at one or at both ends in the form of excessive 
deposits.  If — because of insufficient littoral drift supply -- inade- 
quate amount of material is available for building up this carpet the 
inlet will be constantly "shaved" and will gradually develop non-scour- 
ing open bay or perhaps estuary characteristics.  Fig. 1 shows longi- 
tudinal sections through inlets of different length.  In the first case 
the (unstable) channel is so short that the rolling carpet extends out- 
side the inlet floor, which in turn causes material to be deposited on 
shoals in the sea and in the bay by the material-loaded ebb and flood- 
currents.  In the second case the (also unstable) channel is so long 
that material is now deposited inside both ends of the inlet channel 
because it gradually became so long that currents were too slow to 
carry the material load out in the sea or in the bay for depositing. 
The third case demonstrates a stable "status quo" situation between 
inlet length, current velocities, and material load. 

A rational approach to the material balance problem is given in (6). 

To analyze the stability problem the cross-section area A of the 
inlet gorge is considered explicit as a function of various factors: 

A - F (Qn,, p, T, B, c, Wa, M, Q0, t) (1) 

The factors Qm (discharge) and p (form factor of cross-section
1) are 

interrelated, and shear stress T, bottom composition B, and the littoral 
drift, M, to the inlet, also have a certain direct influence on p.  Factors 
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T, (3, c (sediment concentration), Wa (wave action), and M are also inter- 
related. The friction factor not included in equation (1) enters the 
picture through T. The fresh water discharge QQ (head water from river 
or drainage canals) have a certain influence on flow distribution and 
thereby on r  and p. The time factor t represents "the time history" which 
is important because of the time lag between action of forces and the 
reaction of the elements acted upon by the forces. 

The influence of the maximum flow, Qm 

Consider A = F (Qm ) when Qm represents the maximum discharge 
per second through the inlet gorge. The relationship between A and Qn, 
can be expected to be fairly linear because if one inlet channel is stable 
with cross-sectional area A, and maximum flow Qm joins with a neighbor 
channel which also has cross-section A and maximum flow Qm, the result 
most likely will be a combined inlet with cross-sectional area of the order 
2A and maximum discharge 2Qm. Changes in friction characteristics and 
other factors causing energy loss may distort this picture somewhat and 
the actual dimension of the inlet gorge and channel will depend upon the 
utilization of the cross-section for flow and the distribution and actual 
size of shear stresses as mentioned later in this paper. 

The influence of the shape factor, P 

Consider A = F (Cjn, p, ). Studies of inlet gorges reveal a 
certain similitude between the cross-section of different gorges even 
though a considerable number of inlets are provided with gorges which 
do not have a simple cross-section. Some inlet channels have cross- 
sections split up in a "deep part" and a "shallow part". The "coefficient 
of utilization" for flow of these two parts are not equal. The shallow 
part carries comparatively little flow compared to its area while the 
opposite is the case with the deep part. The importance of the shape 
factor is thereby clear. Littoral drift, particularly with coarser 
material may often tend to develop steeper side slopes and therefore a 
more "economical" cross-section.  Increased fresh water flow in certain 
periods may work similarly (16). With jetty-protected "improved inlets" 
there is usually only one channel with greater depth which means greater 
hydraulic radius and less loss of energy from banks, shdals and similar 
side effects.  In other words conditions are better organized for flow; 
for this reason it can be expected that a comparatively smaller cross- 
sectional area is sufficient to carry a given amount of maximum flow. 

The influence of the shear stress, T 

Consider A = F (Qm, T, ) in which T is the force exerted by 
the flow on a unit area of the bottom. For a cross-section with hori- 
zontal bottom ,of unlimited width a linear relation between A and (^ 
involving a certain shear stress (more simply but not accurate replaced 
by"average velocity") can be expected. 

Assuming steady or slowly varying conditions we have T = pg RS in 
which p = density of water, g = acceleration of gravity, R = hydraulic 
radius and S s slope of energy line. 
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By introducing v - C /RS and Q = Av we find: 

% = AC   /IT (2) 

whereby TS refers to spring tide conditions.  TS is called the deter- 
mining shear stress. For an alluvial bottom tidal inlet the require- 
ment of stability is either that this shear stress stays below a certain 
value or is coordinated in such a way with water flow and material move- 
ment that the total transport of material away from one section equals 
the transport to this section from another section. According to equatioi 
(2) 

A2CS 
Ts " P8 A2r2 

The problem of inlet stability is then reduced to the determination of 
the stability shear stress TS under a variety of boundary conditions. 

In regard to the influence of channel friction reference is made to 
the authors (6), which in turn refers to comprehensive literature file on 
this subject. An increase in C is usually associated with an increase in 
Ts- 

As mentioned in the following paragraphs various other factors will 
influence TS. Coarse bottom material will usually result in a higher TS 
than fine material. Sediment load injected in the tidal inlet flow from 
rivers or from the longshore littoral drift will usually cause a higher 
TS; wave action will decrease TS.  Increase of littoral drift will raise 
TS relatively; fresh water flow may also increase TS, particularly when 
it is concentrated in limited periods of time and causes "at a station 
changes" as observed in rivers (16). 

The influence of soil condition of the inlet bottom, B 

Consider A = F (Qm, B, , TS) and TS = f (B, ). A discus- 
sion on the influence of soil conditions is a discussion on the influence 
of soil conditions on the TS. Table 1- see the following section and 
reference (6)_ gives certain"limiting values" for the shear stress in 
canals and rivers with granular material considering clear water as well 
as sediment laden flow. The actual grain size does not seem to be very 
important within certain limits.  Tidal inlets will because of supply of 
littoral drift material to the inlet and because of its origin almost 
always have alluvial material bottom and although the flow is continuously 
reversing it seems reasonable to expect a certain similarity between the 
behavior of rivers and tidal inlets. 

The influence of suspended load, C 

Consider A = F (Qm, c, , TS) and TS = f (c, ).  Sediment 
load may be derived from upstream sources or from the littoral drift. 
According to Table 1 sediment load increases the limiting shear stress. 
Increase is considerable for heavy load.  It is reasonable to expect 
similar conditions at tidal inlets as we find at rivers. According to 

388 



STABILITY OF COASTAL INLETS 

SEASIDE BAYS! PS 

I Sea Level 
Carpet extends outside 
floor which is too short Sea Level 

~~M.ifsz. 

Sea Level 

Shoal \.— Inier   channel- 

Floor is  lonqer+han carpet 
which curls   up at both ends 

Shoal 

Sea Level 

C 
;sra»— 

-Inlet    channel - Zj Shoal 

Sea Level 
Carpet extends  a little  outside 
floor   beinq properly trimmed bu 
wave action  on th«r seaside Sea Level 

-Inlet    channel- J      Shoal 

Rollinq  Sediment *carpt»t 

Inlet   bottom 

Fig. 1.   Material transport in inlet channels as "Rolling Carpet". 
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Fig. 2.   Relation between maximum tidal flow and cross-section for 
small inlets at spring tide condition. 
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observations by Leopold and Maddock (16) the roughness of a channel 
decreases when suspended load increases. Vanoni (21) explains this 
effect as a result of decreased turbulence: 

"The increase in velocity or decrease in channel 
resistance, as suspended load is added to the flow can be 
explained by the effect of the sediment in reducing the 
turbulence. To keep the sediment from settling, work 
must be done on it. The energy for this work can be pro- 
vided only by turbulence which is damped and reduced in 
intensity when it gives up energy. This means that the momen- 
tum transfer coefficient is also decreased thus allowing 
the velocity and velocity gradient to increase." 

In regard to velocity distribution for silt laden flow the reader 
is referred to (8). 

The influence of wave action, Wa 

Consider A = F (Qm, Wa, , TS) and TS » f (Wa, ). The 
wave action makes the actual TS -values vary rapidly and increase materia] 
load and transport. At the present stage of our knowledge we have no 
specific knowledge of the influence of wave action under varying condi- 
tions including current activity.  In the entrance area of an inlet flow 
will be more or less loaded with material stirred up by waves and currents 
This will decrease the TS in this area but may cause an increase of the 
TS further bayward because of the material load. 

The influence of littoral drift. M 

Consider A - F (%,  M, , TS) and TS = f (M, ). The 
littoral drift may influence the development of inlets directly by 
deposits on the side slopes of the outer part of the inlet channel there- 
by influencing the shape factor and indirectly by the supply of suspend- 
ed material to the flow as well as extra bed material for bed load 
transportation and; increased thickness of the "rolling carpet." (Fig. 1) 
This in turn may cause an increase of the TS. 

The influence of river discharge, Q? 

Consider A • F (Cjn, Q0, ).  In the estuary type inlet a river 
discharges through the inlet and this will change the relation between 
A and Qm which as a first approximation will now have to be replaced by 
Qt 4- Q0 where Qt is the purely tidal flow. A consequence of the fresh 
water discharge may be that flood and ebb currents because of density 
differences differ greatly in regard to current distribution in the 
vertical plane as described in (19) and (20). The head water run-off 
may result in a higher value of C and in a higher TS. Siltation may 
result because of the density currents as mentioned in (12). The density 
problems at estuaries and their influence on siltation and flow are men- 
tioned in a brief report published in "Hydraulic Research, 1958, by the 
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Hydraulic Research Station, Wallingford, England which distinguishes 
between two different types of estuaries; the"convective" type and the 
"salinity" type. 

The time history of the inlet, t 

Consider A = F (Qm,  t,  —). Detailed studies of inlet regimen 
have demonstrated that there is no single solution to the relative stability 
of a certain inlet but rather whole sets of solutions with different 
"degree of stability" depending upon how the various factors in equation 
(1) are put together and upon the "time history" and "age" of the inlet. 
The relative degree of stability 

Stab = F ( £, 3*t  TS) 

mentioned later in this paper includes factors which all vary with time 
from the time the inlet was "born" and until it passed away because of 
various "diseases" or until it got a "heart attack" during one particular 
storm. This is elaborated further later in this paper referring to actual 
data. 

RESULTS OF ANALYSES OF EXISTING DATA 

Analyses of actual data demonstrated that the stability of the inlet 
gorge is usually better described by the ralation between A and Cjt, than by 
A and ft when £2 is the tidal prism. In his paper (17) O'Brien found the 
empirical relation 

n o.as 
A = 1000 (^j) 

in which the tidal prism ft (in acre feet) is taken between mean higher 
high water and mean lower low water, (both typical characteristics of the 
U. S. West Coast) and A is in sq. ft. at mean sea level. The analysis 
mentioned below also uses spring tide range whether tide is diurnal or 
semi-diurnal. For inlets having a pronounced daily inequality, the 
stronger ebb currents maximum was used. 

RESULTS BASED ON SHEAR STRESS ANALYSIS FROM TIDAL INLETS 

The solid lines on Figs. 2 and 3 represent the relationship: 

Qm 
A = 

C /¥ 
with TS constant 0.388 kg/m

2 or 0.080 lb/fte , TS being the average shear 
stress over the cross-section of the channel. 

With respect to the value of Chezy's coefficient C, it is apparent 
that although C primarily depends on bottom material and bottom formation, 
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the existence of shoals, inlet curvature, bank protection works, etc., 
will also influence C, but to a smaller degree. However, increasing 
the size of the inlets tends to increase the value of C as a result of 
an increasing value R/k (hydraulic radius over roughness parameter). 
Where a wide variety of inlet sizes is involved, as depicted in Fig. 3, 
variation of C has been taken into consideration. C values were deter- 
mined through use of the fundamental logarithmic expressions as well as 
empirical knowledge of inlet characteristics. By a diagrammatic plotting 
of computed values for C the relation between C and A can be approximated 
as follows: 

C = 30 + 5 log A     (A in m2 and C in m'/2 sec"1 ) 
or 

C = 45 + 9 log A     (A in ft2 and C in ft1'2 sec"1 ) 

The above empirical relation gives average values. In some of the 
Dutch tidal rivers values for C of 68-70 m''2 sec"' had to be introduced 
to bring computed values on tides in agreement with observed conditions. 

The slight curvature of the solid lines on Figs. 2 and 3 is caused 
by variation in C, TS being a constant.  It can be seen that considerable 
individual deviation is caused by variations in average stability shear 
stress Ts, as well as in C. For plottings above the average line, the 
cross-sectional area is amaller than according to the average conditions 
which means higher velocities and a consequent higher value of the stabil 
ity shear stress. Meanwhile it can be seen that for the inlets considerei 
the deviations in ,VTS are usually within the 10 per cent limit. 

As mentioned earlier, the following factors will influence the 
stability shear stress, and thus the Qm/A ratio: 

Shape factor P    Wave action Wa 
Soil condition of bed  B    Littoral drift       M 
Sediment concentration c    Fresh-water discharge Q0 

Because each example includes certain observation and computation 
deviations, it is not deemed possible to explain all individual deviation: 
In some cases, however, a particular factor may be the main reason for 
the deviation.  The shape factor p probably plays an important part in th< 
actual value of the Qm/A relation at Longboat Pass and Little Pass, Flori< 
Gulf coast. At present Longboat Pass has a rather narrow and deep inlet 
and the whole cross-section is intensively used for the flow. Littoral- 
drift material, coming from both sides, is probably responsible for the 
steep slopes of the gorge which, in turn, cause a shear stress higher thai 
average. 

Contrarily, Little Pass has a very irregular cross-section, parts of 
which, because of shoals, car^y only a relatively small amount of flow. 
An uneconomical cross-section results in a lower TS than average. 

The results of computation for the Absecon Inlet in Pennsylvania, 
based on detailed surveys by the U. S. Corps of Engineers, Philadelphia 
District, since 1880, are depicted by cross marks on Fig. 2. The shape 
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Fig. 3.   Relation between maximum tidal flow and cross-section 
for small and big inlets at spring tide conditions. 

CHANGE   IN   CROSS-SECTION   OF  THY80RBN    CHANNEL 

1887- 1946 

1940 1946 

Fig. 4.   Development of the gorge of Thybor^n Inlet on the Danish 
North Sea coast. 

393 



COASTAL ENGINEERING 

of the gorge is characterized by steep side slopes like Longboat Pass. 
This results in a higher rg which, for spring tide conditions seems to 
be approximately 0.63 kg/mz (0.129 lb/ft2 ). 

A few of the tidal inlets studied are located in areas with a 
diurnal tide as, e.g., on the west coast of-Florida and the Texas coast. 
The following passes belong to this group: East Pass, Florida; Port 
Aransas, Texas; and Calcasieu Pass, Louisiana. For those inlets Qm has 
been plotted in the same way as for other inlets with a predominantly 
semidiurnal tide.  It can be seen that the data belonging to the three 
inlets mentioned are scattered around the average relationships. East 
Pass is at the lower side of the line and the other two at the upper 
side. Because of the difference in tidal cycle a slight difference in 
the behavior of those inlets is not surprising. The period during which 
high velocities occur is considerably longer, but the length of the slack 
water period, during which depositing of material takes place, is longer 
also. 

In regard to the influence of bottom material or soil conditions, 
B, many inlets run through littoral drift barriers, which means that the 
bed material is sand. As can be seen from Table 1, there is little 
difference between the limiting shear stresses for sand of 0.1 to 0.5 mm, 
but it must be remembered that the grain size influences the development 
of the bed configuration which, in turn, affects Chezy's coefficient C 
and, thereby, the quantity of flow. Meanwhile, the TS value is influ- 
enced by sediment concentration as described below. 

The possible influence of wave action Wa, sediment size and concentra 
tion of suspended material C, and littoral-drift M on the results depicted 
in Figs. 2 and 3 can best be discussed as a unit. 

Wave action increases bed-load transportation as well as suspended 
load concentration and transportation. Outside the area which is directly 
influenced by tidal currents to and from the inlet, the bed-load trans- 
portation caused by wave action will depend on the actual mass transport 
of water which is rather limited, but in tidal entrances wave action may 
considerably increase bed-load transport by tidal currents.  In this way 
wave action tends to decrease the stability shear stress. 

The influence of wave action on suspended load transportation will 
often be considerable, particularly when material from the littoral 
drift is carried to the inlet and its tidal currents. Generally speaking, 
the smaller the grains and/or the heavier the wave action, the more mate- 
rial will be suspended in the flow. 

On the United States east coast, the south shore of Long Island and 
the coast between Sandy Hook and Barnegat Inlet, New Jersey, have heavy 
wave action and a high average grain size (0.4 - 0.5 mm), while Daytona 
Beach, Florida, has a more moderate wave action and smaller average grain 
size (0.2 mm). The Gulf coast in general has light to moderate wave 
action and an average grain size of less than 0.2 mm, while the Pacific 
coast has moderate to heavy wave action with an average grain size of 
0.2 - 0.3 mm. 
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One could, therefore, expect to find a tendency to larger inlet 
entrance cross-sections on the Pacific — and perhaps on the Gulf 
coast — than on said part of the Atlantic coast, but the data available 
give no clear indications of this. 

The maximum cross-section of inlets with considerable wave action is, 
usually found where the suspended load transportation is at its maximum, 
despite the fact that sediment load to some extent tends to increase the 
value of the stability shear stress. The decrease of -rs caused by the 
wave action in the vicinity of the entrance, seems to be much more import- 
ant. 

The influence of wave action directly, as well as indirectly, on TS 
seems to be visible at some of the examples, as at Thybor^n Inlet on the 
Danish North Sea coast. 

This inlet, cut by nature in 1862 and navigable a few years later, 
was continuously bothered by a big offshore bar with a controlling depth 
of only 10 ft. The bar was the result of heavy wave action and heavy 
littoral drift coming to the inlet entrance from both sides. About one 
million cu. yd. of sand material a year is transported into the inlet and 
deposited on extensive bay shoals. Fig. 4 shows the variation of the 
gorge of the inlet during the period 1887 to 1946. After 1892 important 
dredging operations were started on the outer bar and this factor is 
clearly reflected in the diagram as increasing cross-section.  Since it 
became difficult to keep up with the extremely heavy littoral-drift 
deposits, a different strategy was adopted later. Dredging was trans- 
ferred to the bay shoals channels and is now done there entirely. The 
result has been that the controlling depth on the outer bar increased 
to 15 feet and is now at least 20 feet. Construction in the early 1920's 
of a 3,000-foot-long jetty (recently repaired and extended on the north- 
ern barrier at the inlet) further improved this situation. 

The inlet channel gradually adjusted itself to the actual flow and 
"TS" situation. Fig. 4 indicates that the gorge area is below average 
size; and, taking into account the approximately one million cu. yd. of 
sand material carried each year through this cross-section for depositing 
on the inlet shoals, it seems likely that the stability shear stress has 
increased because of the heavy material load and possibly the accompany- 
ing changes in friction factor.  Since the gorge has very steep slopes, 
the shape factor, as compared to other inlets, may also have improved. 

In comparing the gorge Cross-section I, Fig. 4, with Cross-sections 
II and III situated closer to the entrance, some interesting tabulations 
will be noted in Table 2. Compare Table 2, where TS under medium concen- 
tration of sediment transport is 0.45 kg/m2 , and remarks on the Eems 
Estuary, Holland later in this paper (Fig. 6). 

The variation of cross-sectional area of improved inlet channels is 
dealt with in Fig. 5 where, for a number of inlets with parallel jetties, 
the cross-section has been plotted along the length of the inlet channel 
in a dimensionless diagram. 

395 



COASTAL ENGINEERING 

The cross-sections (A) at different locations have been divided by 
the cross-section at the entrance (A0) to obtain a dimension].ess ratio, 
using the relative distance from the seaward end (x/L) as second para- 
meter. 

From Fig. 5 it can be seen that the entrance cross-sections generally 
are greater than the cross-sections in other parts of the channel.  The 
presence of wave action apparently has decreased the stability shear stres 
TS for the tidal currents because the orbital velocities of the wave 
action along the bottom of the channel increase the actual shear stress 
values, resulting in greater cross-sections near the entrance of the 
channel. 

The importance of variation of bottom friction and its relation to 
sediment transportation is further elaborated in (6) which also includes 
some information on the influence of freshwater flow which it for space 
limitations is not possible to include here. 

Average stability shear stresses determined from studies of existing 
data are given in Table 4.  Limiting values for stable channels were 
mentioned in Table 1. 

In practically all tidal inlets the median size of material as 
mentioned earlier is between 0.1 and 0.5 mm. According to Table 1 there 
is only a minor variation in the limiting shear stress for this range of 
grain sizes. The same will probably hold true for the stability shear 
stress TS.  Taking 0.2 mm as a diameter for comparison, the limiting 
values for the shear stress for canals in fine noncohesive materials 
seem to range between 0.052 lb/ft2 for light load and 0.078 lb/ft2 

for heavy load of sediment. The average stability shear stress for 
tidal inlets seems to range between 0.072 and 0.103 lb/ft2 . 

Special conditions may raise the TS value considerably above average. 
Computations for the Absecon Inlet, gave a TS value of 0.63 kg/m

2 (0.129 
lb/ft2 ) for spring tide conditions.  This figure is high but littoral 
drift is very heavy at Absecon Inlet--probably exceeding 500,000 cubic 
yards per year--and bed-load as well as suspended load transport through 
the inlet channel is high. 

This is further elaborated in (6).  The movable stability of inlets 
as compared to the absolute stability desired at certain canals are also 
dealt with in (6) with reference to Bretting's (2) and Lane's theories 
(15). 

Estuaries are inlets with a river or waterway discharging through 
the inlet.  In case the amount of head flow passing through the estuary 
is so small that its influence on the vertical distribution of flow 
velocity is only minor the tidal hydraulic aspects of the inlet stability 
can be handled as with normal tidal inlets in alluvial materials. An 
example of an estuary is the entrance to River Eems at the border between 
Holland and Germany.  In 1952 an extensive program of investigation was 
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Fig. 6.   The Eems Estuary, Holland. 
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undertaken by the Dutch "Rijkswaterstaat" to obtain information leading 
to the improvement o£ the estuary for navigation. Reference is made to 
(10). 

The study included the following items: 

a. Velocity measurements in the lines, indicated la, lb,... through 
5b in Fig. 6. Measurements were taken in every profile simultaneously in 
5 to 8 locations. The vertical velocity distributions were determined by 
an Ott propeller-type current meter at 57 locations, which allowed rather 
precise determination' of flow quantities and distribution of flow. Fig. 
6 shows computed values for the maximum flood and ebb flow plotted again: 
the profiles surveyed at the same time. 

b. Measurements of sand and silt content. Samples were taken at 
the surface, about 1/2 ft. from the bottom and about 1/3 of the depth 
from the bottom. Silt and sand concentrations were highest in line 
number 1. The shallow tidal bay called "Dollart", east of line 1, with 
extended mud flats, is responsible for this. Measured values of maximum 
concentrations (volume-ratio) in line 1 near the bottom are: 

Sand 7.6 x 10""* 
Silt        64.0 x 10"4 

In lines 2 through 5 the respective concentrations were much less. 
For sand and silt the maximum concentration near the bottom varied 
between 0.6 x 10~4 and 4.4 x 10"4 in volume ratios. 

c. Bottom samples were taken at the velocity measurement 
point. Table 5 shows values for djQ (diameter for 50% finer). 

The information obtained seemed to be useful for examination of the 
stability of different bottom profiles. 

Fresh-water discharge probably will play only a negligible part in 
the stability conditions; only in line lb and possibly, in la, may it 
have some influence. During the period of observations river discharge 
amounted to 2 million m3 during a flood or ebb period, which is a very 
small quantity compared with the tidal prism which amounted to 83 million 
m3 during ebb tide under average conditions in line lb. For line 5b a 
tidal prism of about 300 million m3 under average flood conditions has 
been determined. 

Re a The solid line in Fig. 7 indicated the relationship: 

A -    Qm 

>/ 
T s 

Pg 

T'S is the stability shear stress referring to mean tide conditions. As 
in Figs. 2 and 3 a variable C value has been introduced according to: 
C = 30 + 5 log A (metric system).  Fair agreement obtained between 
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observations and stability shear stress hypothesis is valid for mean 
range of tide conditions. 

T'S = 0.264 kg/m
2 or 0.0534 lb/ft2 

A constant value of T'S for this area seems reasonable because 
material load conditions are similar and the grain size of the material 
does not show much variation. 

In order to compare the T'S value for the Eems with the TS values 
of Table 4 , the Eems value must be converted into spring tide conditions 
For this particular area of the North Sea coast, flow values during sprinj 
tide are about 10 per cent higher than during normal tide conditions. 
Because T ^ v2 , the value of TS for spring tide conditions will be 
TS = 0.264 x (l.l)

2 kg/m2 = 0.320 kg/m2 (or 0.0653 lb/ft2 ). Because of 
the sheltered location of this area (no or little wave action) this figure 
is considered close to a minimum value ror TS (ref. Table <+). 

In comparing the individual experimental data with the average curve 
it is seen that most of the individual plottings coincide rather well 
with this curve. Meanwhile, the profiles No. 2b and 5a show some remark- 
able deviations. The following may be a possible explanation for those 
deviations: 

It is known from the investigations that profile 2b has a relatively 
high sediment load. This means higher stability shear stress and compar- 
atively smaller cross-section. A favorable shape factor may also lead to 
a higher value of TS. 

In many profiles there is no significant difference between ebb flow 
and flood flow, but the situation is different in line 5a for which the 
maximum flood flow is considerably lower than the maximum ebb flow. 
Profile 5 a is a typical (so-called) "ebb-channel" in which the ebb 
currents dominate the flood currents.  In this case the plotting for the 
maximum ebb flow fits the average curve; for the maximum flood it does not. 
This may lead to the conclusion that where either the ebb or the flood 
current dominates, the predominant current will determine the size of the 
cross-section profile with its characteristics of silt and material load. 

Section 5.6 of reference (6) gives information on some very interest- 
ing comparisons by the suthors with some results of Leopold and Maddock's 
studies of the geometry of stream channels and some of its physiographic 
implications. The relationship Vm = constant Q

0-1 or A = factor x Q 0.9 
is confirmed and compared to Bretting's theory which also has A ^ Q o-9 (2) 

THE RELATIVE STABILITY OF TIDAL INLETS 

The problem of stability of an inlet can be considered in the 
"horizontal" as well as in the "vertical" plane. Horizontal (or location) 
stability is dealt with in (6).  Speaking about the cross-sectional 
stability this problem can be said to include two kinds of stability: 
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the material transfer "stability" or "ability" and the cross-sectional 
stability described in this paper. 

Material transfer stability is described by the authors in (5) and 
(6) which distinguishes between two different kinds of material transfer 
across inlets: bar-bypassing and tidal flow bypassing.  If the predominant 
littoral drift (Mmean) *-s expressed in cubic units per year and the max- 
imum tidal flow under spring tide conditions in the same cubic units 
per sec. (Qmax)> by-passing may be described by the 

^SS = r factor. 
Qmax 

Analysis demonstrated that: 

with r > 200 - 300 we usually have bar by-passing 

with r < 10 - 20 we usually have tidal flow by-passing 

The mechanics of the by-passing and man-made influence on it is 
dealt with more detailed in (5) and (6). 

In regard to the cross-sectional stability the relative "degree of 
stability" as mentioned earlier is tentatively expressed as follows: 

Stab = F (& , ^2 ,  TS) 

where the factors fl, QJJ, and TS are interrelated and depend on inlet and 
bay geometry, character of bottom soil, material load, and wave conditions. 
Of these factors, M may not vary much with long-range time, whileQ,  Qm and 
TS most likely will vary from the moment an inlet is "born" until it 
develops "full-size" and stabilizes itself before   deterioration. This 
period may be a matter of decades or centuries and it therefore seems 
allowable to speak about a "number of stability solutions" which have 
varying degree of actual stability.  It should also be remembered that 
the (spring tide) values of fl and OJJ, may fluctuate somewhat due to vari- 
ation in tide characteristics. 

Upward, the number of these stability possibilities is limited by a 
certain maximum tidal prism whereby for small bay areas the tidal range 
in the bay or lagoon equals the tidal range in the sea. The gorge cut 
in alluvial material will then assume its maximum size, while the actual 
value of TS will depend upon material, littoral drift and other factors 
as discussed earlier in this paper.  Downward, the number of solutions is 
limited by a minimum cross-sectional area which is determined by certain 
minimum values ofQ/TA  and Qm/M.  Anyone who has worked with problems of 
"choking inlets" on littoral-drift coasts (5) knows  that a newly opened 
or a natural break-through inlet is bound to close again rather soon 
unless the channel has attained a certain minimum cross-sectional area. 

The value of TS may also be considered descriptive in the actual 
stability situation. Relatively higher values of TS may indicate good 
flushing action, and, thereby, better stability conditions.  Contrarily, 
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lower values of TS may indicate less cleaning ability of the inlet flow 
and beginning or advancing deterioration of the inlet channel, perhaps 
associated with an uneconomical shape of cross-section (bad ^- factor). 

It is difficult to give specific values for the relative stability 
of inlets; to do so requires detailed knowledge about the time history of 
the inlet gorge, and such information is usually not fully available. 
Table 6 gives information concerning several tidal inlets for which we 
have some idea about the fi/M and Qm/M ratios from many years of deposits 
and dredging operations undertaken because of the importance of these 
inlets to navigation. 

Considering first the fi/M ratio the tidal prism Q,  represents the 
total amount of flow passing through the inlet during one half tidal 
cycle. For the greater part of the time this flow is able to transport 
material and to clean the inlet of "surplus deposits". 

In Table 6 the values of ft/M are listed together with Qm/M values 
and computed values of T. 

Keulegan's (14) expression: 

a -  S£ 

relates the tidal prism Q,  to the coefficient C2, the maximum discharge 
Qm and the length of the tidal period T. 

The value of C2 generally deviates less than 20% from unity. The 
tidal period T may correspond to semidiurnal or diurnal tides. 

For inlets with semidiurnal characteristics the yearly average 
value of M is used to compute the ratio H/M. For similarity reasons 
the factor for inlets with diurnal tide characteristics should then be 
computed as ^ ft/2M, because the length of the tidal period for diurnal 
tides is approximately twice as long as for semidiurnal tides.  This has 
been considered by computing the fi/M values in Table 6 and the comparisons 
made based on H/M values. 

Consideration of the characteristics of the inlets listed reveals the 
those having a ratio ft/M in excess of 300 have a higher degree of stabilit 
Inlets with fl/M ratios <100 seem to belong to that category which have 
a more predominant transfer of sand on (shallow) bars or shoals across 
the inlet entrance and less significant tidal currents; for this reason 
they may be rather unstable and are usually characterized by one or more 
narrow, frequently shifting channels with high velocity through shoals 
with shallow water as described in (5). 

It is not possible to say where a transition ratio of ft/M between 
stable and unstable inlet channels may lie because irregularity in quantit 
as well as in direction of the littoral drift will likely make it impossi- 
ble to establish such fixed ratio. Some inlets still have a fair stabi- 
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lity for fi/M ratios of 150 - 200, e.g., the Thybortfn Inlet, Denmark, which 
has to be dredged somewhat on its bay shoals.  Compare Fig. 4 which shows 
the variation of the gorge of Thyborfri Inlet. Before 1910 the fi/M ratio 
was < 100 and at that time dredging had to be carried out continuously on 
the outer bar. After 1910, when the Q/H  ratio was > 150, dredging on the 
outer bar became unnecessary; but as mentioned earlier some (minor) dredg- 
ing operations had to be and are still being carried out in the bay 
channels and on the bay shoals where material carried through the inlet 
is deposited by the flood-currents. 

In regard to the ratios Qm/M mentioned in Table 6, the following 
can be said. 

It is well known that only a certain (usually unknown) fraction £M 
of the longshore littoral drift M enters the inlet channel itself. The 
relation £M/M is not constant but assuming a certain similarity in inlet 
behavior we may expect that the relation M/Qm (or Qm/M) has an influence 
upon the stability shear stress values. 

Table 6 suggests that Qm/M ratios > 0.01 averagely present a more 
stable situation than ratios < 0.01. 

The stability shear stress TS refers to the maximum tidal flow under 
spring tide conditions.  If tide conditions were the same for all inlets 
considered an equal TS would result if all other conditions were equal. 
In this study inlets with quite different tide characteristics were used 
and this inevitably leads to local deviations in the stability shear 
stress. 

Values for the stability shear stress were computed for various 
inlets according to the relation: 

TS - Pg ^- 

whereby vm is the maximum value of the average current velocity during 
spring tide conditions, and C the Chezy coefficient. 

Uncertainties in the values of vm as well as C are introduced into 
the formula in the second power so that a very close determination of TS 
for most of the inlets studied was not possible. The effects of this are 
demonstrated in relatively strong variations of the TS values as indicated 
in Table 6. The large scale tendency of TS is indicated in Table 4. 

Fortunately the lower limit of TS could be approached in the case of 
the estuary of the Eems as mentioned earlier in this paper. 

The above should be remembered when considering some details on TS 
values included in Table 6, which is further developed in Tables 7 and 8, 
wherein Ft. Pierce Inlet (Florida), Averio and Figueira Da Foz Inlets 
(Portugal), and Gasparilla Pass (Florida), are omitted; Ft. Pierce 
Inlet because of some rock formation in the inlet channel; Averio Inlet 
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because its improvement by jetties was only completed in 1958 and experi- 
ence is insufficient; Figueira Da Foz and Gasparilla Pass because they-- 
as demonstrated by their TS values  are in an unstable condition. 

From Tables 7 and 8 it is apparent that large inlets, such as some 
of the big Dutch inlets and those like Grays Harbor, Washington, are 
characterized by an average TS value of about 0.46.kg/m

z (0.094 lb/ft2 ) 
with fl/M > 600 or Qmax/M > 30*10"

3 .  Inlets with a more modest flow 
activity as compared to the littoral drift quantity, such as the minor 
Dutch inlets, Longboat Pass, Florida, and the diurnal type inlets on the 
Gulf of Mexico have TS values averaging about 0.50 kg/m (0.102 lb/ft ) 
with 150 < fl/M < 600 or 10*10"3 < Qmax/M < 30«10"

3 .  The slight tendency 
towards increase may be explained in the way that littoral drift deposits 
are encroaching upon the inlet channel at these inlets partly improving 
its shape factor and partly increasing material movement both, in turn, 
increasing the TS. 

Inlets with a still lower flow over littoral drift value, such as 
Big Pass and Ponce De Leon Inlet, Florida, and the now dredged Mission 
Bay, California, have an average TS value of about 0.51 kg/m

2 (0.104 
lb/ft2 ) with fi/M < 150 or Qm/M < 10-10"3 .  There may be a tendency 
toward increased concentration of currents in the gorge caused by 
littoral drift deposits which the currents may have trouble keeping up 
with.  Inlets within this group all have considerable bay and/or sea 
shoals. 

Comparing the values of Tables 7 and 8 with the values of Table 1 
it is also interesting to note that the most important difference 
apparently lies in the definition of "stability". While Russian stand- 
ards indicate "critical" tractive forces in 0.2 - 0.5 mm material of 
about 0.15 kg/m2 (0.03 lb/ft2 ), Schoklitch, who recommends 0.39 kg/m2 

(0.08 lb/ft2 ) for canals in fine sand, apparently counts on material 
movement and thereby on a unidirectional "rolling material carpet" (Fig. 
corresponding to the two-directional "rolling carpet" at littoral drift 
inlets.  In the unidirectional canal flow there is no pouring in of 
materials from the sides, as with tidal inlets on littoral-drift shores, 
which may contribute to a "raise" of TS from about 0.39 kg/m

2 (0.08 
lb/ft2 ) in canals to about 0.50 kg/m* (0.103 lb/ft2 ) at, 
tidal inlets on littoral drift shores. 

The TS values for tidal inlets mentioned above still refer to the 
maximum discharge Qm during spring tide conditions which theoretically 
only occurs for a few seconds or minutes every half tidal cycle, but in 
practice may run for 2-3 hours.  It is apparent, however, that it is the 
maximum velocity (and shear stress) which at tidal inlets determines the 
cross-sectional area which does not adjust itself to any lower value of 
TS, but leaves surplus cross-sectional area for lower velocities and 
quantities of flow. (Compare the Eems estuary) Because material move- 
ment almost stops at velocities lower than 1 ft/sec it would be of less 
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physical significance to relate the stability shear stress to an average 
stress over a tidal cycle. 

Comparing this situation with the situation at rivers it can be said 
the difference lies in the time history. A river normally has ample 
time to adjust its cross-section to a given flow; inlets are "short of 
time" and tend to follow the most frequent "extremes" (peak tides). 

DESIGN OF TIDAL INLETS ON A LITTORAL DRIFT SHORE 

Experience has demonstrated that we are coping with a problem which 
involves many variables.  These variables can be combined in different 
ways. Based on our present knowledge it is not possible to give a uni- 
valent answer to any particular problem. 

However, under the assumption of noncomplex boundary conditions 
for a given "desirable cross-section" of simple geometrical shape, we 
can evaluate the size of the tidal flow necessary to keep this cross- 
section fairly stable, taking into consideration the actual situation 
of tides, bottom material, littoral material, suspended load, and 
different determining friction elements.  If the required amount of flow 
is available, the desired combination of tides, bay, and inlet character- 
istics can be secured. Tidal hydraulics computations are necessary 
since they give the relationship between flow and inlet characteristics. 
Regime considerations determine which of the different possible combina- 
tions will produce the most "stable" condition. 

Certain data are available for use in the "preliminary design".  The 
design is usually based on average conditions, and nature does not always 
respect the "mean".  Heavy storms may pour littoral-drift deposits in the 
inlet channel regardless of how ideal and well designed its cross-section 
and configuration are.  Consequently, with little notice the inlet may be 
forced into a new situation where the tidal flow capacity will change 
because of the decrease in cross-sectional area.  Luckily such littoral- 
drift deposits are almost never distributed equally over the inlet bottom 
but will usually accumulate at one side (often on the inside of the up- 
drift jetty).  The result may be a concentration of flow which tends to 
remove (shave off) the deposit.  If bed-load material from the littoral 
drift is furnished to the shoal at a rate which makes the inlet currents 
unable to wash the deposit away, these deposits will have to be removed by 
dredging; otherwise, the inlet may close. Model experiments may indicate 
that such a situation can be taken care of partly or wholly by a design 
which gives the entrance an "intelligent shape" for cleaning of deposits. 
If the inlet is of considerable size and has the right configuration in 
the horizontal as well as the vertical plane, the condition may develop 
in which depositing occurring at any flood tide is washed away at 
any following ebb tide because the cross-section allows the inflow of 
enough water to provide ample flow for adequate cleaning. However, apart 
from special cases such as the lagoon harbor at Abidjan on the Gold (West) 
Coast of Africa, such a condition may not persist because the material 
removed by the ebb current might be so deposited in front of the inlet that 
the resistance against the inlet flow will gradually increase; and the 
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inlet, left to itself, may finally deteriorate. 

The important factors which have to be considered for any inlet 
design are: 

1. Size of the inlet gorge A, compared to the tidal 
prism ft and maximum discharge Qm 

2. Geometrical shape of the inlet channel 

3. Design shear stress 

In order to secure a stable inlet a certain amount of tidal flow is 
necessary, which means ft and Qm  of proper magnitudes as compared to 
the total littoral  drift   M at the inlet entrance. Qm and ft for a 
given inlet geometry can be determined by tidal hydraulics computations 
(7, 14). If a ft/M ratio > 200 is not obtained the inlet probably will 
not develop the desired stability as explained earlier. 

For the actual dimension of the inlet, requirements of navigation 
will establish the lower limits for the cross-sectional area. This 
limit may be satisfactory if it presents a reasonable ft/M (and/or Qm/M) 
ratio.  If it does not, other problems than that of stability may be 
created simultaneously in the bay or lagoon, such as floods caused by 
too slow discharge of heavy rains, stagnancy, and problems of marine 
biology nature. The fish-killing "Red Tide" on the Florida lower Gulf 
coast has better opportunities for development in areas with insufficient 
exchange of water between the area and the open sea. 

If, because of problems of stagnancy for example, it is necessary 
to increase ft, no problems other than those of an economic character 
may exist. From the hydraulic standpoint the inlet's stability will be 
improved by increasing ft. The situation is different if, because of 
danger of flooding from the sea, it becomes necessary to decrease ft 
below the desirable value for obtaining a satisfactory ft/M ratio for 
stability. In such case provision must be made to secure the highest 
possible utilization of the available ft and to minimize or equalize M to 
avoid high peaks of drift deposits which cannot be absorbed by the avail- 
able sand traps and flow quantities. 

A higher utilization of ft can be obtained by securing the best 
possible distribution of flow in the inlet, which means the most advanta- 
geous distribution ofTover the cross-section. Proper jetties and 
"canalization" of the inlet may secure the desired result.  If the de- 
crease in ft (still considering a practical fi/M ratio), cannot be obtained 
in this way, it is possible, to decrease M materially by "sand traps", 
possibly arranged as a bypassing sand plant permanently installed or 
by a continuous dredging arrangement. Ultimately it may be necessary to 
decrease the cross-sectional area of the gorge beyond the stable conditioi 
for loose sand bottom, thereby inviting erosion by high current velocities 
In order to avoid such erosion it may be necessary to provide the bottom 
with a protection layer, which may be rock or specially built mattresses, 
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or nylon or plastic sheets loaded down or otherwise fastened to the 
bottom. Undesirable high-tide velocities can also be avoided by making 
the channel (very) long and/or providing it with friction arrangements. 
Often it is also necessary to protect the bottom of canals against 
currents caused by ships or ship screws. Velocities above 4-5 ft/sec 
are usually not desirable for reasons of navigation, and if maximum 
velocities are expected to exceed 5-6 ft/sec it may be necessary to 
take more radical measures, e.g., cutting off part of the tidal bay 
area if the configuration of the bay is such that it can be done without 
unreasonable expense. A cut-off dam, however, may raise a number of 
questions such as the establishment of sluices or other regulating 
works. The easiest thing, therefore, may be to build sluices in the 
inlet itself.  This method offers various advantages such as better 
navigation conditions in the inlet inside the sluices, no necessity 
for bottom protection, no floods from the sea, and little or no sand 
deposit on bay shoals. Furthermore, such "closing" of an inlet may 
improve beach erosion conditions on the seashore (3). The disadvantages 
include an unstable inlet entrance subject to accretion, delays to 
navigation, and deposits on the seaside of the sluices which may cause 
difficult and costly dredging operations in improving navigation 
conditions and possibly the necessity for expensive longer jetties to 
protect the inlet from excessive littoral deposit. Economic analysis 
of the problem as a whole, however, may still justify such measures. 
The Netherlands presents a good example of such project at Ymuiden, 
the seaport of Amsterdam with the world's largest navigation locks. 

An inlet channel should always be designed with a cross-section of 
simple geometrical nature, usually trapezoidal or rectangular, depending 
upon the structural character of the improvement itself. The question 
is how cross-sections should be designed when most stability is desired. 

In practice one is usually faced with two situations—the construc- 
tion of a new inlet, or the improvement of an existing one.  Special 
requirements in regard to navigation necessitate certain dimensions 
and a certain shape and alignment of the navigation inlet. For naviga- 
tion reasons, maximum peak current velocities as mentioned above should 
possibly be kept below 4-5 ft/sec; for stability reasons the shear 
stress at the bottom should be commensurable to the stability TS which 
depends upon the shape of the cross-section as well as on soil conditions, 
material load, wave action and possibly head flow. 

A straight inlet channel is mostly to be preferred for reasons 
of navigation. Meanwhile, the entrance area may for reasons of 
littoral deposits have to be curved and it is moreover an experience that 
a curved (or slightly meandering) channel where the designer has a 
better chance of determining the flow pattern—instead of letting nature 
do it—is preferable. 

Establishment of a proper design shear stress TS under the actual 
conditions corresponds to the establishment of rather the "ultimate 
strength" than the "allowable strength" in the field of solid mechanics 
in as much as we have to count on a material movement on the bottom 
of the inlet as a necessity in order to keep a certain cross-sectional 
area.  The TS should not increase beyond this value. 
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The stability shear stress TS under the actual conditions of 
soil, material-load, wave action and possibly head flow, is mentioned. 
Values have been obtained which can be used as a guide for prelim- 
inary design. The composition of bottom material and the relative 
amount of littoral drift may be of considerable importance as in deter- 
mining a proper -rs. (Table 4)  In inlets with only light littoral 
drift the smaller fractions of the bottom material may be carried 
away, leaving comparatively coarser particles behind. Compare the 
situation in canals and channels. 

The finer particles will usually be deposited in bay shoals. 
In inlets with considerable littoral drift, bottom material under 
"calm weather conditions" may correspond to the material at similar 
depths on the seashore, while under or after more extreme current 
conditions the material may tend to be a little coarser because of 
selection by the currents. Badly sorted material on the seashore may 
eventually cause the inlet bottom to be composed of coarser material 
than the average on the seashore. 

The tidal flow, released from its content of finer material on 
the bay shoals, will return to the sea in "purified condition" and 
may cause a higher shear stress at the bottom which will carry mainly 
finer particles seaward, away from the inlet channel. This means 
that the design shear stress for the inlet channel may often correspond 
to this ebb tide situation, which in turn may result in a slightly 
larger cross-section than that corresponding to flood flow. 

Table 1 mentioned earlier, indicates the variation in TS because 
of grain size to be of limited importance.  Supply of littoral drift to 
the entrance is apparently a more important factor because it brings 
suspended and bed material load into the tidal currents which may change 
friction characteristics of the flow as well as bottom roughness para- 
meters. Heavy littoral drift is almost always connected with heavy 
wave action and the influence of the same amount of littoral drift on 
the inlet stability increases with relatively decreasing flow capacity 
of the inlet.  In this connection it should always be remembered that 
it is the total quantity of material brought into the channel (from 
both sides) that counts, not the resultant predominant drift in one 
direction. 

Based on the results of this study the average values shown in 
Table 4 for the stability shear stress seem to be useful as a first 
approach and guidance to the design. 

As mentioned earlier in this paper, a shape factor depending upon 
the actual form of the cross-sectional area should always be considered 
in connection with a proper TS.  In case of narrow and deep inlets the 
TS values above may be raised 10 to 20 per cent. 

Summarizing the above mentioned proper practical approach to the 
design problem may be outlined as follows: 
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(a) A proper cross-section and the general channel alignment is 
determined by considering navigational requirement. The channel 
length is estimated by practical considerations. 

(b) Preliminary computations of Qm and Q,  are then carried out 
based on a proper average TS value. Qm/M and fl/M ratios are consider- 
ed as explained above. 

(c) Isovels are then constructed, e.g., according to theories by 
Lane (15) or Olsen and Florey (18) for the entire cross-section includ- 
ing the bank part which amy be designed as nonerosive by trial and 
error using, e.g., Bretting's theory (2) as a guide. 

In this connection careful consideration should be given to the 
difference between the "stability" shear stress TS to be used for the 
horizontal bottom part and the "critical" shear stress TC to be used 
for the bank part. (Fig. 8) 

In regard to values of TC, see reference (15).  Practical average 
TS values are listed in Table 4. 

(d) After adjustments have been made for a "final cross-section", 
detailed tidal calculations including determination of actual Qm, Q, 
and T values are carried out (7, 14). Those computations in combina- 
tion with "regime-considerations" will tell at what length of the inlet 
channel a stable condition is obtained wherein the stability shear stress 
will be reached (but not exceeded) under the conditions given.  The 
fi/M and Qm/M values are then checked again and if the channel length 
obtained in this way is too long, correction may be possible by decreas- 
ing the cross-sectional area of the inlet and/or by friction arrange- 
ments although this procedure may involve some adverse effects on 
navigation as well as on economy.  If the calculated channel length is 
too short, the channel can be extended to a practical value by a 
corresponding increase of the cross-section.  In some cases the length 
of the inlet channel will be given and the cross-section will then 
depend solely on boundary conditions such as tides in the ocean, bay 
geometry, and stability shear stress for the given material. 

Every change in cross-section will require drawing of now isovels, 
corresponding adjustments according to given TS and TC values and, 
finally, repetition of tidal computations. 

If the inlet cross-section is improved by man-made structures such 
as jetties, the design procedure of drawing isovels should also be 
followed.  In some cases, and particularly when rubble mound (rugged) 
jetties are considered for the improvement of the inlet, some difficulties 
will be involved in determining the isovels in detail by theoretical 
methods.  In such cases model experiments will be of great value. Mean- 
while, it must be remembered that the determining shear stresses can be 
increased by proper channel bottom protection and friction arrangements. 
This can be investigated in detail by model experiments. Here the 
design cross-section should first be tested with fixed bottom in order 
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to compare the estimated discharge with the model flow; next, the tests 
should be run with proper bed material, e.g., perspex sand, baklite or 
gilsonite (siltation test). It can then be determined whether the flow 
will tend to create major irregularities in T distributions, causing 
shoaling and/or erosion which require proper changes of its area and/or 
shape or protective measures on the bottom. 

The contraction of inlet flow at the entrance as well as in the 
bay should also be taken into consideration. Reference is made to 
French's progress reports (9) dealing with the velocity distribution in 
tidal entrances. The part of the inlet cross-section outside the contrac- 
tion zone is useless for flow and should not be included in the calcula- 
tions. Through proper entrance design those deadpockets caused by the 
contraction can be partly or wholly eliminated. 

In dealing with problems of fresh-water outflow and density 
currents special attention must be paid to the new conditions; depending 
upon the degree of changes in flow and velocity patterns, it should be 
determined whether a thorough model study based on detailed and accurate 
field surveys is essential to obtain a reliable picture of the flow 
conditions useful for design. 

CONCLUSIONS 

1. Investigations of existing data on tidal entrances in America, 
Denmark, Holland and Portugal have given considerable information of a 
general nature on the relationship between inlet characteristics. 

While in earlier publications on this subject (4, 17) the tidal 
prism had been used to characterize flow conditions of the inlet, in 
this publication the maximum rate of flow per second during the tidal 
cycle Qui has been used to describe the relation between flow and other 
inlet characteristics. Analysis demonstrated that Qm is a better 
parameter than the tidal prism because the flow is directly related to 
the velocity and the latter to the bottom shear stress, -r, considering 
cross-sectional geometry. 

2. The fi/M ratio seems to be adequate for description of the 
actual "degree of stability".  Investigations indicate that fi/M ratios 
< 100 should be avoided and that ratios fi/M > 200 are preferable for 
inlets in sand material. The corresponding Qm/M value should be >0.01 
if possible. 

3. The shape of the cross-section and the stability shear stress 
TS seem to be important factors for gorge stability considerations. 
Every new inlet to be dredged or any existing inlet to be improved by 
dredging or by jetties will probably be provided with a cross-section of 
simple geometrical shape, trapezoidal or rectangular. For this reason 
further studies, particularly those concerned with securing data useful 
for design, should be concentrated on the determination of TS which 
can be considered as a function of several variables. The most important 
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are:  shape of cross-section, soil conditions of the bed, sediment 
load, wave action, littoral drift, and fresh-water discharge. 

The suggestions for design of new inlets or improvement of exist- 
ing inlets are based mainly on shear stress considerations.  Shear 
stresses should be determined by drawing isovels for the flow.  Use of 
the stability shear stress -rs is recommended for the middle (horizontal) 
section of the channel and critical shear stress TC for the bank or 
slope part. Shear stress in the connecting part should increase from 
TC to TS. 

Analysis of actual inlet data indicated an average value -rs = 
0.50 kg/m2 = 0.103 lb/ft2 . Values useful for preliminary inlet design 
are given in Table 4. 

In comparing the "stability shear stress" with Lane's "limiting 
shear stress" ( 6, 15) it is found that the stability shear stress for 
tidal inlets as defined in this paper is higher than Lane's recommended 
values for the limiting shear stress in the design of stable channels. 

4.  In the future efforts should be concentrated on studies of the 
fi/M and Qmax/M relationships to actual inlet stability under a great 
variety of conditions, studies of littoral drift and flow distribution 
in inlet channels and its relation to inlet geometry and studies of T 
and its relation to the pertinent factors involved in inlet stability. 
Special hydraulic equipment as described in (6) and radioactive tracing 
technique may be of great value in securing such results. 
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Table 1 

LIMITING VALUES OF TRACTIVE FORCES, RIVER AND CANAL FLOW 
N0NC0HESIVE MATERIAL 

(lb/ft2) 

(*) 

Median size 
of material, 

in millimeters 

DESCRIPTION OF WATER 

Clear water Light load of 
fine sediment 

Heavy load of 
fine sediment 

0.1 
0.2 
0.5 
1.0 
2.0 
5.0 

0.025 
0.026 
0.030 
0.040 
0.060 
0.140 

0.050 
0.052 
0.055 
0.060 
0.080 
0.165 

0.075 
0.078 
0.083 
0.090 
0.110 
0.185 

(*) From: "Standards for Permissible Non-eroding Velocities", 
Bureau of the Methodology of the Hydro-Energo Plan, Moscow, 
1936. 

Table 2 

CROSS-SECTIONAL AREAS OF THYBOR0N CHANNEL 

Situation 

Cross-section 

I II III 

m2 5,000 5,500 8,000 

yd2 6,000 6,600 9,600 

Material 
load per 1 million 1 million 1 million 
year cu. yd. cu. yd cu. yd. 

Wave action Light to 
moderate 

Moderate Heavy 

Ts ab. 0.5 kg/m2 ab. 0.4 kg/m2 ab. 0.2 kg/m2 

•-  
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Table 4 

STABILITY SHEAR STRESSES FOR TIDAL INLETS 
BASED ON SPRING TIDE CONDITIONS 

Condition Ts(kg/m2) Ts(lb/ft2) 

Heavier littoral drift and 
sediment load 

Medium conditions of littoral 
drift and sediment load 

Lighter littoral drift and 
sediment load 

0.50 

0.45 

0.35 

0.103 

0.092 

0.072 

Table 5 

GRAIN SIZES OF BOTTOM MATERIAL IN EEMS ESTUARY, HOLLAND 

Range d5Q Average den 
Line GO oo 

la 80 - 365 134 
lb 75 - 145 102 
2a 60 - 130 86 
2b 82 - 153 112 
3 65 - 115 83 
4 88 - 120 104 
5a 79 - 97 86 
5b 112 - 205 164 
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Table 6 

FLOW AND LITTORAL DRIFT CHARACTERISTICS FOR SOME INLETS 

Inlet 

Tidal Prism 

Qmax 

Maximum Discharge 
Predominant 

Littoral Drift 
— or — 
M   2M 

Qmax 
M 

x 105 

Ts 

lb/ ft2 
(Kind of Improvement) cu yd/half cycle cu yd/sec cu yd/year (kg/m2) 

Amelandse Gat, Holland 0.103 
(Bank stabilization on north 
side) 

600 x 106 36,600 1.0 x 106 ~ 600 37 
(0 50) 

Aveiro, Portugal 150 x 106 9,000l> 0 75 x 10s ~ 200 12 
(Jetties) 

JJig Pass, Florida 
(None) 12 x 106 700 < 0 1 x 106 120 7 

0 115 
(0 56) 

Brielse Mass, Holland 0.086 
(0 42) before closing 40 x 10s 2,700 10 x 106 ~ 40 3 

(Closed) 
Brouwershaven Gat, Holland 430 x 106 30,000 1.0 x 106 ~ 4J0 30 0 HI 

(Will be closed) (0 54) 

Calcasieu Pass, La. (dturnal) 
(Jetties and Dredging) 110 x 106 2,600 0 1 x 106 ~ 5502> 26 

0 090 
(0 44) 

East Pass, Florida (diurnal) 60 x 106 1,720 0.1 x 106 ~ 3002> r 0 111 

(Dredging) (0 54) 
Eyerlandse Gat, Holland 
(None) 270 X 106 19,000 1.0 x 106 ~ 270 19 

0 119 
(0 58) 

Flgueira Da Foz, Portugal 
(Dredging) 20 x 106 1,200 0 5 x 106 ~ 40 2 

0 049 
(0 24) 

Fort Pierce Inlet, Florida 
(Jetties and Dredging) 80 x 106 3,700 0 25 x 106 ~ 320 15 

0.22 3) 
(1 07) 

Gasparilla Pass, Florida 
(None) 15 x 106 900 < 0.1 x 106 > 150 9 

0 051 
(0 2D) 

Grays Harbor, Washington 
(Jetties and Dredging) 700 x 106 48,000 1.0 x 10s ~ 700 48 

0 105 
(0 51) 

Haringvliet, Holland 
(Being closed) 350 x 106 25,000 10 x 106 ~ 350 25 

0 070 
(0 34) 

Inlet of Texel, Holland 1400 x 106 115,000 10 x 106 ~1400 115 
0.094 

(Stabilization of south side) (0.46) 
Inlet of Vlie, Holland 
(None) 1400 x 106 110,000 1.0 x 106 ~1400 110 

0 090 
CO.44) 

Longboat Pass, Florida 
(None) 30 x 106 1,400 < 0 1 x 10s > 300 14 

0 115 
(0.56) 

Mission Bay, California 
before dredging 15 x 10s 1,100 0.1 x 106 ~ 150 11 0 127 

(0 62) 
(Jetties and Dredging) 

Oosterschelde, Holland 
(Will be closed) 1400 x 106 100,000 1.0 x 106 -1400 100 

0.084 
(0.41) 

Oregon Inlet, N. Carolina 
(Occasional Dredging) 80 x 106 5,100 1.0 x 106 ~ 80 5 

0 092 
(0.45) 

Ponce De Leon Inlet, Florida 
(None) 20 x 10s 1,500 0.5 x 106 ~ 40 3 0.098 

(0 48) 
Port Aransas, Texas (diurnal) 
(Jetties and Dredging) 

65 x 106 1,900 0.1 x 106 ~ 3252) 19 
0.O98 
(0.48) 

ThyboriSn, Denmark 
(Minor Dredging) 140 x 106 7,500 0.9 x 10« ~ 160 9 

0.10 
(0.49) 

Westerschelde, Holland 
1600 x 106 

0 092 
(Some Dredging) 115,000 1.0 x 10s ~1600 115 (0.45) 

** Total amount of littoral dr ift Interfering wit h the inlet may de' /iate from this l ralue if dr 1ft dir action 
is not too predominant and/ or the inlet is not improved. 
Spring tide 

1) Increasing 
2) r/2M 
3) Rock gorge 
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Table 7 

AVERAGE TS VALUES AS A FUNCTION OF DIFFERENT S2/M VALUES 

fi/M > 600 150 < % < 600 
M 

< 150 

TS kg/m2 

TS  lb/ft2 

0.46 

0.094 

0.50 

0.102 

0.51 

0.104 

Table 8 

AVERAGE TS VALUES AS A FUNCTION OF DIFFERENT Qmax/M VALUES 

Qmax 
M 

> 30-10"3 10-10"3<    Qm.§x < 30'10"3 

M 
< 10-10"3 

TS kg/m2 

TS  lb/ft2 

0.46 

0.094 

0.50 

0.102 

0.51 

0.104 
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CHAPTER 24 

THE USE OF FLUORESCENT TRACERS FOR 
THE MEASUREMENT OF LITTORAL DRIFT 

T>7 

R. C. H. Russell 
Hydraulics Research Station, Wallingford, England. 

ABSTRACT 

The paper is concerned with experiments, carried out by the 
Hydraulics Research Station, in an attempt to measure littoral 
drift along natural teaches. A preliminary laboratory experiment 
is described in which the dilution method was used to measure uni- 
directional drift along aTnodel shingle beach, and in which the 
measurement was found to be reasonably accurate. A modified 
dilution method is described for use on beaches where the direction 
of the drift reverses from time to time} and there is then a 
description of how this method was used to measure the littoral 
drift along three shingle beaches on the coast of England. In 
one case it was possible to measure the drift by alternative 
means and so obtain a check on the accuracy of the method. 
An Appendix describes how some of the tracer materials were 
made. 

DWROPUCTION. 

A considerable literature has grown up over the last 5 years 
relating to the detection of the movement of sediments by tracers. 
Many of the experiments, which have been carried out in a great 
variety of countries, have been purely of a tentative nature 
intended merely to study the feasibility of using a new technique. 
Although all the experiments have shown that the technique is 
indeed feasible, and have been successful in that they have shown the 
general direction in which material was moving, it has always 
been found difficult to interpret the result in quantitative terms. 
The second generation of experiments, which one might expect to be 
concerned with quantitative measurements of sediment discharge, 
have not yet begun to appear in print. 

Tracers have already shown themselves to be most useful in those 
situations where there is the greatest uncertainty about the movement 
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of sediments; where experiments have been justified if they merely 
revealed a trend in a particular direction. There are beaches 
for example along which there is doubt concerning the direction of the 
predominant drift and where a tracer experiment which revealed 
the direction of movement might "be justified. On many teaches, 
however, the direction of the predominant drift is already known 
and a tracer experiment would be pointless unless it revealed 
the actual quantity of material in movement. It is to the 
solution of this problem, of how to measure rates of littoral 
drift along beaches, that this paper makes a contribution. 

The tracers used for the work have been fluorescent ones. They 
have been developed during the past year or so from ideas and 
techniques described by Zenkovitch (1) and his colleagues (2) at the 
Institutes of Oceanology and Organic Chemistry of the U.S.S.R. 
Academy of Sciences. There are, however, differences between 
the work described in the Russian literature and the lines 
along which the work at the Hydraulics Research Station is 
developing. 

Whereas the tracers described so far have been designed to 
have a short life, and have been used to study the movement 
of material under conditions which last unchanged for only 
hourc or days, the tracers developed at the Hydraulics Research 
Station are designed to last for a year or more and so enable 
measurements to be made of the littoral drift occurring 
over a whole year. Another difference is that whereas the 
Russian experiments have been concerned with sand, those at 
the Hydraulics Research Station have been mainly with shingle 
beaches. 

THE DILUTION METHOD IN UNIDIRECTIONAL FLOW. 

The simplest possible quantitative measurement that could be 
made,using a tracer, would be the measurement of the sediment 
transported along a channel by steady unidirectional flow, in 
the case where the sediment was all of one size. The easiest 
method to employ - the so-called dilution method - involves the 
injection of tracer into the channel at a known steady rate for 
a long time, followed by sampling of the channel bed downstream 
of the injection point. Downstream of the injection point the 
material on the bed will contain tracer material mixed up with 
ordinary bed material in the ratio q/Q; where q is the rate (mass 
per time) at which tracer is injected, and Q is the rate (mass 
per time) at which sediment is transported past the injection 
point. Accordingly, the sediment transport rate can be calculated 
if the injection rate q and the concentration C of tracer in the 
sediment are known. Q is simply q/c. 
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It is worth noting that the speed at which sediment travels 
does not enter into the calculation, nor does the width of the 
stream, nor the thickness of the sediment layer that is in 
motion. 

A complexity would immediately he introduced into this 
imaginary experiment if the sediment were no longer all of one 
size. The complexity arises because the tracer material has to 
he typical of the material in transit i.e. it must have a particle 
size distribution typical of the material in transit; and the 
material in transit is likely to he different from the material 
lying on the bed. In this case it becomes necessary to trap and 
examine material in transit and to use the trapped material 
as a model for designing the correct tracer. 

THE DILUTION METHOD APPLIED TO MEASUREMENT OF LITTORAL DRIFT ALONG A 
MODEL SHINGLE BEACH. 

In order to find how accurate the method could be in favourable 
conditions, a model experiment was conducted,in which the littoral drift 
along a rather simplified shingle beach was measured by the dilution 
method and the result compared with the drift measured directly 
by catching it in traps. The beach was long and straight (as in Fig. 1) 
and consisted of fine stones described by the distribution curve 
shown in Fig. 2. 

There are several differences between the conditions to which 
the model beach and a real beach would be subjected, many of 
them associated with the need to produce in the model a steady 
littoral drift. In this category was the ommission of any tides or 
reversing tidal currents from the model. The waves, furthermore, had 
an almost constant waveheight. There was indeed a small variation 
in waveheight of about 10$ on either side of 2 inches, and a 
similar variation in the period, the cycle of which repeated every 
4.7 minutes. The direction from which the waves came was held constant 
at 70 from the beach alignment. 

The object of varying cyclically the characteristics of the 
waves was to cause periodic erosion and accretion of the beach and so 
to cause the surface shingle to mix with that in the lower layers. 
Had the beach been absolutely stable, the layer of shingle that was 
mixed with tracers might have been too thin, - only one stone 
thick for example - and then the method of measuring concentration, 
which involves counting visible tracer particles in situ, would have 
given false readings. All the simplifying conditions were designed 
to bring the processes of measuring the littoral drift by the dilution 
method almost to the simplicity found in the steady unidirectional 
case described above, but there is a major difference between the 
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simplified shingle "beach and unidirectional flow in a channel, to 
he found in the much greater sorting that takes place on a "beach. 
On a "beach the different grades of material are found on different 
contours, are subjected to different hydraulic forces, and are 
moved along at different speeds. In the model in question, for 
example, the finest material was found at the crest of the beach, 
while the coarsest particles stayed on the plunge-line. 

The movement of different size fractions at different speeds 
along different contours should present no obstacle to the 
satisfactory working of the dilution technique provided:- 

(ii) 
The tracer material is typical of the material in transit. 
That the tracer particles find their way to the contours 

that are appropriate to their size. 

The first condition was satisfied in the simplified shingle 
beach experiment, by using as a tracer some material taken from 
traps in the beach and coating it by the process described in 
the Appendix. 

It is inevitable, however, that if tracer is injected just 
casually on to the beach (as in this experiment it was), rather 
than placing the appropriate size fractions on appropriate contours 
that, for some distance along the beach, tracer particles will 
find themselves among particles of the wrong size and that their 
speed of travel will be different from that of beach particles of 
their size. Further along the beach the tracer can be expected 
to become properly sorted. Evidence that suggests this behaviour 
can be found in the results of the experiment. 

Tracer was injected almost continuously at a point shown on Pig. 1 
at a rate of 1/lfOO of a litre every three minutes. In the first 
experiment the tracer was injected for one hour, but a study of the 
beach revealed that the duration of the injection had not been long 
enough, in that there was not a sufficiently long length of beach 
along which the concentration of tracer was uniform. The figure 
required was the uniform concentration that would have been reached 
all along the beach, had the injection continued indefinitely; and 
this figure, in view of the scattered result was difficult to pick 
out. 

Accordingly the experiment was repeated, this time with the injection 
continuing for two hours. The tracer was changed so as to avpid confusion 
between the two experiments, from Primuline which fluoresces blue to 
Bosine which fluoresces orange. The concentration of tracer at 
points along the beach is shown in Pig. 3>where the number of 
fluorescent particles visible per sq. ft of surface is plotted as 
a function of distance from the injection point. It can be seen 
that the concentration, expressed as counts per sq. ft., had not 
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reached its steady value at the down-drift end of the teach, but 
that it was roughly constant within 40ft of the injection point. 
It was assumed that the average count in this area - 15.9 per sq. ft - 
was the figure that would have been reached everywhere had the 
injection continued for a very long time. 

Through the scatter of points on Pig. 4 one can possibly 
discern a lower figure for the counts close to the injection point 
than 20ft further from it. A likely explanation is that the tracers 
in this area had not yet been sorted and were not moving at a speed 
and along contours appropriate to their size. 

In order to convert figures expressed as numbers of particles 
visible per sq. ft., into a concentration, one has the choice 
either of estimating the number of ordinary stones visible in a 
square foot from consideration of the particle size, or of carrying 
out calibration experiments. The latter course was in fact followed and 
the results are shown in Fig. 4» For making this experiment, tracers 
and stones were first mixed up in certain known concentrations, spread 
out in a layer at least 2" thick and examined for the number of 
visible tracer particles. Bach mixing and counting was carried out 
three times, and the counts averaged. The best straight line 
through the averaged points has been drawn on Fig. 4* The steady 
concentration reached in the beach experiments can be found by referring 
to that corresponding in Fig. 4 to 15*9 counts per sq. ft. It is 
found to be .0007. 

Therefore, the littoral drift can be calculated as 

1  x 1 x 60  .. .      .  „ 
ToooT   400   "I   lltres per hour 

or 71»5 litres per hour. 

The littoral drift was also obtained mechanically by trapping 
material, as it drifted along the beach, in two 1-J inch wide slots, 
disposed as shown on Fig. 1. The measurement by traps and the 
measurement by tracer were carried out in different experiments 
but under conditions that were thought to be identical. 

In three runs, which were each of 14.1 minutes duration; i.e. they 
each lasted for three whole wave period cycles, the trapped material 
amounted to 13»55> 13-13 and 13.99 litres, averaging at 13*56 litres. 
Accordingly the drift was 

13.56 T 60 
x 14.1 

or 57.5 litres per hour. 
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The degree of agreement is encouraging. The lack of agreement, 
such as it is, is probably compounded of two main errors. 

In the first place an error must he expected when using any 
method that involves the counting of randomly distributed particles. 
This error is shown in the Appendix to exceed 7$ only once in every 
10 similar experiments; and since the error in the result is ahout 
20$ there is likely to he another source of error. 

The major error is prohahly due to the moving layer of 
shingle and tracer heing undesirably thin. In the calibration 
test, by which the counts per square foot were related to concentration, 
some of the tracer particles that were visible were not on the surface 
but up to a particle diameter or so below the surface. One would, 
therefore, get the correct assessment of concentration on the beach 
only if the tracers were mixed down to a depth of one or two 
particle diameters. If only the surface layer was mixed one would 
underestimate the concentration by say 10$ or 20$, Observations of 
the beach,when it was in movement, indicated that quite good mixing 
in depth was taking place on the upper beach but that on the lower 
beach where the waves broke, and to seaward, there was very little 
mixing in depth. Accordingly, there would have been an underestimate 
of the concentration and a corresponding overestimate of the calculated 
littoral drift. This is consistent with the results of the 
experiment. 

A surprising feature of the results of the experiment was that 
the size of the material in transit was found,by analysis of the trapped 
material,to be coarser than the material of which the beach was 
composed. Typical size-distribution curves for the two materials 
are shown in Fig. 2 together with the values of dso  for a number 
of similar samples. This is in direct contrast to the behaviour of 
sediments in uni-directional flow. The explanation is that sorting 
moved the finest particles to the crest of the beach,where they 
were moved only by small hydraulic forces, and then only intermittently; 
while the larger particles stayed at the plunge-line and were subjected 
to the biggest hydraulic forces. 

THE DILUTION METHOD. MOVEMENT OP MATERIAL IN TOO OPPOSITE DIRECTIONS. 

In cases where the drift reverses from time to time owing to waves 
coming from different directions, tracer that is injected on a beach 
spreads out on both sides of the injection point, the greater part 
of it moving in the down-drift direction from the point of view of 
the bigger or more persistent waves, Under these more complicated 
conditions it has been found possible to obtain the littoral drift 
from the distribution of tracers, only when the drift is assumed 
to be much more consistent than it really is in nature. The most 
serious assumption that has to be made is that in each period between 
injections - in practice it is frequently one week - the littoral 
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drift repeats itself precisely. 

The mathematics that has "been used to relate the movement of 
tracer to the littoral drift is exact when used to predict movement 
of quite different kinds and, for clarity, one of these other kinds of move- 
ment will he dealt with first. 

An Analogy. 

Suppose that there are a number of bins in a row (as shown in Pig. 5<1 
the contents of which were continually being emptied into the bins on 
either side of them, while into the central bin Number f0' material is 
injected. In time the injected material would spread to all the other 
bins. 

Let us assume that unit quantity of material is added to bin 
'0' in each interval of time. 

In each interval of time let a proportion p of the contents 
of each bin be tipped to the right, and the remaining proportion q 
tipped to the left, p + q, = 1. 

The material then begins to spread through the bins, as shown in 
the following table. Bach horizontal line shows the material contained 
in each bin after specified numbers of injections. 

TABLE    I 

-2 -1 Bin '0' Bin 1 Bin 2 Bin 3 Time 

q. 

1 

0 P 

After 1st Inject 

1st Exchange 

2 
<1 

q. 

q. 

1 

2pq. 

P 

P 
2 

P 

2nd Inject. 

2nd Exchange 

2 

3  2 
<T  q. 

q. 

q+3pq. 

1+2pq 

2pq 

P 

P+3P q. 

2 
P 

2 
P P3 

3rd Inject. 

3rd Exchange 

3  2 
<1  q. q?-3pq. 1+2pq. P+3P q. 

2 
P P3 ifth Inject. 

~z        o "z O 0   0 O O        "% "*t        i 
qr    q +4pq        q+3pq.        2pq+6p q        p+3p q     p +i+p q    p      p     4th Exchange 

etc. etc. 
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After 21 time intervals, that is to say just before the 22nd 
injection, it can tie shown that distribution of material in the 
different bins is that shown in Table II. In Fig. 6 is shown 
plotted the distribution curves for various values of p and q, 
namely: 

(P - 1, 0. - 0), (p = .9, q, - .1), (p = .8, q = .2), (p = .7, q. - .3), 
(p = .6, q. = .If) and the symmetrical case where P = q = .5 

It will be seen that the maxima occur at the bin next to the injectic 
point. If the distribution of material is examined directly after 
an injection but before the material has been exchanged, it will be 
found that the distribution is a maximum at the point of injection. 
For example, the distribution after the 22nd injection is that already 
given with one unit added to the quantity at the injection point. 
These distributions are shown in Fig. 7« 

The problem of material distributing itself among the bins 
begins to show some similarity to the problem of tracers distributing 
themselves along a beach, if the injected material is looked upon as 
a tracer, and the bins are assumed already to contain equal volumes of 
beach material. The beach material moves from bin to bin without 
affecting the total volume of material in the bins. The addition of 
beach material to the bins does not affect the manner in which tracer 
spreads from bin to bin, and this remains predictable by the same 
mathematics. 

In Fig. 5*> the tins have been replaced by adjacent compartments of 
a beach. The size of the compartments is chosen so that the mass of 
material in each, M, is such that in one time-interval the drift to 
the right is pM and the drift to the left is qM, v/here p + q, = 1. 
In each time-interval the whole contents of each compartment are 
completely re-distributed, partly to the right and partly to the 
left, as in the case of the bins. Then after 21 intervals of time, 
in which the moving mass M and the proportions p and q remained the 
same, tracer regularly injected into the central compartment would 
distribute itself, as in Table II. 

If the standard time-interval were t weekSj, 
The Littoral drift is at the rate (p - q)-r 

If the tracer is added to the beach at a rate T- t 

After 21 t weeks the distribution of tracer along the beach is 
that shown in the table multiplied by m. 

i.e. If the concentration in the table at a point oc  is N„ 
the mass of tracer in compartment ?£ is m.W* 
As the mass of ordinary beach material in the compartment is M 
the concentration of tracer is ffi N* 
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TABLE £ 
* Fined   Concentration   after Zl  Injections 

f" 
f" 

IS     p/g(/+20a) 

il j>'7(l+19*,'210 c1) 

l<° f>'b[/+l8o + 190 o}) 

IS f>'5(/+/7a.-> HI a-2+1330 j) 

14 p'*(l + lb a. +/53«.x+ IIU.0 J) 

13 f> '* (/ + /So. + 136a.2 + %9J + £985 a4) 

12 p a (/ + 14 a. +12 0 a1* 2/6 a3 + 4246 *f) 

// p "(/ + /3* * loSo.3, + b80a? + 387£,a.4+ 20349 J) 

10 p/0(/+[/2*+9/A2 + £60*3*3o6ocL.4 + ISS04 a.*) 

9 f9(l* Ho- + 78*2+4S£*3+2320*   +1/622 cS + 64264 *) 

8 ps( 1 + 10+ *(,(,+ *U4* + MO »*+tSMaS+WLOa?) 

7 f[l* 9a,+ SSo.l+2%bo3+libS^+6l22a.s '27/32 *+ II 1,220 *) 

6 p L(l + 8a+4& + 220 A3
* 1001 a4 + 4362a? + 185(4^+ 77*20 a 7) 

S ps(/ + 7a. + 36a2+ IbS* ' + 7/£c4+ 3oo5 J * 12376 o.L +£9382 a7 + 203490 J) 

4 p4(/ + ba +22*+ llOo.3 *49£a* + 2oo2c.s+ 2008 o* +3'824 a 7 + I2S910 c, 9) 

3 p3(/*5c +2I*2 + 24J +330o.4 + l2S7as +SOoS ^ + /3442a.7 + 7SS82 aS+ 293930 o-3) 

2 p2(/+4a +l£a+S6a3+2/0a4+ 792 *  +3003* + 11440 <J + 437S8a8 + /6>79boa9) 

1 p (1+3*. +IOa+3S*3+nb<? + 4blc?+niba.l'+U36cJ+243lO*+92Z72a
:'+3S21l6 a) 

0 0 +2a + 6'<zz+ 20c3+ 700.*+ 2S2J+924 a.6+3432a? + 12970aS•/ 42&20a9t /^Sb?J 
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Fig. 8 .   A comparison between the distribution of tracer after 22 injec- 
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If the measured concentration at point X is C3t 

The net rate of transport Q which is (p - q)~ 

Can he written Q . i£-=-3LlL x Slltx      (-|) 
«        OK 

When the value of Q is required, the concentration CM. of tracer 
along the beach is measured and plotted as a function of distance 
along the "beach. The curve so obtained is studied for its 
similarity to the various curves of Fig. 6 and the values of p and q 
that give the most similar theoretical curve are chosen. 

If the experimentally found curve of CtsXis precisely similar to 
one of the curves in Pig. 6 then N«/£/c has the same value at all 
distances from the injection point; and there is no doubt about the 
value of NJL/CK. to insert in equation (1). If on the other hand, the 
two curves are not precisely similar, judgement has to be used in 
order to select the most significant value of NH/CX.  . One could for 
example, use the maximum value of NS-C that is found immediately 
down-drift of the injection point. 

With p, q, Nwand d found and with m and t known from the rates 
of injection, the expression p - <\ m N?c_  can be evaluated. 

t     C,c 

The computation of all the theoretical N^X curves for large 
numbers of injections is a very lengthy process. Fortunately 
there is an indication that the number of injections is only of 
secondary importance in determining the N*.*X curve and that the 
mean rate of injection is the important parameter. Curves of N„.:K 
for a smaller number of injections, namely 11, are shown in Fig. 8 
and compared with corresponding curves for 21 injections carried out 
at the same mean rate. The difference is seen to be small. The 
error introduced by assuming the tracer to be injected in 21 equal 
fractions when, in fact, a smaller amount was injected at shorter 
intervals but at the same mean rate, is probably small compared with 
the inevitable errors introduced by assuming that identical drift 
took place in each of the equal intervals of time. 

Only at the origin has it been found possible to calculate the 
concentrations reached after injection has been continuing for an 
infinitely long time. The concentration N0 immediately after an 

injection can be shown to be l/(p - q)j while immediately before 
the next injection it is l/(p - q)-1. 
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MEASUREMENT OF LITTORAL DRIFT ALONG NATURAL SHINGLE BEACHES. 

Measurements of littoral drift have 'been in progress since 
April 1959, when tracers were first dumped on the shingle beach at Deal 
on the coast of Kent. Measurements have since been made at Rye and 
Dungeness where the beaches are also shingle. 

Shingle beaches were chosen for the experiments in order to 
avoid an added complication which is present when attempting to 
measure littoral drift along sandy beaches. The added complication 
is the unknown rate of loss of tracer from the beach. Continuous 
interchange of material between the beach and the sea-bed offshore, 
which persists without necessarily involving any changes in the beach 
profile,is responsible for the dispersion of the tracer offshore, and 
constitutes a serious difficulty. In order to use the modified 
dilution method, one either needs to know that there is no loss of 
tracer offshore or has to be able to measure the loss, and there is 
no obvious or easy way in which this measurement can be made. 

In fact a preliminary experiment was carried out on the sandy 
beach at Dawlish in 1959, but it has not so far been followed up. 
30 lb of fluorescent tracer sand was injected every day for 21 days, 
following which the beach was surveyed. The data obtained could be 
interpreted to reveal a figure for the littoral drift, using the 
modified dilution method, but we had no idea of how much tracer 
had been lost offshore nor of the exaggeration of the apparent 
littoral drift which this loss caused. 

On the majority of shingle beaches, on the other hand, there is 
a sharp dividing line between shingle on the upper beach and the 
sand lower down, that is uncovered around the time of Low Water; 
and it is reasonable to assume that shingle-tracers, behaving like 
shingle itself, would be confined to the beach. In the experiments 
at Deal, Dungeness and Rye the general procedure was the same but 
with certain differences in detail. 

The tracer that was initially dumped on the beach at Deal 
consisted of broken dense concrete, incorporating the fluorescent 
substance anthracene. After four months the tracer was changed to a 
concrete incorporating Rhodamine, manufactured as described in the 
Appendix. Later on the fluorescent substance was changed to a plastic 
manufactured by Messrs. Levy-i/est, and later still to a plastic 
incorporating Uvitex. These substances, in ultra-violet light, 
fluoresced green, red, yellow, and blue respectively and were easily 
distinguishable from one another. Similar changes were made in the 
tracers used at Rye. 

The size of the particles of crushed concrete was matched as 
well as was possible to the stones lying on the beach but the size 
would have been matched to the material in transit, had the nature 
of this material been known. Even in the matching of the tracer 
to the material in situ, there was need to use subjective judgement; 
because the material in situ varied so much from place to place that 
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a sample of almost any size could "be obtained by taking it from a 
selected contour. 

Initially the tracer was dumped at the rate of 1 cwt. per day for 
21 days; when a survey of the distribution of the tracer was carried 
out, and the rate of drift over the 21 days calculated. The tracer 
was then dumped at the same mean rate, hut at 7 cwt. each week, and 
the distribution of tracer surveyed at various intervals. The 
distribution was always surveyed after 22 weeks and 52 weeks so that 
the drift during those periods could he calculated, hut there were 
surveys at other periods as well. 

The surveys were carried out at night using a portable ultra- 
violet lamp and generator. Posts were driven into the top of the 
beach-ridge at the injection point and at distances of 200 ft, 
500 ft, 1000 ft, 2000 ft, and 3000 ft on either side of it. When 
a survey was carried out, the equipment was carried to each post in 
turn and the number of fluorescent pebbles visible in a given area 
at high-water, half-tide, and low-water was counted. The area 
in which pebbles were counted was initially 36 sq. ft, defined by 
a square Dexion frame, and later 100 square feet, defined by a lighter 
rod-and-string framework. It was found that a survey of one beach 
could be carried out by two people in two nights, though ideally three 
people were required to help carry the equipment. 

The results of some of the experiments are presented below. 
There is the data for Deal after 21 daily injections - i.e. after 
22 days - for Eye after 22 weeks, for Dungeness after 33 weeks, and 
for Bye again after 52 weeks. 

The most interesting of the three sites from the experimental 
point of view is Rye, because there it has been found possible to 
measure the rate of drift of shingle by other means and compare the 
two figures. At Rye there is a dominant easterly drift and the 
shingle on the west beach is trapped by the Western Breakwater 
of the River Rother. For many years shingle has been removed; 
at one time for use as ballast, but more recently for beach 
nourishment elsewhere. The toe of the shingle beach is now 
well inshore of the seaward limit of the breakwater. Accordingly the 
drift past any point on the west beach can be equated to the amount 
of shingle, carried away by human agency, plus the accretion of beach 
between the point in question and the breakwater. 

From a comparison between a survey carried out in June 1959 an(i 
another in June i960 it was found that the beach had accreted by a 
total volume of 17,400 cubic yards. The Kent River Board inform 
us that the quantity of shingle removed from the beach during the 
same period was 32,000 cubic yards. Accordingly the drift past the 
injection point should have been 

32,000 + 17,400     = 49,400 cubic yards. 
or 53,000 tons, 

which can be compared with a figure found below. 
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Peal after 22 days. 

Data:- Position ft Counts per 36 sq ft 
1000 south 0 
500 south 1.8 
200 south 3.5 
0 24 

200 north 8.6 
500 north 3.5 
1000 north 0 

Calibration Test:- 
Concentration by weight _ 0000> 
Count per 36 sq ft      * 

Best fit (p.q) curve is p = .6, q. = .4 see Figure 9 
Best length scale is 1 unit = 50 ft 
Best concentration scale is 1 unit = 8 counts per 36 sq ft 

Drift = (p - q.).m. #&. 
t dt 

m/t = 1 cwt per day 
=     1 

8 x  .00004 

•'* Drift = i'6 ~'Jil,1  cwt per day northwards 
o x .00004 

= 20 x 8*x .00004 tons per day northwar(is 

= 31 tons per day 

Data:- 

Rye after 22 weeks. 

Position ft Counts per 100 sq ft 
500 west 0 
200 west .6 

0 4.5 
200 east 25.6 
500 east 16.1 
1000 east 24.0 
2000 east 10.0 
3000 east 1.7 

Calibration Tests 
Concentration by weight   nnm, n 

Count per 100 sq ft 000°19 
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Best fit (p.q) curve is p = .9» q = .1 see Figure 10 
Best length scale is 1 unit = 143 ft 
Best concentration scale is 1 unit = 16.8 counts per 100 sq ft 

Drift = (p - q).m. tL 
t CH 

m/t m  7 cwt per week 
=     1  

16.8 x .000019 

" Drift = ig?5"i*1.ooooi9 owt per week eastwards 

-      »8 x 7 
20 i 16.8 x .000019 

= 880 tons per week eastwards 

Dungeness after 33 weeks. 

Data:- Position ft Counts per 100 sq. ft 
1000 west 0 
500 west 5 
200 west k 

0 5 
200 east 3 
500 east 20 
1000 east 12 
2000 east 5 
3000 east 2 

Calibration Test:- 
Conoentration by weight   ,wvni 
Count per 100 sq, ft   ** •°00013 

Best fit (p.q) curve is p = .8, q = .2 see Figure 11 
Best length scale is 1 unit = 166 ft 
Best concentration scale is 1 unit = 9»1 counts per 100 sq ft 

Drift - (p - q).m. jSU 
t CK 

m/t • 7 cwt per week 
=     1  

9.1 x .000013 

/. Drift = (.8 - .2)7  owt per week eastwards 
9.1 x ,000013 

= 1,770 tons per week eastwards 
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Fig. 10.   The distribution of tracer at Rye after 22 weeks of in- 
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Fig. 12.   The distribution of tracer at Rye after 52 weeks of in- 
jection at the rate of 7 cwt per week. 
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Bye after 52 weeks. 

Data;-            Position ft              Counts per 100 sg ft 
500 west 0 
200 west 1 

0 3 
200 east 53 
500 east 2J+ 
1000 east 32 
2000 east 31 
3000 east 23 

Calibration Test:- 
Concentration by weight   00001Q 
Count per 100 sq. ft     .wuuiy 

Best fit (p.q.) curve is p = .9, q. = .1 see Figure 12 
Best length scale is 1 unit = 333 ft 
Best concentration scale is 1 unit = 24.8 counts per 100 sq. ft 

Drift = (p - q.) .m. f^*. 
t C-* 

m/t = 7 cwt per week 
=     1  

24.8 x .000019 

" Drift = 2&Y1000019 CWt per W6ek eastwards 

= 590 tons per week eastwards 
or 31>000 tons per year 

Discussion 

Although there is a check on the above results only in the case 
of 52 weeks' littoral drift at Eye, the other results are at least 
consistent. The smallest drift was found to be at Deal which is 
least exposed to big waves; and the biggest was at Dungeness 
which is most exposed and has the deepest water close inshore. The 
measure of agreement between drift at Bye calculated by cubature and 
that calculated from the distribution of tracers, 53,000 tons per 
year and 31,000 tons per year respectively, is fairly encouraging, 
considering the difficulties involved. 
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In view of the not very precise measurements of littoral drift 
that would he adequate for the design of sea-defenoes, the method can 
be said to be useful. 
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Appendix I 

SAMPLING. 

Initially the numbers of tracer pebbles visible in a 36 sq, ft area 
were oounted near the top of the beach, in the middle of the beach and 
at the lower limit of the shingle. Latterly the standard area was 
increased to 100 sq. ft. The advantage of examining a larger area is 
that by counting larger numbers, when these numbers are subjected to 
random variations, one gets a proportionately more accurate result. 
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If n is the size of a sample i.e. the total nurber of stones 
visible in a given area. 

And if P' is the probability that any pebble is a tracer, 
P'n is the number of stones visible. 
If P is the probability in the whole population of a pebble 

being a tracer, 
Pn is the average number of visible tracers that would be determined 

by frequently repeated sampling. 
If b   is the permitted error expressed as a fraction of P, i.e. h 

is equal to P - P* then it is known that, if the confidence level 
P 

is to be .90, then 
n*. 2.8 ? PTJ* 

This indicates that the proportional errors that are likely to 
occur are inversely proportional to the square root of the numbers 
counted. It shows, for example, that if the average number of 
particles counted ;was 8, one in every ten counts would differ from 
the true mean by more  2.8  8 or 4«7« —w— x 

We can make use of this information to determine the likely errors 
introduced into the results of the model beach experiment by the 
counting of randomly distributed tracers. 

The count of 15*9 particles per square foot was obtained by 
averaging the counts obtained in 3 square feet at 14 different 
sections along the beach. 

.*. The total number of particles counted was 15*9 * 14 x 3 or 665 

.*. At a confidence level of -9      /2.8 

Interpreted, this means that if the experiments were repeated many 
times, one result in every ten would be in error by more than 
(O „ 15.9 or 1.04. This is about 7#> 
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Appendix   II 

PRODUCTION OF TRACERS 

Concrete Tracer Pebbles. 

The ideal tracer has not only to be fluorescent, it has also to be , 
of the correct size, shape and density. It has to resist abrasion or, 
should there be some abrasion, it should nevertheless retain its 
fluorescent properties. The tracer pebbles used by H.R.S. have 
consisted mostly of a dense concrete, containing particles of 
fluorescent plastic in them. Size has been controlled by sieving, 
density and abrasive resistance by control of the cement-stone mix, 
but little attention has been paid to the shape. The pebbles produced 
by crushing and sieving appeared to be neither sharper, flatter or 
rounder than normal beach pebbles, and they were not further treated 
to alter their shape. 

Most of the tracer pebbles used have incorporated the organic dye 
Rhodamine, but other dyes and phosphors have also been used and many 
others that have not been used have been tested and shown to be suitable. 
Suitable proportions of dye, plastic and concrete are given below, but 
other proportions can work equally well. The proportion of dye 
in the plastic can, in some cases, be varied through extraordinarily 
wide limits, as for example between .1$ and .001$ without appreciably 
effecting on the one hand the price and on the other hand the 
effectiveness of the tracer. 

The plastic that is used is a proprietary brand of liquid urea 
resin known as Aerolite Resin C.B.U. combined with the hardening 
agent Acid Hardener G.B.Q, manufactured by C.I.B.A. (ARL) Ltd. of 
Duxford, Cambridgeshire. 

The pebbles were prepared in the following way:- 

(i) 37.51bs Resin C.B.U. were poured into a concrete mixer, 
(ii)  ,801bs of Rhodamine B were dissolved in 3.751bs of Acid 

Hardener G.B.Q. and added to the resin in the rotating 
mixer, 

(iii) when mixed, the liquid was poured on to waxed sheets and allowed 
to set. It would set in slabs about £" - f-" thick, 

(iv) the plastic set in 2 or 3 days, depending on the ambient 
temperature and was then crushed and granulated. The 
biggest particles in the granulated material were approximately 
3mm in diameter, 

(v) concrete was made according to the following mix:- 
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13 parts cement. 
26 parts quartz dolorite. 
1 part granulated dyed plastic. 

The wet concrete was spread out to set in slabs 3" thick. 

(vi) the slabs were broken up in a jaw crusher and the required size 
fraction separated out by rotating soreens attached to the 
crusher. The rejected fraction - some 50$ of the whole - 
was entirely fines. It was incorporated in subsequent 
batches of concrete as a filler. 

Preparation of fine Fluorescent Shingle for the Beach Model. 

The tracer material was made in four different colours, the dyes used 
were:- 

Red - Rhodamine'B» 
Blue - Primuline. 
Orange - Eosine. 
Yellow - Auramine. 

One lb. of tracer of each colour was made. A solution of surface- 
-coating Araldite 985-E was made up and separated into four beakers, 
each containing about •§• litre. Bye at 1$ of the weight of the resin 
was added to each solution and well stirred. The stones were put in 
a dry beaker, and sufficient resin and solvent was poured over it 
to cover the surface. The resin was immediately decanted and the 
stones spread on thick wire gauze and allowed to stand for •§• hr. 
to permit of evaporation of excess solvent. The material was then 
stoved at 160 C for about 1^ hours and allowed to cool. Particles 
which had stuck together were separated by tumbling them in a 
cloth bag. 

Surface coating Araldite 985-E is said to be 8/lOths as hard as 
glass as measured in Sward units and there was certainly no evidence 
in the beach model that any of the coating had been worn off the 
stones. 

Sand Tracers. 

Sand tracers have been produced by taking sand from the beach that 
has to be studied and coating each grain with a thin layer of 
fluorescent plastic. The process involves mixing sand up with a 
liquid fluorescent resin, allowing it to set into a cake, disintegrating 
the cake so that the individual particles are again separated,and 
then sieving to exclude particles of the wrong size. 
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The ingredients needed are:- 

(i) Aerolite Resin C.B.U. 
(ii) Aoid Hardener G.B.Q. 
(iii) Ehodamine or other suitable dye that will fluoresce in aqueous 

solutions, 
(iv) Dry beach sand. 

Preparation. 

(The quantities given below are suitable for mixing in a concrete 
mixer of 5/3 cubic foot capacity). 

(i) 37 • 5 lhs of resin CBU are poured into a concrete mixer, 
(ii) 0.80 lbs of Rhodamine 'B* is dissolved in 3.75 lbs Acid 

Hardener GBQ, and added to the mixer while it is in motion, 
(iii) 200 lbs of dry sand is added over a period of 3 or 4 minutes. 

When the coating appears to be complete, the machine is 
switched off and the mixture poured on to sheets of waxed 
+ board. The mixture sets very rapidly in a warm atmosphere. 
It is important to spread the material quickly over the 
sheets with a trowel, so that it may be broken up 
conveniently when set. About #' is a suitable thickness 
for the layers. Breakage is facilitated by cutting lines 
with a trowel across the layers before they set. 

Hardboard covered with Silicone Wax is very suitable. P.V.C. sheet 
+is also satisfactory. 

It will be found that the surface of the drying mix will harden first• 
Setting is accelerated by turning the pieces over with a trowel and 
exposing the underside. At 80 P, complete hardening takes 2-3 days. 
The fumes given off after mixing are very strong and unpleasant, but 
we have been assured by the manufacturers of the resin, that they 
are in no way dangerous. 

When the pieces of glued sand have set, they are broken up into 
pieces not bigger than •§" x 1-J" x 1^" in a jaw crusher, before 
granulating them to produce a material of the same particle size 
as the original sand. The fragments are granulated in a fixed- 
beater-cross machine, known by the trade name of Spruemaster, 
(supplied by Messrs. Christy and Norris Ltd., of Chelmsford, Essex) 
- in which the impact between the jaws shatters the lumps, and 
produces a finished product of the correct size. The machine has 
a screen in it with conical holes, which retain the large particles 
until they are reduced to the right size. 

The material is sieved. 
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If only a few grammes of the sand are required, the above quantities 
can "be reduced proportionately and the mixing can be carried out in a 
"beaker. Crushing down the product can he done with a hammer on a 
steel sheet. Most of the early samples were made "by this method. 

Other dyes can be substituted for Rhodamine •B* if other colours 
are desired. 

Bye Colour $  of dye 
in resin 

Supplied by 

Titan Yellow Pale blue 256 The General 
Primuline Blue 2$ Chemical & 
Auramine Yellow 2J6 Pharmaceutical Co 

Sudbury. 

Bhodamine «B« Extra 525# Red) 
Rhodamine 6 A Extra Red) Not exceeding 
Kiton Rhodamine 3 R 25036 Red) 1* 
Kiton Rhodamine B 2^0$ Red) 
Eosine YS 14096 Orange ) 
Erythrosine BSB Special Orange ) 1* C. I. B. A. Clayt 
Kiton Yellow EFF Yellow-Green ) Bush House 
Uvitex SWN Cone. Bright-blue ) London W.2. 

Kiton Yellow EFF ) Green 1 - 2$ 
Kiton Blue A 19056 ) 

Victoria Blue 15096 ) 
Auramine 0 166$   ) 

Green 1 - 2% 

Most of the substances in the Table fluoresce only in solution. 
The exceptions are Uvitex and Kiton Yellow which are naturally 
fluorescent. 

Nearly all the fluorescent pigments and hydro-carbons are subject 
to photolysis, i.e. their brilliance decays under the action of ultra- 
violet light. The substances mentioned above have been subjected to 
"weathering tests" and have been found the most satisfactory of all 
those that were tested. Fluorescein tends to decay in a few days, but 
might be useful for tests where the durability is not important, or 
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where a short life is an advantage. 

RLton Yellow, Bhodamine »B' extra 525$, Uvitex SWN were all found 
to retain maximum brilliance when exposed to unfiltered UV tests 
equivalent to one year's natural weathering. 

The above substances fluoresce strongly under U.V. emission in the 
region of 3660 A.U. 

Choice of a colour. 

It has been found that some beaches contain substances that have a 
natural fluorescence, and it is, therefore, advisable first to examine 
a beach at night using ultra-violet light. In one instance it was 
found that parts of a certain shell had a fluorescence similar to 
that of Rhodamine B", but usually the numbers present are very 
small indeed. The use of a U.V. Lamp emitting shorter wavelengths 
(2537 AU) is necessary if the fluorescence of most natural impurities 
in the samples is required to be omitted. The "Hanovia" Chromatolite 
lamp is particularly suitable for this purpose. If care is taken to 
ensure that the dye fluoresces with a different colour from that of 
any of the naturally occurring substances, detection of 1 fluorescent 
particles in 1 x 10 is a simple matter. 
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CHAPTER 25 

USE OF A RADIO-ACTIVE TRACER FOR THE MEASUREMENT OF SEDIMENT 
TRANSPORT IN THE NETHERLANDS 

J.N. Svasek and H. Engel 
Engineers, Hydraulic Division of the Delta- 
works, Rijkswaterstaat, The Hague. 

INTRODUCTION 

The "Rijkswaterstaat" has developed a method based on the 
use of radio-active tracers for the evaluation of sediment 
transport due to the combined action of waves and currents. 

The results of preparatory studies and a laboratory test were 
published in a previous report by J.J. Arlman, P. Santema and 
J.N. Svasek [1] . 

The main principles of the method were 
1. Detection by a sledge-mounted unit towed by a survey vessel 

and continuous registration on board of the radio-activity 
measured on the sea bottom. 

2. Employment of low specific radio-activity of tracer 
material and a large quantity thereof. 

5> Use of a long-life isotope and high radio-activity. 
k.  Measurement of the vertical distribution of radio- 

activity in core samples or if possible by discrimination. 

In March 1958 the first lot of tracer material was placed on 
the sea bed. The tracer material consisted of the radio-active 
isotope Scandium^" emitting 2 curies incorporated in 100 kg 
"greensand". Scandium^" has a half-life of 8^ days and emits strong 
gramma radiations with energies of 0.89 and 1.12 MeV. 

Afterwards, in 1959, two series of measurements were taken 
near the entrance to the Rotterdam Waterway. Four droppings formed 
one series; they were generally carried out in the following manner: 
50 kg greensand labeled with 2 Curies Scandium was dropped in k 
places at a safe distance from each other. 2 of the 8 portions 
consisted of smaller quantities of both radio-activity and green- 
sand. 

In the following paragraphs the preparation, dropping and 
detection of the tracer, the working out of the registrations and 
the interpretation of the results of the 1959 measurements are 
discussed. * 

PREPARATION, DROPPING AND DETECTION 

The scandium hydroxyde for one dropping (approx. 1.5 gr) is 
packed in a quartz tube and an aluminium can and irradiated in a 
reactor for about k  weeks. On arrival at the place where the 
tracer is prepared the cans are taken out of their transport 
containers and stored temporarily. 

The tracer material ("greensand") is an ionexchanger with a 
specific weight of 2.77 which approaches the specific weight of 
the sea-bed material (2.6?) and is given sufficient hardness by 
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Fig. 3.   Detection of tracer distribution. 
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roasting at 700° C. 
For one dropping 50 kg of this material is mixed with a 

solution containing trivalent Scandium ions. The solution is made 
in a special vat were the aluminium can and the tube are broken 
open under concentrated nitric acid. After dissolving for a time 
the liquid is neutralised and aluminium chloride added. Finally 
the solution is pumped into the mixer and the vat rinsed with 
water. The labeling takes place in the mixer (fig.1). 

The ion-exchanging capacity of the greensand is so great that 
without the addition of trivalent aluminium ions very irregular 
surface labeling takes place. With the surplus of aluminium ions 
in the solution more reasonable labeling throughout the mass is 
effected: 

Distribution of radio- -activity in the fractions of a sample of 
tracer material: 

fraction weight 
percentage 

Calculated activity percentage measured 
activity 
percentage 

mass labeling surface labeling 

in sample 
300-420 yu. 0.1 0.1 0.0 0.1 
210-300 M 2.9 2.9 1.3 2.8 
150-210 AX 45.1 45.1 29.8 36.0 
105-150 M 21.5 21.5 20.0 21.6 
75-105 AX 16.3 16.3 21.6 19-7 
50- 75^ 14.1 14.1 27.1 19.7 

When the cans of radio-active scandium are stored and 
afterwards when they have to be placed in the dissolving vat 
handling is done by one man unsheilded at a distance of 2 mtrs, 
but only for a few seconds. The remaining work is done from 
behind a sand barrier where the radiation does not exceed the 
permitted level for 24 hours daily. 
The maximum radiation received by one man in a week during the 
storing and preparing of 4 portions each containing 2 Curies of 
radio-activity was 75 mR, while 300 mR a week is permitted by law 
for 52 weeks per year. 

From the mixer the tracer is poured into the injection device 
and placed on board the transport vessel. The injection device was 
modified several times during the experiments. In the perfected 
apparatus the tracer is lowered in a container that can be opened 
by means of a falling weight. After leaving the container the 
tracer material settles within a cylindrical screen. This screen 
is attached to the container in such a way that it stays on the 
bottom while the container follows the movement of the vessel 
(fig.2). 

After the dropping operation the container is decontaminated 
with a strong jet of water and checked for radio-activity with a 
hand monitor. 
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The placing of the material on the sea bed can be carried 
out only when circumstances are favourable (no swell, wind waves 
not higher than kO  cm., current velocities below kO  cm/sec). 

The movement of the radio-active material on the sea bed was 
followed chiefly by means of a sensitive scintillation detector 
mounted on a sledge (fig.3). The detector was protected against 
shocks by a foam rubber covering 18 mm thick. 
Nevertheless, heavy shocks do show in the registration. 

The 6-core cable between the scintillation detector and the 
registration instruments on board the towing survey launch 
proved to be very vulnerable. An experiment in which towing cable 
and electric cable were combined in one armoured cable was 
unsuccessful. 

A stand-by detection unit was built because changing the six 
core cables took about a day and days suitable for working at sea 
are rare. This detection unit consisted of 2k  Geiger-Muller tubes 
placed in a sledge similar to the one carrying the scintillation 
detector. The tubes are protected with foam-rubber and the power 
supply (15 batteries) for three months is built into the sledge. 
A one-core coaxial cable connects the detector with the instru- 
ments on board. Repairs to or change of cables can be carried out 
on board within half an hour. 

The background detected by the scintillation detector 
increases as a result of the natural activity of the bottom 
sediment from 100 c.p.m at 5 cm above the bottom to 300 c.p.m on 
the bottom. Outside the tracer area we can also check whether the 
survey launch is not travelling too fast. This checking is not 
possible with a Geiger-Muller detector, however, because of its 
low sensitivity to the radio-activity of the bottom sediment. 
For good navigation it proved necessary to maintain a speed of 
about 1.2 m/sec. 

The vertical distribution of the tracer in the sea bed was 
investigated in unstirred samples. The pneumatic sampling 
apparatus used during the first experiments proved to be too 
complicated for routine sampling. It was replaced by a simple 
mechanical device that produce about 6 samples a day with an 
average length of 0.80 m. 
Supplementary samples were taken with a Van Veen Grab. Both kinds 
of sample were analysed in the laboratory. Due to absorption in 
the sample and the low rate of radio-activity available, relatively 
few of the samples showed a significant distribution pattern. No 
tracer'material was found more than 10 cm below the sea bed 
(figA). 
The maximum activity in a core sample 7 cm in diameter was 0.^3 C, 
but most of them had less than 0.15 C. 

A laboratory experiment was carried out to find out whether 
it is possible to get information concerning the depth of the 
tracer below the sea-bed by using a channel discriminator to 
measure the 2 emitted X  radiations (O.89 and 1.12 MeV) separately. 
[1] (page.38\  This turned out to be impossible due to the fact that 
the 1.12 MeV I 's  transfer part of their energy to the electrons of 
the absorber. The photon is deflected from its original course 
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Fig. 4.   Vertical distribution 
of tracer at one point. 
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Fig. 5 .   Examples of registration of radio-activity of the sea-bed. 
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and degraded in energy so that the photo-peak of the 0.89 MeV 1 'a 
is not measurable (Compton effect). 

The position of the survey launches during readings was fixed 
with the help of a Decca Survey System. The error in the area 
investigated seemed to be less than 10 m. Detection lines were 
chosen spaced hO  to 150 mtrs apart. 

WORKING OUT THE REGISTRATIONS 

Before dropping the tracer material the background of the 
area in which measurements were to be carried out was scanned with 
the sledge detector. 

As a rule these measurements showed a background varying 
roughly between 200 and 300 c.p.m for the scintillation unit and 
between 130 and 200 c.p.m for the Geiger-Muller detection unit. 
The response factors of the detectors for a thin layer of radio- 
activity on the surface were 0.29-10~5 mC/m2 per c.p.m and 0.5^-105 
mC/m2 per c.p.m respectively for Scandium^"". Consequently, the 
equivalent initial radio-activity of the sea bed was O.58-O.87 
/AC/m2 for the Scintillation unit and 0.70-1.08/AC/m2 for the Geiger- 
Muller detection unit. 

The total activity along a line is obtained by subtracting 
the background from the integration of the activity registered 
(fig.5) and multiplying it by the speed of the boat. 

The maximum level of radio-activity remains below the real 
value because of the time constant T of the ratemeter. When the 
width of the radio-activity peak registered at half its height W-J. 
is more than k  times the time constant the difference remains 
below 20%. In our experiments this width was nearly always more 
than 8 sec and T = 1 sec. so no corrections for the height of the 
peak were necessary. 

INTERPRETATION OF THE RESULTS 

In 1959 two series of simultaneous measurements were carried 
out for the purpose of investigating the main direction of the 
sand movement in the area around the entrance of the Rotterdam 
Waterway and the piers projected for the Europoort, the new har- 
bour for supercargo vessels (fig.6). 

In the first series various combinations of tracer quantity 
and radio-activity were placed on the Maasvlakte, a relatively 
shallow, faintly sloping area. It is generally supposed that the 
Maasvlakte is the main supplier of the sand that settles in front 
of and in the entrance to the Waterway. This sand, (about 800,000 
m3 a year) has to be dredged away continuously. 

Figure 6 shows that only at points 3 and k  the combination 
of tracer and radio-activity has been satisfactory. In both cases 
detection of tracer distribution proved to be possible 110 days 
after injection (fig.7). The limit of significance lay not more 
than some 600 mtrs from point k  and 750 mtrs from point 3» 

The influence of waves on sediment transport showed only at 
points k  and 1. The tracer was at these points transported in two 
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Fig. 9.   Balance of current discharges at the entrance to the 
Rotterdam Waterway. 
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main directions, parallel to the contours by the current and in 
the direction of the Westplaat sandbank. During the period in 
which readings were taken the maximum significant wave height was 
2 mtrs at the wave-pole E (fig.8). 

In consequence of the results of the first series a second 
series of experiments was carried out in the same area (points A 
to D) with 50 kg tracer labeled with about 2 Curies Scandium^ 
per point. 

A wave height of 2 mtrs at pole *E was also registered in 
this period. The influence of these waves makes itself felt at 
point A and only above the contour of mean sea level minus 6 mtrs, 
while on the whole the waves are higher at point A than they are 
near pole. E. 

The most important conclusion with regard to sand movement 
in the area is this, that the direction of transport in depths of 
over 6 mtrs is not influenced by the most common wave heights. 

The current pattern in the vicinity of the entrance of the 
Rotterdam Waterway is rather complicated. The main tidal current 
parallel to the coast is strongly influenced by the currents 
passing in and out of the Rotterdam Waterway, which also dischar- 
ges a large quantity of the fresh water of the river Rhine into 
the North Sea (fig.9)* Nevertheless, the diffusion of the tracer 
is mainly parallel to the coast. Moreover, the shape of the lines 
joining points of equal radio-activity show but small diffusion 
perpendicular to the main transport direction. There was no 
significant prevalence of transport in either tidal direction. 

The concentration of tracer material in the dip just beside 
the southern breakwater is remarkable (fig.?d). The frequent 
changes in depth of this dip (mostly about 2 mtrs in six months) 
lead to the hypothesis that the material dredged in the entran§e 
to the Waterway comes mainly from the shallow areas beside it and 
that the deep places in front of the breakwaters serve as temporary 
storage accommodation. 
Of course this hypothesis has to be checked very carefully by 
means of supplementary measurements near the breakwaters. 

CONCLUSIONS 

Measurements by tracer is still rather laborious but most 
technical problems concerning preparation, injection and detection 
have already been solved, so that the physical operations have 
become a matter of routine. 

The results are most valuable compared with the results of 
soundings and current measurements. They give an impression of the 
direction of the bed-load transport and if more experiments are 
carried out simultaneously, an impression can also be obtained of 
the relative bed-load transport distribution in the area. 

If similar tracer measurements are carried out in models and 
on the spot they may be of use for the interpretation of the 
results of the model studies. 
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CHAPTER 26 

REJET DE MATERIAUX A LA MER PAR REFOULEMENT 
HYDRAULIQUE RISQUES DE POLLUTION DES PLAGES 

Louis G-reslou 
Chef de Service a la Sogreah 

II peut paraitre interessant lorsqu'une installa- 
tion est implantee au bord de la mer de rejeter dans celle- 
ci les residus de fabrication, qu'il s'agisse des cendres 
et suies d'une usine thermique, des steriles d'une mine, etc. 

Divers procedds peuvent alors etre utilises et 
nous en enumererons rapidement quelques uns avant d1examiner 
plus en detail celui qui fait l'objet de la presente commu- 
nication. 

Le transport au large par chalands est une solu- 
tion qui peut permettre le rejet du mate"riau a une grande 
distance dans une zone prealablement choisie pour eviter au 
maximum toute pollution dventuelle du rivage. Ce procede" 
suppose evidemment non seulement le materiel nautique neces- 
saire mais la proximite d'un port ou d'un abri naturel pour 
ces bateaux. 

Le transport a une certame distance du rivage par 
telefenque est une solution employee pour certains charge- 
ments de minerals. Mais 1'installation que n^cessite un tel 
dispositif risque d'entrainer des travaux trop onereux pour 
1*evacuation de residus de fabrication. 

Dans le cas ou la granulometrie du produit a reje- 
ter est assez voisine de celle du materiau qui constitue les 
plages, ou evidemment si le rivage peut etre pollue" sans in- 
convenient majeur, le rejet peut §tre fait au voisinage de 
la laisse, la houle et les courants se chargeant d'entrainer 
au raoins partiellement, le long du littoral ou vers le large, 
le stock ainsi realise a terre. Ce proced£, de beaucoup le 
plus simple et le plus economique, ne peut Evidemment §tre 
employe qu'assez exceptionnelleraent. 

Les solutions de rejet au l^rge par chalands ou 
teleferiques etant done en general beaucoup trop onereuses, 
le deversement le long du rivage devant §tre souvent elimi- 
ne parce qu'inesthetique et meme parfois dangereux, une so- 
lution consistant a refouler hydfcauliouement le materiau a 
*See English resume, p. 484 
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rejeter a une certame distance du rivage peut alors parai- 
tre seduisante. 

Cette solution pose cependant un certain nombre de 
problemes delicats, surtout lorsque la pente des fonds sous 
marins est douce et que le volume de matenaux a rejeter est 
important. 

Dans cette communication nous exposerons les prin- 
cipaux resultats de deux etudes effeetuees a la Sogreah, 
concernant le rejet par refoulement hydraulique de deux ma- 
teriaux de granulometries tres differentes. 

En anticipant sur ce qui va suivre, un materiau 
rejete au dela de la ligne de deferlement peut subir l*un 
des sorts suivants : 

- soit demeurer sur place, 
- soit etre rejete vers le rivage, 
- soit etre entraine vers le large. 

Un moyen particuliere,uent interessant de realiser 
cette derniere solution est de faire cou&er le materiau m§- 
le" a l'eau sous la forme d'un "underflow" si la pente des 
fonds et la granulornetrie le permettent. 

II est bien evident aussi que, suivant la granu- 
lornetrie et les conditions hydrographiques et topographiques 
le materiau peut subir un tri : une partie peut demeurer sur 
place, une autre Stre entrainee au large, une autre enfin 
e*tre rejetee vers le rivage. 

On voit done qu'avant d'aborder 1*expose propre- 
ment dit de nos resultats il peut etre utile d'examiner les 
mecanismes el^mentaires qui peuvent agir sur le materiau, 
et de facon plus precise 1'action de la houle et des cou- 
rants d'une part, le comportement d'un underflow d'autre 
part. 

FACTEURS EN JEU 

Les divers facteurs naturels susceptibles d'en- 
trainer le materiau rejete en mer sont essentiellement la 
houle et les courants. 

La houle peut agir soit par la turbulence qu'elle 
provoque, soit par les courants qu'elle engendre. 
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TURBULENCE PROVOQUEE PAR LA HOULE 

Le mouvement  orbitaire des particules d'eau tend 
a creer de la turbulence. Les dimensions des orbites sont 
bien connues et  on deduit de la theorie de la houle irrota- 
tionnelle au 1er ordre l1expression de la vitesse orbitale 
maximum 

Vo max = _2jra_      1 
T sh2ILb. 

ou 2a est l1amplitude (distance de cr§te a creux) 
L est la longueur d'onde (distance entre 2. crStes) 
T est la periode 
h est la profondeur d'eau. 

L1etude des conditions de debut de mouvement des 
grains de materiaux constituant le fond revele que la houle 
peut faire sentir son action meme par des fonds de plusieurs 
dizaines de metres. Une houle d'amplitude 6 m et de longueur 
d'onde 120 m doit §tre capable de mettre en mouvement un 
grain de sable de 0,3 mm par 60 m de fond. Mais s'il y a 
mise en mouvement, il n'y a pas forcement deplacement impor- 
tant. On peut meme dire que 1'intensity de ces emplacements 
est d'autant plus faible que l'on s'eloigne vers le large de 
la zone de deferlement. 

COURANTS ENGENDRES PAR LA PROPAGATION DE LA HOULB A 2 
DIMENSIONS 

a) Pour une houle a deux dimensions, e'est a dire 
se propageant dans un canal, on constate que le mouvement 
orbitaire des particules s'accomuagne, dans la masse fluide, 
d'un mouvement general. C'est ce qu'on appelle le "courant 
de transport de masse" ou "courant de masse". 

Ce courant apparait d'ailleurs dans les equations 
de la houle en fluide parfait a partir du 2eme ordre et son 
existence dans la nature parait tres vraisemblable. pour une 
houle suffisamment reguliere. 

La distribution verticale des vitesses de ce cou- 
rant de masse presente les caracteristiques suivantes : 

- A proximite de la surface le courant porte en general dans 
le sens de propagation de la houle ; on a observe toute- 
fois experimentalement un courant portant en sens inverse 
pour les faibles valeurs du rapport h/L 
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Fig. 3 
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- A proximite" du fond, le courant porte toujours dans le sens 
de propagation ; il est particulierement marque dans une 
zonp de faible epaisseur au voisinage immediat du fond. 

- Entre ces 2 zones le courant e'-t de sens oppose : en canal 
ferme le debit sar une verticale <*tant nul, les debits 
dans les 2 sens sont egaux. 

Nous avons indique sur la figure 1 de maniere s<M- 
matique deux repartitions types de ce courant observees en 
canal ferrae". 

b) P^r ailleurs dans un liquide visqueux et dans 
un canal ferine" du c8te rivage, l1 experience montre qu'il 
existe sur le fond une couche lirnite dans laquelle se prodit 
un courant dirige dans le sens de la propagation _de la houle 
progressive. 

La valeur de ce courant est donnee par la theorie 
de Longuet-Higgins. Son intensite maximum est donnee par la 
formule : 

U    - 1-376T vz max 

Vo max  etant la valeur theorique maximum de la composante 
horizontale de la vitesse orbitale donnee precedemment (ler 
ordre,/fluide parfait). 

On voit done que dans le cas schematique d'une 
houle a 2 dimensions atteignant un rivage, sans autre courant 
que ceux crees par la houle, le transport des materiaux peut 
se concevoir co'iime suit : 

Le mouvement orbitaire des particules d'eau sur le 
fond et dans la masse tend a creer de la turbulence. Sui- 
vant le degre de turbulence ainsi cree et suivant la granu- 
lometrie et la densite du materiau, celui-ci pourra : 

- soit rester immobile sur le fond, 
- soit etre mis en mouvement mais rester dans la couche lirni- 

te du fond et done avancer peu a peu vers le rivage, 
- soit Stre mis en suspension et s'il est assez leger, monter 

dans la zone ou. existe un courant dirige vers le large, une 
partie du materiau reste dans la couche limite ira done 
vers le rivage conme decrit ci-dessus, une autre sera em- 
portee vers le large, 

- soit enfin Stre emporte encore plus haut par sa mise en 
suspension, jusque dans la zone ou existe un courant de 
surface portant vers le rivage; outre les transports vers 
le rivage et vers le large decrits ci-dessus, s'ajoutera 
done un transport vers le rivage au voisinage de la 
surface, de sorte que la mer entiere dans toute sa masse 
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sera progressivement envahie par le materiau jusqu'a la 
ligne de deferlement. 

Au deferlement se passent des phenomenes complexes 
de mise en suspension et de transport qui dependent des ca- 
racteristiques de la houle, du mode de deferlement, de la 
nature du materiau, etc... Dans certains cas une partie au 
moins du materiau peut §tre rejete'e sur le rivage et engrais- 
ser celui-ci« 

COURANTS ENGENDRES PAR LA HOULE A 3 DIMENSIONS 

Ce que nous venons d'exposer suppose que les mouve- 
ments dus a. la houle sont a. deux dimensions. En fait la hou- 
le se propage dans un milieu a tirois dimensions et les resul- 
tats ci-dessus peuvent etre profondement modifies au moins 
en ce'qui concerne les courants, 

Les principaux courants engendrds par la houle du 
fait de cette 3eme dimension sont : 

a) Le "longshore current" qui se produit lorsque 
la houle aborde obliquement un rivage constitue par un plan 
incline, II est en gros parallele au rivage. 

b) Le "ripcurrpnt" qui se produit sur un rivage a 
topographie irresculier^ et qui resulte de 1*accumulation de 
l'eau en un point du rivage. L'eau repart alors vers le lar- 
ge suivant un currant grassierement perpendiculaire au ri- 
vage, 

c) Le "courant d'Iribarren" qui se produit par 
exemple derriere an cap autour duquel diffracte la houle, II 
se propage des zones de grande amplitude vers les zones de 
faible amplitude, par suite de 1'accumulation de l'eau dans 
les premieres. II est en gros parallele au rivage. 

d) Le "beauh drifting" mouvement des grains en 
dents de scie qui se produit dans le jet de rive quand la 
houle est oblique par rapport au rivage. 

AUTRES COURANTS MARINS 

D'autres courants que ceux dus a la houle peuvent 
egalement exister en mer. Ce sont en particulier : 

a) les courants marins generaux, 
b) les courants de maree, 
c) les courants fluviaux si on se xrouve a proximi- 

te d'une embouchure, 
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d) les courants dus au vent - Ces derniers sont ^e- 
neralement accooipagnes par des vagues creees par ce meme vent. 
Pres d'un -rivage avec un vent soufflant de la mer par exemple, 
on peut considerer que les vagues sont accompagnees d'un cou- 
rant de surface relativement fort portant vers le rivage et 
d'un courant de retour en sens inverse au voisinage du fond* 

e) les courants de densite - Ceux-ci peuvent &tre 
dus a des differences de temperature, de salinite ou de con- 
centration en sediments entre des couches d'eau voisines. 
Nous reviendrons plus loin sur le mecamsrae 'ie 1'underflow, 
forme particuliere de ce courant de densite. 

Si le mouvement orbitaire tend d&ns tous les cas 
a mettre le materiau en suspension et a le "livrer" en 
quelque sorte a 1'action des courants ; 1'existence des 
courants decrits lans les 2 paragraphes precedents peut 
modifier fondamentalement le processus de transport que 
nous avons esquisse plus haut sous l'actlon du courant de 
masse d'une houle a 2 dimensions. 

Oe qui precede montre qu'avant de projeter une 
installation de rejet hydrauliaue il est necessaire de me- 
surer de facon extremement soignee les conditions topogra- 
phiques et hydrographiques locales (houles, courants, etc..,) 

L»UNDERFLOW 

Les considerations qui precedent conduiraient a pen- 
ser que, dans le cas ou le materiau a ete dispose a des pro- 
fondeurs telles qu'il puisse ensudte etre remis en suspension 
par la houle, les courants de toutes sortes tendront a le 
repartir sur une zone tres  vaste de la iner, et en particu- 
lier sur les plages. S'il en etait amsi la solution de re- 
jet en mer a une distance liudtee du rivage serait insoluble. 

Mais en realite si le rejet hydraulique de materiau 
s'effectue dans certaines conditions de vitesse et de concen- 
tration on peut esperer obtenir l'ecoulement du inateriau vers 
le large par courant de densite sous forme d'underflow. 

Parmi les Ires nombreux exemples de courant de den- 
site, nous citerons celui du RhSne a son arrivee dans le lac 
Leman, car il se presente a 1'etat pur, les autres mouveraents 
d'eau (vagues, seiches, couranfcs generaux) ne jouant qu'un 
role negligeable. 
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Si l'on suit les eaux du Rh8ne en periode de hau- 
tes eaux durant lesquelles le charriage de boue et sable fin 
glaciajre est relativement important, on voit d'abord ces 
eaux sales s'^taler a la surface du Lac, Puis apres quelques 
cent'-ines de metres ces eaux plongent brusquement et verti- 
calement vers le fond ou un ecoulement de fond (Underflow) 
s'etablit. 

A l'endroit ou les eaux sales plongent, la ligne 
de separation avec les eaux limpides du lac est tres nette 
mais il y a de tres forts tourbillons. Les eaux paraissent 
se livrer une violente bataille sans se melanger, c'est pour 
cette raisons que le phenomene est appele "bataillere" du 
mot francais "bataille",, 

L'underflow ainsi forme s'ecoule dans un chenal 
profond forme par le fleuve lui-mdme avec les alluvions 
qu'il transporte. Apres 15 kilometres environ ce chenal 
aboutit ?u fond du lac ou les eaux sales se decantent sui- 
vant un plan horizontal de plusieurs kilometres de c6te. 

Grace k ce phenomene les eaux du lac Leman sont 
toujours parfaatement claires. Le m§me phenomene se produit 
sur le Hhin dans le lac de Constance. 

Ce phenomene s'explique hydrauliquement de la ma- 
niere suivante : 

Lorsque un debit d'eau charge* de materiaux penetre 
dans une masse d'eau claire il peut se produire a 1'entree 
et en surface une aureole coloree d'eau chargee ou s'effec- 
tue un melange, la masse d'eau chargee peut dans certaines 
conditions plonger dans 1'eau claire et cheminer au fond. 

Les facteurs qui determinent la plongee sont en 
particulier le debit, la densite de l'eau chargee de sedi- 
ments done la concentration. Dans le facteur debit inter- 
vient la vitesse de 1'ecoulement qui peut §tre plus ou moins 
grande du fait de la topographie des lieux. 

La plongee est produite par 1'ensemble des sedi- 
ments qui ont tendance a descendre et qui entrainent l'eau 
avec eux. Pour que la plongee s'effectue il faut que 1'6- 
coulement d'eau chargee parcourt une certaine longueur pour 
trouver une profondeur suffisonte. Le vent peut faire varier 
la longueur de parcours. 
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Lorsque la plong£e  s'est effectuee un courant peut 
done  s'etablir au fond de la masse d'eau claire;   a cause de 
la turbulence de l'ecoulement des  sediments suffisamment fins 
sont maintenus en suspension.  A la partie superieure du cou- 
rant de densite" existe un entralnement d'eau claire.  Dans 
cette  zone d'   entrainement  souvent appelee interface  se pro- 
duit un melange.  lorsque le courant de densite est etabli on 
rencontre  sur une verticale a partir du bas,d'abord    un ecou- 
lement tres net dont la density est superieure a l'eau ^mais 
si les sediments en suspension    sont  tres fins la densite 
dans la masse du courant varie peu),   plus haut  existe une 
zone ou la densite" decrott pour attemdre la densite de l'eau 
claire et au-dessus l'eau claire. 

les lois eta,blies pour les courants de densite-  sont 
assez  semblables aux lois regissant les courants a surface 
libre.  Les principales caracteristiques des courants de den- 
site  sont etablies en faisant intervenir les forces de pres- 
sion,   de pesanteur et de frottement da courant  sur le fond 
et a 1'interface.  Liquation generale  est la suivante   : 

k     <° + A/°  y 

U   s Vitesse de l'ecoulement 

P        : masse specifique de l'eau claire 

P+APi  masse specifique du courant de densite" 

g   : acceleration de la pesanteur 

i   : pente du fond sur laquelle s'etablit l'ecoulement 

R   : rayon hydraulique de l'ecoulement defini oar le rapport 
de la section occupe"e par le courant au perimetre 

mouille R = . '"T .— avec 
I +2h 

I = largeur de la section 
h = profondeur de 1'tcoulement. 

k  : est un coefficient de frottement dependant de la ru- 
gosity du fond et de l'interface. 

La relation indiqu^e plus haut montre que les lois 
des courants de densite" sont semblables a celles des ecoule- 
ments a surface libre. 
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Cependant dans ces derniers la   pesanteur inter- 
vient directement alors que pour les ccrurants de  density la 
pesanteur est reduite d'une maniere importante par le terme 
_^ '. .  C'est pourquoi les courants de densite ont des 
P  + A/> 
vitesses d'ecoulement assez faibles alors que les hauteurs 
sont assez importantes. Ceci expllque que des courants meme 
faibles dus a d'autres facteurs (houle, maree, etc..) puis- 
sent contrecarrer ce cheminement« 

ETUDES PARTICULIERES EPPECTUEES A LA SOGREAH 

Le probleme du rejet en mer par refoulement hydrau- 
lique peut done se r&mener dans la plupart des cas a exami- 
ner : 

1°- s'il est possible, compte tenu de la granulom^trie du 
materiau a rejeter, d'obtenir une concentration du melan- 
ge d'eau et de materiau et une Vitesse d'ecoulement de 
ce melange susceptibles de provoquer un underflow, 

2°- si les facteurs oceanographiques (pente des fonds, hou- 
le, courants, etc..) permettront a cet underflow de se 
propager suffisamment loin vers le large en entrainant 
avec lui la majeure partie du materiau. 

Ce probleme est malheureusement tres complexe et 
les resultats obtenus dans des cas tres differents ne peu- 
vent donner des enseignements qui permettraient de resoudre 
tous les problemes. Cependant les 2 etudes dont nous allons 
exposer maintenant les resultats et qui se rapportent a des 
materiaux de granulometries tres differentes nous ont paru 
susceptibles de fournir des indications interessantes sur 
la formation des depots sous-marins. 

Nous attirons d'autre part 1'attention sur le fait 
qu*il est pratiquement impossible de realiser une similitude 
correcte sur un modele d'ensemble comme nous le verrons plus 
loin ; aussi est-on amene a etudier un certain nombre de 
cas schematiques dont les conclusions peuvent etre utiles 
pour 1'etude de cas plus complexes ; cette facon de proceder 
sera justifiee par la suite. 

1ere ETUDE : REJET A LA MER DES SUIES D'UNE CENTRAL®THERMI QUE 

Expose du probleme 

Le probleme consistait a determiner un procede 
simple et economique pour evacuer 500.000 tonnes de suies 
chaque annee avec un debit maximum de 2.000 tonnes par jour 
environ. 
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La granulometrie de ces suies etait definie par la 
courbe ci-jointe (V. fig. 2), le diametre moyen se situant 
vers 20 microns. 

Le proc^de habituellement utilise pour^se debaras- 
ser de la suie, quand la centrale est a proximite de la c6te 
consiste a la deverser au large en utilisant des chalands. 
Cette methode, d'ailleurs efficace, aurait entraine, pour le 
projet considere, des frais tant d'investissement que d'ex- 
ploitation tres importants et apparemment beaucoup plus ele- 
ves qu'un dispositif de pompage et de rejet, relativement 
pres du rivage d'une mixture d'eau et de suie. 

On pouvait esperer, la densite de la mixture etait 
superieure a ceile de l'eau, qu'un courant de densite se for- 
merait au debouche de la conduite et qu'il s' ecoulerait as- 
sez loin du rivage pour que la suie soit transported au dela 
de la limite en dega de laquelle elle est ind^sirable. Sa 
presence soit sous forme d'un nuage en suspension large et 
epais, soit sous forme de depots par faibles profondeurs pou- 
vait polluer non seulement les plages balneaires avoisinantes, 
mais aussi les emplacements frequentes par les poissons. 

Les problemes pos^s a la Sogreah 

II a done 6te  demande a notre Societe de determiner 
par une serie d'essais : 

- d'une part les chances de formation d'un underflow et les 
meilleures conditions pour l'etablissement de celui-ci, 
compte tenu de la granulome"trie du materiau et de la pen- 
te des fonds, 

- d'autre part l'effet sur cet underflow de la houle et des 
courants. 

Les moyens employes 

Comme nous l'avons signale precedemment, il est 
impossible de realiser en similitude un modele reproduisant 
1'ensemble des phenomenes a etudier. 

En effet, si on realise les ecoulements et mouve- 
rnents d'eau en similitude, il faut t^ouver alors un materiau 
qui, a l'echelle choisie, reagisse aussi en similitude a la 
mise en suspension et a la sedimentation. Ceci exigerait en 
particulier une similitude de turbulence et on sait que ceci 
est theoriquement impossible, 
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Pour tourner cette difficult^ on peut essayer d1 em- 
ployer sur le modele le meme materiau que dans la nature et 
d'ajuster alors les facteurs hydrauliques pour qu'ils agis- 
sent sur lui de maniere a peu pres equivalents. 

En ce qui concerne la houle, nous avons vu que cel- 
le-ci agit en particulier par le mouvement orbitaire des 
particules d'eau et par les courants de masse auxquels elle 
donne naissance. 

II est possible de trouver pour la houle modele 
des valeurs de 2a, L et h telles que la vitesse orbitale air 
le fond soit la mime sur le modele que dans la nature« Cette 
condition est realisee, si h et L etant reduits dans le rap- 
port /^ , 2a est reduit dans le rapport /J| « 

Cependant le mouvement orbitaire existe sur toute 
la hauteur et contribue a maintenir le materiau en suspen- 
sion. Cette mise en suspension est fonction des vitesses des 
particules et de la distribution de ces vitesses. Du fait 
que 1'amplitude des vagues et la profondeur sont plus peti- 
te s sur le modele que dans la nature, on ne peut obtenir la 
me*me repartition de Vitesse, si on s'impose l'egalite des 
vitesses orbitales au fond. Par consequent les effets du 
mouvement orbitaire de la houle dans toute la masse d'eau 
ne peuvent §tre reproduits en similitude si on emploie sur 
modele le rae'me materiau que dans la nature. 

Quant aux courants de masse, ils sont trop mal 
connus pour definir leur similitude. II est cependant admis 
que la Vitesse du courant de masse au fond augmente pour une 
houle donnee quand la profondeur diminue et d'apres Longuet 
Higgins, sa valeur maximum serait, comme nous 1*avons vu 
precedemment, liee a celle de la vitesse orbitale  maximum 
au fond par une relation de la forme 

Umnv = f <+• V» ma* > 'max L 

^ar consequent, si la houle du modele a la meme 
vitesse orbitale au fond qu'une houle nature plus grande, 
les courants de masse pres du fond ne seront pas les me*mes, 
II est important cependant de noter que le courant induit 
va dans le m§me sens et agit dans une region ou. regne un 
&egr6  de turbulence semblable (cree par les vitesses orbi- 
tales ) : les mouvements seront done proportionnels. 
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Ces considerations montrent qu'une etude surmodele 
precise et quantitative des phenomenes est prt-tiquement 
impossible. On peut cependant utiliser les essais de Labora- 
toire: 

- soit pojr mieux connaitre le comportement des materiaux a 
certaines actions hydrauliques, 

- soit pour fournir des images permettant une certaine ana- 
logie avec les images reelles et grace auxquelles les In- 
genieurs peuvent tenter des previsions pour la reality. 

Les essais ont consiste dans le cas de cette etude 

a) a etudier d'abord a 2 dimensions dans un canal a houle le 
comportement du materiau nature soumis a la houle, 

b) a ch^rchpT> a caracte"riser sur un modele plus vaste, 1'ac- 
tion de la houle a 3 dimensions sur des ecoulements de 
mixture suie et eau en fonction de la concentration de 
celle-ci. 

c) a rechercher dans une installation specialeraent amenagee 
pour 1"etude des courants de densite, la concentration 
optimum a donner a cette mixture pour obtenir un under- 
flow. 

Description des essais 

a) Essais en canal a houle 

Nous avons utilise un  canal a houle  de  70 m de  long 
efc  1   m,20 de  large  vitre   sur 9 m de  long  et  equipe  d'un bat- 
teur plan artieule  sur le   fond   (V.   fig.   3).  La p^riode  et 
l'amplitude  de la houle  etaient facilement reglables,   la  1 ere 
a l'aide  du  variateur de vitesse du groupe rnoteur d'entrai- 
nement  du batteur,   la 2eme par variation de l'exeentnoite 
du  systeme  bielle-'.ianivelle  d'attaque  du volet.  Un  jeu de 
filtres places devant  le  batteur purifi?it les houles  en  sup- 
primanb  les h^rmoniques  et  en empech nt  les houles refleeni^s 
de  revenir  jusqu'au batteur.   Ges  reflexions  4t-^nt   d'ailleurs 
reduxtes au ni.ni.rnuT] par d' au t VP s  filtrps  pitues a I'aut"1"0 

esctreraite du canal et en h'..ut  de la plage de  . ^ni ere a evi- 
ter lep  effets parasites  sur la  suie  di spo^ee  d-ine  le  caji .1. 

A.pres avoir alienage  dans le  canal une plage en 
ci^ent  de  pente  5 ^ une  bande  de   sine  dp   2 a   3  centimetres 
d'enaisseur  et  de   10 a   15  cm de  l^rgeur fut  pl«cee   su^   j^lle- 
cL,  peTpendiculairerrient  a  l'axe  du   canal  a une   pr ifondeur   le 
60 cm. 
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Cette profondeur fut choisie aut-si grande que pos- 
sible afin que, pour une Vitesse sur le -fond donnee, la con- 
dition de repartition des vitesses da-s la prcfondeur ne 
soit pas trop eloignee de la realite. 

On fit alo^e agir une houle ae 1,35 sec de peri ode 
dont 1'amplitude fut montee progressive-nent de 40 mm a 160 rim. 

Apres avoir observe pour 75 mm la formation d'un 
leger nuage de suie, celui-cj s'epairsit nour des amplitudes 
plus fortes quelques grains conmengaient a reaonter la pente 
sur le fond et en suspension tandis qu'un underflow se for- 
mait et descenda.it lentement la nente. Les 2 mouvpiaents inver- 
ses s'accentualent pour 160 ram d'amplitude. Sur les fig. 4 et 
i  bis, on a. groune quelnues photographies nontran., le pheno- 
mene et le front d'underflow. 

II convient d'- noter que tout pres de la plage sur 
des f onds tres Taibles le matenau qui reronte se met en 
suspension et occupe toute la hauteur d'eau sur une certaine 
distance a oartir du rivage. Lorsoue la concentration de ce 
nuage augrnente un underflow se form^ ,  jlorge et redescend 
vers le large sous 1'eau claire. La vitesse de cet underflow 
tres faible a cause de 1'opposition des cour^nts de houle, 
augrnente consider^blement dss que la houle s'arr§te„ 

^es ess-iis cermirent d'observer OUP les houles 
etaient capables : 

- de reaonter du materiau vers la plap-e malgre la pente des 
fonds, 

- de permettre la for'ation d'underflow a partir d'un tas 
dispose en eau calme, un underflow se forme d'une part a 
1'aplomb du tas et d'autre cart, par tres faibles fonds, 
pres du rivage quand la concentration du nuage devient 
suffisante. 

Cet underflow subsiste et se propage malgre 
1'action turbulente ae la noule qui tend a le desorganiser 
et le courant de masse vers 1° rivage, existant dans la 
coache Unite, qui tend a le freiner. 

On pent egalement deduare de cos essais par la 
theorie irrotationnelle au 1er ordre,en suyposant que la 
Vitesse orbitale  sur le fond est en 1 ere approximation 
la seule force agiss> nt sur los grains, que pour le mate- 
riau considere une houle de 10 sec de period? pt 1 m d'am- 
plitude peut commencer a. faire bouger les grains de suie 
consideres par une pro fondeur de 40 m environ et au'une 
houle de me'ue per^ode et d'amplitude 3 in, 50 peut avoir la 
m^ne action pour une pro fondeur d'environ 75 m. 
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Fig. 4.   Action de la houle sur un tas de suie. 
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b) Essais dans un bassin de plus grandes dimensions 

Ces essais ont ete realises dans un bassin rectan- 
gulaire de 25 m de long par 10 m de large £quipe d*un bat- 
teur a houle sur toute sa largeur. A l'autre extreniite du 
bassin etait installee une cuve melangeuse dans laquelle 
e'tait prepare'e la mixture de suie a la concentration desiree. 
Celle-ci 6ta±t  envoyee ensuite apres reglage du debit a la 
valeur de"sir^e dans un tuyau flexible permettant de la reje- 
ter dans le bassin a la distance voulue du rivage (V. fig. 5) 

Dans le bassin avait 6te  en effet reproduiie une 
plage de pente uniforme en ciment de 1,3 $ correspondant a 
la pente moyenne des fonds naturels dans la region consi- 
d£ree, avec distorsion de 2. 

^es echelles adoptees ont ete" en effet le 1/200 
en plan et le 1/100 en hauteur. Ces Echelles avaient un oarao- 
tere assez arbitraire, car le peu de temps dont on disposait 
pour effectuer cette etude n*avait pas permis au prdalable 
d'effectuer des recherches systematiques pour definir les 
echelles et le materiau a utiliser, ni d'effectuer ensuite les 
essais sur un modele encore beaucoup plus vaste et plus com- 
plexe pour s'affranchir completement de tout effet de paroi 
susceptible de creer des courants parasites. 

Les essais n'avaient done pas la pretention de dai- 
ner des resultats quantitatifs, mais seulement de fournir aux 
ing^nieurs charges du projet une image des pheriomenes suscep- 
tibles de se produire au debouche de la conduite rejetant la 
mixture en mer, 

L'echelle en plan de 1/200 a done 6te  choisie en 
fonction des dimensions de l1installation quant a l'echelle 
en hauteur nous l'avons prise egale a 1/100 afin d'avoir 
une profondeur d'eau suffisante sans modifier cependant de 
facon trop sensible la pente du fond par rapport a la rea- 
lite. 

La houle de crates paralleles au rivage, engendree 
par le batteur avait des caracteristiques telles que les 
essais soient mate"riellement realisables et qu'une inter- 
pretation qualitative raisonnable soit possible. En effet 
respecter les vitesses sur le fond aurait necessite de tres 
fortes amplitudes, done des houles extremement cambrees qui 
auraient donne une tres mauvaise repartition des vitesses 
sur une verticale : mais respecter cette repartition de vi- 
tesses aurait conduit a adopter des houles tres petites 
engendrant des vitesses au fond sans action sur le materiau. 
Nous avons done choisi des caracteristiques moyennes entre 
celles qu' auraient donnees ces 2 conditions contratictoires. 
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Fig. 6 .   Forme du 1 er depot sans houle, 
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Les essais furent effectues d' bord sans houle 
avec differents debits et differentes concentrations de 
mixture, l'extremite du tuyau se trouvant, sur le raodele, a 
une distance du rivage correspoadant approximativement a 
8 m,50 par une profondeur de 15 cm environ. 

Un premier essai fut effectue en rejetant pendant 
1 h.30 dans le bassin un debit de 0,15 l/s. d'un melange de 
densite 1,03 (environ 60 gr. de suie par litre). 

A l'extremite du tuyau le jet s'elargit rapidement 
en eventail formant un depot autour du debouche. Le melange 
qui continue a arriver s'ecoule par vagues successives sur 
les flancs du tas deja constitue de fagon analogue a un cou- 
rant de densite mais en se repandant tout aut mr de 1*orifi- 
ce (V. fig. 6). 

Le m§me essai repris en rejetant dans le bassin 
pendant 14 heures un debit 3 fois plus fort d'un melange de 
densite plus faible 1,01 (soit 20 gr. par litre) donna des 
resultats tree semblables. La difference essentielle resi- 
dait dans In force de 1'ecoalement qui maintenait le debou- 
che degage, de sorte que le materiau avait moLns tendance 
a remonter. Une remontee existvdt cependant encore en rai- 
son en particulier de la reflexion du jet sur le parement 
raide du depot face au dcbuuche. (V. fig. 7) 

Ces 2 essais effectues sans houle pour des condi- 
tions de debit et de densite de mixture tres differentes 
per.r,irent de conclure qu'il n'y avait guere d'espoir d'obte- 
nir un courant de densite liraite en largeur. 

Sur le depot L'orme en eau calme lors du 2eme 
essai on fit alors agir une houle de 7mm d1amplitude, 
tout en continuant a introduire la mixture. On observa 
alors JJI certain arasement de l'ile formee par le depot, 
un adoucissement de sa pente cote large et une recrudes- 
cence d= l'ecoulement de l'underflow vers le large. Ceci 
peut s'expliquer d'une part par le fait que la houle, fa- 
vorisant la raise en suspension, augmente la concentration 
du melange et alimente ainsi l'underflow, d'autre part 
parce qu'en arasant l'ile, la houle ouvre ainsi un chemin 
au jet et facilite sa propagati-on vers le large. II n'en 
reste pj.s moins toutefois que, si la houle favorise le 
depot de la suie au large, elle transporte egalement des 
grains vers le rivage. En  Drolongeant 1'essai avec des 
hou]es de 14 mm puis de 30 mm d'amplitude on observe les 
m§mes phenomenes (V* fig.   8 et 8 bis). 
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Fig. 8 bis.   Forme du 2 erne depot sans houle. 
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II sembla alors utile d'effectuer un essai en 
faisant agir la houle des le debut de 1'introduction de la 
mixture. L'essai fut done recommence avec un debit de 0,45 
1/sec de la mixture de densite 1,01 precedente et une houle 
de 1 sec de periode et 30  mm d'amplitude et ceci pendant 
10 h. de sorte que 400 Kg de suie furent introdaits dans le 
bassin. 

Quoique le processus de  formation d'un tas en 
face du debouche ait ete assez analogue,   1'^paisseur de 
ce tas fut beaucoup plus faible,  un cou^nt dp denpite plus 
important  se forma avec l'aide de le houle.  ^algre  cela la 
suie  se deposa en une fine couche df-ms tout le  bsssin. 

Une analyse granulometrique de plusieurs echan- 
tillons preleves apr^s chacun de ces essais dans le bassin 
a differentes distances du debouche du tuyau permit de veri- 
fier un tri, les grains les plus fins etant les plus au 
large et en proportion plus importante quand la houle a agi. 

c) Essais dans un canal specialement amenage" pour 
les etudes d'underflow 

Pour ne pas allonger outre mesure cet expose, nous 
ne citerons que pour memoire les essais effectues sur une 
installation speciale de notre Laboratoire destinee a l'e- 
tude des courants de density. 

Le but de ces essais etait de definir la concen- 
tration optimum permettant a l'ecoulement d'entrainer le 
maximum de suie avec le depot le plus faible. II existe en 
effet simultanement deux tendances opposees. La premiere 
est de realiser un courant d'une densite assez elevee afin 
que les vitesses d'ecoulement soient sui'fisantes pour en- 
trainer les materiaux. Mais si les grains ne sont pas tres 
fins, plus la densite est elevee, plus il   faudra d'energie 
a l'ecoulement pour transporter le materiau. Par contre la 
deuxieme tendance, consistant au contraire a realiser un cou*» 
rant de densite assez faible, condvira a un ecoulement a 
faible vitesse done a des depots. 

Les essais effectues, quoique rapides et schema- 
tinues nous ont amends a preconiser une concentration voisi- 
ne de 20 a 30 gr/litre pour se trouver dans les conditions 
o,tiina de formation d'un underflow. 

d) Conclusions 

Malgre-la difficult? d ' interpret;.tion ce cee essais 
il semble que l'on puisse en tirer les conclusions suivantes: 
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Si le materiau est rejete a une certaine profon- 
deur de 10 m par ekxemple, les grains les plus r-.ros se depo- 
seront a une certaine distance de l'extremite du tuyau et 
1'accumulation qu'ils formeront sera rabotee par 1»action 
directe des houles. 

Sous 1*action de ces vagues le materiau depose 
remontera en partie vers le haut de la plage en formant un 
nuage en suspense ms qui sera tres sensible a 1'action de 
courants paralleles au rivage ou de houles obliqixes qui 
contribueront a son etalement. Une partie du materiau pourra 
vraisemblablement se deposer sur la plage, mais une autre 
partie repartira vers le large Ccir la masse en suspension 
aura tendance a plonger des qu'elle aura atteint une con- 
centration suffisante. 

Ear ailleurs a 1'aval du tuyau la mixture apres 
avoir perdu ses elements les plus gros, s'eeoulera vers le 
large sous forme de courant de densite. Cependant, etant 
donne la tres faible pente des fonds dons le ces conside- 
red il se .produira un etalement de cet ecoulement, fonction 
aussi ce la forme du depot a. proximite du tuyau ; ceci pro- 
voquera des depots successifs de materiaux de plus en plus 
fins au fur et a mesure de sa propagation vers le large0 

Autrement dit d.ans le cas precis qui a ete etudie 
dans cette premiere etude, malgre la granulometrie assez 
fine du materiau rejete, 1'underflow qui se fornera a. la 
sortie de la conduite ne sera vraisembla.blement capable de 
transporter vers le large que les materiaux les plus fins 
car, d'une part, etant donne l'heterogeneite du materiau, 
il sera impossible d'eviter le depot des grains les plus 
gros, d'autre part la faible pente des fonds et la presence 
du depot precedent etaleront cet underflow, lui enlevant 
de ce fait une partie de son efficacite. L'action de la 
houle sur ces depots pourra provoquer une remontee du ma- 
teriau vers le rivage, mais une faibJe partie decelui-ci 
devrait seulement s'y deposer. 

2eme ETUDE : REJET A LA MER DES STSRILES D'UNE MINE 
D'AMIANTE 

Ex-pose du probleme 

II s'agissait cette fois d'evacuer par un prece- 
de quelconque les 600.000 tonnes par an de steriles resul- 
tant de 1'extraction de l'amiante d'une mine situee a pro- 
ximite de la mer. 
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La situation du gisement conduisait done tout 
naturellement a envisager un rejet en mer. 

Malheureusement le materiau a rejeter est beaucoup 
plus gros que celui etudie au cours de la precedente etude, 
son diametre moyen etant de l'ordre de quelques mm. II y 
avait done tout lieu de penser qu'une solution par rejet 
hydraulique ne permettrait pas d'obtenir un underflow suscep- 
tible d'emporter le materiau vers le large, les courants de 
densite ne se developpent en effet qu,Etvec des materiaux 
dont la majorite des grains est nettement inferieure a 50 
microns. 

Les probleroes poses a la Sogreah 

II fut demande a notre Societe d'effectuer une 
etude critique, du point de vue hydraulique des divers pro- 
cedes d'evacuation en mer, a savoir : 

- transport vers le large par chalands 
- refoulement hydraulique par conduite immergee 
- rejet au rivage 
afin d'apprecier leurs possibilites d'application. 

Nous ne retiendrons dans cet expose que la 2eme 
solution du refoulement hydraulique. La formation d'un under- 
flow etant exclue, il restait cependant a examiner la possi- 
biHite de former des tas de steriles a une profondeur telle 
que 1*action de la houle et des courants sur ces tas soit 
negligeable. 

Les moyens employes 

Les etudes comporterent tout d'abord une campagne 
hydrographique tres complete pour recueillir les donnees 
necess3ires h   savoir : 

- leve hydrographique au 1/2.500 de la zone interessee, 
- prelevement de nombreux echantillons de fonds pour ana- 

lyser la nature de ceux-ci, 
- direction et intensite des cournnts marins, 
- caracteristiques des houles, 
*•* GT/C o o a 

L'etude du transport hydraulique pour un debit 
solide de 100 tonnes/heures necessitait la connaissance de 
l'ecoulement des steriles a la sortie du tuyau en mer. 
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Cet essai a ete effectue" avec un materiau analogue 
a celui de la re"alite (V. fig. 9 sa courbe granulometrique) 
dans un canal vitre representant la mer suivant une coupe 
verticals (la paroi vitree). Devant la vitre arrivait une 
conduite d'amenee du materiau, qui etait en realite une 1/2 
conduite plaquee contre la vitre pour permettre 1» observation 
du phenomene en coupe. Une pompe a vitesse variable permet- 
tait des essais a differentes vitesses de transport. L'ins- 
tallation etait corapletee par un venturi pour mesurer les 
debits, done les vitesses, et un inanometre pour suivre Invo- 
lution de la pression necessaire a assurer l'ecoulement a 
la sortie de la conduite. 

On put observer les phenomenes suivants : 

-^e jet de sortie transporte les materiaux a quel- 
ques dizaines de cm de l'extremite de la conduite. Cette 
longueur varie avec la vitesse de transport. Les materiaux 
dont la granulometrie est etendue subissent une sorte de 
triage. Les gros grains s'arr§tent les premiers, les fins 
continuent un peu leur course. Les grains arrivant succes- 
sivement se heurtent a ceux deja deposes et le tri se con- 
tinue. 

^es gros grains sont etoppes, les fins sautent par- 
dessus. D'ou., des le debut, apparition d'une petite dune en 
face de 1'orifice de sortie. Cette dune s'eleve peu a peu et 
a mesure se developpe un croissant (ou 1/2 croissant sur la 
maquette puisque le phenomene est reproduit en coupe). 

Cette dune s'eleve et se rapproche/le l1 orifice de 
la conduite. Elle presente une pente raide c6te jet et une 
pente douce c&te libre. La hauteur de la dune depasse peu a, 
peu la hauteur du tube et le jet s'inflechit vers le haut„ 
Le croissant allonge ses bras et vientse refermer en arriere 
du jet. 

i"e phenomene se poursuit. L'extremite de la con- 
duite est prise dans un tas. Ce tas devient un cone tronque" 
dont le centre est un ecoulement en forme de cheminee, 

Les photos prises en cours d'essai et representees 
sur la figure 10 ipontrent 1'evolution du tas depuis le debut 
jusqu'a la formation du c6ne. 

Pour permettre une evolution plus rapide du pheno- 
mene, la vitesse de transport a ete choisie basse : 1,20 m/a 
La force du jet est affaiblie en proportion. On constate ce- 
pendant que malgre la hauteur du c6ne et la quantite des 
gros grains accumules dans la cheminee, l'ecoulement reste 
libre. La pression necessaire au maintien du debit ne s'ac- 
crolt que faiblement avec la hauteur du c&ne. 
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En cas d'arr^t, tous les materiaux en mouvement 
dans la cheminee tombent et obstruent l'extremite de la 
conduite. Le tas a alors 1'aspect d'un volcan etemt (cSne 
tronque et incurve a son somrnet). C'est ce que montre la 
photo n° 5. La remise en route se fait aisement meme a des 
vitesses de pompe tres inferieures a celles de fonctionne- 
ment. La pression au demarrage par contre devient legere- 
ment superieure a celle au fonctionnement. 

Ces observations permettent de conclure que : 

a) Le rejet en extremite de conduite forme un tas 
cSnique dont la pente est la pente naturelle du materiau 
dans l'eau. Les caracteristiques du cone sont done indepen- 
dantes : 

- de la vitesse de transport 
- de la position de l'extremite du tube. 

b) Seule la hauteur du cone, done le volume de 
materiau rejete, depend de la force du jet. 

c) La pression au redemarrage est superieure a cel- 
le" necessaire au fonctionnement. C'est done celle-ci qui, en 
definitive, dete-rminera la hauteur maximum admissible pour 
le fonctionnement de 1'installation. 

II restait done a determiner les volumes maxima 
qui pourraient Stre rejetes ainsi en iner sous forme de cSne 
en fonction du profil sous marin. 

A cet endroit les pentes sous marines sont de 
l'ordre de 5 a 10 $ jusqu'a une distance de 2 Km ou. elles 
atteignent 50 fo.  Mais ces pentes importsntes ne prennent 
naissance qu'a une profondeur de 100 metres. Leur inter§t 
est done aneanti par l1impossibility materielle d'aller 
poser des conduites a de tel.les profondeurs. 

Si on se limite alors au rejet par 40 m de fond 
la pente de ceux-ci ne permettra pas 1'evacuation vers le 
large du materiau par glissement et on aura un c6ne analo- 
que a celui observe sur modele. 

Pour eviter que les parties legeres du materiau 
ne soient reprises -per  la boule il semble prudent de limiter 
la hauteur du c6ne a 25 m environ, on arrive done ainsi a 
un cSne de 65.000 m3. La quantite annuelle a rejeter etant 
de 400.000 m3, il faudrftit done realiser 6 tas sernblables 
c'est a dire deplacer 6 fois par an l'extremite de la con- 
duite d'une distance minimum de 100 metres. Si on considere 
que les 50 derniers metres de la conduite seront sous He 
talus, on voit de suite l'impossibiHite de cette manoeuvre. 
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Ces essais situent exactement le probleme. 

Le transport hydraulique est techniquement reali- 
sable - dans le cas particulier. le debit de 100 t/heure 
pourrait itre refoule sur 1 Km dans une conduite de 200 mm 
par 3 pompes en serie donnant une puissance totale de l'or- 
dre de 350 CV.-. 

le rejet en mer, mime sous un tas important est 
possiblef seul obstacle : le faible volume qui peut s'entas- 
ser naturellement a 1*extremity de la conduite. 

Pour augmenter ce volume on peut jouer sur 2 fac- 
teurs : la hauteur du cone et le diametre du cercle de base. 

La hauteur du cSne est liee k  la profondeur k 
laquelle est installee 1'extremity de la conduite. On peut 
done difficilement gagner sur ce facteur sans se heurter a 
des difficultes de pose de celie-ei. 

Par contre le diametre de base etant lie k  la 
pente du talus naturel du materiau sous l'eau, on peut pen- 
ser adoucir celle-ci en reduisant le diametre des grains 
par broyage. 

Nous avons repris les essais precedents en canal 
vitre en eliminant tous les grains superieurs k  2 mm et en 
ajoutant 15 $ de sable inferieur a 300 microns, ^algre la pre- 
sence de ces elements fins, la pente naturelle est reste"e la 
m§me. Un autre essai effectue" uniquement avec du sable de 
300 microns nous redonna encore la m§me pente de 50 <fo  envi- 
ron. II faudrait done arriver k  un broyage a 50 microns 
pour trouver l'ebauche d'une solution. Le materiau ne serait 
plus alors qu'une fine poussiere et ce serait une veritable 
boue qui s'ecoulerait en mer suivant un processus analogue 
a celui examine dans la precedente etude. 

Dans le cas particulier ceci necessiterait 1*in- 
vest! ssement de capitaux importants dans une installation 
de broyage. 

CONCLUSION GENERALB 

L'expose precedent permet de se rendre compte de 
la complexity de tels problemesjceux-ci demandent a §tre 
etudies dans chaque cas avec un soin tout particulier. On 
peut en effet difficilement de'gager des lois generales, 
etant donne 1'influence reeiproque des differents facteurs 
en jeu. 
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II semble toutefois qu'on puisse conclure des 
essais precedents et de l1experience de notre Societe en 
mntiere de courant de densite que : 

le rejet hydraulique d'un materiau dans la mer 
ne peut donner naissance a un courant de densite en eau 
calme que si le diametre des grains est inferieur a 50 
microns. 

Malheureusement la turbulence due a la houle peut 
gener l'ecoulement de ce courant de densite et faciliter une 
mise en suspension d'une partie du materiau. Le nuage ainsi 
forme- seua tres sensible a 1'action des courants de toutes 
sortes et il est impossible d'affirmer sans une etude hydro- 
graphique tres complete que le materiau ne se deposera pas 
partiellement sur le rivage. 

Dans le cas d'un materiau plus gros, on ne peut 
plus esperer obtenir en eau calme un underflow. La pente 
des fonds, si elle est assez raide, peut permettre des 
eboulements du tas. Quand a la houle et aux courants ils 
agiront sur celui-ci en l'ecretant si son sommet atteint 
une profondeur suffisamment faible. Compte tenu du proces- 
sus d'action de ces facteurs il n'est pas non plus impos- 
sible dans ce cas, si la distance au rivage de 1'extremity 
de la conduite n'est pas assez grande, qu'une partie du 
materiau puisse etre egalement remontee jusqu'au rivage 
pendant les tempites. 

L'etude de tels problemes doit done, comme nous 
l'avons dit, s'appuyer sur une campagne hydrographique 
assez complete, mais aussi peut bendficier de l'aide du 
modele reduit, mime si la reproduction en similitude de 
ces phenomenes n'est pas possible. Des essais schemati- 
ques tels que ceux exposes dans la presente communication 
sont un guide precieux pour se faire une idee des pheno- 
menes et en tirer des conclusions pratiques. 

Bien entendu ces conclusions ne peuvent §tre 
deduites directement des resultats d'essais et doivent 
s'appuyer sur une synthese des divers renseignements 
recueillis, bas^e elle-m§me sur la theorie et 1'experience 
de phenomenes analogues. 
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RESUME 

Discharge of materials into the sea by pumping through a 
pipe and the risk of pollution of beaches 

L. Greslou 

For an industrial plant situated on the coast it may be a profitable 
proposition to discharge the waste products of the production process, 
such as ashes and soot from an electric power station,, wastes from a 
mine etc., into the sea. 

It will generally be too expensive to convey these materials to 
the open sea by barges or overhead cableways, whilst discharge along the 
shore is often prohibitive because this would ruin the landscape or be- 
cause the materials involve certain dangers .   On the other hand, it may 
seem an adequate solution to discharge the materials by pumping them 
with water through a pipe line which deposits them at some distance off 
the coast. 

However, this solution involves some serious problems, es- 
pecially so in cases where the sea-bed has a slow gradient and where   " 
large volumes of wastes must be disposed of. 

The author deals with the results of various theoretical and experj 
mental investigations carried out by the SOGREAH in relation with prob- 
lems of this kind, with particular attention to the following points: 

(a) The form such deposits assume at the end of the pipe. 
(b) The possibility of the formation of a density current. 
(c) Displacement of the deposits under the action of swell and 

the consequent risks of pollution of the beach by material 
taken back to the shore, etc. 

These investigations have led to more exact knowledge of the diffi- 
culties which may arise from this method in connection with the grain 
size of the waste material, the topographic and hydrographic conditions, 
and with factors related with the running of an industrial plant. 
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CHAPTER 27 

DETERMINATION DES DENIVELLATIONS ET DES COURANTS DE MAREE 

Par F. GOHIN - Ingenieur a SOGREAH - GRENOBLE 

1 - INTRODUCTION 

I.l    HISTORIQUE 

Les premiers resultats positifs obtenus dans la prevision des amplitudes de la 
maree dans les ports datent de plusieurs siecles ; depuis fort longtemps les courants de 
maree dans les mers coheres sont famihers aux navigateurs. 

Rappelons simplement qu'encore de nos jours, la prevision des marnages (dif- 
ference de niveau entre pleine et basse raer) et des phases (decalages de la plelne mer 
par rapport au passage de la lune au mendien) s'appuie sur 1'analyse harmomque des en- 
registrements de maregraphes.   Cette analyse differe de celle de FDURIER: les penodes des 
differentes composantes ne sont pas des sous-multiples entiers d'une meme penode ele- 
mentaire, mais ont des valeurs connues avec toute la precision desiree.   La composante 
principale, dans nos regions europeennes du moms, represente la maree qui serait due a 
une lune fictive tournant a distance constante de la terre et a Vitesse constante dans le 
plan de l'equateur  (maree dite M2). 

Depuis la fin du siecle dernier des recherches tres nombreuses ont ete faites 
parmi lesquelles ll faut citer celles de POINCARE (methode theonque de determination des 
amplitudes et courants),    HARRIS (trace des hgnes cotidales - c'est-d-dire equiphases - 
de la maree M2), HANSEN (determination des denivellations et courants en Mer du Nord), 
DOODSON   (determination des hgnes cotidales et equiamphtudes dans les mers bordant la 
GRANDE   RRET/1GNE). 

1.2    DEFINITIONS et HYPOTHESES 

Depuis la dermere guerre 1'apparition des machines a calculer permet d'aborder 
le calcul des amplitudes et des courants (Vantroys).   II faut cependant bien saisir des 
l'abord que tout calcul numenque pratique suppose le probleme largement schematise et 
simphfie. 

Imaginons un observateur, disposant d'appareils parfaits et parfaitement appro- 
pries, situe en un point geographiquement fixe - latitude   cp , longitude   G - de la mer.   Cet 
observateur constatera que par rapport a lui l'eau se deplace verticalement et horizontale- 
ment ; nous admettrons que cet observateur est capable d'eliminer ceux de ces mouvements 
qui n'ont pas pour penode la peno"de de la maree semi-diurne lunaire - ou toute autre perio-- 
de de la force generatnce. 
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Nous noterons : 

h     :   la profondeur de la mer en un point M   (<P, G) 

C     :   la demvellation (variation du niveau de l'eau autour de la valeur moyenne  h ) 

V    :   le courant : vecteur Vitesse de l'eau situe dans le plan local tangent en  M 
d la terre. 

II est clair que   C et  V sont des fonctions du temps   t  et du point M ; pour 
preciser nous les noterons    C^ (t)  et  Vy (t)  - cf. figure 1. 

Ces definitions etant posees, nous admettrons - sans en discuter le bien- 
fonde, les hypotheses simplificatrices suivantes:. 

a/ - la terre est sphengue, la pesanteur est constante, 

b/ - les vitesses et accelerations verticales sont negligeables. De plus, de 
la surface au fond, en tous points d'une verticale, les vitesses horizon- 
tales sont identiques. 

c/ -la force d'mertie spatiale - expression du type   V grad V    est neghgeable. 

1.3    PRINCIPES DE L'ETUDE 

Imaginons-nous provisoirement mis en face du probleme suivant : 

- determiner les demvellations et les courants de maree due a la composante  M2, dans 
l'Ocean Indien. 

•+ 

Nous appellerons «domaine maritime* l'ocean donne, et ^solution (£, V) du 
probleme pose» l'ensemble de toutes les fonctions   C^ (t) et de tous les hodographes 
VM (t) de penode X>MZ- 

Dans les methodes classiques on resoud le probleme comme suit (cf. pqr 
exemple   HANSEN ) : 

a/ - on mtroduit certaines hypotheses simplificatrices permettant de lineari- 
ser les equations. 

b/ - on admet a priori que la solution stable est une fonction sinusofdale du 
temps. 

c/ - on ramene eventuellement le nombre d'inconnues pour chaque point M 
a deux - par exemple amplitude et phase de la denivellation. 

d/ - on resou d un systeme d' equations hneaires a 2 V inconnues (v est le 
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nombre des points  M ). 

La solution est obtenue sous la forme simple et claire suivante : 

denivellation   t„(t)    =   smusoide dehnie par      { son amplitude ou «marnage» 
/ sa phase 

courant  VM (t) = ellipse definie par { la ioagaeut <*u grand axe 
m { l'excentricite 

{ l'azimut du grand axe 
{ la longueur du grand 
{ l'excentricite 
{ le sens de parcours 

ceci pour les   v   points  M . 

Mais le temps de calcul est proportionnel a   (2v)     au moins et devient prohibi- 
tif des que   V   depasse quelques di2aines. 

Pour eviter cet ecueil majeur, nous avonsete amenes a utiliser une methode 
nouvelle particuherement bien adaptee au calcul electronique. 

Dans cette methode, souhgnons-le   : 

a/ - aucune hypothese particuhere n'est faite pour hneariser les equations - 
on salt aue les frottements en particuher s'ecartent de la loi hneaire. 

b/ - aucune discrimination, du moins en principe, :i'est faite entre les compo- 
santes de la maree : la force generatrice due a 1'attraction des astres pouvant etre prise 
en compte directement.   Cependant nous nous sommes hmites dans tout le travail presente 
ICI a l'etude de la seule composante  M2 afin d'aborder le probleme pose et d'en presen- 
ter les solutions de la facon la plus claire possible. 

La methode employee consiste essentiellement a reproduire sur un veritable 
<modele mathematique» - dont nous donnons ci-dessous la description - revolution du mou- 
vement dans un ocean a partir d'un etat origine arbitraire - etat de repos par exemple ou 
toutes les demvellations et tous les courants sont nuls. 

Les equations dynamiques et de continuite permettent de suivre pas a pas 
devolution du phenomene sans qu'il soit besoin de rescudre un systeme d'equations simul- 
tane. 

Ce procede reproduit toute une phase transitoire qu'il faut laisser s'ecouler 
avant d'obtenir le regime permanent defmitif cherche, sous la forme pratique suivante : 

en Ht 

{ VMi(t0) ,   VMi(t0+T), ,   vVi (to+mT), VMi(t0+'&) = VMi(t0) 
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{ ,   CM(t0+mT), 
en M     { 

{ ,   V     (to-mT), 

en M, V   { 

{ r    (t0),   Z,  (t0+T),   — ,   \  (to*T),   — ,   \(to+Z)   * \(*o) 
/     'v V v v v 

{VMv(t0),   VMv(t0+T),   —  ,   V^(to^nT),   —  ,   V^Cto^)    . V^(t0) 

c'est-a-dire en bref que pour les   v   points du domaine nous obtiendrons la solution 
\i (t) ,   VM (t), a des instants separes d'une duree fixe, que nous appellerons «pas de 

temps* et noterons   T . 

Mord 

• vtllohon Hodogpopht typ* 

NORD 

(sud / Nord I 
*N MNC 

M, Ml| Ml Jwnt/E$t)l   t , 

M, 

.FiJ.2 . 

NORD 
(Sud/Nord) 

-\ (W*«t/E»l) 
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II - BASES THEORIQUES 

II. 1    CANEVAS DES POINTS DE CALCUL 

Nous appellerons «point de calcub l'un quelconque des points   M   ou nous re- 
cherchons la solution elementaire   (^, Vjy du probleme pose. 

Nous indiquerons ICI brievement comment s'effectue la mise en place sur la 
carte des points   M . 

Imaginons tres provisoirement que la terre soit parfaitement plane, et le domai- 
ne sans frontiere definie .   nous tracerons alors sur la carte un double reseau de droites 
orthogonales equidistantes, (damier) onentees les unes vers le haut de la feuille (cf. fi- 
gure 2), nous les appellerons (Sud/Nord) les autres vers la droite, nous les appellerons 
(Ouest/Est).   L'intersection de la ligne (Sud/Nord)j et de la hgne (Ouest/Est)   determine 

le point de calcul   Mj .   Omettons l'indice de position pour noter  M   le point courant du 

Me, au Sud : Ms, a l'Ouest • M 
canevas ; ce point est «entoure* de quatre points que nous noterons : au Nord : Mn, a l'Est 

" : Ms, a l'Ouest • Mw. 

Le trace de nos lignes est tel que, quel que soit  M , MMn = MM e = MMg = 
MMW = L 

Nous appellerons   «pas d'espace» cette longueur   L   . c'est une donnee fonda- 
mentale du canevas. 

Prolongeons notre dessin en faisant apparaftre le point  Mne : le polygone 
MMnMneMe est un carre. 

Nous appellerons «contour relatif a M» un polygone, forme par une hgne brisee 
constitute de segments tels que  MnMn , tel que  M   soit a l'interieur ou sur ce contour. 

Serrons de plus pres et progressivement la realite : 

a/ - le domalne est limitp - soit par des cotes, soit par des hauts fonds, soit 
arbitrairement par un seqment joignant deux ports - • ll est clair que les lignes de notre 
damier ne peuvent suivre de pres la frontiere du domaine : par endroits le damier sortira 
du domaine, par endroits au contraire la frontiere sera exteneure au damier. 

Tranformons, par une transformation conforme, le reseau de droites orthogonales 
en un reseau de coordonnees curvilignes orthogonales : des lors, le pourtour exteneur du 
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reseau pourra serrer de tres pres la frontiere. 

b/ - la terre est spherique : 

La transformation conforme est valable pour la sphere : les coordonnees curvi- 
lignes sont des arcs de grands ou petits cercles.  Notons que le pas d'espace est alors 
variable. 

c/ - la a5te est decoupee, les fonds sont vari ables : 

Nous modifierons le pas d'espace obtenu par la transformation conforme de 
telle sorte que le trace des, aJtes soit suivi d'aussi pres que possible.   Nous nous efforce- 
rons egalement de lier ce pas d'espace a la profondeur locale de l'Ocean - Cf. ci-dessous 
paragraphe II.4. 

Le reseau de coordonnees curvilignes obtenues forme un ensemble de carreaux. 
Nous continuerons a appeler (Sud/Nord) et (Ouest/Est) les lignes de coordonnees.  Nous 
numeroterons ces hgnes - par des nombres entiers - a partir d'une origine arbitraire : le 
point  M  - de coordonnees geographiques   <p, G - a pour coordonnees «6seau» les nombres 
x et y . (Cf. Fig. 3) 

La quasi totalite des points M  est situee a l'interieur ou sur la frontiere du 
domaine et le trace repond aux conditions suivantes : 

a/ - Les lignes des reseaux sont orthogonales. 

b/ - Le canevas couvre par un nombre limite de petits carreaux curvilignes 1 e 
domaine donne. 

c/ - Le pas d'espace  L  varie lentement (ou pas) et regulierement d'un point 
a un autre. 

Notons  Mv  1 'un quelconque des points de calcul entourant  M  (c'est-a-dire 
Mn  ou Me  ou Ms   ou Mw), nous poserons   L = valeur moyenne des  MMV. 

Nous appellerons profondeur moyenne locale  h  la valeur moyenne des sondes 
portees sur la carte dans un contour relatif a un point  M   donn£. 

En tout point  M  on reperera ou l'on determinera : 

- La latitude          cp 

- La longitude          G 

- Le pas d'espace local         L 
- La profondeur           h 

- L'angle  a  de la tangente onentee   s/n  par rapport au Nord vrai. 

490 



DETERMINATION DES DENIVELLATIONS ET DES COURANTS DE MAREE 

II.2    EQUATIONS DIFFERENTIELLES DU PROBLEME 

Nous utihserons les deux equations fondamentales suivantes : 

- l'equation de continuite 

- l'equation dynamique 

L'ecnture de ces equations est trop connue pour qu'il soit besom de s'y arr§- 
ter longuement.   Nous nous bornerons a preciser ici nos simplifications et nos notations. 

a -  Equation de continuity 

Soit  (C)   un contour, relatif a  M , d'aire   s .   En tout point a l'interieur de (C) 
les denivellations, au meme instant  t , ne sont pas exactement les memes  - si petit que 
soit  s - .   Nous noterons   £ la valeur moyenne de ces denivellations a 1'instant  t , 
nous admettrons que   £   est la denivellation en un certain point M   situe a l'interieur de 
(C). 

Soit  N  un point de   (C) ou nous connaissons : la denivellation   ^ , la profon- 

deur  hj^, la composante V        de la Vitesse sur la normale interieure (cf figure 4). 

L'equation de continuite s'ecrit : 

s-=   /        (hN<N)   V      dl 
3+ In\ N 9t       (c 

Nous poserons : 

ffl,   =   /      *N % dl 
(c) 

Nous noterons enfin  h   la valeur moyenne des sondes portees sur fa carte dans 
la zone limitee par (C). 

f <•» 
Assimilant   (-=•)     a   nous ecnrons l'equation de continuite sous la forme : 

h N        h 

Precisons comment nous obtenons la Vitesse  V     implicitement contenue 
dans (1) : 
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1/ - Cas general 

V    est inconnue. L'equation dynamique est alors utihsee pour le determiner. 

2/ - Cas *batteur* 

Dansun modele hydraulique la maree pourrait etre engendree par un batteur : la 
Vitesse    uk   norrnale au plan du batteur serait une donnee. 

Par analogie, nous appellerons «batteur» tout element du contour ou   Vl -   ux 

est donnee. 

3/ - Cas ttabsor'ieurti 

Dans un modele hydraulique ll est d'usage courant d'utihser des dispositifs 
propres a ehminer les mouvements parasites dus aux reflexions sur les parois.   Ces dis- 
positifs absorbent une certaine fraction de 1'energie transportee par l'onde incidente. 

Par analogie nous appellerons «absorbeun tout element du contour ou une 
fraction de 1'energie est absorbee.  Les absorbeurs que nous utiliserons seront definis 
par la relation : 

v,    = - k   / —   C N 

ou   k   est un facteur constant arbitraire ou non - cette expression correspond bien a une 
absorption d'energie. 

b -   Equation dynamique 

kwec les simplifications mdiquees (cf paragraphs 1.2), l'equation dynamique 
s'ecrit : 

3t 
= -  g  grad C-SO^V+F-R 

ou   :   fi   est le vecteur instantane de rotation terrestre porte par la hgne des poles. 
—* 
F la «force generatrice de la maree» 

R la force de frottement. 

Tous les vecteurs considores sont situes dans le plan horizon local et ll est 
commode d'mtroduire l'ecriture complexe (cf figure 5). 

3v 
— =  -  g  ^rad t, - jWV + F  - R 
3t 
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(C) 

- Fig- 4^ 

- Fig. 5 - 

12 ON N 

M, -2Pw 

fc^ 
• 

2 0, 

M 

J 
..2 ; 

2PE 

_ Fig .6 - 
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dans cette ecriture  V  represente le vecteur  V, - jV   represente le vecteur - jV deduit 

du vecteur  V par une rotation de 90* dans le sens de la rose des vents. 

Exphcltons tres succinctement les quatre quantites du deuxieme membre : 

1/ - De meme que nous avons note M„ le point de calcul intersection de la 

hgne (s/n)j et de la hgne (w/e)j , appelons x, y le point intersec- 

tion des lignes fictives (s/n)    et  (w/e)y.   Dans tout le domame la de- 

nivellation a un instant  t , est une fonction   C (x, y)   ou   x  et  y   sont 
des nombres purs : 

grad r. =  [— + .1  J — 
or. oy    2L 

2/ - Le vecteur instantane de rotation terrestre    ft   a pour intensite   : 

27T 
sec" n =     "' 

24  x  3600 

Sa composante sur la direction zenithale locale est 

— = ft sin <P 
2 

3/ - II est d'usage de decomposer la force generatrice de la maree en termes 
sinusoidaux represented par un indice k . Chaque composante - il fau- 
drait dire plutot chaque <maree mdicielle* - est cardcterisee par : 

- sa periode      '<J ^ 

- son coefficient ...    C^ 

dont les valeurs sont determinees par les lois de la mecamque celeste. 
En projetant la force correspondante sur les axes curvilignes locaux on 
obtient en utilisant des notations exponentielles usuelles : 

,2rtt , .2TCt . 

?k = Xk + JYk = Ck[Axk e     <->k +JAyke    ^k j 

ou   Cjj  et £ jj   sont des quantites tabulees  (cf par exemple «Admirdty 
' anual of Tides* 

ou   Axk'   °xk>   Ayk<   °yk   sont des constantes pour un lieu donne et un 

groupe de composantes bien defini, constantes obtenues par un calcul 
simple de trigonometrie spherique. 
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Dans ce qui suit nous ne considererons qu'une composante  M2  correspondent 
rappelons-le a une lune fictive tournant a Vitesse et distance constantes dans le plan de 
l'equateur.   Pour alleger l'ecnture nous omettrons l'indice  k   et poserons : 

F - X + jY 

4/ - II est d'usage courant d'utihser pour la force de frottement l'expression 

R = f [h + rj~n |v| v 

ou  n   est un exposant dependant de la loi choisie 

f   est un coefficient dependant de la loi choisie et de la nature du 
fond. 

Nous introduisons le debit complexe  D = LhV   et ecrirons finalement l'equa- 
tion dynamique sous la forme : 

9D gh 3C 3C , , f |D|  D , , 
*r = - -r k- + J sH - JWD + Lh (x + JY) ; r- (2) 
3t 2   Bx 9w Lh  (n + Qn 

II.3 EQUATIONS PRATIQUES DU PROBLEME 

Rappelons que nous cherchons une solution   (C, V)  formee par l'ensemble des 

C M  (t0  + mT),   V M  (t0 + mT) 

pour     m   =  0,1,     — 

M   =  Mi    Mv 

Nous avons mdique comment determiner les> points de calcul et souligne l'im- 
portance du   «pas d'espace* local  L , et du pas de temps   T . 

Les equations differentielles   (1) et (2)   doivent etre mises sous forme de 
differences finies. 

a -   Equation de continuity 

Le contour (C) est forme par une ligne brisee fermee, constitute par des ele- 
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ments de segments des reseaux (s/n), (w/e). 

Le point de calcul M  est : 

d l'interieur de  (C)  si M  est a l'interieur du champ de calcul, 

sur le contour   (C)  si   M  est sur la front!ere. 

Le point M  est par definition un point fictif a l'interieur de  (C) ou la deni- 
vellation est d chaque instant la denivellation moyenne   £ du domaine d'aire  s  limite 
par (C). 

Nous calculerons  C  a des instants multiples pairs, par exemple, de  T par 

2T 2n" A2m+1 

Pour passer de    C   a la denivellation cherchee  £ nous utilisons des formules de lissage 
que nous ne preciserons pas ici. 

b • Equation dynamique 

Nous poserons LhV = D = P + jQ  et calculerons le debit aux temps multiples 
impairs de  T .  Apres»quelaues simplifications il vient : 

2T 2 y    2m 

2 2m+l 2m-l 

(2) 
+ Lh  [X+Y] 

2m 

f y     + aa 

_    ^ a?-* 3S=£ [(P+JQ)        + (P+JQ)      ] 

Nous n'expliciterons pas ici les expressions precises en differences finies 

lissage. 

des   AXC  AyC,  et C ;  bornons-nous a indiquer que nous utilisons des formules de 

En de finitive partant du temps m = 0 et supposant par exemple que tous les 
£^(0) et tous les Vjvj(0) (sauf naturellement les vilesses eventuellement donnees) sont 
nulles,  on applique la force astronomique et l'on r.alcule tous les  Vy   (m = 1),   

VMv (m * 1)  par (2').   Puis par (l1) tous les  V,u   (m = 2),   CM    (m = 2), etc ... 
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a partir d'un certain temps on peut admettre que le regime stable est obtenu : la periode 
suivante fournit alors la solution cherchee sous la forme : 

(^,   V)   = ensemble des  CM(m),   VM(m) 

II.4 CARACTERES DU MODELE MATHEMATIQUE 

Nous entendons par «Modele mathematique* l1 ensemble des elements necessaires 
a l'etude c'est-a-dire : 

1/ - Les donnees deduites du trace du canevas, de la carte et des documents 
specialises. 

2/ - Le programme de calcul, c'est-d-dire la sequence des ordres de calcul, 
permettant de resoudre le systeme des equations (l1) et (21). 

L'exploitation de ce modele s'effectue a l'aide d'une machine d calculer. 

a - Condition de stability du modele 

Seule en definitive la solution stable nous interesse ; cette solution ne peut 
etre obtenue qu'aprds extinction du regime transitoire.   Pour que cette extinction ait lieu 
il faut qu'existe une certaine relation entre les  pas   de temps  T   et  L . 

( x  le numero d'ordre d'une des lignes   (s/n) 
soient  ( 

( y   le numero d'ordre d'une des lignes   (w/e). 

Prenons le systeme (1) + (2) sous la forme tres simplifiee suivante : 

s St' °* 
3D 
~- = - gh grad C - jwD 
9t 

La solution stable, si elle existe, est de la forme : 

axL-t-PyL+YmT 
c, = z e 

D = LhV = P ,+ jQ =   (p+jq)   e 

ou  a, 3 , y   sont des nombres imaginaires purs. 
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Nous n'avons pas pris en compte la force astronomique et la force de frottement. 

Pour fixer l'ecnture considerons les schemas de la figure 6. 

En differences finies notre systeme s'ecrit : 

(rO c        - c 
x=o 
y=o 
ir=2U+2 

x=o 
y=o 
ra=2p, 

T r 
—    [P - P + Q 
L

2     f x=-l x&l x=o 
[ y=o y=o y=-l 
r m=2|i+l        m=2\l+l F=2y.+1 

-,Q ] 
x=o      1 
y=i    ] 

(2") 

- P 
x=o 
y=o 
m=2M.+l 

x=o 
y=o 
m=2H-l 

- a 
x=o 
y=o 
m=2H+l 

x=o 
y=o 
m=2H-l 

ghT  K 
[ X=~1 

[ y=o 
r m=2u 

ghT K 
r x=o 

c y*-1 

f m=2[J, 

C ] + MT  [Q +  Q 
x=l i f x=o 
y=o ] [ y=o 
m=2m r m=2ii+l 

x=o      1 
y=o    ] 
m=2H-l] 

£        ] - UT   [P             + P             1 
x=o ] [ x=o           x=o      ] 
y=l ] [ y=o           y=o     ] 
m=2m [ m=2n+l     m=2|JU-l] 

ficatlon : 
Dans le systeme  (1") + (2")   portons la solution stable ; il vient apres simpli- 

T T 
p — sh (XL + a — sh pL + % sh YT * 0 

L* L2 

p sh YT - q WT ch yT + z  ghT sh (XL    =    0 

p wT ch YT + q sh YT + z ghT sh P L =    0 

D'ou la condition 

T 
— sh a L 
2 

L 

T 
— sh 6L 
2 

L 
sh YT 

sh YT - U)T ch YT ghT sh (XL 

U)T ch YT sh YT ghT sh pL 

c'est-a-dire : 

2 /      v 2 2 ghT     .2 2    _ 
sh YT +  (WT)     ch    YT =  [sh    (XL + sh    pL 

L* 
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en poscmt  a = ia    3 = ib    y = ic    il vient   : 

2 
r /      \ 2l 2 i^T       r 2 2 -, 

X -  [X +  (wT)   J   °os    CT =    Lsin    aL + sin    bLJ 
L 

cette relation entraihe immediatement 

^hT   .      2    . , 
2 

L 
-[sin    aL + sin    bL]     <    1 

Par consequent, et dans le cas tres simplifie ou le systeme (l1) + (21)   se 
ramenerait au systeme (1") + (2") ; la condition de stabihte, - cette condition est en fait 
une condition necessaire -  a, b, c, reels,   s'ecnt : 

L 
T <   

2gh 

En pratique le systeme employe est (l1) + (21) et non (1") + (2") ; d'autre part 
on utilise des formules de hssage ; fmalement 1'expression ci-dessus n'est qu'une indi- 
cation. 

On remarque que  L   et  h   sont variables d'un point de calcul a un autre, par 
consequent seule la valeur minimum 

.h h 
\—; du rapport   — 
i4i     mini /h 

est d considerer. 

b - Temps de calcul 

~""2* * 
Soient : v le nombre des points de calcul,   L    la valeur moyenne du carre du 

step d'espace,   2 1'aire du champ de calcul. 

2 
On a approximativement :   v = — 

--2 

Soit  :   T  le temps de calcul moyen d'un point-resolution du systeme (1') + (2')t 

a la duree nature   2T   correspond le temps de calcul   v x, par consequent le temps de cal- 

cul   9 correspond a une periode  f£ : 
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done 

,       2 X~x /hmaxi 
o est proportionnel d 

ou encore puisque la surface moyenne  s   est proportionnel a  L     : 

0 . ,      - 1 
- est proportionnel a  2/h__v, . x .  
6 (s)   /a 

dans cette expression on distinguera : 

- Le facteur   2t/"maxi  :   ^onnee au probleme 

n9/j 
- Le facteur   (s) :   dependant du trace1 du r^seau 

- Le facteur       X ;   dependant de l'6criture du programme de calcul et de 
la machine utilisee. 

Admettons par exemple que nous disposons d'un modele math4matique etabli 
pour l'Atlantique Nord et comportant en particulier 200 points environ.   La cdlerite" relative 

a 
du calcul    —    est, disons de 1/25, la dur^e du regime transitoire est  °- £   . 

I 

Le temps de calcul total - regime transitoire + regime permanent - est  : 

9 = —   xlO x 12,5 = 5 heures 
25 

Admettons que nous voulions 6tudier la maree semi-diurne sur le globe terrestre 
entier et utilisons un canevas ayant le meme pas d'espace moyen.  La surface  2'   est 
tres approximativement 10 fois superieure :  le nombre de points  V1   sera d'environ 2.000. 

La duree du regime transitoire pourra §tre, disons de 1'ordre de 50   Z et par 
suite le temps de calcul sera d'environ : 

2.000       50 
n*   =    . — ,   5 = 25o heures 

Revenons alors aux m^thodes de resolution classiques.- recherche directe de la 
solution d'un systeme d'equations simultanees. 

Pour 200 points de calcul il y a 400 inconnues.  La rlisolution d'un systeme de 
400 equations a 400 inconnues exige par exemRle 50 heures de calcuL 

La resolution d'un systeme de 400O equations a 4000 inconnues exige au moins : 

,4000. "       . 
( )     x 5o = 50,000 heures 

409 
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La comparaison des deux valeurs   : 

50.000 heures    :   methode classique 

250 heures    :   methode decrite ici 

est parlante d'elle-meme. 

Sans meme supposer que nous disposions d'une machine a calculer du tout der- 
nier modele, il est possible d'envisager par la methode proposee d'obtenir les denivella- 
tions et amplitudes de la maree  M2 ,   et des autres composantes essentielles.   C'est la 
une oeuvre de longue haleine certes .... mais c'est possible. 
NB - Nous comptons effectlvenent effeotuer ce oalcul pour 1'ensemble des mers du globe. 

c - Comparaison d'un module mathematique et d'un modele hydraulique 

II n'est pas possible dans le cadre hmite de cet expose d'etabhr une comparaison 
precise entre un modele mathematique et un modele hydraulique destines a etudier le mSme 
probleme.   Une telle comparaison demanderait d'ailleurs a etre tres nuancee, car selon que 
l'on donne la priorite a tel ou tel point de vue les elements a comparer different. 

Bornons-nous a quelaues indications    : 

let point    :   II est clair que plus un modele hydraulique est a grande echelle, mieux le 
terrain sera represents et plus le modele sera fidele.   Un certain rapproche- 
ment peut etre fait entre l'echelle d'un modele hydraulique et le pas d'espace 
d'un modele mathematique   :   toutes choses egales d'ailleurs, la precision des 
resultats et le prix de realisation de ces modeles croissent soit avec l'echelle, 
soit avec le nombre de points. 

2eme point:   Sur un modele hydraulique la disposition des organes produisant (batteur) et 
controlant (absorbeurs, elements rugueux) la maree doit etre effectuee avec 
soin.   De meme sur un modele mathematique le choix de l'emplacement des 
batteurs et des absorbeurs, le choix de loi precise de frottement doivent §tre 
etudies soiqneusement 

3eme point: Sur un modele hydraulique, on ne peut modifier notablement certaines parties 
(batteur par e'xemple) sans depense importante. Sur un modele mathematique 
au contraire les modifications sont en general peu couteuses. 

4eme point:   Lorsque l'on veut etudier des domaines de grandes dimensions (oceans) le 
modele hydraulique est necessairement surclasse" par le modele mathematique : 
seul ce dernier peut tenir compte de la distribution des forces - force de 
Coriolis et force generatrice particulierement - et de la topographie spherique 
de la terre. 

Pour des domaines de quelques centaines ou dizaines de kilometres (mers 
littorales) les modele s physiques doivent etre realises sur plaque tournante 
pour prendre en compte la fbrce de Coriolis.  Le coflt de la realisation est 
alors tres eleve ; l'echelle, done la'fid&lite, est limitee. 

Par contre pour des domaines de quelques kilometres (bales) les etudes peu- 
vent s'executer sur des modeles hydrauliques fixes qui sont alors vraisem- 
blablement toujours superieurs aux modeles mathematiques. 

501 



COASTAL ENGINEERING 

III - APPLICATIONS 

Nous avons effectue, et nous poursuivons actuellement, differentes etudes de 
maree.  Nous rendrons compte, ici partiellement de deux d'entre elles   : 

en premier lieu de l'etude de la reproduction sur modele mathematique de la 
maree semi-diurne lunaire  M2  en Manche. 

en second lieu du calcul des amphtudes-intensites et phases- de la maree 
semi-diurne lunaire en Atlantique Nord. 

Dans 1'un et l'autre cas nous avons utilise une machine a calculer electronique 
IBM 650. 
Hota - Hous comptons effectuer la determination des denlvellatlons et dee courants de maree a la 

surface du globe - par la methode preconlsee - a l'alde d'une machine a calculer d'un modele 

plus perfectlonne.- 
III.l   ETUDE DE LA MAREE SEMI-DIURNE LUNAIRE EN MANCHE 

Ce modele a ete utilise pour des etudes de la SEUM. Qui a bien voulu nous per- 
mettre de divulguer certains des resultats obtenus pour leur compte. 

L'on sait qu'en Manche la composante principale de la force generatrice de la 
maree est le terme dit   " M2 "   de periode 12 H. 24 mn.   L'action de cette force sur la 
surface de La Manche est negligeable vis-a-vis de son action sur la surface de l'Atlantique. 

Nota - En fait on a cherche a reproduire une mar6e ayant pour period© 12 h.24 mn et pour amplitude l'amplitude 
de la maree de vtve-eau moyenne. 

III.1.1   Tracfi du canevas 

Les cotes bordant La Manche sont tres decoupees, les fonds sonttres variables : 
le canevas des points de calcul doit etre a mailles serrees, le rapport C /vgh    done le 
pas   de temps, sera faible et le temps relatif de calcul   9 / Xj    important. 

Pour etablir le canevas des points de calcul, nous avons adopte pour base l'fle 
de JERSEY   :   pour que cette fie figure dans le modele mathematique le pas d'espace 
local doit etre de l'ordre de   10* metres.   II atteint la moitie de cette valeur dans la region 
de St-MALO   et le quadruple aux limites Ouest-et-Est. 

Les profondeurs faibles du Golfe de St-MALO, nous ont conduit a adopter finc- 
lement pour le pas de temps la valeur : 

T = 250 sec 

502 



DETERMINATION DES DENIVELLATIONS ET DES COURANTS DE MAREE 

Dans ces conditions, le nombre des points de calcul est en gros de 200 et le 
rapport    9/ %,    est de l'ordre de   1/6. 

III.1.2   Forme des Equations 

a/ -  La maree est engendree par un «batteur» situe sur la hgne Ouessant/ 
Land's End   :   nous nous sommes donne les courants  u   , normaux a la 

hgne mdiquee, d'apres les indications contenues dans le document 
N° 426 A du Service Hydrographique de la Marine Francaise. 

b/ -  Nous avons admis qu'au Pas de Calais le courant etait en phase avec la 
denivellation.   Les documents man times nous ont conduit a adopter   : 

vi 
It = = 0, 5 

C/i7h 

c/ -  Nous avons admis comme loi de frottement   : 

|R|   = 2,75. lCr3 —L 
h 

en nous basant sur l'expression utilisee par le Dr HANSEN en Mer du Nord. 

d/ - Dans l'essai, dont il est ici rendu compte, nous avons admis que 
C/h << 1   :   cette hypothese exclue toute dissymetrie entre les denivella- 
tions positives et negatives. 

III.1.3   Resultats obtenus 

Les resultats obtenus sont representes sur les plans 1 et 2 joints. 

Le plan N° 1 represente les amplitudes et phases colculees par le modele.   II 
est a rapprocher du plan N° 1 bis representant les amplitudes et cotidates etablies par 
Mr. D00DS0N .   En fait la seule comparaison probante consiste a rapprocher les resultats 
obtenus par le calcul et les resultats mesures.   Le plan N° 1 ter condense cette comparai- 
son. 

Le plan N° 2 represente quelques ellipses de courant. 

Nous sommes conduits a penser que des modifications de detail permettraient 
d'ameliorer la concordance entre les resultats de calcul et les mesures.   Parmi ces amelio- 
rations citons   : 

a/ - La prise en compte du terme correctif   ^/h  - dans l'equation de continuite 
et dans l'expression de la force de frottement. 
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b/ - La prise en compte de l'estuaire de la Seine. 

En outre on pourrait envisager d'augmenter le nombre de points de calcul pour 
inclure expressement dans le modele certains details geographiques importants (fles de 
Wight, de Guernesey, etc ...). 

III.2   ETUDE DE LA MAREE SEMI-DIURNE EN ATLANTIQUE NORD 

Cette etude a ete effectuee dans le cadre des reoherches generates de la 
SOGREAH ; les resultats obtenus montrent que 1'on peut esperer arriver d determiner les 
lignes cotidales et equiamplitudes de toutes les composantes importantes de la maree 
reelle sur l'ensemble des oceans. 

III.2.1   Trace du canevas 

Le domaine considere a ete borne : 

- au Nord par la ligne Angmassalik  (Groenland) / Erest 

- au Sud par la ligne  Dakar / Pernambouc. 

Nous nous sommes limites, a 200 points de calcul  :   la valeur moyenne L 
du pas  d'espace est d'environ 450 kilometres, et le pas de temps   T = 750 sec. 

III.2,2   Forme des Equations 

L'experience nous a montre qu'il fallait; en raison de la valeur elevee du pas 
d'espace, ameliorer les ecritures aux differences finies des equations denamique et de 
continuity : en particulier le point   M  de chaque contour (C)  doitetre precise. 

La maree est engendree   : 

a/ - par un batteur situe sur la hmite Sud : les mesures de courants faisant d6fau 
nous nous sommes donne les denivellations le long de la ligne Dakar / 
Pernambouc. 

b/ - par l'action de la force generatrice dans le domaine. 

Les fonds etant de plusieurs kilometres la force de frottement est negligeable : 
pour obtenir une solution stable nous avons introduit des absorbeurs sur certaines portions 
de la frontiere du modele -(hmite Nord, detroit de Davis, Banc de Terre Neuve, Petites 
Antilles). 

III.2.3  Resultats obtenus 

Nous presentons ici   : 

a/ - Le trace des points de calcul  (plan N° 3).  On remarquera en particulier  : 
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1 - que le trace est assez souple pour bien suivre le bora du plateau continen- 
tal, sans qu'il soit necessaire de courber exagerement les lignes du reseau. 

2 - que, (la deformation des longueurs due a la projection mercator le masque), 
le pas d'espace est pres de deux fois plus eleve au Sud - grands fonds du Sud Ouest de 
l'Atlantique Nord -  qu'au Nord  :   ceci permet de conserver au rapport L / v^jgh  une 
valour sinon constante du moins comprise entre deux limites voisines. 

b/ - Le trace des cotidales et des courbes «equi-amplitudes» (plan N° 4). 

Ce plan est a rapprocher du plan N° 4 bis representant les cotidales etablies 
par Harris,   On remarquera que les cotidales calculees sont proches de celles de Harris 
au voisinage des c6tes.  Par contre on ne manquera pas de constater la difference du 
trace au centre de l'Atlantique Nord.   Nous estimons pour notre part que cette difference 
souligne la valeur du modele mathematique. 

Les courbes de Harris ne suffisent pas pour apprecier la validite du modele. 
Afin de completer la comparaison nous presentons sur le plan N° 4 ter un rapprochement 
entre les amplitudes mesurees et les amplitudes calculees dans certains ports.  Cette 
comparaison peut sembler peu satisfaisante.   En fait il faut bien saisir que  : 

1 - Le modele est systematiquement limite au bord du plateau continental, et 
ne peut par suite representer les amplitudes dans les ports situes sur un large plateau con- 
tinental  (Brest, Pasaquamody). 

2 - La cote est schematisee et 1'influence de details  -  Floride par exemple - 
n'est pas sensible sur le modele. 

De toutes manieres il est possible de prolonger le modele sur le plateau conti- 
nental par un canevas a mailles fines.  On peut aussi etudier pour telle mer littorale, tel 
golfe, un nouveau modele dont les conditions a la limite « haute mer» seraient donnees par 
le modele de 1' Atlantique Nord. 

CONCLUSION 

Les machines a calculer electroniques modemes permettent de realiser et 
d'exploiter des modeles mathematiques adaptes a la determination des denivellations et 
des courants de maree dans un domaine maritime quelconque.   Cette determination 
s'effectue non pas brutalement - c'est-d-dire en recherchant directement les solutions 
sinusofdales - mais en suivant de pres la propagation des ondes - c'est-a-dire en serrant 
la realite physique. 

Pour un domaine restreint, ou la force generatrice de la maree est negligeable, 
des modeles hydrauliques peuvent etre realises, mais souvent le modele mathematique 
constituera une approche efficace et sure du projet definitif de modele hydraulique.  II 
permettra en particulier de prevoir 1'implantation des batteurs, des absorbeurs et evitera 
en grande partie les tatonnements et les reglages.  Apres realisation du modele hydrauli- 
que, le modele mathematique permettra de controler les resultats, de prevoir les modifica- 
tions, bref guidera et assurera 1'exploitation du premier. 

Pour un domaine vaste ou 1'action locale de la force generatrice de la maree 
est preponderante nous estimons que seul un modele mathematique peut etre concu - ce 
modele donnera, rappelons-le pour finir, non seulement les denivellations - sur lesquelles 
HARRIS et DOODSON ont deja donne des resultats d'importance majeure - mais aussi les 
courants. c^p 



CHAPTER 28 

ESTUARINE CURRENTS AND TIDAL STREAMS 

Roderick Agnew 
Lecturer in Hydraulics,    Civil Engineering Department 

Imperial College of Science and Technology, .London 

INTRODUCTION 

Fresh water spreading out from the mouth of a river 
as it enters a salt sea may preserve its identity for a 
considerable distance on the surface if wind-generated 
waves, longshore currents and tidal streams are capable 
of producing only weak mixing.  Fig. 1 shows the three- 
dimensional shape of a fresh-water tongue overlying more 
dense salt water, derived by Takano (1954) on the 
assumption of constant eddy viscosity and constant 
density in the fresh water layer, below which the density 
increases according to an assumed law, making an asymptotic 
approach to the density of salt water.  Takano's model 
is thus a water jet entraining salt from around and below 
it. 

Salt or brackish water may penetrate along the deep 
channels of an estuary in the shape of a wedge comple- 
mentary to the fresh water tongue, the salt wedge 
retreating seawards as heavy rainfall increases the river 
discharge, and advancing in dry weather intervals.  Tidal 
streams cause a regular oscillation of both fresh and 
braok water in flood and ebb directions but the seasonal 
movements of the sloping boundary between fresh and salt 
water may still be important in low-lying delta regions. 
Strong tidal streams lead to intense mixing, when neither 
a fresh water tongue nor a salt wedge can be distinguished, 
but the isohalines (salinity contours) preserve the 
general wedge pattern - see Figs. 3 to 6. 

In the upper reaches of an estuary it is possible to 
study the effect of the tidal motion by treating it as a 
simple harmonic perturbation of the uni-directional river 
flow.  Even in the middle portion of the estuary where 
there is reversal of the horizontal motion, one may seek 
a "quasi steady" solution for the net effect (seaward 
movement of fresh water) while allowing for the increased 
turbulence due to the tidal action.  At the seaward end 
of the estuary there is little deviation from the 
astronomical tidal rhythm, so the problem reduces to 
simple harmonic oscillations of salt water.  Higher 
harmonics may be introduced as an extension of the simple 
solution.  For a first approximation it is sufficient to 
consider flow in the longitudinal vertical plane, to 
assume that the pressure distribution is hydrostatic as 
in long wave theory, and even to neglect inertia terms 
when investigating net effects. 
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RgJ.   Tongue of fresh water in shape 

of hyperbolic paraboloid 
(after TakanoJ. 

MlYE 

Origin 
ofx 

EJSLL- Longitudinal section of estuary, to exaggerated 

vertical  scale, showing the circulation pattern. 
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ESTUARINE CURRENTS AND TIDAL STREAMS 

DENSITY DISTRIBUTION 

For engineering purposes we may regard the sea as 
an infinite reservoir of salt water, its edges being 
diluted by fresh river water and rain while the balance 
is maintained by evaporation from its surface to the 
atmosphere.  We postulate a slow current of seawater 
landwards along the bed, its density being decreased by 
vertical diffusion and mixing, and a surface flow sea- 
wards of fresh water being gradually rendered brackish 
by salt rising from below.  This circulation is illustrated 
in Fig. 2 by full-drawn streamlines, the broken lines 
being profiles of longitudinal velocity.  The ehain 
dotted line indicates the surface of zero net motion in 
the longitudinal direction, and is obviously a place 
where high shear stresses may be expected, even exceeding 
the bed shear stress.  This is a valid picture even 
when tidal motion is superimposed, although then the 
surface of zero net motion must be defined by averaging 
over a tidal period;  it has a real existence only near 
the instants of "slack water".  O'Brien (1952) suggested 
that landward velocity near bed is approximately C.7H7ST, 
where C = Chezy coefficient and D =•&•§£ 

In many estuaries it is observed that the average 
salinity over a cross-section, and hence the average 
density if temperature differences can be neglected, 
increases from river to sea in nearly linear fashion in 
the middle reaches (Fig. 7), the rate of increase being 
smaller near the river (x = 0) and the sea (x * I). 
This linear increase is related to the_fact that the 
maximum velocity of the tidal stream U  scarcely 
changes along the estuary* so the intensity of mixing 

a small fraction of the length L"      For example, 
if ff = 1.4 m/sec. or approximately 3 knots, and the 
angular velocity of the lunar semi-diurnal tidal stream 
is w = 0.00014 rad/sec, then X = 10 km, whereas 
1 s=w 80 km for a typical estuary. 

Fig. 7 shows the average density distributions at 
slack water after high water (change from flood to ebb), 
and slack water after low water (change from ebb to 
flood), on the assumption that 

f  = p, + Ap. $lnz JLg-       (l) 

* Indeed, Pillsbury (1939) inferred from the Delaware, 
and Otter and Day (I960) showed more rigorously with 
application to the Thames, that U is constant in a 
long estuary whose breadth increases exponentially with 
x. 
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where Po = density of fresh water entering from river 
and Ap * density difference between sea and fresh 
water.  This density distribution fits the Thames data 
quoted by Inglis and Allen (1957), but other analytical 
curves such as the Gaussian integral and the hyperbolic 
tangent would also be suitable. 

There is also an increase of density from surface to 
bed, which is nearly linear in a well-mixed estuary, as 
indicated by the isohalines in Pigs. 3 and 5.  Unless 
there is a deep channel through tidal flats there is 
little variation of density in the transverse direction. 
The effect of the Earth's rotation is to tilt the 
isohalines (Pig. 4) much more than the water surface. 
Assuming longitudinal translation of the isohalines 
without rotation, we now seek for a suitable law descri- 
bing variation of the vertical density difference along 
the estuary. 

Defining the salt concentration e » Itss of waier 

at a point, the density is P = (l+c).p, and the vertioal 

flux or transfer of salt per unit area is cp37 » "P^salt '^*~ 

where Hg -^ is the vertical exchange coefficient for 

salt, or the eddy diffusion coefficient.  The Beynolds 

shear stress, or vertical flux of momentum, is similarly 

r- -j^»f-NM0mentum^y-' «* Momentum is often 

called the eddy viscosity coefficient.  Here U and 

V are the time-mean velocities, u and w the velocity 

fluctuations, in the longitudinal and vertical directions 

respectively.  Jacobsen's method of averaging over a 

tidal cycle then yields the equations 

Extensive measurements have shown that the eddy 
coefficients are unequal, their ratio BM0Men*«n 

being a function of the local Richardson number 

Thus Taylor (1931) showed that Y • Ri if the work doi 
by fluid turbulence is wholly devoted to mixing (i.e. 
increasing potential energy of variable density fluid), 
and Y > Ri if some energy is dissipated by fluid viscosity. 

514 



ESTUARINE CURRENTS AND TIDAL STREAMS.. 

• X s 

Hi 
oio 2 

o o 

1 
•3 

-ll, 

-5 

* > • 
c JC S £   •> 5 

cO = 

if* 
i|l 

2 

I 

515 



COASTAL ENGINEERING 

With specified velocity and density distributions, Taylor 
showed that stable internal waves are possible when 
Ri > 0.25, but no waves can exist if Hi <. 0.25. 
Other workers have derived different stability criteria. 

Let us assume that the vertical distributions of 
^Momentum and HSalt are similar» heace tae ratio f 
does not vary with z.  Take NMomeiltum - K.U*.z.(l-§) 

as in a river, so ^salt * §'^*'z«(l**5)»  ^n® ratio Y 
has typical values 2 to 5 in a well-mixed estuary, and 20 
to 50 in a stably stratified estuary with a salt wedge. 

Now ^x"=B^-*-T§-if *ke density difference Uexween 
bed (z = 0) and surface (z -  H) is SP , a function of x. 
Also ^-.^-aj^-ai^.sin^- from (1).  The 
advection term UQ£- in (2) obviously changes sign in 
the vertical.  To get an idea of its effect, assume zero 
net velocity at mid-depth and surface velocity TJH equal 
and opposite to velocity near the bed, thus U « UHJ(2|>-1). 
Substitution in equation (2) givest.-.,      , „., 

whence     c  wVu \L »  , ««• (4) 

V-itt***- 
Hence the vertical density difference is greatest in the 
middle reaches.  It is zero at the river but not quite 
zero at the seaward end of the estuary, so that (4j is 
not reliable when x—*»L. 

If P, « mean density of water above surface of zero li net motibd and P? « mean density of water below surface 
of zero net motion, at section x, then the density differ- 
ence between the two layers is p2 — p, ^55$ .&>. 

Typical values of the longitudinal and vertical den- 
sities are    * 

^"^toOO "^  o* w"to00 ln a well~mixed estuary. 

MEAN VELOCITIES OF CIRCULATION 

The equation of continuity for quasi-steady condi- 
tions states that the volume of water between two cross- 
sections is constant, neglecting precipitation, evaporation, 
and tidal motion.  Referring to Pig. 8, let 
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QR       » discharge of fresh water from river 

Qn = A-, .U, = flow above surface of zero net motion] at 
x V sectioi 

Q2 = A2.U2 
=  " *eloW   M   "  "   "   "  J x 

Discharge and velocity are measured positive in the 
direction of x increasing, i.e. from river to sea. 
Let h = height above bed and b = breadth of surface of 
zero net motion, through which there is an upward velocity 
W  meaned across the breadth, at section x. 

Between 0 and x the continuity requirement gives 

Qx • Q2 = QR (5) 

Considering the space between sections x and (x + Sx) 
above the surface of zero net motion in Fig. 8, the water . 
entering per unit time is Q1 + W.b.Sx, and the water 

leaving per unit time is Q-, + •{«* • ooc , whence 

^ = 1>.W.    . 
OX V      (6) } Similarly, _ J^LL   = Ij.tyfo 

Denoting salt concentrations by the same subscripts 

as densities, c »0» c. «-P--l ,C,»£-1, there must be no 

change in the mass of salt in any part of the estuary, 
and by definition, the mass of salt is c.(Mass of water), 

« Ve.o.Q.St = constant, therefore 21c.p.Q » 0.  More 

precisely, I  c.P.Gt.<Jt= constant.  This is really a 

statement of Knudsen's hydrographic theorem. 

Turning again to Fig. 8, we can draw up the salt 
balance between sections 0 and x.  Application of the 
above theorem gives   ^ -        -        ^ 

On eliminating Q2 by means of equation (5) and neglecting 

small quantities, we get 
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p-   ft (7) 

whence      Q^ » - f|  1° • Q,R 

This pair of equations implies an infinite discharge at 
x = L if fPp - p,N is zero there, hence the restrictive 

clause after equation (4).  Nevertheless it is instruc- 
tive to use the density distributions (l) and (4) to 
calculate the variation of discharge with x.  If we 
identify pi with the mean density p , and take 

fc-f. *iW8in¥- - W'ft-"'* ' 
substitution in equation (7) gives 

& * l *&*• ft 
and 

a* &rf  • tan TT.3C } IT     I      (8) 

Curves of discharge 'as a function of x are clotted 
in Figure 9 for the typical density ratio Ap * ^'^Max 
They show the enormous increase in the volume of water 
moving seawards, and the consequent counter drift, in a 
similar fashion to the curves deduced by Ketchum (1952) 
from a slightly different salinity distribution. 

If the cross-sectional areas A, and A? (Fig. 8) 
were known, we could immediately calculate the mean 
velocities V^  and I?2 as sketched in Fig. 10, but 

unfortunately we know only the sum A, + Ap » A as a 
geometrical function of x.  The available facts are 
A, * AR and A„ = 0 at x = 0, and A, «A« at x = L. 

The total depth H is known but the height h of the 
surface of zero net motion is determined by the bed 
roughness zQ    and the intensity of mixing, which depends 
on the tidal streams.  Both if, and Ug are of order UR. 

If b is known, the mean velocity of upwelling 
(¥ ) is readily determined from equation (6).  It is of 

order Ji...—£s£—.\JL«5 0.001 UR, say 1 mm/sec, which 

exceeds the maximum rate of rise and fall of the water 
surface due to normal tidal motion, but is an order of 
magnitude below the root mean square value of the 
vertical fluctuations w. 
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TURBULENCE MEASUREMENTS 

Complete understanding of an estuary would need 
records of the variation of bed contours, water density, 
tide, shear stress, time-mean velocities U, V and W, 
and the velocity fluctuations u, v and w, over shoals 
and channels throughout several tidal cycles.  Civil 
engineers take many observations in nature, and in 
hydraulic models, to deal with the problems of dredging 
away sand bars and stabilising the flood and ebb channels 
along the approaches to a port.  Oceanographers, 
meteorologists, and coastal engineers have amassed con- 
siderable data on water density, sediment concentration, 
tidal levels and discharges, and the influence of fresh 
water flow, wind action, and atmospheric pressure 
irregularities on long term averages. 

Increasing attention is now being paid to the rapid 
fluctuations of velocity and other elements in tidal 
streams, as a measure of fluid turbulence, but no 
investigator has yet measured simultaneously the velocity 
components in the three co-ordinate directions over the 
cross-section of a tidal channel.  Several investigators 
have measured the longitudinal component (U+u) and a few 
the vertical fluctuation w at fixed positions. 

Prior to, and in the first years of the Second World 
War, German oceanographers were obtaining velocity 
records from a paddlewheel current meter anchored on the 
sea bed.  In Norway, about 1947, experiments on bottom 
friction were conducted by the University of Bergen, 
using sensitive cup or bucket type current meters 
attached to a tripod resting on the sea bed. 

In the United Kingdom, about 1948, a team from 
Liverpool University made observations of U and u 
with Doodson pressure-operated current meters mounted 
in a stand or suspended from a boat in the Mersey, an 
example of a well-mixed estuary; here the R.M.S. value 
of u averaged 0.05 U to 0.10 U, without any clear 
trend in the vertical.  Further observations, reported 
by Bowden and Pairbairn (1956) were carried out by the 
Liverpool team in the Irish Sea near the coast of 
Anglesey, using electromagnetic flow meters fixed to a 
tripod on the sea bed, to record u and w accurately, 
and U with less precision; the Reynolds stress -  u.w. 
varied from 1 to 4 dyne/cmr near the strength of flood 
or ebb.  The large amount of numerical data on turbulent 
velocities resulting from later experiments with the 
electro-magnetic flow meters off Anglesey is being 
analysed by the DEUCE computer.  Measurements at the 
same site by Bowden et al. (1959) of the time-mean 
velocity U throughout the depth, at half-hourly intervals 
through the tidal cycle, using a Doodson meter suspended 
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from the research vessel and cup-wheel meters on a 
tripod for the velocities just above the bed, indicated 
a systematic departure from the logarithmic profile due 
to phase differences between the velocities at each 
measuring point.  However, this effect of tidal inertia 
was negligible close to the bed, say for the bottom 
2m. in a total depth of 22 m., and here the logarithmic 

U = % In * 
was obeyed, with von Karman's constant K » 0.4 and the 
roughness height z = 0.16 cm., corresponding to 
k_ G&  5 cm.  This equivalent sand roughness may be 

interpreted as due to ripples, for the bed consists of 
firm sand with small fragments of shell.  The maximum » 
value of bed shear stress "C0 =* P-VL 

w*s about 8 dyne/cm . 
The eddy viscosity varied in space and time; it was 
somewhat higher at mid-depth than nearer the surface or 
bed, and tended to maximum values when the tidal stream 
was at a maximum, numerical values of ^Momentum ^>einS °£ 
the order of 270 cm. /sec. near strength of flood, and 
130 cm./sec. near strength of ebb, when the depth-mean 
velocities were tf » 45 cm./sec, and U* « 39 cm./sec. 
respectively. 

In the U.S.A., experiments by Lesser (1951) in which 
U was measured by four Ekman current meters suspended 
from a tripod in the lowest 2m. of water 45 m. deep 
off the coast of California gave logarithmic velocity 
profiles with z = 0.1 cm. over sand which was 

hydrodynamically rough, with maximum XQ *» 5 dyne/cm., 
and SB© = 0.02 cm. over mud which behaved as a smooth 
boundary, with a?maximum shear stress at the bed of 
only 0.2 dyne/cm .  In 1952, workers at Woods Hole 
Oceanographic Institution measured U, u, and w (with less 
certainty) in the Kennebec estuary.  Their turbulenee 
meter was suspended from the research vessel, so obser- 
vations near the water surface may have been distorted 
by its proximity.  The R.M.S. values of u and w were 
of the same order, about 0.052U.  High Reynolds stresses, 
of the order 10 to 30 dyne/cmr, were associated with 
large velocity gradients 3JL in this stratified estuary, 

which has a well-marked salt wedge below the fast moving 
upper layer. 

Turbulence measurements have been made for some 
years in the rivers and estuaries of the Netherlands. 
While working with the fiijkswaterstaat in 1958, the 
author was able to measure the longitudinal velocity 
simultaneously with temperature and salinity, using an 
instrument designed by the Technical Physics Department 
(T.N.O.) for the Hijkswaterstaat, which is being des- 
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cribed at the present Conference.  Essentially this 
turbulence meter is a sensitive impeller, which responds 
rapidly to changes in water velocity, mounted on the 
streamlined body of an Ott current meter weighing 
100 kg.  It was suspended from a davit on the vessel 
"Christiaan BruningsH anchored at different positions 
in the Haringvliet.  Observations were taken in one 
of two ways: either the instrument was steadily lowered 
to the bed, then winched to the surface, thus getting 
the vertical distribution over a short time interval, as 
in Pig. 11, or it was lowered in steps of 1 or 2 m. and 
held for 2 Minutes at each depth, giving a record of 
velocity against time at each depth, from which the i—x^u. 
time-mean velocity U and the standard deviation <rs=(u)n 

could be estimated. 

Results of the latter method of observation are 
plotted in Pig. 12 for flood and Pig. 13 for ebb streams. 
It will be noted that while the curves of U(z) are 
markedly different due to the net seaward flow near the 
surfaoe, the curves of cr(z) are alike, with peak values 
of 0*«0»i TJ near the bed, similar to a river or other 
open channel with steady flow.  The vertical fluctua- 
tions were not measured, so the Reynolds stresses could 
not be determined.  However, if u and w are of the 
same order, we can estimate the mixing length P from 
the formula        ft 

,      *•« * v 

except where U(z) passes through a maximum.  There 
is not sufficient information to deduce the vertical 
distribution of JL , but it seems to have a magnitude of 
order one tenth of the water depth.  Por purposes of 
calculation we will assume the mixing length distribution 
plotted in Pig. 14 is invariable throughout the tidal 
period.  The curve in Pig. 14- has the equation 

(9) 

where von Karman's constant K « 0.4 and the figure is 
plotted for the case h » 0.5 H. 

EQUATIONS OP MOTIOK 

z direction.  Neglecting viscosity and the attractions 
of sun and moon, the vertical forces on a fluid element 
are due to hydrostatic pressure, gravity, and upwelling, 
the latter being very small.  Application of Newton's 
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second law gives the vertical equation of motion:- 

+ 3£- + t> 4t - o M-w) ? x + ff -0     (10) 

An approximate solution, satisfying the boundary condi- 
tions p s Pxand W = 0 at the free surfaee (z = H), but 
neglecting the vertical density gradient and variations 
of W with time, is 

Hence the longitudinal pressure gradient, assuming 
constant atmospheric pressure, is 

^~n^+tM^- (12) 

x direction.  The longitudinal equation of motion, 
including friction but neglecting the tide-generating 
forces, is 

On expanding the first term, substituting equation 
(12) in the second term, and neglecting the variation 
of density with time, equation (13) may be re-arranged 
thus 

3f+u.'£+4^£-4.'£-^* (14) 

If the bed of the estuary is horizontal, the term on 
the right hand side represents the gravity component^• 
parallel to the water surface.  We will write I • —«g 
for the water surface slope, downwards from river 
to sea.  This must equal the density-induced slope along 
the estuary, denoted by D, if all motion ceases;  then 
equation (14) reduces to the simple form 

1 t      , which can be integrated over the vertical, 
assuming 4-^2|L=* constant, to give {) K-H.."s£> under zero 
flow conditions.  Substituting D(x) and>I(x,t) in 
equation (14) and changing the second term gives the 
working equation for this study:- 

10""5  10~6   10""6 or 10"*7   10~5  10"5 

(15) 
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The order of magnitude of each term in a typical estuary 
is quoted.  The surfaee slope I«#D + I .coswt is 
balanced by components due to inertia, kinetic head, 
density gradient, and friction.  She case where D = 0 
and the kinetic head is negligible has been solved. 
For laminar oscillations, Lamb (1932, p.622) gives the 
solution \ H 2 

v . B.al p«t or AHWt -fte** (16) 

where the boundary layer thickness is -&=./Ax. , the 

most noteworthy feature being a phase advance near the 
bed.  Longuet-Higgins (19537 has adapted this to find 
the mass transport under waves of finite amplitude, so 
correcting the frictionless theory of Stokes, and Abbott 
has applied this to a tidal estuary.  For turbulent 
oscillations in water of constant depth, theoretical and 
experimental investigations by Schdnfeld (1948), 
McDowell (1955) and the author show that the velocity 
distribution is qualitatively like that predicted by 
Lamb. 

In order to study the effects of a density gradient 
along the estuary, we seek a quasi-steady solution, i.e. 
neglect the inertia term in (15) and assume the variation 
of kinetic head along the estuary is solely a density 

effect.  As a first approximation take ^-("VS")*0 nave 

a constant value F, = ^LLHl_J above the surface of .   t v 
zero net motion, and another^constant value F2 » ^5L.f jC j 
below the surface of zero net motion, at any cross-section 
x. „We will moreover assume that the Froude number 
U |r is small, so the remaining part of equation (15) is 

This is an ordinary differential equation which can be 
integrated for the vertical distribution of shear stress. 
Using subscripts 1 and 2 for the layers, the boundary 
conditions to be satisfied are X^** 0 at z = H, U.• T2 at 
z = h, whence x 

and 
^-tfl-tf-ftMtf-«•(!-*)     «  (18) } 

At the bed, A^ *» I - D - F^^ + (^ - P2^
,"H"!B S» say* 

Thus t(=p .g.H.S and we see that the direction of the 
net bed shear stress is very sensitive to the values of 
F,,F2, and h, for I»D at slack water.  Fig. 10 shows 

that F, and F« may be of opposite sign in the upper reach. 
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Writing h = oL.H, it will be shown that the fraction eC 
is determined by F,, F„ and tne roughness height z . 
In anticipation, we have plotted Fig. 15 for a cross- 
section where ot = 0.5, ?, « - J,6 D, Fg * 

+ *.0 D, and 
I = D.(1 + 10.cos cot), at intervals of one lunar hour 
(<*»t = 30 ).  As a second approximation, the discontinuity 

in the stress gradient 4£- at z = h could he smoothed toy 

making F variable in each layer, with F, = Fp at z = h. 

Note the asymmetry in Fig. 15 despite the neglect of tidal 
inertia. 

VELOCITY DISTRIBUTION IN DENSITY CURRENT 

By definition, t = f»Jt *jfar fz ' exceP't very ol°se 
to the bed.  Substitution in equation (18) with the 
mixing length distributions assumed in equation (9) gives 
the velocity gradient in each layer:- 

g.tVt»fr*i;*»w     ^^ 
m 

and ^..^^H-IS-^-t -P'frl fr, k>z>J 

where P « %I  - D - #F2, R * I - D - Fx, and S = I - D - 
(1 -cO.F, -oC.F9, as above.  Re-writing (19) with the 
dimensioniess elevation H = # gives 

and   K^.ifVU^p.n-Dta*! .(20) 

These are standard integrals but their solutions are too 
complicated for normal use.  However, they may be 
simplified to yield the following approximations:- 

"* A **M.I+\*&-£,-2&.'\ (21) 
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Take positive sign when R, S>0 (mainly ebb stream), and 
negative sign for R, S<0 (flood).  The constants of 
integration were fixed by the boundary conditions of zero 
velocity near the bed (Ug « 0 at z • zQ)  and continuity 
of the velocity profiles at the surface of zero net 
motion (U, * Ug at z » h), where the velocities are 

identically zero in the absence of tidal streams.  This 
further condition produces the desired connection between 
OC and z0, for putting B^ = 0 at z » h = d.H gives 

writing I » D and neglecting z  compared to h. 

Hence tn(4p-) = -r^ %**» say» waenoe %•-*••• 

Since z  is small, we can write as a first approximation 

The resulting velocity profiles are plotted in Fig. 
16, taking the previous figures for the "constants", 
implying that the roughness elements are such that 
-^f- = 0.001.  Note the landward motion at slack water, 

due to the salinity current.  The formulae (21) reduce 
to Prandtl's logarithmic velocity distribution 

U = (ff****1)  .in .2- near strength of flood and ebb, 
K        o 

unless the tidal streams are unusually weak. 

Other formulae have been devised by meteorologists 
to link departures from the logarithmic wind profile with 
temperature inversion (stable) or lapse (unstable) 
conditions.  Atmospheric stability is characterised 
by the Richardson number, being the ratio of buoyancy 
force to inertia force.  These semi-empirical formulae 
may be classified as linear, of type ^ - m._^.> 0P 

exponential, of type 4~ = •*g, where m and n are 

equal to unity in neutral conditions, and in general are 
functions of Richardson number. • Thus Rossby and 
Montgomery (1935) suggested m « (1 + £.Ri)H where £ = 
constant, and Deacon (194-9) plotted his "profile index" 
n, showing a variation from about 0.8 for marked stability 
(Ri positive) to about 1.2 under unstable conditions 
(Hi negative).  If m, n are not functions of z, integrate 
for the velocity profiles:- 
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or p,u> » -1 K     l-n 

-•*•{>»*+^^} 
The first formula merely implies a change in von Karman's 
"constant", so that the velocity profile remains 
logarithmic, contradicting many observations in density 
currents.  The second formula implies a deformation of 
the simple logarithmic profile, producing velocities con- 
cave to the (In z) axis for unstable conditions (flood 
direction) and convex to the (In z) axis for stable con- 
ditions (ebb direction for tidal current).  The author's 
formula (21) causes a similar deformation of the 
logarithmic plot. 

Recent work in the U.S.S.R., based on the idea of a 
layer of dynamic turbulence whose thickness d is 
defined in terms of the local Richardson number as follows 

d \  *«JL-»»o *  indica*es t^181* 'tne eddy viscosity 
coefficient for non-neutral conditions in the atmosphere 
is simply %omen-tum ^ 

K 'U^.d.Ri, and that a good first 
approximation for the velocity distribution is then 

U-irfln^   ^p-fl  for z2>x*  (22) 

where the universal constants are Ksw0.4 and Ass0.6, r 
according to Monin and Obukhov (1954). This is 
precisely the author's equation (21), if fl/i is 
identified with    -P P* 

below the surface of zero net motion.  It is interesting 

that "j5-«0.5 for large slopes, suggesting that d is 
of the same order as the water depth H. 

EFFECTS OF THE NEGLECTED INERTIA TERM 
IN THE DYNAMIC EQUATION 

The neglected term 4.^ distorts the velocity 

profiles, especially near slack water, but it has no net 
effect if the tidal range is small compared to the water 
depth. Let us seek an inertial correction for the con- 
ditions of constant depth and simple harmonic motion. 
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Omission of the first three terms in equation (15) 
leaves the equation of motion for uniform steady flow of 
a fluid with constant density:- 

1   It     _ T 

This may he integrated twice, assuming that mixing length 

jt = K .z.(l - §) » "to give the logarithmic velocity profile 

U(z) = I|2LL..^n •£ •   Hence the simplest approximation 
to the velocity distribution in a tidal stream, where 
surface slope I « I .cos wt, is 

^.jap-.la^.cwa 
The first term of the Fourier expansion has been taken, 

introducing the factor (•?£•) =s 1.08.  Note that it is 

impossible to have simple harmonic motion of both surface 
slope and tidal stream when the flow is turbulent.  Also 
it is impossible to have S.H.M. of both tide and stream, 
even in a rectangular channel, so to this extent all 
solutions in this paper must be regarded as approximate. 

Retention of the first term in equation (15) gives 

11U 1_ 2JL « T 
A trial solution is U2(z,t) = UQ. cos (art — <(>),  where UQ 
and 6   are functions of z.  The velocity amplitude UQ 
is well approximated by a logarithmic expression, so take 
u
0 * ^g

,HtI
0)  . in | .  The phase lag f  will be assumed 

K O 
to be a linear function of z, although observations 
(e.g. Proudman, 1953, p.313, at Smith's Knoll) indicate 
that <6(z) is more nearly parabolic.  If <p       is the phase 
difference between velocities at surface and bed, we make 

the simple assumption that fl5=-£..aS, and we get the order 
H 

of magnitude of <f>      from the value of 0 . = phase 

difference between mean velocity and bed shear stress or 
velocity gradient, as follows.  Schflnfeld (1948) applied 
the mixing length theory to compute the time difference 
t, between u and tL.  His result, for a rough bed, is 

-5f  p  IT 1/ " 

"td = (~?—) » where f = mean acceleration during reversal 
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of ti£al stream.  If the motion is simple harmonic, 
f 5=3L!I = w.fl., whence the phase difference is 

6   **uXi   » r2m^  radians, or dL * 3&0J 19' degrees, 
"d   * J n '*   »2irT.U0 

since <*> = -%=?-. 

Just as Lamb's parameter •*• governs the phase lags 

in laminar oscillations, it may he argued that a similar 
expression with § defined by the eddy viscosity rather 
than the molecular viscosity will partly control the 
behaviour of turbulent fluid undergoing simple harmonic 
motion.  By analogy with -D-aiugc.   , we find the 

H.dsr   %1 Rig ^ nr 
dimen8ionless ratio     iit ^» f^fr38* oc ilffR 

VNM0MENTIIM ^|H.Uo »  A'VO 
since eddy viscosity is proportional to TJ^, which is 

proportional to u^, in fact U^ « ^- . TF if C * 

Chezy coefficient for steady flow, and we assume that 
tidal flow depends on the maximum value TT  of the 
mean velocity in a vertical.  Seeing this unique com- 
bination of water depth H, tidal period I, and mean 
velocity amplitude u, the author (1959) has defined 

toe LAMB 1TOMBER as follows:- 
44714 H /,,x l-{ 

The factor 44714 is included to facilitate calculations 
on natural tidal oscillations, where the lunar semi- 
diurnal period is 44714 sec, and to produce conveniently 
sized numbers.  For example, the Mg stream in a channel 
of depth 10 m. with maximum velocity 2 m./sec. has is 2.24, 
With this definition, SchdnfeldTs formula for the phase 
difference over a rough bed reduces to the simple 
expressions:- 

jrfd • 1.22 jf degrees (24) 

Substitution in the above example gives d>.  » 2.7°. 
Hence the phase difference between surface and bed 
velocities (jj^) is of the order of 3°. 

fhe effect of the inertia term i.|| is to add a 

small velocity AU to the steady flow distribution. 
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Thus   AU (z,t) = U2 - Ux 

" Uo* i cos(w't — f>) — (^v  •cos w*} 

«2TJ0.Bin^w  sin (ort,- -|), neglecting[(-^) - 1J 

« U .sind.  sin cot,  if   <# is small. 

Hence we must apply the inertial correction (25)  to 
quasi-steady velocity profiles:- 

AU~U0.  sin^.  sinwt (25) 

This correction has been applied to the velocities 
in (21) to estimate the velocity distributions in the 
presence of both density and inertia effects, using the 

linear phase distribution 0*g.^o with pQ =» 3°, and 
the previously assumed values of slope components and 
roughness ratio, giving Nikuradse kg «*33 cm. with 

H = 10 m., corresponding to a tidal channel with large 
sand ripples on the bed.  Fig. 17 shows the resulting 
profiles.  Although the velocity gradients near the 
bed, hence XL* are increased after reversal of the tidal 

stream, they are correspondingly decreased before reversal, 
and the maximum value of €  appears to be the same as 

that obtained when inertia is neglected, with this 
"slowly varied" flow; only at very short tidal periods, 
as in hydraulic models, is there a measurable increase 
in the maximum bed shear stress.  However, the phase 
difference between velocity and water surface slope is 
by no means negligible, so linear superposition of the 
quasi-steady and inertial solutions of the dynamic 
equation cannot produce very reliable results.  But here 
we are interested in the general behaviour of estuarine 
water, so further refinement in the correction AU will 
not be attempted. 

Before leaving this subject, it should be emphasized 
that the phase differences inside the fluid, although 
small, may be important for the proper operation of tidal 
models with movable bed material, since grains set in 
motion relatively early in the tidal cycle may continue 
moving with the main stream even when the bed shear stress 
has fallen below the value required to initiate movement. 
For reproduction of inertia effects the Iamb number should 
be the same in model and prototype (unless the friction 
coefficient differs), calling for models without vertical 
exaggeration if the Proude scale law is followed. 
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EFFECTS OF FINITE TIDAL RANGE 

If the tidal range is of the same order as the water 
depth, as occurs in many shallow estuaries, then the 
second term in equation (15) cannot be wholly attributed 
to the salinity circulation and it may change sign along 
an estuary due to changes in bottom topography 
(contractions and expansions) as well as the water surface 
profile varying in time and space.  We must therefore 
apply a further correction to the velocity distributions 
at any cross-section. 

s-<& 
Longuet-Higgins (1953) showed that at elevation 

above a smooth bed, there was a net velocity 
in the direction of wave propagation, equal to 

with "long" progressive waves, where A38 amplitude, and 
C as celerity of wave.  Experiments indicate that the 

net forward velocity over a rough bed is lower than this 
figure.  The mass transport under a standing wave is 
smaller and distributed differently in the vertical. 
The case of a tidal estuary, which may be treated as a 
channel closed at one end and open to the sea at the 
other end, involves the combination of an incident wave 
whose amplitude decreases exponentially in the direction 
of propagation (from open to closed end), and a reflected 
wave whose amplitude decreases exponentially from the 
closed end to the sea.  A general solution is very 
difficult, but the direction of net movement in a tidal 
estuary may be inferred from available data on the 
variation of tidal elevations and mean velocities along 
the estuary. 

Abbott (I960) has suggested the criterion A? .e°) 

« 0 for finding the positions along a tidal estuary 
where sediment collects, so explaining the Mud Reaches 
in the Thames estuary.  Here f? = maximum velocity of 

tidal stream, and Q = phase difference between tide and 
stream. 
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NOTATION 

A area of cross-section 
a amplitude of long wave 
b breadth of surface of zero net motion 
C Che'zy coefficient of friction 
c concentration of salt by weight 
c0 celerity of long wave, = (g.H)'4 in the absence of 

friction 
D slope component due to longitudinal density gradient, 

H "*P 

d thickness of turbulent boundary layer in atmosphere 
e base of natural logarithms, = 2.718 
F slope component due to longitudinal velocity 

gradient, ~ ^(-^) 
f acceleration during reversal of tidal stream 
g acceleration due to gravity 
H water depth 
h elevation above bed of surface of zero net motion 
I surface slope, taken positive downwards to sea 
i imaginary number, defined by i * -l 
X number defined in text 
k8 sand grain diameter in Nikuradse'e experiments 
Z Lamb number 
1 length of estuary 
jL mixing length 
m,n numbers defined in text 
N eddy coefficient 
P slope component defined in text 
p pressure 
Q discharge = volume per unit time 
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HI  Richardson number 
R,S slope components defined in text 
T        tidal period 
t   time 
U,u time-mean and fluctuating velocities, respectively, 

in x-directlon 
V,v time-mean and fluctuating velocities, respectively, 

in y-direction 
W,w time-mean and fluctuating velocities, respectively, 

in z-direotion 
X   fluid displacement in x-direction 
x   longitudinal distance, positive from river to sea 
y   transverse distance 
z   vertical distance, positive upwards 
zn  roughness height 

Vi 
oL  dimensionless elevation w of surface of zero net 

motion 
A      Obukhov^ constant «s0.6 
Y  ratio of eddy coefficients of viscosity and diffusion 
$  thickness of laminar boundary layer in oscillating 

flow, . <4Jf)* 
£  "constant" introduced by Rossby and Montgomery 
H      dimensionless elevation w above bed 
0 phase difference between tide and tidal stream 
K von Karman's constant «s0.4 
v kinematic viscosity of fluid 
p density of fluid 
& standard deviation of turbulent velocity u 
t shear stress at elevation z 
Xo shear stress at bed 
<f> phase lag of velocity ~ 
co angular velocity of tidal stream « -TT- 
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CHAPTER 29 

A STUDY OF DIFFUSION IN AN ESTUARY 

W. E. Maloney and C. H. Cline 
Division of Oceanography 

U. S. Navy Hydrographic Office, Washington 25, D. C. 

The problem of dispersion and flushing of contaminants from estuarine 
waters is of ever-increasing importance to engineers. To determine this 
reduction in concentration and removal of contaminants from estuarine 
water, several basic methods have been established. They are: (1) the 
classical tidal prism method, where the flushing is a function of the 
amount of water brought in and removed on each tide; (2) Ketchum's modi- 
fied tidal prism method, where flushing is a function of tidal action and 
river discharge; and (3) a diffusion-advection method which may be based 
on a coefficient of eddy diffusivity. This third method, diffusion-advec- 
tion, would seem to give the most realistic answer provided that confi- 
dence can be had in the coefficient of eddy diffusivity. This discussion 
will be confined to the third method. Furthermore, we will concern our- 
selves only with that portion of a contaminant that goes into solution 
and partakes of the motion of the water. Such factors as absorption onto 
particulate matter, settling out onto the bottom, and uptake of the con- 
taminant by marine organisms will be neglected. 

A convenient conservative property in an estuary from which a mean 
coefficient of diffusion may be computed is the distribution of river 
water. Stommel (1953) has described the finite difference form of the 
equation for the coefficient of eddy diffusivity as: 

k - Q 2 a (1.- fn) 

Sn <fn-l - fn+l> 
where k = Coefficient of eddy diffusivity 

Q = River discharge 
a = Distance between segments 

f„ • Concentration of fresh water at segment n 
fin-I = Concentration of fresh water at segment n„i (upstream) 
£n+l  • Concentration of fresh water at segment n+i (downstream 

Sn - Cross sectional area at n. 

This coefficient can then be used in a solution of the classical 
diffusion equation. Taylor (1954) derived the following equation as a 
solution for dispersion in turbulent flow with the conditions that the 
channel have uniform cross section, constant net velocity, and constant 
eddy diffusivity: 

C 2L.—   exp -(X - Vt)2 . 
2 V*t 4kt 
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where C = Concentration of contaminant 
S = Cross sectional area of channel 
t « Time after introduction of contaminant 
X ** Distance from point of origin 
V » Mean velocity of the stream 
k = Coefficient of eddy diffusivity 
M = Initial mass of contaminant. 

Pritchard (1954) and Kent (1958) arrived at the same solution for 
estuaries having the same limiting conditions. The distribution with 
respect to X of the contaminant at fixed values of t is then symmetrical 
and Gaussian. Also the contaminant moves downstream with the mean speed 
of the stream flow. Experimental results have shown that the contaminant 
behaves as predicted by the equation. The important considerations of 
this equation are that it represents a one dimensional case in which at 
time t equal 0, the contaminant is considered to be uniformly distributed 
across the section S and subsequent diffusion takes place only in a direc- 
tion normal to the section. A consequence of this is that for a normal 
point source release computations based on the equation will be too con- 
servative for early time, that is, the equation will give concentrations 
which are too low for times less than a few tidal cycles. At some later 
time, probably after 2-3 tidal cycles, when the contaminant actually 
becomes uniformly distributed laterally, the results of the computation 
will be more nearly representative. 

Assuming a mean value for the diffusion coefficient and a mean cross 
sectional area, a distribution of contaminant was computed along a longi- 
tudinal section of the James River Estuary (the embayment on which Norfolk 
and Newport News, Virginia are located), in the area shown in Figure 1. 
This computed distribution for 1, 2, 4, etc. tidal cycles after introduc- 
tion is shown in Figure 2. The computed decrease of peak concentration 
as a function of time is shown in Figure 3. 

In an effort to better determine the initial dispersion of a con- 
taminant, a simple field test using sodium salt of fluorescein (uranine) 
was carried out in Hampton Roads during 5 and 6 August 1959. The results 
of this field test are reported here and comparisons made with the origi- 
nal computations. 

TEST PROCEDURES 

The general procedure consisted of releasing a quantity of dissolved 
fluorescein dye into the water and making longitudinal and/or transverse 
transits through the dye patch collecting water samples at 3 depths, 1 
foot, 6 feet, and 15 feet. These water samples were examined on the boat 
for dye content using a Fisher Electrophotometer which has the capability 
of measuring fluorescein dye concentrations to about I part in 100 million. 
Fluorescein dye was used because it is commercially available in large 
quantities, is nontoxic and is relatively inexpensive. Although fluores- 
will fade when exposed to sunlight, the rate of fading was not expected to 
appreciably affect the concentrations over a 6-hour period. 
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Fig. 4.   Test location chart, 5 August, 
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The first test was held on 5 August 1959; the dye release point was 
at the west end of Middle Ground Shoal. The positions within the dye 
patch at which the samples were taken, the general outlines of the dye 
patch at each sampling time, and the direction of movement are shown in 
Figure 4. Winds were light; seas were less than 2 feet. At the time of 
release the water temperature was 77°F. and vertically isothermal. On this 
test, 100 pounds of fluorescein dye were used making an initial concentra- 
tion of 0.3 gm/cc. At slack before ebb this solution was released beneath 
the surface at a depth of 6 feet by gravity feed through a Ik  inch hose. 
Release took only 1 to 2 minutes so that the dye was released essentially 
as a point source. 

Aerial photographs of the dye patch were taken from a helicopter at 
5, 30, 60, and 120 minutes after release. Figure 5 shows the outlines of 
dye patches at +5, +30, and +60 minutes drawn to the same scale and with 
the same orientation with respect to the current direction. The patch at 
+120 minutes was too diffused to attempt to determine an outline. A verti 
cal temperature trace taken at this time showed a decrease in water tem- 
perature from 79.4°F. at the surface to 76.8°F. at 10 feet and was iso- 
thermal from there to the bottom at 20 feet. 

The decrease of peak dye concentration with time is shown in Figure 
6. The smooth curve is a mean of the 1- and 6-foot peak concentrations 
found at each sampling time. It shows a dilution factor of approximately 
105 in 35 minutes and 10° in 70 minutes. 

The 6 August tests were also conducted in the James River but with 
the dye release being near the east end of the Newport News Channel as 
shown in Figure 7. In contrast to the previous days test, these were con- 
ducted during the flood tide. During this test, winds and seas were light 
Surface water temperature was 76.9°F. and nearly vertically isothermal. 
The current was flooding at 1.1 knots in a direction 220°F. In an effort 
to increase the time duration of the tests, 200 pounds of dye were used on 
this day. 

The current had begun to flood by the time the dye solution was re- 
leased so that the dye patch at completion of release was a plume about 10 
feet wide by 70 to 80-feet long. At +5 minutes the patch had lengthened 
to approximately 125 feet. Because of the rapid movement of the patch 
with the currents, some of the sample locations are not shown within the 
limits of the dye patch on Figure 7, which shows the general outline of 
the dye patch at each sampling time. The limits of the patch are drawn 
for the time of the first sample taken at each sampling time. By the time 
the boat arrived in position to sample the west end of the patch, the 
whole water mass had moved 300 to 400 yards.  Similarly, when samples 11, 
12, and 13 were taken, the patch had moved westward enough so that these 
samples were taken in about the longitudinal middle of the patch. The out 
line of the visible dye patch at +270 minutes was very vague, and only an 
estimated size is shown on Figure 7. 
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At slack before ebb, the dye patch had reached its greatest intrusion 
up river. At this time a definite tide rip was observed with a line of 
debris and seaweed in the clear water on the north and the dye water on the 
south. The rip line seemed to extend in a northeast-southwest direction. 
As the rip moved through the dye patch, several rather strong local concen- 
trations were noted along the rip line. Elsewhere, dye color was not vis- 
ible or only vaguely visible. After the rip passed, several runs were made 
across the river but no additional dye was visible. A vertical temperature 
trace taken at 1300 showed isothermal water conditions with a surface tem- 
perature 77.1°F. 

The decrease of peak dye concentration with time is shown in Figure 8, 
The smooth curve is a mean of the 1- and 6-foot peak concentrations found 
at each sampling time. The general leveling off of the rate of change of 
peak concentrations after 1 to 2 hours was not apparent on the first test 
and is quite possibly a result of the sampling technique. However, the 
concentrations vary so much after 1 to 1% hours that the mean curve could 
be drawn considerably different. The curve shows a dilution factor of 10^ 
in about 10 minutes and 10° in about 40 minutes. The method of release 
and the faster current speeds probably account for the initial faster dilu- 
tions noted in this test than on the 5 August test. 

DISCUSSION OF RESULTS 

One of the original purposes of the tests was to determine a value for 
the coefficient of eddy diffusion to compare to that obtained from the sa- 
linity gradient. To do this, some estimate of the extent of vertical and 
horizontal dispersion was necessary.  In the formula assumed for the de- 
crease of peak concentration of any contaminant, 

r   M    . 
2 S^irkt 

the cross sectional area through which the pollutant has spread should be 
known. Obviously, in the first few hours the contaminant will not extend 
completely and uniformly across the channel, nor completely from top to 
bottom as assumed in Figures 2 and 3. However, to use the same formula for 
the first few hours as well as for later times, some estimate of this cross 
sectional area should be made. 

The method of sampling used in this test does not permit any precise 
indication of the vertical extent of mixing. However, mixing from top to 
bottom apparently took place rather rapidly. All releases took place at 
the surface or 6 feet, and within two hours or less, concentrations at 15 
feet were as high as the 1- or 6-foot samples. The extent of horizontal 
dispersion, at least at the surface, can be readily determined from visual 
observations and aerial photographs. Using the 5 August test, because of 
the better aerial photographs, a measure of the vertical and surface later- 
al spreading with time was determined. From these two dimensions of the 
dye patch, the cross sectional area was determined as a function of time. 
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Using these values of cross section, and the peak concentration 
values from Figure 6, the original formula for peak concentration was 
solved for k, the coefficient of eddy diffusion. These values of k, as a 
function of time, are shown in Figure 9. 

This curve shows that the value of the coefficient was not a constant, 
at least for the first few tidal cycles. Instead k was an increasing func- 
tion of t for small dispersion times, eventually approaching a constant for 
large dispersion times. In the case of the James River in the Hampton 
Roads area, k presumably should have approached 1950 X Kr* ft2/hr, the mean 
value derived from the salinity data. 

A comparison of the peak concentration curves with time from the two 
tests to those that were computed from the diffusion equations are shown 
in Figure 10. In an attempt to make the test results compatible, the 6 
August concentrations were reduced by one-half. This should closely ap- 
proximate the results that would have been attained if 100 pounds of dye 
had been used on each day. 

The different rates of dilution on each day must have been largely a 
result of the speed of the tidal currents. On the 5th the dye was injected 
at slack before ebb with the currents gradually increasing from near slack 
to more than 1 knot. On the other hand, on 6 August even though the dye 
was released very near slack before flood, the currents at the beginning 
of the test were more than 1 knot, increasing to almost 1.5 knots within 
one-half hour and gradually decreasing toward the slack before ebb some 5 
hours later. The spreading of dye in a very long plume in the direction 
of the current probably was due not only to the method of release, but 
also to the higher current speeds with their greater longitudinal turbulent 
fluctuations. 

The test concentration curves when compared with those computed from 
the original equation using the full cross section and assuming a 100 
pound release, show concentrations as much as 3 to 4 orders of magnitude 
higher. When the test cross sections are used in the diffusion equation, 
this difference becomes about 1 to 2 orders of magnitude in the first hour 
with differences decreasing with increasing time. After perhaps 1 or 2 
tidal cycles, when near the mean value of eddy diffusion is actually 
attained, this difference should disappear; in fact, Figure 10 indicates 
such a trend. 

A rough check on the concentrations computed for any area can be made 
by determining the lowest limits of possible concentrations. That is:  (1) 
any dissolved pollutant released will be diluted by the volume of water con- 
tained in one tidal prism (or volume delineated by one tidal excursion) 
within one tidal cycle, and (2) the pollutant will be diluted by all the 
water available within several days. 

In the lower James River Estuary, an average tidal prism or volume of 
a tidal excursion is something more than 3 X 10*^ cc. The entire volume of 
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water available for dilution 
Point Comfort and the James River 

is assumably that volume lying between Old 
iver Bridge, approximately 12 X 10** cc. 

Using these approximate volumes, it can be estimated that 45,400 grams 
(100 pounds) of contaminant would be diluted by 3 X 10  cc. of water in 
about one tidal cycle. This gives a mean concentration of 1.5 X 10"10gm/cc 
and approximates the peak value of 3.5 X 10" *" gm/cc indicated on Figure 10 
for one tidal cycle. After several days, the 100 pounds should be diluted 
by 12 X 10l<^ cc of water; its mean concentration should be 3.8 X 10  gm/cc, 
which is very close to that estimated by the diffusion equation. 

To summarize and to simplify using the results of the test and the 
theory on the release of other amounts of dissolved contaminants in this 
area, a set of emperical dilution factors have been computed. They were 
derived from the curves of Figure 10 and could be used to estimate the 
peak concentrations that would occur in the vicinity of Hampton Roads if a 
known mass of contaminant was introduced. These dilution factors are 
shown in Table 1 and, when multiplied by the amount of introduced contami- 
nant, will give the peak concentration of the substance at the indicated 
time. 

TABLE 1 

DILUTION FACTORS FOR HAMPTON ROADS, VIRGINIA AREA. 

Time after Dilution Factor 
release 

t /cc /ftJ 

10 min. 2.2 X 10"*° 6.3 X 10"j? 
30 min. 7.1 X 10"" 2.0 X 10"6 

60 min. 1.1 X 10*" 3.0 X 10"7 

3 hours 1.3 X I0"}f 3.8 X 10"9 

6 hours 2.4 X 10'J? 8.5 X 10"}° 
1 tidal cycle 7.7 X 10" 2.2 X io"1" 
2 tidal cycles 2.6 X 10"" 7.5 X 10"" 
3 tidal cycles 1.5 X 10"13 4.2 X 10"" 

1. The total amount of contaminant released multiplied by the appro- 
priate dilution factor gives the concentration at that time. 

2. Two dilution factors are given so that computations may be made 
either in terms of cubic centimeters or cubic feet. 

3. The rapid leveling off of the dilution factors after about 1 tidal 
cycle assumes that none of the contaminant is advected out of the area. 
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CHAPTER 30 

HURRICANE TIDE PREDICTION FOR NEW YORK BAY 

Basil W. Wilson 
Professor, Department of Oceanography and Meteorology 

Texas A. & M. College, College Station, Texas 

ABSTRACT 

This paper is concerned with the solution of the prob- 
lem of correlating, on a two-dimensional basis, the meteor- 
ological parameters of several off-shore storms with the 
known surge induced by them in New York Bay and with the 
application of the results to the prediction of likely effects 
in New York Bay from a design hurricane of given strength 
traversing a given path at a given speed.   A purely theoret- 
ical approach would have been beyond practical possibility 
within the time available for this study; the method adopted 
therefore is empirical but with some degree of theoretical 
guidance.   A recursion formula is evolved, using the method 
of finite differences for time increments of 1/3 hour, which 
relates tide elevation at the bay-mouth with two values of 
the elevation at 1/3 and 2/3 hour earlier and with values of 
wind-stress and pressure-gradient driving-force compo- 
nents (directed towards New York Bay from several remote 
two-dimensionally spaced offshore-stations on the continent- 
al shelf) at times earlier by the periods taken for free long 
gravity waves to travel from the stations to the bay-mouth. 
The formula includes a comulative forcing function term 
which allows for the geostrophic influence of the earth's 
rotation and also for an "edge-wave" effect northward 
along the eastern seaboard.  Moreover it takes into ac- 
count the observed tendencies of hurricane storm tides in 
New York Bay to develop resurgences at periods of 7 hours 
with decay rates of 50% amplitude decrease per cycle.   The 
coefficients of the "forcingfunctions", determined by cor- 
relation, tend to represent the storm size and speed and al- 
so the dynamic augmentation of the forced wave.   Predicted 
maximum storm tide heights are in fair agreement with 
crude empirical estimates based on central pressures with- 
in the hurricanes.   Predictions, however, provide complete 
time-sequences of water level for periods up to 24 hours in- 
clusive of the first resurgence after the main surge. 
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1.  INTRODUCTION 

The two-dimensional problem of a non-radially symmetric 
tropical storm approaching an irregular coastline over water of 
shelving depth at variable speed is, theoretically, of formidable 
proportions and, so far as is known, has not yet been solved.   The 
best hope for its eventual solution in special cases lies in the use 
of finite-difference procedures.   Some notable advances have been 
made in this direction by such investigators as Hansen, Weylander, 
Kreiss [Reid 1957 (i)], Kivisild [1954], Reid [1957 (ii)] , Platzman 
[1958], Fischer [1959] and others, and these lend hope that the 
difficulties of the problem may finally be overcome.   The major 
difficulties concern the boundary conditions at the edge of the con- 
tinental shelf, seaward of which the response of the sea surface 
to the storm driving forces may be quite unknown; here also the 
reflective properties of the continental slope may be difficult to 
determine. 

To avoid these inherent problems and withal reach reason- 
able estimates (within a short time) of the potential menace of 
hurricane storm tides to New York Bay it was decided to use an em- 
pirical approach under the guidance of theory.   The method here 
described differs rather considerably from other empirical methods 
devised for the North Sea area by Schalkwijk [1947] , Corkan [1950] , 
the Darbyshires [1956] , Hansen [1957], Weenink and Groen [1958], 
and others.   It departs also from the several empirical endeavours 
of American investigators who have previously studied surge effects 
along the United States east coast, notably Miller [1956], Zetler 
[1957], Kussman [1957] , Donn [1958] and Tancreto [1958] as also 
Reid [1955] , Conner, et al [ 1957] , Hoover [1957], Dunn [1957], 
and Harris [1957, 1959] .   Most of these empirical approaches are 
unsuited to transient, fast-moving circular storms in which inertial 
effects and influences of the earth's rotation are likely to be import- 
ant. 

In what follows an attempt is made to take due account of 
the speed of the storm, the direction of its approach, the two-dimen- 
sional topography of the continental shelf area which it would have to 
traverse, the size of the storm, its meteorological parameters 
(pressure and wind velocity) in a two dimensional sense, its geostro- 
phic effect along-shore and its dynamic effect in producing inertial 
oscillations of the observed period, magnitude and evanescence. 
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2.   TWO-DIMENSIONAL MOTION OF WATER UNDER IMPULSION FROM 
ATMOSPHERIC DRIVING FORCES 

With reference to a rectangular co-ordinate system having its origin 
and xy-plane in the horizontal still water surface, the equations of motion 
and continuity of the water at any point (x, y) may be rendered in the form, 

for motion in the x-direction, 

9Qx 
(i) at 

.*/-* /J ,    v  dt\ sx        bx fQ      +   g(d + T,)   J    -  fQy + p 8x 

^ 

for motion in the y direction, 

(ii) at 
fQ   + ^x g(d+ti) 83 - 

ay 
jy_ 'Js (1+JL) 

p 

9P. a 
ay 

> 

for continuity, 

(iii) ax       ay 
^ + B  = o 

at 

(i) 

J 

In these equations Q     ,  Q    are the volumes of water transported in unit time 
in the x, y directions respectively across vertical sections of unit width 
between the free surface and the bottom,  -n is the elevation of the water 
surface above the still water level,  d the nominal water depth (referred to 
still water),  f the coriolis parameter, Tgx  ,  Tgy the x, y components of 
the surface wind stress,  T^X  ,  T^ the corresponding components of the 
bottom frictional stress,   pa the atmospheric pressure, and g, p, t the 
usual respective designations for acceleration due to gravity, mass density 
of water, and variable time. 

The assumptions underlying the above equations are that vertical 
accelerations of the water body resulting from the wind stress  T and the 
atmospheric pressure pa are quite negligible, as are any changes in shear 
stress within the fluid in horizontal directions; further that the horizontal 
flow of water is uniform with depth and changes only very gradually with 
distance, while water density is constant. 

It is convenient to approximate — T^X ,  - T^. 
Jx , Qy respectively by use of a frictional dampin, 

as proportional 
to Qx , Qy respectively by use of a friCtiohal dSmpuig constant K so that, 
on regarding r\ as small in comparison with d   , Eqs. (1) modify to 
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(i)       ( £ + K   ) Qx % + *{J 

(iii)     (JL + K)Qy+  fQx + gdf^ 

8Qx        8Qv       an (iii)       *- + _2 + |2L = o 
ax ay      at 

= F 

=  F > 

J 

(2) 

wherein Fx and Fy are forcing functions representing the wind stress and 
pressure gradient, as defined by 

1 8pa 
(i)       F    = - ( T    -  d   —-  ) x '        x     p     x ax 

1 8pa (ii)      F    = - ( T    -  d   —- ) 
y     p     y 8x  ' 

> (3) 

3.   ONE-DIMENSIONAL MOTION IN ABSENCE OF EARTH'S ROTATIONAL 
INFLUENCE - INFLUENCE OF WIND STRESS 

In order to justify our physical reasoning in what follows, we shall 
temporarily depart from the two-dimensionality of the problem to consider 
the one-dimensional (x)  problem on the assumption that lateral flow,  Qy   , 
is non-existent.   la these circumstances, Eqs. (2,i) and (2,iii) reduce to 

(i) 

(ii) 

9S  + KQ + gd S2L = F 
at ^     &   ax 

9^   +  92  =  o 
ax      at 

> (4) 

For convenience the x subscript is discarded in Eqs. (4).   We shall 
make the further approximation that TJ can be divided into the separate 
effects,  nw and T^ deriving from wind stress and pressure gradient 
respectively, with corresponding flows Qw and Qp   , and driving forces 

w(= _x)  and  Fp(= - d Jl ) 
P   ax 

Considering first of all the wind effect, it is possible to represent the 
magnitude of the wind stress, assumed to have an equilateral-triangular 
distribution (as for a hurricane) [cf Reid, 1955; 1956(i)] over a storm 
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fetch 21  and to be moving forward without change at constant velocity V 
across a distance 2L from the coast, Fig. 1 (where  L may be assumed 
to be the shelf width)*, as the Fourier series: 

oo 
s      T.   Tm 

F 
w 

8     L     m 
2 i      p 

V   1    ,, rvl.   .    rwVt   .   rwx 
>   —  (1 - cos -^7—) sin ——— sin- 2L 2L 2L (5) 

O 

r=l 
Function of 
Wind Stress 

Coast 

Vt 
Shelf 

2L 

Fig. 1.   Representation of Moving Wind 
Stress Function as a Fourier Series 

wherein rm is the maximum value of the wind stress and r an integer of 
successive values  1,2,3...   It should be remarked here that constancy 
of rm and I  with time and distance will really only obtain if the storm is 
moving parallel to the direction x  .  The representation of Eq. (5) is there- 
fore rather artificial, but will serve the purpose of demonstration. 

It is convenient to consider just a general r-th term of the Fourier 
summation, namely,   (Fw)r and proceed to a solution of Eq. ( 4) by trial 
of possible solutions 

(i) 

(ii) 

<Vr = Mr(t)co8  x-g 

( Q   )    = N   (t) sin *-—• x ^w r r 2L 

> (6) 

* The adoption of 2L for the series expansion is merely a convenient 
artifice to ensure that the moving fetch may initially be seaward of the 
shelf edge if X <  L  . 
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in which M  (t) and N (t) are unknown functions of t which remain to 
be determined and (T^X,. and (Qw)r are r th terms in the complete 
solutions 

(i) 

(ii) 

oo 

^ =   I iTE 1 

oo 

% 

(*1   ) 'w'r 

<v. 
> 

J 

(7) 

Upon inserting Eqs. (6) in Eqs. (4), and solving the simultaneous 
differential equations for  M  (t) , there results 

M" + KM'   +  (^~C2)  M    =  Bsin(~^-)t 
r r 4L2      '     r 2L 

(8) 

wherein primes denote the order of differentiation of the function M (t) 
with respect to  t and 

(i) 

(ii) 

CT   = gd 

4ml,, rw£ . 
B   = -   —-  -(1   -   cos -rr—) 

w   pi    r 2L 

> (9) 

4.    SOLUTION OF THE FREE OSCILLATIONS - WIND STRESS EFFECT 

Eq. (8) is the familiar expression for a linear damped oscillating 
system excited by a disturbance of periodic character.   To simplify 
notation we rewrite it in the form 

—%•  + K f2 + s2 y =  B sin u t 
dt2 dt r' r (10) 

in which Sr  is an angular frequency very closely that of the free oscillation 
and u    the frequency of the forced oscillation in the r-th mode. 

We shall concern ourselves here for the time being only with the free, 
inertial oscillations, represented by the solution of 

^ + K^ + S2y - 0 
dt rJ dt2 (11) 
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By writing Eq. (11) in finite difference form with a small time increment r   , 
we obtain 

yn  '  
2yn-l + yn-2   ^       -n 

T r 'n-1 
(12) 

wherein yn   ,  yn_i   ,  yn_2 are consecutive values of y at receding small 
intervals of time T with yn applicable to any time,  nT   .   On solving 
Eq. (12) for yn   , 

y    = ay 
'n 'n-1 

by, n-2 
(13) 

in which the coefficients a, b have the values: 

(i) 

(ii) 

a = 
2 + KT   -   (S TY     r 

1 + KT 

b = 
1 + KT 

> 

) 

(14) 

Returning now to Eq. (6, i) and taking r = 1 as representing the 
fundamental mode of possible free oscillations, it would appear that the 
relationship 

\(t)  = anw(t-T)   -  btlw(t-2T) (15) 

would be descriptive of the free oscillations in the fundamental mode. 
Since the frequency S(=2ir/T,  T being the period of free oscillation) 
and the damping coefficient K are measurable in the records of storm 
tides, the coefficients a, b are prescribed by Eqs. (14).   It may be 
shown that the values of these coefficients must observe the conditions 

(i) 4b > (a)2 

(ii) b <   1 

if numerical stability of Eq. (20) is to be ensured. 

(16) 

5.    SOLUTION OF THE FORCED OSCILLATIONS - WIND STRESS EFFECT 

Determination of the forced oscillations created by the moving wind 
disturbance involves finding the Particular Integral of Eq. (8) or (10).   This 
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is readily shown to be 

a sin u t + |3 cos u t r r 
(17) 

where 

(i) 

(ii) 

a = 
B(S2   - u2) r        r 

(S2,   -  <ff  + (Kior)
2 

0  = 
B(Ku ) > (18) 

(S2   -  u2)2  + (Ku )2 

r        r r' 

Discarding the modal subscy.pt r for convenience, we now require 
that this forced part of the solution [Eq. (17)] should comply with a finite 
difference solution of the form of Eq. (13), but inclusive of a term directly 
representative of the forcing function of Eq. (10); that is 

yQ  = ayQl  -  byn2 + c sin [ (n - 1) UT  -  v]   . (20) 

in which y  is an appropriate phase angle. 

Theoretically it can be shown that the coefficient c  is a function of 
B , S , K , t)T , and   n of which |x isa dynamic augmentation factor dependent 
on the forced-free frequency ratio  (u/S), namely 

V. =  [{1  -   (u/S)2}2  + (Kw/S2)2]"2 (21) 

The ratio of frequencies  u/S  will be apparent on comparison of Eqs. (8 ) 
and (10).   Thus 

making 

w/S  = V/C 

V =  [ {l-(V/C)2>2  + (f V/C)2]"2 

(22) 

(23) 

If thus transpires that the finite difference solution 

V*> = aVt_T) * bVt_2T) + cF
wt(t"T)" T

0] 
  (24) 
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wherein T    is a time lag comparable to the phase angle y   , will represent 
the dynamic storm tide generated under the impulsion of the wind stress.   If 
tifcie coefficients a and b are prescribed by Eqs. (14) and the coefficient c 
and the phase T    are determined by correlation between 
[•n (t)   -  aii (t - T) + b-n (t - 2T)1   and F  (t - T)   , then the above dis- 

W W W Vf cuss ion shows that the formula (24) will inherently allow for any dynamic 
augmentation arising from the relative magnitudes of the speed of the storm 
and the velocity of the induced free wave.   Further, since the coefficient c 
is inclusive of the amplitude B of the forcing function [ see Eqs. (8), (9) 
and (10)], which tends to depend on the size of the storm (through its fetch 
21), it follows also that the scale of the storm is inherently allowed for in 
the formula of Eq. (24). 

6.    INFLUENCE OF THE PRESSURE GRADIENT 

Considering next the influence of the driving force from pressure 
gradient,   F   (= - d 8pa )   , in a hurricane; we may, for purposes of 

P P OX 
demonstration again, assume the pressure gradient distribution over a 
moving fetch 2£  to be unchanging and of the form  -- (4^-) X 

ir(x-Vt) P max' sin —*—j -  (Fig. 2).  Adopting the additional simplification of uniform 
depth over the distance  2 L   , the Fourier series representation of the 
forcing function may be shown to be 

F    = 
P 

8   (ILd) 
IT p 

00 

%   y —i- ' 8 x   max L-t 4 L* - 
r-trl rwVt    .   rirx 

-.—rr, sin -r-r*" cos ——— sin •••• T (ri)2 2L 2L 2L 
r=l 

(25) 
Function of 

Pressure Gradient 

Coast 

Fig 2. Representation of Moving Pressure Gradient Function as a Fourier Series 
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9pa wherein  ( ) is the maximum value of the pressure gradient and 
8x   max. 

r  is again an integer of successive values  r = l, 2, 3  

Again we consider just a general r-th term of the Fourier summation, 
namely (F )   fand try as solutions of Eq. (4) 

rir x 
(i) 

(ii) 

<«I„L = G (t)cos p r r ZL. 
>     (26) 

(QJ„  = H  (t) sin [% 
rirx 
2L 

in which  G (t)  and H (t)  are unknown functions of t   , to be determined, 
r r 

Substitution of Eqs. ( 26) in Eqs. ( 4) results in 

G^ + KG'   +<^)Gr  = Dcos(r^)t (27) 

wherein primes denote the order of differentiation of the function G (t)  with 
respect to t and 

(i) 

(ii) 

C*  = gd 

4d    9pa r£ riri 
p   v9x'max   41/   - (ri)£ "*" 2L 

>    (28) 

sin 

It is possible to follow the same arguments of the preceding two 
sections, by writing Eq. (27) in the form 

*T?  + K^   + ,.,    .   «.   .,.    i   S y = D cos (o t 
dtz dt r' r (29) 

and reach the more general conclusion that a finite difference solution of 
the form 

T, (t)  = ati(t - T)   -  bt,(t - 2T) +  c[Fw{(t - T) - TJ   + F   { (t - T) - TQJ ] 

(30) 

will represent the combined dynamic storm tide generated by both the wind 
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stress and pressure gradient driving forces acting together.  The last 
term may conveniently be designated simply as  cF (t - T - T  ) 

7.    ALLOWANCE FOR TWO-DIMENSIONAL EFFECTS 

We return now to the two-dimensional nature of the problem with 
special reference to the offshore environment in the neighborhood of New 
York.   If a number (N)  of offshore stations is arbitrarily selected, as in 
Fig. 3 (inset), to cover, in a two-dimensional sense, the shelf region of the 
approaches to New York Bay, then, by evaluating the magnitude of the forc- 
ing function F  (t - T - Tjq) at any such station, directed radially towards 
the station A at the bay-mouth, (in which Tj<f is the time taken for the free 
wave to travel from the   N-th offshore station to the bay-mouth), the formula 

nA(t) = at,A(t-T)   -  bT)A(t-2T) + c1[Fr]1(t-T -Tt) 

C2 [Fr]2(t-T-T2) +...+c7[Fr]7(t-T-T?) (31) 

in which subscripts N = 1, 2, ... 7 refer to station numbers, should have a 
pseudo-two-dimensional capacity to correlate the storm-tide ^(t) at the 
bay-mouth A with the offshore disturbances occuringover a wide area. 
The assumption here is that the local water level upheaval at any particular 
offshore station, created by a driving force  F  (t - T - T^), requires the 

interval of time T^ to reach the bay-mouth and become merged in the 
resultant superelevation "nA(t)  occurring there. 

This assumption actually follows a false premise insofar as it asso- 
ciates'effect'(waves) with'cause'(wind stress and pressure gradient) and 
translates the 'effect? instead of the 'cause' from station to bay-mouth.   Thus 
TN should correctly be based on the time that the meteorological forcing 
function,   F     , directed radially to the bay-mouth, would take to travel the 
intervening distance, if its identity could be preserved.   The value of,  TN   , 
in other words, should be some function of the speed of the storm and not of 
the speed of the waves.   If Tj^ were to be determined rigorously it would 
require evaluation of the forcing function F    for each station as a continuous 
function of both t and of r   , the distance from the bay-mouth.   The manual 
computing time that it would have required to do this would have been prohib- 
itive so that some evasive tactics were necessary.   The use of TN based on 
'effect' seemed to offer the best way of circumventing the difficulty. 
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At first sight it may seem that unwarranted liberty is being taken 
with the physical structure of the solution given by Eq. (30).   However 
it is a well known dynamical principle that, if w/S   , the forced-free fre- 
quency ratio of Eq. (22) is less than unity, the phase difference between 
cause and effect is relatively small.   Hence for slow moving storms, at 
least,   TN  in Eq. (31), based on the wave travel time, will be reasonably 
correct.   Only when w/S  approaches or exceeds unity, in the linear oscil- 
lating system we are dealing with, will  T^  become unreliable if founded 
on the wave travel time.   The dynamics of the system suggest that a lag 
TQ  will result between cause and effect as indicated by Eqs. (17), (24) 
and (30).   Since T-^ will give the effect at the bay-mouth we must there- 
fore correct by a time  Ty  in order to ensure that the cause will precede 
the effect by the necessary lead TQ   .   Thus it becomes necessary to re- 
write Eq. (31) as N_„ 

1A(t)  = a,,A<t-T)   -  bt,A(t-2r) + £ cN[Fr]N(t-r-TN + Tv) 
l 

 (32) 

In the absence of the correction T     the functioning of Eq. (31) is 
represented schematically in Fig. 3.   The individual Fr contributions 
from the different stations, at times earlier by Tjq > converge along the 
radial distance-time paths to the point of time (t - T) at station A   , 
giving, in effect, the uncorrected function 

N=7 

I c.lF 1-. (t - T - T.T) N    rJN v N' 

The gradients  dr/dt of the propagation lines in the r - t  plane (Fig. 3) 
are the velocities  C = N/gd   at which the free waves travel along the rad- 
ial directions (Fig. 3, inset) over the variable depths of the shelf.   The 
lag correction,   Ty  that is required for fast moving storms will be dis- 
cussed further at a later stage. 

8.   ALLOWANCE FOR THE GEOSTROPHIC EFFECT 

The influences of the earth's rotation enter into the dynamical 
equations in the terms involving the Coriolis parameter f  [Eqs. (2)] . 
They are likely to be greatest in the relatively shallow water near the 
coast.   In discussion of these effects it is convenient to consider the y-axis 
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of reference in Eqs. ( 2) as parallel to the coast and the x-axis normal 
thereto.   Then, if we can assume that the flow onshore,  Qx   , resulting 
from a superposed hurricane is appreciably less than the longshore flow, 
Qy   , because of the boundary effect, it is possible to simplify Eqs. (2) 
by discarding Qx relative to  Q     .   Further, available sources of infor- 
mation [ eg. Moore, 1957] suggest that the storm tide gradient along- 
coast is very much less than it is normal to the coast, making it possible to 
approximate further by discarding ^3 in comparison with iLD .   If these 

ay ax 
adjustments are made in Eqs. (2, i) and (2, ii) they reduce to 

(0 Qy=](^^-Fx) 
> (33) 

a_ 
at  ' "' -y     -y (ii) <£  + K) (^ = F. 

For the purposes of the further development of the correlation formula 
Eq. (30), it is convenient to neglect the damping effect of bottom friction, 
represented in the factor  K  in Eqs. (33), and eliminate  Q    between 
the two equations.   There results 

gd |3 =   f iF  dt + F (34) 
9x      J       t n 

in which F  (= F ) and F (= F ) are respectively the normal (n) 

and tangental  (t)  components of the forcing functions   [Eqs. (3)].   Eq. (34) 
compares with Eq. (4, i) and it is thus of quasi-one-dimensional form, from 
which, by association, it is possible to extend Eq. (32) by addition of a term 
comparable to  C f F dt  in Eq. (34), to allow for the geostrophic effect. 

This is most readily done by introducing the term 

t = ro- 

CA X     [Ft]A(t"T) (35) 

t = o 

applicable to station A at the bay-mouth (Fig. 3 , inset). The cumulative 
summation of (Ft )^ at increments of time T is equivalent to the integral 
of F    with respect to time. 

For the downcoast offshore station no. 2 (Fig. 3, inset), Eq. (34) 
suggests that the normal component,   Fn   , should be used in preference 
to  Fr   , the radial component of the driving forces, to describe the effect 
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induced there.   Further since this effect must be allowed to travel along 
the radial line  2-A towards New York and this route is not far removed 
from parallelism with the coast,  it is rational to base the travel time  T2 

of the disturbance upon the edgewave speed peculiar to the shelf slope.   In 
accordance with the finding of Stokes [Lamb, 1932 Edn. § 260] this velocity 
is 

C  = gsX 
2ir 

(36) 

in which s   is the shelf slope and X  the wave length of the edgewaves. 
The choice of X  will be discussed later. 

9.    THE ADOPTED THEORETICO-EMPIRICAL CORRELATION-PREDICTION 
EQUATION 

As a final addition to Eq. (32) we include, besides the geostrophic 
term applicable at station A  at the bay-mouth, an equivalent pressure 
gradient term  6p   (t-T-T )  additional to  (F  )   (t - T - T )  such that 

6p. (t - T - T )  =  (p ). (t - T - T )   -  p  (t - T - T  ) rA o v*a A o'       *o o 

  (37) 

where  (pa)^ is the atmospheric pressure at A and p0 the central 
pressure in the eye of the storm at the same instant.  Also, for the purposes 
of satisfactory correlation, it is desirable to introduce an independent 
coefficient  c 

The final formulation then of a correlation and prediction equation for 
storm tides in New York Bay includes the terms (35) and (37), but rejects  , 
as too remote for consideration, the influences from offshore stations 1 and 
6 (see Fig. 4, post).   The formula as finally used (and found to be successful 
is thus 

* 
Earlier versions originally included effects of stations 1 and 6. 

562 



HURRICANE TIDE PREDICTION FOR NEW YORK BAY 

r,A(t)  = aVt"T>  " bTlA
(t"2T) + co + cAl6pA(t"T + TV) 

+ CA2^    [Ft]A(t-T + V     +     CA3[Fr]A(t-T + V 

+ c
2fFn]2(t-T + TV-T2>     +     C3[Fr]3(t-T + TV-T3> 

+ c4[Fr]4(t-r + Tv-T4)     +     c5[Fr]5(t-r + Tv-T5) 

+ c7[FrJ7(t-r + Tv-T7)         (38) 

10.   AVAILABLE WIND AND PRESSURE DATA FOR EAST COAST STORMS 

Data packages for selected storms were compiled by the Weather Bureau 
and furnished to the project.   These contained maps of storm tracks, isotachs 
of surface wind velocity, isobars of surface pressure, profiles of pressure and 
deflection angles of wind direction (in the case of hurricanes).   The packages 
embraced the following storms: 

(a) Hurricane of September 21, 1938 
(b) Hurricane of September 14, 1944 
(c) Extratropical Storm of November 24-25, 1950 
(d) Extratropical Storm of November 6-7, 1953. 

In addition a similar data package was supplied in respect of a Design Hurri- 
cane based on the 1938 hurricane, transposed to a new track crossing the 
East Coast approximately at Atlantic City.   The tracks of these several storms 
are shown in Fig. 4 and provide good overall representation of possible approach 
directions of severe storms to the New York area.   The track of the 1938 hurri- 
cane for instance runs almost due north, emerging from the South over deep 
water before crossing Long Island and the New England coast almost at right 
angles.   In contrast, the 1944 hurricane track parallels the east coast, north 
of Cape Hatteras, and lies well within the confines of the continental shelf.   The 
extratropical storm of 1950 was centered overland on a path roughly parallel 
with the smoothed trends of the east coast, while that of 1953 runs approximately 
due north over deep water and curves to the north-west over the continental 
shelf to pass directly through the portals of New York Bay. 
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Fig. 7.   Map of New York Bay and River System showing locations of 
gaging stations and low-lying land areas . 
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In Figs. 5 and 6 are recorded the main features of the surface pressure 
and wind distributions in two of these storms, as adapted from the data packages 
It may be remarked from Fig. 5 that the 1944 hurricane was traveling at conside 
able speed (cf the order of 40-50 knots) over the continental shelf before strikii 
the coast. The 1938 hurricane moved at roughly comparable velocities. The 19 
and 1953 storms were very much slower-moving and it is not surprising that the 
accumulations of water piled by them into New York Bay and its river system 
exceeded in volume those from the more transient hurricanes of 1938 and 1944. 

11.    OBSERVED WATER LEVELS AT GAGING STATIONS IN NEW YORK BAY 

Tide gage stations at which water levels are regularly recorded through- 
out New York Bay are shown in Fig. 7. From the tidal records of these stations 
predicted astronomical tides for the storm periods in question were deducted 
leaving residual meteorological tides of which Figs. 8 and 9, as applicable to the 
1938 hurricane and the 1950 extra-tropical storm respectively, are typical. The 
figures show the histories of storm tide elevation at eight of the gaging stations 
within New York Bay (cf Fig. 7 ). 

The somewhat striking differences between the storm tides created by the 
1938 and 1944 hurricanes and those raised by the slow-moving storms of 1950 
and 1953 are quite typically portrayed by the differences between Figs. 8 and 9. 
The elevations at Sandy Hook may be considered representative of *lA(t)  in 
Eq. (38). 

The hurricane effects are characterized by low antecedent waves followec 
by the main surge, which, as noted by Redfield and Miller [1956] , tends to have 
a more rapid descent than ascent. After the mam surge follow from two to three 
(or more) resurgences at approximately regular intervals, which on the average 
are considered to be of 7 hours period (Redfield and Miller, 7.2 hours). The 
storm tides induced by the 1950 and 1953 storms (cf Fig. 9) show a very much 
more gradual ascent and are obviously more consonant with the steady state con- 
ception of water super-elevation or 'set-up*. Resurgences, though identifiable, 
are also much less prominent. 

As might be expected, water level behavior at Mill Rock (Fig. 7) is con- 
siderably influenced by the channel flow from Long Island Sound.   In Fig. 8 the 
first surge at Mill Rock is obviously that caused by penetration of the storm tide 
up the East River, but the second (higher) surge, occurring earlier than the 
resurgences anywhere else in the bay, must represent the surge wave that has 
reached Mill Rock via Long Island Sound.   A somewhat similar effect is found in 
respect of the influence of the 1944 hurricane at Mill Rock.   These peculiarities 
of the transient hurricanes are largely absent in Fig. 9, representative of the sl< 
extratropical storms. 
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12. REDUCTION AND APPLICATION OF DATA 

In order to apply Eq. (38) it was necessary to evaluate the forcing 
functions,   F   , at the different offshore stations, which were selected in 
the positions shown in Fig. 4. 

The values of Fr   , the resolved part of F  in the particular direc- 
tion   $ of the bay-mouth, with respect to the  x-axis of reference (Fig. 10), 
are given by 

(i)  Fr  =  Fcos(tf-9) 

(ii)  F  = 'V/F
2
 + F2 

x        y 

(iii) tan 9 = ^ 
.r 

X 

> 
(39) 

where  0  is the bearing of F   , the resultant of F    and  F    ofEqs. (3), x y 
taken anti-clockwise with reference to the  x-axis. 

/Radial 
{ Line to 

y y Wind velocity vector 
Isobars 

- Offshore 
Station 

Fig. 10:  Measurement of x and y  components 
of velocities and surface pressure-gradients at 

an offshore station. 
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Eqs. (3 ) for  F    and  F    may be reduced to the form 

d    <AP>x 
x       "L      x       kp      Ax 

(i)        F    =  k[UU. 

d    (Ap)v (ii)       F    = k[UU    - ~ —J- 
y y       kp     Ay 

S. (40) 

J 

where  Ux and Uy are the  x and y components respectively of the surface 
wind velocity U at a station,   k  is a constant in the wind stress relationship 
T = kpU2   ,   (Ap)x and (Ap)y are the differential pressure changes over 
the distances Ax , Ay respectively, (Fig. 10), which are small in relation to 
the scale of the storm.   The value of k taken as applicable to strong wind con- 
ditions was  3.1 xlO6  [cf, Wilson, I960]. 

To obtain Fn at station 2 [cf Eq. (38)], the angle  $  in Eq. (39i) was 
arranged to make the direction of the forcing function vector normal to the aver - 
age direction of the coastline between station 2 and the bay-mouth.   Again F^ 
at station A [ Eq. (38)] was obtained by choosing $ to make the forcing 
function vector at right angles to the radial line CA (Fig. 4).   Finally, the 
values of 6p^ were evaluated directly from Eq. (37) without difficulty. 

Typical of the trends of the forcing functions for the four reference storms 
are the results shown in Figs. 11, 12 and 13. 

13.   COEFFICIENT VALUES FOR PAST-TIME  TI-TERMS IN CORRELATION FORMUL 

As a convenient time increment for numerical correlation between 
[•n.(t)   - ari (t - T)+bTj (t - 2T)]   and the forcing functions in Eq. (38),  r 

was selected as 20 mins or 1/3 hour.   The period of resurgences has already 
been noted as being of the order of 7 hours (cf.Fig. 8), a period which can also 
be justified theoretically as being the fundamental natural period of oscillation of 
the ocean on the continental shelf off New York [Kajiura, 1959].   Accordingly S 
in Eq. (14 i) has a value  (2ir/T)  of 0.898 radians/hr.   From examination of 
the resurgences of the 1938, 1944 and other hurricanes that have affected New 
York the conclusion was reached that the oscillations decay with an amplitude 
ratio, e"(KT )/2   ( pgr CyCle, of about 0.5 , in agreement with an observation of 
Redfield and Miller [1956].   From this the damping factor K is found to be 
0.198 (hr)"1   .   The values of a and b   , defined by Eqs. (14),are accordingly 
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a = 1.850 

b = 0.937 

which duly satisfy the stability requirements of Eqs. (16). 

14. TRAVEL TIMES OF FREE WAVES FROM OFFSHORE STATIONS TO BAY-MOUTH 

The travel time, TN , taken by a free, long gravity wave to travel 
at speed C (= >Jgd) from any station N (= 1, 2.. .7) to the bay-mouth at 
A  can be computed from 

T N 
dr (42) 

in which the depth  d  is a function of radial distance  r   , in accordance with 
the nature of the shelf topography (Fig. 4).   Numerical integration of Eq. (42) 
establishes the following values of T^   . 

TABLE I:  TRAVEL TIMES OF FREE WAVES 

Station No. 
N 

Distance 
r 

(naut. mi.) 

Time,  T     -(hours) 

Eq. (42) Adopted Value 

2 
3 
4 
5 
7 

169 
95 
50 
88 
92 

5 
2-2/3 
1-1/4 
2-1/3 
2 

3-1/3* 
2-2/3 
1-1/3 
2-1/3 
2 

The asterisked figure of T2 = 3-1/3  hrs is the travel time for a long- 
shore edgewave to cover the distance from station 2 to station A.   Since the 
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wave length \  in Eq. (36) is expressible as X. = CT   , where T  is the 
edgewave period, elimination of \  in Eq. (36) yields an edgewave speed of 

(H)T (43) 

The average uniform shelf slope,   s   , normal to the coastline between sta- 
tions 2 and A  is 1 in 1500.   By assuming that the resurgence period of 7 hours 
is also a manifestation of edgewaves [cf Munk, Snodgrass and Carrier, 1956] 
the travel time of the waves at the speed of 86.4 ft/sec [Eq. (43)] is 3-1/3 hrs 

15.   LEAST SQUARES DETERMINATION OF COEFFICIENTS  cN   , AND LAG 

CORRECTIONS, T 

With a, b and Tj^ known, along with the time histories of rj^(t) and 
the forcing functions at each offshore station, for each of the four reference 
storms, all the necessary data are on hand for conducting a multiple regression 
correlation for determination of the most appropriate values of the coefficients 
CJSJ and the lag Ty in Eq. (38). For lack of space the mechanics of this corn 
lation will not be discussed here since they are fairly routine numerical opera- 
tions in high speed digital computing. 

The data from the four reference storms were pooled to provide a total 
of 237 equations involving the unknown coefficients,   c^   .   For both the slow 
moving storms of 1950 and 1953,   Ty was taken zero, as justified in Section 7. 
The values of Ty for the fast moving hurricanes of 1938 and 1944 had to be 
determined by successive approximations based initially on intelligent guesses; 
thus, specific values of Ty had to be assumed in order to perform any least 
squares determination of the best fit values of the coefficients,   c^   . 

Each time a correlation was run, a simple feed-back operation, in which 
•n. (t)  was computed from Eq. (38) by making use of the true,known values of 
•n^(t - T) and t|^(t - 2T)    , gave a general check on the correctness of the 
overall procedure.   Such a feed-back is indicated by the chain-dot curves in 
Fig. 14 which invariably compared favorably with the actual (full-line) storm 
tides.   The real test of adequacy of the correlation results came from the use 
in Eq. (38) of the coefficients  c^ together with the assumed values of Ty 
(for the 1938 and 1944 hurricanes), starting with just two initial values of 
•n^(t - T) and ^(t - 2T).   These starting values were taken identical with the 
actual storm tide elevation at t = 0 for each storm.   From then on, - for 
example, at the very next time-step of T = 1/3 hr, - the computation was entin 
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dependent on its own predicted values of TU (t) 
ively fed into the right-hand side of Eq. (38). 

which had to be success - 

Fig. 14 shows the predicted storm tides (dash-line curves) calculated 
in this manner for the values of c^ and Ty   , as finally adopted.   The best- 
fit values of the lag correction Ty were found to be  1.67 and 1.33 hrs for 
the 1938 and 1944 hurricanes respectively.   The values of c in Eq. (38) 
(yieldingan overall correlation coefficient of 0.89) were as follows: 

Al 
CA2 
CA3 

= 10074576 49' 

= 29460220 48 

= 14493105 44 

= 27135231 45 

= 24016580 45 

= 38117168 45 

= 51729379 45 

= 40529138 45 

= 47817714 44 

> (44) 

The predictions shown in Fig. 14 for each of the four reference 
storms were considered to be in sufficiently good agreement with the actual 
storm tides to justify the use of Eq. (38), together with the coefficient 
values of ( 44), in application to any other storm in the New York Bay area, 
regardless of its nature, direction and velocity of approach.   The formula 
was therefore applied to several design hurricanes. 

16. PREDICTED DESIGN-HURRICANE STORM TIDES 

The design-hurricane to be discussed here (one of several for which 
computations have been made) was quite similar to the 1938 hurricane but 
its path was transposed to a new track (Fig. 4), likely to bring more severe 
effects to bear on New York.   The pressure and wind patterns for this storm 
are shown in Fig. 15. 

This number indicates the position of the decimal point according to the 
IBM floating point classification in the Bell system.   Thus for  49, 
c    = 0.10074576  ;  for 45,   c0  =  -0.000024016580. 
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Fig. 18.   Predicted storm tide elevations at eight gaging stations inside 
New York Bay for design-hurricane moving at speed V * 35 knots . 
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Fig. 19.   Comparison of actual and predicted storm-tides at Sandy- 
Hook for Hurricane 'Hazel' of October 14-17, 1954. 
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Forcing functions for this storm were worked out for 6 different 
storm speeds;  20, 25, 30, 35, 40 and 50 knots.   In applying the prediction 
formula, Eq. (38), with the coefficient values (44), it was necessary to 
start with two initial elevations  T^(t - 1/3) and TiA(t - 2/3)   .   Since there 
is invariably a small superelevation of water level above normal for many 
hours preceding the advent of a hurricane it was appropriate to adopt 6 ins 
(0.5 ft) for each of these elevations. 

The results of applying the prediction formula (taking Ty = 0) are 
shown in Fig. 16.   The predicted storm tides all show the antecedent minor 
surge, characteristic of the 1938 hurricane in Fig. 8, before the main surge 
which occurs at or near the time of the hurricane's crossing of the coast. 
At the lower storm speeds  (V = 20 and 25 knots) the peak surge occurs 
before arrival of the hurricane; at the higher storm speeds (V = 35, 40 
and 50 knots) the peak follows after the hurricane.   The other direct influence 
of the storm speed is to increase the height of the peak surge from 6 ft. at 
V = 20 knots to a maximum of8.9ft. at V=35 knots after which at the higher 
speeds it declines slightly.   The critical speed for the design-hurricane would 
thus appear to be about 35 knots (or higher), with very little to choose between 
the magnitudes of the resulting surges at speeds greater than 35 knots. 

Reverting to Figs. 8 and 9 it may be noticed that phase differences 
between storm-tide superelevations at the various gaging stations are not very 
considerable in relation to the 7-hour period of the resurgences.   This suggests 
that correlations between levels at different stations might obey simple linear 
regression.   The results of graphical correlation using data for five storms of 
1954 and 1955 are shown in Fig. 17 and indicate, by and large, that the relation- 
ships are linear though the confidence limits become rather broad for the up- 
river gaging stations, presumably owing to the influences on water level there 
of the ocean outlet through Long Island Sound (cf. Fig. 7).   The regression lines 
of Fig. 17 are supported by the data of the four reference storms (not shown). 

In Fig. 18 use is made of the relationships of Fig. 17 to predict the 
design-hurricane storm-tides at eight of the gaging stations in New York Bay. 
Thus the predicted tide at Sandy Hook is taken the same as  flA(t)  predicted for 
station A  at the bay-mouth (Fig. 4) for the design-hurricane at the speed 
V = 35 knots.   This prediction has been extended somewhat further in time than the 
version shown in Fig. 16, but is otherwise the same.   It must be remarked that 

* 
This is inferred from estimates of applicable values of T 
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the four curves on the right-hand of Fig. 18 are liable to considerable 
fluctuation in height and relative phasing. 

17.    PROOF-TEST OF THE PREDICTION METHOD; HURRICANE "HAZEL" OF 1954 

Until quite recently the prediction formula, Eq. (38), had not been proof- 
tested by applying it to any fifth storm whose meteorological parameters were 
known and whose effects in New York Bay had been measured and could be compare* 
with the predictions.   The necessary data for doing this were not available at the 
time of completion of the study in 1959.   D. L. Harris of the United States Weather 
Bureau, meanwhile, has evaluated the forcing functions [cf, Eqs. (39) and (40)] 
for hurricane "Hazel", of October 15-16, 1954, which crossed the U. S. east coast 
south of Cape Hatteras and pursued a track overland into the heart of the north- 
eastern states.   These functions have now been used in the prediction formula, 
Eq. (38), in conjunction with the coefficient values (44), with the end-results sho-v 
by the chain-dot curve in Fig. 19.   In making this computation the lag correction 
Tv  was taken zero, in the absence of any specific knowledge of its value. 

For comparison with the prediction Fig. 19 shows two versions of the stori 
tide recorded at Sandy Hook, as supplied to the writer by D. L. Harris.   It is not 
known which of these is actually correct, but in either case the prediction is in 
reasonaule accord as to the magnitudes of the main surge and the first resurgence. 
The fact that the predicted resurgence is out of phase with the actual may possibly 
be ascribed to the assumption of a zero lag correction,   Ty   .   However, the con- 
sequences of adopting different trial-values of T     have not yet been explored. 

8.    CONCLUSIONS 

It would seem from the above that the storm-tide prediction formula, Eq. 
(38), has emerged from a singularly stringent test with considerable success and 
may be assumed to be capable of providing a reasonably reliable estimate of the 
effects on water level in New York Bay which any given hurricane or storm can 
produce.   Further confirmation of this is forthcoming from the available rather 
crude correlations that have been made between maximum storm-tide height and 
central pressure  pQ  within the hurricane[cf Fig. 20] .   These suggest that a 
storm-tide of from 10 to 12 ft could be expected of the design-hurricane.   The 
predicted maximum of 8.9 ft at Sandy Hook and 10.5 ft at Perth Amboy (Fig. 18) 
is within reasonable range of this spread, but accords better with the somewhat 
more refined empirical system of Kajiura [1959] , which suggests 10 ft. 

It is felt that the prediction formula is based on sound physical reasoning 
and may therefore justly claim to be comprehensive in its capacity to deal two- 
dimensionally and dynamically with any storm moving at any speed along any given 
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track. 

The methods of surge prediction outlined in this paper could readily 
be applied to coastal stations anywhere provided sufficient data existed regard- 
ing specific storms of the past and their effects on the coastal station. 

1000 980 960 940 920 

CENTRAL BAROMETRIC PRESSURE, P0 

Fig. 20.   Empirical correlations between maximum 
storm tide elevation, rj, and central pressure, p0, for 
U.S. Atlantic and Gulf Coast hurricanes . 
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CHAPTER 31 

HURRICANE STORM SURGE CONSIDERED AS 
A RESONANCE PHENOMENON 

by 

G. Abraham* 
Waterloopkundig Laboratorium 

Delft, Netherlands 

ABSTRACT 

A model study was performed to study the water gravity waves 
generated by a circular local disturbance of pressure, advancing with 
constant velocity over the surface of water of constant depth.   The re- 
sults indicate that under critical conditions a resonance type phenome- 
non occurs for which the associated wave heights have a maximum value. 
It is shown that the resonant conditions may be an important factor for 
the generation of the surge due to hurricanes, that approach the coast 
perpendicularly. 

INTRODUCTION 

Presented in the first part of this paper is a summary of the re- 
sults of a model investigation of the water waves generated by a local 
disturbance, consisting of a circular pressure area, advancing with 
constant velocity over the surface of water with constant depth.   A 
more detailed description of this model study is given elsewhere 
(Abraham, 1960).   The results indicate that under critical conditions a 
resonance type phenomenon occurs for which the associated wave heights 
have a maximum value, a result similar to that of a two dimensional 
model investigation performed by Wiegel et al (1958). 

A hurricane is an example of a moving circular pressure area 
in nature.   Unfortunately the ratio of the diameter of the disturbance to 
the water depth is for a hurricane much larger than could be obtained 
in the model.   Hence it will be difficult to draw quantitative conclu- 
sions from the model results .   Nevertheless it is possible to show - 
as is done in the second part of this paper - that the resonant conditions 
may be an important factor for the generation of the surge due to 
hurricanes, that approach the coast perpendicularly. 

*The work described herein was performed while the author was a 
Fulbright Research Scholar at the University of California 
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PART 1:   SUMMARY OF MODEL RESULTS 

a.   MODEL SET-UP AND EXPERIMENTAL PROCEDURE 

A moving low pressure area was simulated in the model by towing 
a suction fan over the water surface.   No attempt has been made to simu- 
late a certain wind pattern in the pressure disturbance.   The plane of the 
edge of the inlet pipe was about 1-1/2 inche above the undisturbed water 
level.   Three different sizes of the inlet pipes were used.   Their di- 
ameters were 2, 1 and 1/2 feet. 

The experiments were performed in the wave-towing tank of the 
University of California which had a length of 200 feet and a width of 8 
feet (Snyder, et al, 1958).   The water depth was 1/2 foot for the ex- 
periments that showed the resonance-type phenomenon. 

The towing carriage could be operated at any speed up to a maxi- 
mum of about 6 ft/sec. 

The time history of the water surface of the waves generated by 
the advancing pressure disturbance were measured in one cross sec- 
tion of the tank.   Five parallel wire resistance wave recorders were 
used. 

At the beginning of an experiment the automatic carriage control 
unit was set for a chosen carriage speed.   The fan then was started. 
As soon as the static water displacement had reached equilibrium the 
towing carriage was set in motion. 

The wave recorders were switched on just prior to the moment at 
which the low pressure area reached the recorders.   They registered 
five longitudinal cross sections of the wave system, by which the mov- 
ing pressure disturbance was accompanied. 

A wave recorder was used to measure the elevation of the water 
surface underneath the inlet pipe with the low pressure area being 
held stationary.   This was considered to be the same as the pressure 
at the undisturbed water level expressed as the length of a column of 
water.   It varied with a frequency of about 5 c.p.s. from about 70% to 
130% of its mean value, called the static water displacement Hs • 

The pressure distribution underneath a moving inlet pipe was not 
measured because of the difficulties involved.   It has been assumed that 
the pressure distribution would not be influenced considerably by the 
movement of the low pressure area, because of the following reasons . 
The water surface was not affected by the movement of the inlet pipe as 
long as the fan was not turned on.   Secondly, the forward velocity of the 
low pressure area was small compared with the velocity of the air 
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entering the inlet pipe through the opening between the edge of the pipe 
and the water surface. 

b.   MODEL RESULTS 

One of the wave recorders was located in the path of the center of 
the low pressure area.   The wave height H, measured by it for the first, 
the second and the third wave crest of the wave system by which the pres- 
sure disturbance was accompanied, can be seen to be a function of the 
velocity of the low pressure area (fig. 1).   The relationship between the 
wave height and the speed of the disturbance was found to depend on the 
ratio of the diameter of the disturbance D to the waterdepth d. 

Fig. 2a shows the envelope of the lines given in fig. 1 and a cor- 
responding theoretical curve for D/d tending to infinity, which has 
been calculated by Inui (1936).   The shallow water resonance peak 
(called the shallow water maximum) only occurred for the experiments 
with D/d = 4,2 and 1.   The other maxima that can be seen on this figure 
are not important when hurricanes with large values of D/d are con- 
sidered.   The velocity of the disturbance for which the resonant con- 
ditions occurred was in the model a little less than the velocity of the 
shallow water wave,   vTg^ the theoretical value of this speed for large 
values of D/d (fig. 2c). 

Regarding the height of the resonance peak, that can be seen on 
figs. 2a and 2b, we should remark that the wave height is influenced by 
scale effects for wave heights satisfying Hmax/Hs > 4.   For this con- 
dition the air pressure at the water surface was influenced by the re- 
duced distance between the water surface and the plane of the edge of 
the inlet pipe.   Scale effects of this kind did not occur for Hmax/Hs < 4. 

Fig. 3 shows the phase shift, this is the distance between the 
center of the disturbance and the first wave crest, for the shallow- 
water experiments.   The decay of the wave height along a line normal 
to the line of advance of the pressure area can be seen on fig. 4.   The 
waves registered for the shallow-water maxima can be seen on fig. 5. 

PART 2:   APPLICATION OF MODEL RESULTS TO 
HURRICANE WAVES 

A hurricane may be considered as a roughly circular disturbance 
with an area of low barometric pressure and strong counter-clockwise 
(in the northern hemisphere) winds, that advances with a certain ve- 
locity.   The diameter of a hurricane is in general 50 to 100 nautical 
miles, so that the ratio D/d is in general at least 100 when a hurricane 
moves over an ocean surface. 
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When this happens three phenomena occur.   Wind waves are gen- 
erated because of the winds, water is dragged along the surface by the 
winds causing a wind set-up along the coast, and the actual level of a 
portion of the sea surface becomes higher because of the low baromet- 
ric pressure.   The latter two increments of the water level, taken to- 
gether, is called the storm surge.   At the coast it is taken to be the 
difference between the normal tide as predicted in the tide tables and 
the actual recorded storm tide. 

Records obtained during hurricanes (Redfield and Miller, 1955) 
show that the magnitude of the storm surge in the open deep sea is 
close to the static water displacement.   It seems that shallow water 
(for instance above the continental shelf) is required for the develop- 
ment of storm surges greatly in excess of the static water displace- 
ment. 

At a coast, where the water depth is restricted, the following 
phenomena occur:   (1)   The restricted depth will result in an increment 
of wind set-up.   (2)   It will also cause a shallow-water maximum when 
the advancing velocity of the hurricane satisfies the required conditions 
and when there is sufficient time available to build up these maxima. 
(3)   Once they are generated, the shallow-water maxima, which are 
long waves of very small steepness, will run up, be reflected from, or 
otherwise be influenced by the coast.   The result of these three phe- 
nomena are the high storm surges along the coast, where the path of 
the hurricane crosses the coast line.   It is difficult to determine the 
exact contribution of each of these phenomena to an actual recorded 
surge. 

In the following, we will try to make an estimation of the contri- 
bution of the shallow-water maxima.   At first we will present, how- 
ever, three prototype examples, which show resonant shallow-water 
conditions that have been recorded in nature. 

1° THE LAKE MICHIGAN WAVE OF JUNE 26th, 1954   (Ewing et al, 
1954). 

"On the morning of June 26th, 1954 about 9:30 A.M. an abrupt 
increase in the level of Lake Michigan occurred along the waterfront in 
the vicinity of Chicago.   According to observations, the wave approach- 
ed Chicago from the east to southeast.   It was first observed at 
Michigan City at 8:10.   Here the wave approached from the northwest. 
Fig. 6 gives the local situation, table 1 gives lake-height da "-a. 

A few hours earlier a severe squall line with winds up to 61 m.p.h. 
had arrived from the northwest and crossed southern Lake Michigan. 
Its maximum lateral extent was about 150 mi.   Associated with the 
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Table 1.   Wave height and arrival time 

Station Reported height (ft) 
Arrival 
time 

(A.M.   CTD) 

EASTERN SIDE OF LAKE 

St. Joseph No significant change 

Michigan City 

USCGS 6.2 8   :   12 

Breakwater 5.5 8   :   10 

WESTERN SIDE OF LAKE 

Chicago 

Belmont Harbor 6.3 9   :   30 

Montros e Harbor 8.0 9   :   25 

North Ave. 10.0 9   :   30 

River mouth 2.4 9   :   40 

Waukegan No significant change 
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squall line was a very rapid and strong pressure jump which for most sU 
tions for which records are available amounted to about 0.1 in. in a few 
minutes .   The progress of the pressure jump line is shown in fig. 7.   It 
crossed Lake Michigan with a velocity of 66 m.p.h.   It arrived at 
Michigan City simultaneously with the wave from the northwest. 

The critical depth for which the long wave velocity ( J gd) is equal 
to the speed of the disturbance of 66 m.p.h. is 288 ft.   Such a depth 
exists for a relatively long fetch almost exactly in the direction of squall 
movement between 240 and 300 ft. depth contours (fig. 6).   Hence it is 
evident that a resonant shallow-water maximum could be generated. 
The approximate area of generation is indicated by cross hatching. 
Since the wave was moving in an area of variable depth, refraction effecl 
induced a deflection of the wave path towards shallower water, pro- 
ducing paths approximately like those shown by the heavy arrows, which 
indicate the incidence of the wave at the east coast and its reflection at 
the west coast.   The times of occurrence of the various events are com- 
patible with this explanation". 

The significance of this example is that it shows a reflected long 
wave, which supports that the surge has been explained as a resonant 
shallow-water maximum.   This example makes it possible to determine 
the time which was available to build up the shallow-water maximum by 
dividing the length of the area of generation by the speed of the line of 
squall.   The time, determined by this manner, is about 40 min. 

2°   THE LAKE ERIE STORM SURGE OF MAY 5th, 1952 (Donn, 1959). 

"On the morning of May 5, 1952 a strong pressure disturbance 
crossed Lake Erie, with an average speed of 32 m.p.h.   The disturbanc 
line moved parallel to the long axis of the lake (fig. 8).   The magni- 
tude of the pressure jump was about 0.08 inches, when it passed 
Cleveland.   On arrival of the pressure jump the wind shifted there from 
northeast to southeast at 20 to 30 m.p.h.   Simultaneously with the pres- 
sure jump a wave of 1.7 ft. has been recorded at Cleveland. 

It is evident from the map and profile in fig. 9 that the bottom of 
Lake Erie is quite flat.   Based on the depth along profile AA', the 
velocity of a long gravity wave here is about 30 m.p.h., making it quite 
reasonable that resonant transfer of energy occurred between the air 
and a long gravity wave generated in the lake." 

The first wave crest was followed by a set of high amplitude waves 
which according to Donn either can be explained as repeated reflections 
(through he indicates that lack of any attenuation for the first waves tenc 
to weaken the argument for the repeated reflections) or as a seiche set \ 
by the initial water transfer to the southern end of the lake. 
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The time available for the generation of the shallow-water maxi- 
mum of this example was about 80 minutes.   This time has been cal- 
culated assuming the length of the generation area to be the distance 
between the 10 fathom contours in profile AA' (fig. 9). 

3° HURRICANE CAROL, AUGUST 30th - 31st, 1954 (Harris, 1956) 

Fig. 10 is a reproduction in reduced size of a section of U.S.C. 
& G.S. Chart No. 1000 (Cape Sable to Cape Hatteras) showing water 
depths of the East Coast of the United States.   The path of the center of 
Hurricane Carol is plotted on this chart (Harris, 1956). 

Fig. 11 shows the storm surges as recorded for several stations 
along the coast during Hurricane Carol.   Hurricane Carol travelled for 
an appreciable distance with a forward speed of approximately 30 to 35 
knots (between Cape Hatteras and Long Island).   The shallow-water wave 
velocities    \f~gd associated with water depths of 5; 10; 15; 20 and 25 
fathoms are 18 .5; 26 .1; 31.9; 36 .8 and 41.2 kn.   So it is evident that if 
Hurricane Carol could have been able to generate a shallow-water maxi- 
mum, this should have been in the vicinity of Long Island.   The sig- 
nificance of this example is that it shows that the time histories of the 
stations near Long Island are in agreement with the time history of the 
model shallow-water maxima of fig. 5.   For all the stations near Long 
Island the prototype-time histories have the phase shift and 1he relatively 
large trough in the rear of the resonance peak in common with the model 
time histories of fig. 5.   In both prototype and model the time during 
which the resonance peak occurs is about equal to the diameter of the 
low pressure area divided by its advancing velocity.   For the model the 
latter fact follows from fig. 5 and for the prototype it has been shown 
by Redfield and Miller (19570 . 

The examples show the following: (1) An available period of time of 
about 40 to 80 minutes was sufficient for the development of resonant 
shallow-water maxima for the two dimensional first and second ex- 
amples (line disturbances), (2) According to the three dimensional third 
example there are prototype data that qualitatively agree well with the 
three dimensional model data. 

To obtain the relationship between the velocity of the disturbance 
and the height of the generated waves for hurricanes, we have to extra- 
polate the model results obtained for 1 < D/d < 4 to D/d » 100. 

The theoretical curve for the resonance according to Inui in 
fig. 2a seems to be the most adequate tool for the extrapolation of the 
model results, although it was derived using linear wave theory, which 
neglects friction and assumes negligible wave heights.   Havelock (1922) 
showed, however, that according to linear wave theory the shallow-water 
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Path   of  center of hurricane  CAROL,   30-31  August 1954 
(after Harris,  1956) 598 
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STATIONS: 

A. Fort Puloski, Go. 
B. Charleston, & C. 
C. Wilmington, N. C. 
D. Morehead City, N. C. 
E. Hampton Roads, Va. 
F. Breakwater Harbor, Del. 
6. Atlantic City, N. J. 
H. Sondy Hook, N. J. 
I. The Battery, New York City, N. Y. 

J. Willets Point,  N. Y. 

K. Montauk Point,  N. Y. 
L. New London, Com. 
M. Newport, R. I. 
N. Woods Hole, Mass. 
0. Boston, Mass. 
P. Portsmouth, N. H. 
Q. Portland, Me. 
R. Bar Harbor, Me. 
S. Eastport, Me. 

Hourly storm surge height (observed minus predicted sea level), 
Atlantic coast tide stations, August 27 - September 2, 1954. 
(after Harris, 1956) 
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maxima become higher when the ratio D/d increases.   The physical rea^ 
soning that a water particle in the path of the center of the pressure area 
is subjected to a vertical force during a longer period of time, when the 
diameter of the disturbance is larger, while its speed remains the same, 
yields the same result.   Hence we may assume that shallow water max- 
ima of at least the same relative height, compared with the static water 
displacement as those observed in the model, may occur in nature, as 
long as the ratio Hs/d is the same for model and prototype.   For our 
experiments the magnitude of this ratio varied between 0.01 and 0.02. 

According to the foregoing the theoretical curve combined with the 
model results shows that shallow-water maxima up to 2 times the static 
water displacement may be considered to be possible for hurricanes that 
advance during a sufficiently long period of time over water having a 
depth d, satisfying 0.75 dcr < d < 1.25 dCr, where V  =   \/ gdcr.   Maxi- 
ma up to 3 times the static water displacement may be considered to 
be possible for hurricanes that advance during a sufficiently long period 
over water having a depth satisfying 0.9 dCr < d < 1.1 dCr• 

It is impossible to make an estimation of the required period of 
time by extrapolating the model data because of the difference of the 
ratio D/d.   The theoretical curve shows, however, the following. The 
wave height varies gradually with decreasing depth for 0 <V/    \J gd < 0.8 
or for 1 < Hmax/Hs < 2.   For v/ \J gd > 0.8 the wave height varies more 
rapidly.   Hence it seems safe to assume that shallow-water maxima 
satisfying Hmax/Hg = 2 occur in nature, when a hurricane, that has ad- 
vanced for a considerable length over the ocean surface, moves over a 
(continental) shelf, where the water depth gradually approaches the 
critical depth.   For this case the shallow-water maxima may develop 
gradually from Hmax/Hs = 1 to Hmax/Hs = 2. 

A similar initial period was not available for the two dimensional 
examples, which nevertheless showed considerable wave heights.   There 
fore it seems reasonable that the period of time that was available for 
the two dimensional examples (order of magnitude one hour) may be con- 
sidered to be sufficient for the development of considerable shallow- 
water maxima (say Hmax/Hs = 3) for three dimensional disturbances 
with a long initial fetch, which move during this one hour period over 
water having the required depth (0.9 dcr < d.< 1.1 dcr). 

CONCLUSIONS 

We may draw the following final conclusions:   (1) A period of time 
of the order of magnitude of one hour may be considered to be sufficient 
for the development of three dimensional shallow-water maxima in 
nature.   (2)   Assuming that sufficient time is available for their devel- 
opment, three dimensional shallow-water maxima up to three times the 
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static water displacement may be considered to be possible in nature. 

Hence, a shallow-water maximum of three times the static water 
displacement, combined with total reflection against the coast, could 
explain storm surges up to six times the static water displacement. 
Storm surges of this magnitude have frequently been observed (Harris, 
1958). 

The steepness of the shallow-water maxima is of the same order 
of magnitude as the steepness of tsunamis .   Hence, they may be af- 
fected by the coast in such a way, that the elevation of water level at 
the coast may be considerably more than twice their height, as is 
shown by Kaplan (1955) and van Dorn (1959).   Thus, the shallow-water 
maxima, combined with the affects of the coast could even explain 
storm-surges higher than six times the static water displacement. 
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CHAPTER 32 

INVESTIGATIONS OF THE TIDES AND STORM SURGES FOR 
THE DELTAWORKS IN THE SOUTHWESTERN PART OF THE NETHERLANDS 

J.J.Dronkers 
Chief Mathematician, Water Resources and 
Hydraulic Research Division, Rijkswaterstaat, 

The Hague, Netherlands. 

The purpose of this paper is to summarize investigations of 
the tides and storm surges for the deltaworks in the southwestern 
part of the Netherlands. 

The investigations into the tidal currents and H.W.levels in 
the coastal area will be treated more in detail. 

INTRODUCTION 

In order to protect the southwestern part of the Netherlands 
against inundation by storm surges, the "Delta project" has been un- 
dertaken. This entails the closure of three large sea arms situated 
between Western Scheldt and Rotterdam Waterway and will bring about 
radical ohanges in the tidal movement and stormflood levels of the 
estuaries and tidal rivers. 

The contours of the project are shown in fig. 1. It includes 
three big dams to be built in the mouths of Eastern Scheldt, Brouwers- 
havense Gat and Haringvliet, as well as two smaller ones to be con- 
structed further inland. An idea of the extent of these works may be 
gained by knowing the tidal volumes of the estuaries: Veerse Gat 
2.5.109 cu. ft; Grevelingen 4.109 cu. ft? Haringvliet 9.109 cu. ft; 
Brouwershavense Gat 12,5.109 cu. ft and Eastern Scheldt 39>.109 ou.ft. 

The waters of the Delta area will then be divided into two 
separate basins by means of a dam in the Volkerak. The southern basin 
will be entirely cut off from the sea, becoming a fresh water lake. 
The northern, comprising the mouths of the Rhine and the Meuse will 
remain in communication with the sea, because the Rotterdam Waterway 
must stay open to shipping. Consequently, the tides and storm surges 
will still be able to penetrate inland via this mouth, but they can 
cause high waterlevels in the Waterway only; in the rest of the basin 
their effect will be considerably weakened. In the situation at pre- 
sent, however, the upland flow of the rivers Rhine and Meuse is main- 
ly into the Haringvliet estuary and not the Rotterdam Waterway. As the 
Haringvliet estuary will be closed, large sluices are to be built in 
the enclosure dam as a substitute for the existing free discharge of 
the river water. 

Until this project is completed the inhabitants of the area 
which it will affect are insufficiently safe against storm surges. It 
is, of course, always possible that floods too high for existing dike 
systems will occur, but in the present situation the risk is too 
great. This was demonstrated in February 1953 when the southwestern 
part of the Netherlands was suddenly hit by an exceptionally high 
storm surge which caused many dike breaches and vast inundation. The 
occurrence of a similar surge or a higher one may be estimated as once 
in two hundred and fifty years, as an average, which is much too high. 
After the realization of the Deltaplan and the heightening of the 
dikes of Western Scheldt, Rotterdam Waterway and the northern parts 
of the country, 
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the dikes are safe tip to very high storm surges of which the occur- 
rence is smaller than once in ten thousand years, or in other words 
there is only one procent chance in hundred years that a major inun- 
dation will occur. 

In the paper: "Hydraulic investigations for the Deltaproject" 
H.A.Ferguson 1) describes in general terms the field observations, 
office computations and model studies made in connection with the hy- 
draulics of the Delta projection and reclamation project under con- 
struction in the Netherlands in 1958. These studies include among 
other things investigations of tides, waves, currents, salinity, se- 
diment movement, and drift of ice. 

In this paper the investigations concerning the tides, which 
are mentioned in Mr. Ferguson's article, will be dealt with in more 
detail. These tides are those which exist before the execution of 
the Deltaworks and those which will result after the project is ful- 
ly realized. 

The main tidal features which had to be investigated in con- 
nection with the project in question were the determination of the 
highest levels which occur on the Rotterdam Waterway and further 
riverbranches of the Deltaregion during storm surges with given high- 
water levels at Hook of Holland at the outermouth of the Waterway, 
the division of the upland flow of the Rhine and Meuse into the vari- 
ous channels of the northern Deltaregion, the determination of the 
discharge programme of the sluices in Haringvliejs and the flow velo- 
cities in the different navigation channels. 

As a result of the changes in the flow conditions the river- 
branches whose profiles are accommodated to present conditions, may 
have to be altered artificially. Further the possibilities for the 
suppression of the saltwater penetration of the Rotterdam Waterway 
by aid of the discharge programme had to be investigated. 

Moreover, the changes in the tides and stormflood levels in 
the coastal areas outside the dams have to be determined in order to 
calculate the height of the enclosing dams and dikes which are expos- 
ed to the sea. 

The tidal currents in the coastal waters of the delta will be 
changed considerably when the inlets are closed. The strong transverse 
currents, running to and from the estuaries will then have disappeared 
so that the prevailing current will be parallel to the coast. This 
change will undoubtedly cause important modifications in the pattern 
of banks and gullies. In the outermouth of the Haringvliet estuary 
the situation will become particularly complicated by virtue of the 
discharging of the upland flow through the sluices in the river. 
It is important, therefore, to determine the changes in the tidal cur> 
rents in the coastal areas. 

THE PROJECTS AND ITS EXECUTION 

A few months ago (May 1960) the first closure, forming a part 
of the Deltaworks, was completed, i.e. the closure of the Zandkreek. 

1) Journal of the Waterways and Harbours Division. Proceedings of the 
American Society of Civil Engineers, March 1959. Hew York. 
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This channel separates the island of Forth Beveland in the province 
of Zeeland from South Beveland (see fig. 1). During this closure no 
great difficulties were encountered. The difference in head of water 
at both sides of the closure dam was not more than one feet in the 
final stage of the construction. 

Next year the final closure of the Veerse Gat will take place 
as a result of which the islands of North Beveland and Walcheren will 
he connected and the estuary of Veerse Gat and Zandkreek will be 
changed into a lake. 

This closure is considerably more difficult than the closure 
of the Zandkreek, for after it the maximum difference in the water 
levels at the different sides will be about 5 ft at springtide. 

In 1959 the building of the huge sluice in the mouth of the 
Haringvliet was begun; the width is about 1150 yards and the depth 
is 17 ft below mean sealevel. An island surrounded by a high dike had 
already been constructed, taking one year to complete. The construct- 
ion of the sluice will be finished in 1966 or 196? if no serious dif- 
ficulties are encountered. After that, the further closure of the Ha- 
ringvliet will take place in 1968. 

Next year (1961) the government intends to begin the works for 
the enclosure of the Grevelingen, the estuary between the islands of 
Schouwen Duiveland and Overflakkee (see fig. 1). This enclosure will 
be completed in four years. 

Further extensive projects are planned for the following years. 
After the works in the Grevelingen the closure of the mouth of the 
Brouwershavense Gat will commence and be finished in 1970, and finally 
the closure of the mouth of the Eastern Scheldt will take place. It 
is hoped that the complete Deltaworks will be finished in 1978, thus 
providing a more comfortable safety, margin against floods, and leading 
to important changes in the coastal waters. 

A few years ago extensive studies commenced for the so-called 
Europort, which will involve the construction of harbours at the outer 
mouth of the Rotterdam Waterway. Piers will have to be built in the 
coastal waters. 
It is obvious that these works will have an important influence on the 
coastal currents and consequently on the sediment movement also. More- 
over, this problem is mpch complicated by the fresh and salt water mo- 
tion outside the Rotterdam Waterway. The construction of the piers de- 
pends also to a large extent on the influence of the waves. 

THE MEANS FOR RESEARCH INTO THE TIDES 

Calculations of the tides and investigations into the tidal 
movement by means of model tests are very important for the planning 
of the Deltaproject, and for the construction of the dams during the 
closure operations. Both methods are considered indispensable and are 
complementary to each other. 

The tide calculations afford a better knowledge of the physical 
aspects of the tidal movement and, if carried out in sufficient detail 
they may produce more exact results than those by using models. 

The calculations are confined to cases which are regarded as 
highly important from a practical and theoretical point of view and 
which will afford a check on the results of the model. 
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In a model far more situations can be investigated in a short 
time than by means of calculations; model tests are therefore especi- 
ally suitable for examining whole series of situations. 

The tidal model of the Deltaregion has the disadvantage that it 
is not very suitable for examining the effect of profile changes of 
channels, as frequent and time consuming modifications of the model 
would be necessary. 

A new electric analogy has been developed, therefore, by which 
the comprehensive research programme may be accomplished within a com- 
paratively short time and with sufficient accuracy. 

THE TIDES BEFORE AND AFTER THE EXECUTION OP THE DE1TAFR0JECT 

The tides vary greatly along the Netherlands' coast from South 
to North. At Flushing the tidal range at mean tide is about 12 ft, at 
Hook of Holland, the mouth of the Rotterdam Waterway, it is 5 ft and 
further North it decreases to about 4,5 ft at Den Helder. From that 
point the coast bends in northeasterly direction towards the German 
Bight, and the Sidal range increases again. At the most eastern place, 
Delfzijl, the range is about 9 ft. From these figures it appears that 
after the closing of the southwest estuaries (apart from the Western 
Scheldt), the high tides in the southwest will be cut off and that 
only at Hook of Holland, where the range is lowest, will they be able 
to penetrate into the Deltaregion. Furthermore it is clear that in the 
Deltaregion, the, tidal wave will be greatly decreased, depending on 
the distance of propagation. As a consequence, after the Deltaproject, 
the tidal ranges in the northern Deltaregion (north of Volkerak) will 
be much smaller than at present. The modifications in the ranges fol- 
low from fig. 2, in which the highwater and lowwater levels are shown. 
Especially in the Haringvliet estuary the decrease of the tidal range 
is very important in comparison with the present situation. At mean 
tide at Hook of Holland and with the Haringvliet sluices closed, the 
tidal range will in the Haringvliet lake be decreased by 90%, becoming 
about i ft. 

The water motion in the northern region, however, is very com- 
plicated due to the upland discharge of the Rhine and Meuse. In the 
present situation this water mainly follows the Haringvliet estuary, 
but in the future it must be discharged by the large sluices in the 
enclosing dam of the Haringvliet. The upland discharges of the river 
Rhine may vary greatly from about 35.103 cu. ft/sec in a dry season to 
about 350.103 cu. ft/sec in a very wet season (wintertime). In extreme 
cases an upland discharge of 450.103 cu. ft/sec or higher may occur 
(mean frequency of occurrence: once in twenty years). Therefore the 
sluices must be very large; when fully opened the cross-sections are 
57.10^ sq. ft below mean sealevel. In the case, however, of an upland 
discharge lower than about 210.10* ou. ft/sec only a part of the maxi- 
mum sluice opening will be used. The reduction of the discharge will 
be affected by partly closing all of the 1? individual sluice openings. 
From the point of view of scour of the downstream bed, this is prefer- 
able to closing part of the sluices entirely. Although a bed protection 
against scour will be provided, it remains advisable to distribute the 
total discharge over the greatest possible width. 

Furthermore the sluices will remain closed during the period of 

607 



COASTAL ENGINEERING 

higher water levels at the seaward side than at the landside in order 
to prevent saltwater to penetrate into the Haringvliet estuary. 

From the preceding consideration it follows that many variatior 
can occur in the waterlevels of the northern Deltaregion, due to as- 
tronomical and meteorological circumstances (springtide, neaptide, 
storm surges) of the tides at Hook of Holland, the variations in up- 
land discharge and the discharge programme of the Haringvliet sluices. 

In any case, however, the waterlevels in the Haringvliet estu- 
ary will be much lower than at present. In fig. 2 the H.W.levels and 
L.W.levels in case of closed sluices are shown for various places in 
the northern region in comparison with the levels found now. 

THE SUPPRESSIOW OF THE SALTWATER PENETRATION OF THE 
ROTTERDAM WATERWAY BY AID OF THE DISCHARGE PROGRAMME OF THE 

HARINGVLIET SLUICES 

In the present situation about 55%  of the upland discharge of 
the Rhine and Meuse passes through the Haringvliet and 38% through the 
Rotterdam Waterway. The remaining 7% discharges to the IJssel lake. 
The upland discharge suppresses the salt penetration via the Rotterdam 
Waterway to some extent but it is an insufficient deterrent. In point 
of fact, the drinking water of Rotterdam is very often mixed with salt 
to a disagreable amount in times when the upland discharges are low. 
In those times, therefore, the upland discharge of the Waterway has to 
be increased relatively to the discharge through the sluices. This can 
be done by decreasing the opening of the sluices. Then the discharge 
of the sluices decreases also and therefore the freshwater discharge 
through the Rotterdam Waterway increases. As a consequence the salt- 
water penetration will decrease, but it depends on the tides and on 
the upland discharges. 

In the case of very small discharges of the Rhine and Meuse, 
the sluices in the Haringvliet will be closed during the whole tide so 
that all available freshwater which is not be needed for domestic and 
agricultural use can be discharged through the Waterway. 

The full value of this effect can be asserted after a thorough 
investigation of the motion of fresh and saltwater in the riverbranch- 
es concerned, a motion which is complicated by the mixing effect of 
the harbour basins. 

In any case the saltwater penetration in the Rotterdam Waterway 
will be suppressed to an important extent after the execution of the 
Deltaworks. 

It must be noted, however, that this suppression is limited, 
because the freshwater from the rivers Waal (the most important branch 
of the river Rhine) and Meuse has to be discharged by the rivers Old 
Meuse and Noord (see fig. 1). The amount of this discharge is limited 
by the cross-section area and the fact that the velocities of these 
rivers may not exceed certain values dependent upon navigational re- 
quirements and the maintenance of the profiles. In cooperation with 
this, the benefit proceeding from the eventual construction of a bar- 
rage in the Old Meuse near its confluence with the Waterway has to be 
studied. By closing the Old Meuse in times of small upland river dis- 
charges all available freshwater will then flow past Rotterdam. It is 
to be expected that this concentration upon one branch will be favour- 
able for the suppression of the salt penetration. 
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Fig. 2 .   High and low water levels in the present 
situation and after the realization of the Deltaplan. 

DELTA     PROJECT 

0O0= MEAN SEALEVEL 

Fig 3 P"j^ , 'J   SW/«* 

Fig. 3.   Lowering effect on storm surge levels , 
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THE DECREASE OF THE STORM SURGE LEVELS AS A CONSEQUENCE 
OF THE DELTAWORKS 

Storm surge levels will also decrease in the northern region 
after the execution of the Deltaworks. The further inland one goes the 
greater will be the lowering effect on storm surge levels. In fig. 3 
this lowering effect is shown for a very big storm surge. It appears 
that along the Rotterdam Waterway up to Rotterdam the decrease is re- 
latively small so that the dikes in this region must still be height- 
ened. As has been remarked in the introduction the frequency of the 
occurrence of storm surge levels like 1953. must be considered as too 
high in relation to the possible loss of life and damage to property. 
Because of this, the statistics of the highwater levels have been ex- 
haustively studied by various institutes, the Rijkswate'rstaat (see the 
paper: P.J.Wemelsfelder, On the use of frequency curves to determine 
the design stormflood), the Mathematical Centre in Amsterdam and the 
Meteorological Institute. Finally it has been decided, the storm surge 
level of 16,5 ft above mean sealevel at Hook of Holland, which has a 
frequency of excess of about once in 10.000 years, to adept as a de- 
sign value for the dikes in the northern Delta area. In fig. 3 the de- 
crease of the storm surge levels are shown for inland places. These 
levels also depend on the shape of the storm surge curve at Hook of 
Holland, for which a hypothetical curve has been constructed on the 
basis of curves for storm surges which occurred in the past (fig. 4). 
With the help of statistical researches it has been shown, that in the 
case of very high storm surge levels it is reasonable to suppose that 
the simultaneous upland discharge does not differ much from the mean 
upland discharge. The probability of the simultaneous occurrence of 
very high storm surges at Hook of Holland and important upland dis- 
charge is much lower than the accepted frequency of excess of once in 
10.000 years as an average. 

On the other hand, for inland places like Dordrecht, the levels 
depend also on the upland discharge so that a certain level may occur 
here under various circumstances for stormflood levels and upland dis- 
charges. A high level at Hook of Holland and a low upland discharge 
may cause the same highwater level at Dordrecht as a lower storm surge 
level and a higher upland discharge. It may not be concluded, there- 
fore, that the storm surge level for Dordrecht, shown in fig. 3» has 
a frequency of excess of once in 10.000 years. For the determination 
of the statistical occurrence of the storm surge levels the statistics 
of the upland discharges have to be taken into account. This problem 
will not be dealt with in detail; only the most important points are 
mentioned. 

The stormflood levels to be experienced at various places in 
the Deltaregion when various stormflood levels occur at Hook of Holland 
in conjunction with, certain upland discharges, have been determined by 
model tests. 

In virtue of the independence of storm surges and upland dis- 
charges the probability of occurrence of a storm surge level at Hook 
of Holland, situated in a certain interval, together with the proba- 
bility of occurrence of an upland discharge also situated in an inter- 
val, equals the product of the probability of occurrence of each factor 
As a stormflood level at Hook of Holland and an upland discharge cause 
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a determined stormflood level at any place in the Deltaregion e.g. at 
Dordrecht, the probability of occurrence of a stormflood level, situ- 
ated in an interval at Dordrecht equals the sum of these probabilities 
mentioned above for which the storm surge levels at Hook of Holland 
and upland discharges cause stormflood levels in the considered inter- 
val at Dordrecht. Furthermore, the frequency of excess of a certain 
stormflood level at Dordrecht is the sum of the probabilities for the 
various intervals higher than the value of which the frequency of ex- 
cess has been determined. In fig. 5 as an example the frequencies of 
excess of the stormflood levels at Hook of Holland are shown and for 
Dordrecht these corresponding to the present situation and after the 
execution of the Deltaplan. The decrease of the stormflood levels at 
Dordrecht can be determined from these graphs. 

INVESTIGATIONS INTO THE TIDAL CURRENTS AND H.W.LEVELS 
IN THE COASTAL AREA 

When the inlets of the Eastern Scheldt, Brouwershavense Gat 
and Haringvliet are closed, considerable changes will take place in 
the tidal currents of the coastal waters. The strong currents running 
to and from the estuaries will disappear and currents parallel to the 
coast will prevail. As a consequence the fan shaped gullies, directed 
to the estuaries, will gradually disappear and the coastline will be 
flattened out. Furthermore a regression of the sandy coastline of the 
islands may be expected. In the future therefore, protection works may 
become necessary. For the planning of these works detailed studies 
have to be made, taking into account the tidal mechanism, the action 
of waves and currents and their influence on the movement of sediments. 

The process of reshaping the coastline may take a very long 
time, but it is possible that this development may cause dangerous ef- 
fects of erosion even in the first stage. It is in fact, very diffi- 
cult to forecast what will happen in detail. 

Further investigations concern the determination of the increase 
of the stormflood levels after the closure. These are especially rele- 
vant to the height of the dams and the existing dikes. 

The basis of the investigations consists of the study of the 
tidal motion in the coastal areas at present. The pattern of the tidal 
currents in the inlets of the estuaries is very complicated, due to 
the interference of currents directed to the estuaries with the tidal 
currents parallel to the general trend of the coast. These latter cur- 
rents are caused by the general tidal motion in the North Sea, and as 
the distance from the coastline increases so does the influence of the 
North Sea tide. Complications are also caused by the important differ- 
ence in phase between the North Sea currents and the estuary currents. 
If the currents in the North Sea region are maximum, the currents di- 
rected to the estuaries are small and vice versa. 

In fig. 6 a review is shown of the banks and gullies at the in- 
lets and outside the coastal line of the southern part of the Deltare- 
gion. The shoals outside the coastal line have a width of about 12 mil- 
es. 

In the coastal area at various points the vertical tidal motion 
has been recorded by using an instrument which determines the pressure 
of the watercolumn above the instrument. 
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With the help of these data and the observations at various places on 
the coast, the course of the tidal motion at other places in the coast- 
al area has been derived by interpolation. 

Furthermore velocity measurements have been taken for some 
years at various places, especially in the outermouth of the estuaries 
and at some points in the gullies in front of the islands. Then the 
relation with respect to the vertical tide can be derived. 

While the tidal movement in the coastal waters is influenced 
by the Coriolis forces, in the estuaries the influence of this force 
is limited by the restricted width. 

As a consequence of the Coriolis forces the tides near the 
coast are stronger than in the area of the North Sea off the coast. 
It appears that at a distance of 15 miles from the coast the highwater 
level is about 2/3 ft lower than at the coast. 

The tidal motion in the sea is determined by the two equations 
of motion, the equation of continuity and bo'nndairy conditions. 

Equations of motion: 

Ou  0 „ J „ s u      ^h 

0> v  O     s v      Oh 

1/ a 

Equation of continuity: 

Oh    0 a u , 0 a v   n 
Ut + 7T +~5T" -° * 

t = time? x and y are plane coordinates; u « velocity component in 
x-direction and v in y-direction; h • height of waterlevel with res- 
pect to datum; g = acceleration of gravity;«A. • coefficient of Corio- 
lis; C • coefficient of friction; a = depth. The value of the density 
of the water e  is supposed to be one; s • magnitude of the velocity 
vector:     ' 

1/2 
t    2   2 v s = ( u + v ; 

The mean sea depth in the coastal area is low in comparison 
with the mean depth of the North Sea itself. In the gullies between 
the banks, the depth varies from 25 ft to 60 ft. In the adjacent part 
of the North Sea, outside the coastal region, the depth varies between 
70 ft and 90 ft. As a consequence the resistance force in the equat- 
ions of motion is much more important in the coastal area than in the 
North Sea, so that in tidal calculations especial care must be taken 
in considering the influence of this force. 

The value of the resistance coefficient C has to be determined 
from tidal computations for the existing situation in the coastal area 
of which the tidal motion is known from the observations. 

The computations are carried out in the following way. 
An important reduction may be made by taking the abscis x in 

the length direction of a gully, in which the velocity has been 
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observed at two or more points and the curve of the vertical tide is 
known. At first the differences between the measured velocities in 
various points of the gullies are verified with the aid of the equat- 
ion of continuity. 

Then -r-r and s\a u are determined from the vertical tide and the 
A *     A * 

velocity measurements JRaifcer from the velocity observations the mean 
ff o n /\ vi f\ 

values of B  • • and -r-r are determined; the value of -JLv also a       £t 
can be estimated from the observations in the gully itself and in 
neighbouring gullies. By reason of the assumption that the velocity 
is mainly directed in the gully, the value of - SI v is mostly small 

A h 
in comparison with the other ones. If, moreover, the value of -r— is 

known, the value of C for the gully can be computed from the first 
equation. The computation of C can be carried out for various moments 
during the tide, analogous to the corresponding computation in the 
rivers. Then it appears that the value of C as an average equals about 
110 ft*/sec. Because of the supposition that the value of C will not 
change importantly during a tide, these computations also give an im- 
pression of the exactness of the measurements and the various inter- 

A  k 
polations for the determination of the values of —— and the mean A x 

values of u. From the second equation the values of •*— t perpendi- 

cular to the gully, can be computed. They depend mainly on the values 
of Siu. 

Such computations are important for the knowledge of the tidal 
motion of the coastal area. Further information is obtained in order 
to verify the method by which the coastal region may be schematized 
for further tidal computations. The very shallow regions are then se- 
parated from the deeper gullies. The gullies are further divided into 
sections, which have comparable depth and width with lengths of 2 or 
3 miles. Then the depth is considered constant. In fig. 7 an example 
of such a schematization for the area outside the dam in the mouth of 
the Eastern Scheldt and the island of Walcheren is shown. 

For this area a complete tidal computation has been carried out 
in the following way. Only the most important steps are described. 
Firstly, the tide in individual gullies was computed by using the 
available measurements, as described above. After that, the tides in 
the various gullies were compared to ascertain the continuity of cur- 
rents and vertical tides at the points where one section of the schema 
meets its neighbour. Differences at these meeting points have to be 
eliminated by modifying the computed tides in adjacent gullies. This 
is done by trial and error on account of the non-linear equations 
(quadratic resistance terms). These computations take much time and 
often show that the schematization of the gully system has to be 
changed. 

After studying the tidal motion in the present situation, tidal 
computations are executed for the situation after the estuaries have 
been closed. 
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Then the pattern of the currents along the coast is less complicated, 
running mainly parallel to the coast. In the inlets of the closed es- 
tuaries, however, the tidal motion propagates to the dams. Because of 
the short distance the propagation of this tidal wave can easily be 
computed. At first then it is supposed that the vertical tide at the 
seawardside of the inlet does not change, so that the currents direct- 
ed to the dams can be computed approximately. After that the tidal mo- 
tion outside the coastline of the Deltaregion can be calculated, sup- 
posing that the currents which are parallel to the coast are predomi- 
nant with respect to the perpendicularly directed currents. In a strip 
with a width of about 12 miles, this tidal motion can be considered as 
a propagation of Kelvinwaves, in which case the currents are directed 
in one direction. The propagation of such waves can be computed in a 
similar way as the propagation of the tides in a river. The differen- 
ces in level in the transverse direction can be computed from the 

equation <)Cu = - g -r~ . Finally, the influence of the tidal motion to 

the inlets of the estuaries can be taken into account more fully. 
On the seaside borders of the region for which the computations 

are carried out, the observed tide graphs are the boundary conditions. 
Along the coast the perpendicularly directed velocities are zero. 

Some results of the computations are: 
The H.W.levels in the neighbourhood of the dams will increase 

by 2/3 ft and the L.W.levels decrease by an equal amount. The storm- 
flood levels will increase by 1» 1/3 ft. The H.W.levels at the capes 
of the islands, however, will only increase by a few inches. 

The velocities in the outermouths of the estuaries, which will 
be closed, will decrease by about 30%, while this percentage will in- 
crease in the direction of the dams, where the currents completely dis- 
appear. 

In the mouth of the Haringvliet, however, the determination of 
the changes of the currents is very complicated due to the discharge 
programme of the sluices. 
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CHAPTER 33 

ON THE USE OF FREQUENCY CURVES OF STORMFLOODS 

P.J.Wemelsfelder 
Chief Engineer, Rijkswaterstaat, 

The Hague, Netherlands. 

1. THE PROBLEM 

In coastal engineering we often have to faoe the problem of 
high stormfloods. Especially if the land near the ooast is flat and 
low, if it is densely populated or if high economic values have to 
be protected. 
In all these oases, where life and economic values are at stake, a 
design flood has to be established as a basis for the construction 
of the works of protection. 

Obviously the height of the design flood will be dependent on 
two factors. On one hand it depends on the characteristics of the sea, 
on its probable and possible heights. On the other hand it depends on 
the values of human and economic nature, threatened by the sea. So 
the design flood may be regarded as a balance between the threatening 
force of the sea and the values at stake. 

In this paper we will investigate the nature of this balance. 
This will lead us to a close examination of the frequency curves of 
stormfloods, to a discussion of the question: What is a reasonable 
risk and to a discussion of the question: What is the space of time 
we have to take into account. 

2. DESCRIPTION OF A FREQUENCY CURVE OF HIGHWATER 

Let us suppose that tide gauge readings of highwater are 
available for a reasonable space of time. The first thing to do is to 
count the number of highwaters, surpassing every dm interval of the 
gauge. 
If we plot these numbers as abscissa against the heights as ordinates 
we obtain the distribution curve of excess, which henceforth for the 
sake of convenience we will call the frequency curve. 
Fig. 1 shows such a curve for the highwaters at the gauge of Hook of 
Holland. The vertical axis corresponds with the gauge heights. The 
Netherlands datum level NAP is practically equal to mean sea level; 
mean highwater equals NAP + 90 cm; a heavy stormflood reaches up to 
NAP + 280 a 320 cm and the disastrous stormflood of 1953 piled up to 
NAP + 385 cm at this gauge. In particular the higher floods will be 
the subject of our present study. 
The abscis gives the number N of the times each level has been ex- 
ceeded, reduced to the number per year. For practical reasons the 
scale of the abscissa is logarithmic. 
It is important to note, that this procedure leads to a fairly straight 
curve in particular if not all the values of highwater are counted, 
but only those in the winter season. 
As we are mostly interested in the higher and very high floods, the 
question arises how the curve should be extrapolated for higher levels. 
This is only a minor question in relation to the main subject of this 
paper. But for better understanding of what follows a short discussion 
of the higher part of the frequency curve may be useful. 

617 



COASTAL ENGINEERING 

/ 

y»»j 

\%uy 
ft 
i 
+ 1*04 

• 
z 

t Jf STORM  LEVEL 

5 
i 

Jf M«AI MW 

HUM! i mini i llltlll   t nun i mini i mm   i mini i 
9 

0                    1 
a 

0                       1 0 I 0                      1 0* 0                      1C 

Fig. 1. Frequency curve of highwater at Hook of Holland. 

Obviously the frequency ourve can not end abruptly at the highest oh- 
served highwater. She curve will continue beyond this point. 
From calculations we know that in Hook of Holland stormfloods up to 
NAP + 6 to 6,5 m may not be regarded as impossible from a physical 
point of view and there is no valid reason to assume that even such 
extremely high levels should never be exceeded. 
Shis consideration leads of necessity to an extrapolation of more or 
less straight character, at least for the levels, whieh will be of 
interest for the present investigation. Sueh an extrapolation is pre- 
sented in fig. 1. And if perhaps the frequency ourve in still higher 
regions will tend to defleet to some asymptotic value this does not 
interest us greatly. For this is in any ease far beyond the levels 
considered in the seope of the present study. 
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Owing to the general character of frequency curves, of which 
fig. 1 is only a sample, we are faced with three important aspects: 

1. nature confronts us with very high levels, liable to he 
exceeded; 

2. possibly there is no limit given by nature. So man is 
forced to consider a reasonable limit which is convenient 
to his purposes; 

3. the probability of the very high levels being exceeded is 
extremely small. 

Thus if we have chosen a definite height as a design level, we know 
in advance, that there always remains the chance of it being exceeded. 
A discussion of the real content of the term exceeding and the real 
meaning of the term chance is therefore necessary. 

3. A "SIAHDARD" FRIQUEHCY CURVE 

The exceeding curve of the gauge of Hook of Holland has been 
used only as a sample. Another gauge may have a somewhat different 
curve, with differences in general shape, steepness and gauge values. 
In order to simplify the explanation, in fig. 2 a "standard" frequen- 
cy curve is introduced, being an exaetly straight curve P . 

YEARLY MAXIMUM IB69-I9S4 MAXIMA IN IOO PERIODS OF IOOO YEARS 

Fig. 2. Standard frequency curve F and curve of "maximum values" 6 . 
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The absois shows on a logarithmic soale the exceeding value m . The 
ordinate shows h as an auxiliary height of an arbitrary character. In 
this diagram every value of *i is directly related to a value of h by 
the straight frequency curve. 
The frequency curve of highwater at a specific gauge such as e.g. fig. 
1 provides the relation between the same value of m and the correspond- 
ing level at that gauge. From this results a well defined relation be- 
tween any gauge reading H and the auxiliary height h , 
So we may introduce the straight line F of fig. 2 as a standard fre- 
quency curve, valid for all gauges in the world as an exact represent- 
ation, the ordinate being a nonlinear transformation of any gauge 
value into the uniform parameter h . 
The abscis represents the exceeding value (or frequency) m , appear- 
ing in a period of T years. If we put N to be the number of oases of 
exceeding per year we have the relation: 

m=T.N (D 
For the straight standard frequency curve the equation applies: 

h -k1 - -s log m (2) 

if hjis the height corresponding to the value m-1, which value is 
marked in the diagram by the central point M . 
The coefficient s represents the steepness of the curve, so: 

log m 
If hj corresponds tom=lj ho,i to MI=O,1| h0,oi towi = o,oi etc., then: 

S = ko,oi-ho.i " ^0,001 - h0>01 etc (4) 

This means that s represents the height Ah , which decimates the fre- 
quency m . 

As the standard frequency curve is a straight line, the value 
of s is a constant. This implifies the further investigations con- 
siderably. Yet this is not a simplification of the general problem. 
For the frequency curve of a special gauge may deviate considerably 
from a straight curve and the decimating value may vary for different 
levels. The nonlinear transformation of H into h takes this fully in- 
to account. 
From (1) follows: 

m.e -*^ (5) 

with°C» In 10 » 2,3 . 

4. THE MAXIMUM VALUE IN A GIVEN PERIOD 

If we ask for the probability k that in a given period of T 
years r facts oocur, the mean value of these oocurrenoies being nt, 
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Poisson's law states: 

k - J^f e-m      (e-2,7a.. ) (6) 

The chance of a given level h , corresponding to the exceeding value 
m , being not exceeded is given by the value of k for 1%= o. So the 
chance of not being exceeded in a period of T years is: 

k - e"m (7) 

The chance <\ of being exceeded is the complementary value: 

C[ = i-G"m (8) 

Starting from the standard frequency curve F of fig. 2 it is a simple 
matter to calculate the values of q once for all. The result of this 
calculation is presented in fig. 2 curve <3 . The ordinates of this 
curve correspond to the same values of h as already discussed. 
The abscis in this case gives the probability of exceeding q , ranging 
from 100$ to 0%. The formula of this curve <3 can easily be derived 
from (8), resulting in: 

q = i-e-e    s (9) 

This mathematical form is of little use for the present purpose, be- 
cause formula (8) enables to calculate the curve in a much simpler 
way. 
Gumbel uses this formula in general form as a starting point of his 
theory of maximum values. He does not use the whole universe but only 
the maxima. Our present work is based upon the use of the whole uni- 
verse of observations and we come to final conclusions without any 
speculations about laws or coefficients. 

4a. DISCUSSION OF THE FREQUENCY CURVE G 

The curve G represents the probability q that a parameter 
height h  will be exceeded in a period of T years. The oentral point 
of this curve is once more the mode M with the characteristic value 
m=land the corresponding height li^hj. For this point M the value of 
q is equal to: 

q=l -e-1 =0,63« 63% (10) 

If we have a period of T years and the height h^l^-with the exceeding 
value m = l , then the period T is exaotly what in Anglo-Saxon scienti- 
fic litterature is called "return period". Thus there is in a given 
period, which equals the length of the "return period", a probability 

-1 k = e-! = 37% 
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that the maximum value in that period will he lower than the corres- 
ponding height h (or the corresponding gauge height H ), and a pro- 
bability 

that the maximum value will be higher. 
If we take for m the value 5 the chance of not being exceeded is equal 
to: 

k = e-5=o,7# 

and the probability of being exceeded: 

We may eonelude from this, that the height h5 •,  related torn-Sean 
practically be regarded as the lowest possible maximum height for a 
period of T years. Nearly, always the maximum height in T years will 
be higher. Though in theory there is no limit in downward direction, 
for praetieal purposes the height H5 has to some extent the character 
of such a limit. For if we take h7 or hl0 these heights will be found 
to be very close to hs , but their probability of not being exeeeded 
is only one hundredth of that of h5 . So it is nearly "impossible" to 
have lower maxima. 
The highest values of the maxima are not limited in this sense. If m 
is small, e.g. less than o,l » we have: 

q = l-e~m=ftt (11) 

So for all values of m smaller than o, 1 the chance of being exeeeded 
is equal to the exceeding value itself. 
She curve <3 corresponds to the mathematical form (9) and is represent- 
ed here in the ogee-form. The Gumbel*s diagram offers a possibility 
to draw the line G as a straight line. For our present purpose there 
is no need to make use of this possibility. 

5. A SUBDIVISION OF THE RANGE OF POSSIBILITIES 

From the preceding paragraphs we know, that the maximum values 
may range from h5 (with m-5)  up to every value of It without any limit. 
In order to discuss this wide range of possibilities it seems useful 
to introduce a division in classes, adapted to the needs of praetioal 
use. In order to attain this we divide the probability scale into 
classes. 
Five characteristic values of the exceeding value m that may serve 
our intention, can be chosen namely: 

m=S     1 0,1  0,01  0,OOl (12) 

The value 5 has been discussed already. The value wt»i represents the 
central value of the mode M and we have chosen the associated values 
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o,l , 0,01 and o,ool because we are living under the rule of the de- 
cimal system. 
These values of m divide the range of possibilities into the following 
classes: 

from m • 5    torn » 1 the class of LOW maxima 
from w. *  1    to m « 0,1 the class of NORMAL maxima 
from m *  0,1  to m • 0,01 the class of REMARKABLE maxima 
from m» 0,01 to m - 0,001 the class of EXCEPTIONAL maxima 
from m= 0,001 torn. 0,000 the class of EXTREME maxima 

The five mentioned values of m correspond to the five heights of the 
auxiliary scale h5 h^    h0)i    h0,oi h0,ooi  

as shown in diagram 2. 
Due to this relation we may connect the five classes immediately to 
the vertical scale, as is done in the right hand part of fig. 2. 
Moreover the five classes are written along the line F . 

A short discussion about these classes may be useful. There is 
no class below ^5 , for nearly never there will be a period of T 
years with a maximum value below hs  . 
If the maximum is found between hs and hi  it is justified to call such 
a maximum LOW. It remains below the central height M . If we could ob- 
serve a great number of periods of T years length, in 37% the maximum 
should be found to be below M , so belonging to the class of low maxi- 
ma. 
Maxima between ^ and h0,i have been named NORMAL, thus stressing the 
fact, that it is quite normal that the maximum value in a period of T 
years presents itself in this range. The percentage of maxima, falling 
in this class, is 6358 - 10% - 53%. So roughly speaking half of all 
maxima are normal. 
After this definition it is quite normal, that in a given space of 
time of T years a maximum height of a stormflood h0,i occurs. This 
means a height with an exceeding value m = o,l. or, still in other 
words, it is quite normal to meet in a period of T years a stormflood 
which has 10 x T as its "return period". 
The class next to the normal stormfloods has been named REMARKABLE 
maxima, which name seems to be fitting to the purpose. Of course just 
beyond the upper limit of normality we will have to distinguish a 
range of floods, being not quite normal at one hand, but being not real 
ly extreme in the usual sense of the word. So from h0,i up to Ji0,oi we 
may meet "remarkable" floods. So we may say that we have had a "remark- 
able" flood if we observed in a period of T years a stormflood of a 
height with a returnperiod between 10 x T and 100 x T years.10% - 1% « 
9% of all maxima belong to this class. 
Above the class of the remarkable stormfloods we distinguish the class 
of EXCEPTIONAL maxima. This class ranges from w = o,oiup to «t = o,ool. 
While a phenomenon, occurring at a rate of 1 in 10 can rightly be call- 
ed remarkable, for a phenomenon presenting itself at a rate of 1 in 
100, only, the term "exceptional" may be considered as justified. The 
total number of maxima, belonging to this class, is 1% - 0,1% - 0,9%. 
The small quantity of about 1% is in fair agreement with the current 
meaning of the word "exceptional". 
From h0,ooi 

UP *° ^y possible height a stormflood may be called 
"extreme". The word "extreme" is used here in another sense than 
Gumbel does in his theory of extreme values. Gumbel's "extreme values" 
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in the present paper are called "maxima". This is only a matter of 
using words. But nevertheless it is my intention to discuss here the 
necessity to distinguish low maxima well from high maxima. For this 
purpose a more refined distinction is needed which leads to reserve 
the word extreme for those maxima beyond the class of "exceptional" 
maxima. That means that the word "extreme" encompasses all those oc- 
currencies, lying beyond the normal, the remarkable and even beyond 
the exceptional occurrencies. 
This classification will prove to be very useful for an understanding 
of the true nature of the variability of maximum stormfloods in a li- 
mited or even unlimited space of time. 

6. AN ANALYSIS OF THE PERIOD TO BE TAKEN INTO ACCOUNT 

We shall now discuss the character of the period of time of 
years. For this  we can ohoose an arbitrary number, adapted to the 
situation we want to consider. As an illustration we take into view 
three distinct values, via: 

* T • 1 year, representing interests of only short duration 
(merchandise on wharves for some weeks or months, execut- 
ion of coastal engineering works for a few months or 
years etc.). 
Although to the intellect one year is quite a short period 
in relation to a life time or seen as a part of history, 
in the daily walk of life, psychologically, we do not look 
beyond it as a rule. 

T» 50 years, representing a "life time". With a fifty years 
period we take in view a whole life time of interests of 
rather restricted and individual oharacter (factories, 
harbour works, buildings and also human life in the person- 
al sense of the word). A period of fifty years has a de- 
finite significance, although it is not constantly before 
our mind. 

T - 1000 years. With this third period the scope is widened 
to a time interval during which works of public character 
as an entity have to function in order to secure safety 
of life and existence of the community as a whole. Though 
the individual hydraulic constructions may have a life 
time of not more than 50 to 150 years, their collective 
aggregate forms a continuous entity, exposed to a constant- 
ly threatening force of nature. 
From this "social" point of view we have to consider the 
life time of a whole community. 

The three periods of 1, 50 and 1000 years are of course an ar- 
bitrary choice. They are meant to represent certain fields of interests 
for each of which a somewhat different figure could equally well be ar- 
gued. The fields of interest themselves, however, we do consider as 
significant and their discussion may be useful as a guidance. 
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7. THE MAXIMUM STORMFLOOD IN EACH OF THE THREE PERIODS 

It has been argued in the preceding paragraphs, that the 
"maximum height" is not a single value. Fig. 2 has shown that the ma- 
ximum in a given period of T years may take any value between about 
h5 and K00 or infinitely high. Wow attention must be paid to the 
fact, that the length of the period T plays an important role. 
In order to translate the frequency or ezceedingvalue ^/jr,  as given 
by the abscis in fig. 1, into the exeeedingvalue m ,  to be read at 
the abscis in fig. 2, a period T has to be defined. We will now see, 
what the maximum values will be for eaeh of the three periods arbi- 
trarily chosen in par. 6. 

Let us suppose we want to know the distribution of the yearly 
maxima of a 66 year time interval. Curve <3 of fig. 2 gives "all" pos- 
sibilities. We divide the abscis of curve <5 into 66 equal parts. Each 
part corresponds on curve <3 with a value of h ,  Eaoh value of h  cor- 
responds on line F with a value of m . Each of these values m can now 
be divided by the value of T , being 1 in this case. In this way every 
value of t" leads to a corresponding value of H . Eaoh value of M gives 
on the exceeding curve of fig. 1 a corresponding value of H , being 
the height of a stormflood at the gauge at Hook of Holland. 
The result of this calculation can easily be compared with the observ- 
ations of 66 years. This has been done in an earlier publication (see 

1 ). A perfect correspondence was found. In connection to this for 
the present investigation the calculated heights have been replaced 
by the observed heights. Fig* 3 part A presents the sequence of the 
observed yearly maxima of the period 1889-195^. The higher values are 
marked by a date. 

YEARLY MAXIMUM IB89-I954 MAXIMA IN IOO PERIODS OF IOOO YEARS 

Fig. 3. The distribution of the maxima in periods of different lengths. 
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For the 50 yearns period we suppose that we want to know the most pro- 
bable maxima of 20 periods. Dividing the abscis of curve <3 into 20 
parts we can read on curve G the corresponding twenty parameter height; 
h. and via curve F the corresponding values of w . After dividing each 
of the twenty values ofm by 50 (T»50) we obtain twenty values of N . 
These values of N correspond in fig. 1 with 20 heights H . These 
heights are drawn in fig. 3 part B in an arbitrary order. 
For the period ofTa 1000 years we find after an identical procedure 
part C of the diagram. 
The diagram as a whole demonstrates clearly the distribution of the 
maxima. Such a distribution is always present, in the yearly maxima 
as well as in the maximum values in 50 year periods or in 1000 year 
periods. 
This diagram illustrates the fact that a single maximum value is of 
little importance, which means also that the maximum stormflood, known 
by observation, is of little importance. It may be just a quite arbi- 
trary choice by nature out of the whole range of possibilities. If we 
adjudge any importance to such an "observed maximum stormflood" we 
probably are misleading ourselves and others. 
For what is presenting itself to us as an absolute maximum, being the 
highest level we ever observed, may, after diagram 3, possibly be only 
quite a low maximum. 

This important discussion can be supported by pointing to fig. 
3 B. This part of the diagram presents the most probable maximum 
height of 20 periods of each 50 years length. From observations we 
know 3 maxima of 50 years period, viz: 

period 1850-1900 the 189^ flood is the highest one. 
period 1900-1950 the 1936 flood is the highest one. 
period 1950-2000 the 1953 flood will probably prove to be 

the highest one. 

We have placed these three dates at the top of the three heights which 
are approximately the same as the three corresponding heights in fig. 
3 A. From this we see, that the stormflood of 1936, being indeed a 
•'very high flood" (in the opinion of observers of those days) and the 
maximum of a fifty years period, in reality has been only a low maxi- 
mum for a period of that length. Even the disastrous flood of 1953, 
being in the one-year class an exceptional flood, proves to be in the 
50 years group only a NORMAL maximum. 
Turning over now to part C of fig. 3, we see the height of 1953 as 
number three from the bottom. In a period of 1000 years there is 97% 
probability, that the highest value will be higher than the 1953 flood 
Thus part A shows the stormflood 1953 as a Gulliver among the dwarfs, 
but part C shows the same 1953 as a Gulliver among the giants. This 
demonstrates the importance of the length of the period T . 

8. APPLICATION OF THE CLASSIFICATION, PROPOSED IN PARAGRAPH 5 

From fig. 1 can be taken immediately the heights of L , M , 
10%, 1% and 0,1% for 1, 50 and 1000 years periods. These figures are 
presented in table 1. 
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period of period of period of 
height in the proper period 1 year 50 years 1000 years 

(A) (B) (O 

I nearly lowest maximum (m=5) + 185 + 290 + 380 
M most probable maximum (m=1) + 225 + 335 + 430 
10% upper limit normal maxima + 290 + 405 + 500 
n upper limit remarkable maxima + 355 + 480 + 570 
0,1% upper limit exceptional maxima 

beginning of extreme maxima 
+ 430 + 550 + 640 

Table 1. Characteristic heights of the periods A, B and C. 

These heights have been marked in fig. 3* The practical value of the 
proposed classification can now easily be seen. 
First the height L , computed with the exceeding valueHI=5. It is 
clearly shown that this height h  indeed represents practically the low- 
est maximum height, to be expected in any given period. This applies 
as well to 1 year as to 50 or 1000 year periods. 
As to M , the modus, characterized by the value nt=1, fig. 3 shows, that 
this height is found not very far above L. . The exact definition of M 
is that this height will be surpassed onee (as an average!) in a given 
period. From fig. 3 however we see, that this value is of little im- 
portance when we are looking for a design flood. Quite many floods 
(63%) are higher than M. 
This unimportance of Mmay be stressed once more. In scientific litte- 
rature often expressions are used like "a hundred years flood" or 
"a thousand years flood". With such expressions is meant the height of 
a flood exceeded in that period once as an average. This is exactly 
the height M. The expression "a thousand year flood", however, gives 
the impression of an extremely high flood, not to be exceeded in 1000 
years. This is misleading. There is 63% chance that the maximum height 
in 1000 year will be higher, possibly even to a large amount, as clear- 
ly shown in fig. 3. 

We now consider the 10% height. This means 10% chance of exceed- 
ing in a given period. From fig. 3 part A we used 66 observations. 
10% of these values or about 7 will be higher than the 10% height. As 
such we see the maxima of the years: 

1894 1904 1906 1916 1928 1953 1954 

These 7 gales are well known in our country as "big gales". Nearly all 
of them caused more or less serious damage. The stormfloods 1894, 1906, 
1916, 1928, 1954 are known to the public and 1953 has a worldwide re- 
putation. 
It is important to point out, that none of these stormfloods of impor- 
tance is below the 10% limit. All the storms below the 10% limit have 
aroused no great interest, are "normal" storms. This agrees with the 
philosophy of pragraph 5, where the class betweenm«1 andw-0,1 has 
been called the class of normal stormfloods. 
From the 7 floods mentioned above 6 are comprised between the 10% and 
the 1% limit. So all these floods belong to the class of "remarkable 
floods". This is in fair agreement with common parlance. All these 
floods are well known. The lower floods are unknown, they have not been 
remarkable. 
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From 1% to 0,1% we distinguished the zone of "exceptional floods". 
So in this nomenclature the disastrous flood of 1953 is an exceptional 
flood for the one-year scope. 
Floods above the 0,1% height have not been recorded. Perhaps they have 
occurred in earlier centuries before the characteristic heights were 
registered. 

This short discussion may show that the proposed classification 
is in fair agreement with common parlance. It shows moreover that the 
10%, the 1% and the 0,1% limits are directly related to physical real- 
ities, to faots. 
It has to be borne in mind, that up till now we have been discussing 
part A of the diagram. That is the series of annual maxima. It means, 
that all floods between M and the 10% height are to be called "normal" 
only in their quality as a n n u a 1 maxima. And the floods of 1894, 
1904, 1906 etc. are to be called "remarkable floods" only in their 
quality as a n n u a 1 maxima. The big 1953 flood is an "exceptional 
flood" only in the sense of a maximum of one year. 
From this we see, that the common nomenclature is closely related to 
a one-year period. Human awareness of natural processes such as storm- 
floods may be called a one-year embracing awareness. We appreciate the 
violence of a stormflood only in relation to the very moment we are 
living in. 
If we had to our immediate disposal an organ to embrace more than only 
the few days of our present living our scale of appreciation would be 
another one. Fig* 3 part B shows what we should experience. In this 
part B the unit of time is 50 years. 

The first Important fact to be noticed is that the maxima of 
diagram B as a whole are much higher as those of diagram A. And the 
heights of L , M , 10% and 1% are higher just as well. (The 0,1% 
height has been omitted) The lowest maximum height L in graph B is 
exactly equal to the 10% for the one-year period, graph A. The three 
floods 1916, 1894 and 1953, being marked in diagram B, have already 
been discussed in paragraph 7 as being of less importance, in relation 
to 50 years periods. 
In the class of remarkable floods (from 10% up to 1%) there is only 
one height present in B. It is marked Q. and represents a stormflood 
45 om higher than 1953, which is an exceptional flood in the one-year 
period. Relatively the flood Q. corresponds with 1916, 1928 and 1954 
in the one-year period. 
The community as a whole is interested in a much longer period. This 
may be different from case to ease, but dor the convenience we intro- 
duced a period of 1000 years. Fig. 3 part C gives the answer to the 
question what may be the maximum height in the course of any 1000 
years period. The zone between L and M shows the"lower" maxima for a 
1000 years period. Up to + 500 (the 10% height) we find the "normal" 
maxima. Above this height there are another 10 "remarkable" maxima. 
The stormflood Q, being in diagram B a remarkable maximum in relation 
to a 50 year period, is in diagram C in relation to a 1000 year period 
a rather unimportant level, just equal to the mode M. 
This discussion may have illustrated that a classification, based upon 
the exceeding value m , applies to periods of every chosen length. The 
classification can be applied to any speoifio gauge. 
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It is, however, immediately related to a given period. So one has to 
bear in mind the necessity to determine first of all from ease to cast 
the length of the period that has to be taken into account. 

9. PERIOD AHD RISK 

It is quite usual to regard the frequency of stormfloods as a 
one dimensional quantity. The relation between level and frequency is 
very simple and direct. Only one frequency curve, as e.g. given in 
fig. 1, is sufficient to translate a height at a given gauge into an 
exceeding value vice versa. 
In the preceding paragraphs, however, we have argued, that this simpl- 
icity is misleading. In reality the question of the highest values is 
a matter of t w o dimensions, i.e. period and risk. 
In order to explain this the one-dimensional fig. 1 has been trans- 
formed into a two-dimensional diagram: fig. 4. 

I IO 

SHORT   LASTING   RISKS 

IOO IOOO 

LONG   LASTING   RISKS 

IN PRIVATE 
SPHERE 

IN   SOCIAL 
SPHERE 

Fig, 4. Probability as a function of period and risk. 
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This diagram gives exactly the same as fig. 1. Yet the general im- 
pression differs considerably. The ordinate in fig. 4 gives the levels 
of highwater at the gauge at Hook of Holland, just as the ordinate in 
fig. 1. 
The abscis gives on a logarithmic scale the length of the period T in 
years. This period T has to he regarded as the length of the duration 
of any risk. From 1 year or less up to 10 years or 25 years we may 
speak of "short lasting risks". From 50 years upward we could speak 
of "long lasting risks". These long lasting risks are divided into a 
"personal sphere" and a "social sphere". The longer periods are relat- 
ed to the social sphere. 
The diagram shows 5 curves, respectively form»5 (ourve L ), forni-1 
(curve M),m»o,1 ,m »0,01 andm«0,Q01. Each height, given by these 
five curves can immediately be derived from fig. 1 by application of 
formula (1). 
For ourve M applies m »1. SoN» 1/T and since the scale of N in fig. 1 
is identical to the scale of the inverse value of T in fig. 4, the 
curve M in fig. 4 is identical with the curve in fig. 1. 
The curve L represents the "lowest possible maximum" for any period, 
given by the abscis. This curve is rising, as all the curves are, with 
increasing length of the period. This means that with increasing length 
of the period the lowest possible maximum height grows higher and high- 
er. 
Between the curves we find the classes, mentioned in paragraph 5. The 
heights, belonging to each of these classes, move upward as the period 
increases. 
Proceeding horizontally from left to right we see, that a given level 
of highwater may be called "exceptionally high" for the abscis value 
1 (one-year period). This applies to the stormflood 1953f marked in 
the diagram. The same level however is only "remarkable" for a 10 
year period, only "normal" for a 100 year period and even ?low" relat- 
ed to a 1000 year period. 
This graph shows that when time passes on every high flood is loosing 
its importance more and more. Going through the diagram along a line 
of constant height, (it may be some Important stormflood) from left 
to right, there will come a moment, that we cross the curve L . About 
that time we may be sure, that our initial height will be exceeded. 
If we cross the curve of 1% there is already 1% chance of being ex- 
ceeded. If we cross the curve of 10% the chance of being surpassed by 
a higher flood is increased to 10% etc. 
From this investigation it is clear that the design level depends upon 
two factors: 

a) acceptable risk (w) 
b) duration of the risk     (T) 

And though m and T are connected together by formula (1) to 

and N is connected only to one definite height, to establish a suit- 
able design flood diagram fig. 4- should be preferred above fig. 1. 
This may be emphasised once more in other words. To indicate a design 
flood as a flood, occurring once in its returnperiod, is misleading in 
a fourfold sense. 
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Firstly a very high flood does not return as such as shown in the dia- 
grams of fig. 3. Secondly it is not a question of occurring of this 
particular height, but of exceeding it. Thirdly it is not exceeded 
"once" in the period T , but "as an average" it is exceeded once in 
that period. The main objection, however, is this. In relation to a 
design flood the so called returnperiod has no practical meaning. 
The height h^ , corresponding to the point M and the valuew-1, which 
is being exceeded just once in the period T , is such a low maximum, 
that it has no use as a design level. 
As a design level only ho,i , h0,oi ov  h O,ooi can be taken into con- 
sideration. 
If we take, e.g.: ho,oi as design level, we accept 1% risk of it being 
exceeded in a period of T years. This height h0,oi corresponds with a 
value of N given by: 

N= m _ 0,01     { 
T     T    lOOT 

So the inverse value of N , being traditionally named "returnperiod", 
is in our example a hundred times the period T . 
Let T in a special case be 200 years. If we accept a risk of the de- 
sign level being exceeded of 1%, then we have to take from the fre- 
quency curve a height with an exceeding value N • 0,5 x 10"*. This 
value has no relation with a "returnperiod" of 20000 years. A period 
of 20000 years does not really enter into the argument. So the use of 
the term "returnperiod" in this sense should be avoided. 
In principle the seemingly one-dimensional exceeding value has to be 
translated into the product of the two-dimensional value of acceptable 
risk with the Inverse value of the duration of the risk. 
Therefore, if a design level has been established at a height, deter- 
mined by N * 10-*, one has to translate this into 1% risk in a 100 
years period, (or 10% risk in a 1000 years period), but never as 100% 
risk (which means certainty) in 10000 years. 

10. ON THE ESTABLISHMENT OF THE DESIGN LEVEL 

The preceding investigation provides a basis to establish a 
design level for each particular ease. What we have to do is: 

1) establishing a frequency curve for the gauge in question, 
including extrapolation (par. 2 and fig. 1); 

2) determining the period T , during which the risk is present 
continuously for the interests, taken into account (par. 6); 

3) choosing an acceptable value for the total risk on serious 
damage during the period T (par. 5). The total risk should 
never exceed 10%; for life and well-being of thousands a 
total risk of 1% or even 0,1% has to be taken into consider- 
ation. 

After having established in this way a provisional design level one 
may come to the conclusion, that the costs, necessary to realise the 
safety aimed at, are not in right proportion to the economic and human 
values to be protected. Here a second question may arise viz: 
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what can we realise with the technical and economic means at our dis- 
posal in a special case. 

Another important point may be kept in mind. If we have erecte 
a hydraulic construction with the design level arrived at and safety 
is fully guaranteed against stormfloods up to this level, this does 
not mean that we have to expect a total loss if the stormflood is on- 
ly 1 cm higher. There is a margin between the first unimportant damag 
and the stormflood level which leads to total loss of the protected 
Interests. Moreover there is in several cases, as for instance embank 
ments an extra freeboard against wave runup whioh includes a consider 
able reserve. 
The Netherlands Delta Commission has taken this into account. This 
commission establishedftl- 10"* as a basis for the design levels. But 
in fact safety is considered to be guaranteed up to a stormflood leve 
corresponding toTtl* 10-5. This indeed corresponds with a risk on 
"total loss" of 155 in a 1000 years period. 
For some islands of no great economic value and a not very dense popu 
lation the design level is lowered to about td" 2 to 5 x lO"*. 

Litt. 1) 
F.J.Wemelsfelder. Wetmatigheden in het optreden van stormvloeden. 
De Ingenieur (Holl.), 1939, nr. 9. 
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CHAPTER 34 

ON THE STABILITY OF RUBBLE-MOUND BREAKWATERS 

Jose Joaquim Reis de Carvalho* e Daniel Vera-Cruz* 

Some comments are presented on different formulas suggested 
for the design of rubble-mound breakwaters and results of laboratory 
tests concerning the design of these structures are mentioned. Iri 
barren's formula (the one,on the verification of which,the largest 
number of studies has been carried out) is then critically analyz 
ed in the light of the results of laboratory tests. The applicabil 
ity of laboratory studies to actual cases is discussed.Finally some 
suggestions are presented regarding questions to be taken into ac 
count in future research, due to the numerous points on which in 
formation ^Ls still lacking, in spite of the considerable volume of 
work already achieved. 

I - INTRODUCTION 

Until the beginning of the second quarter of the present cent 
ury, characteristics of rubble-mound breakwaters were determined by 
entirely empirical methods, although harbour engineers had been deal 
ing with this problem for man;> centuries.As a rule, designers mere 
ly compared the case under study with existing structures,prescrib 
ing sturdier breakwaters when those located in shores with a simil 
ar exposure had not withstood the most violent storms acting on 
them. 

The first empirical formula for breakwater design did not ap_ 
pear before 1933, but this and other similar formulas did not go 
beyond ordering and reducing the use of arbitrary methods in the 
choice of the elements making up the breakwater slopes more direct 
ly subjected to wave action; no sensible progress resulting there? 
from for the design methods of these structures.lt can even be stat 
ed that, due to the use of Iribarren's formula - the most widelyus 
ed in Europe - which leads to the utilization of too heavy blocks 
placed in steep slopes (about ^/3)» a tendency began to be observ 
ed in designers, towards a considerable reduction of these slopesT 

Such a situation which, bearing in mind the knowledge avail 
able until about 10 years ago, was perfectly admissible, has been 

* Assistant Research Engineer, Laborat6rio Nacional de Engenharia 
Civil, Sec<;ao de HidrSulica Mariti 
ma, Lisboa (5), Portugal. 
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subjected to considerable changes thanks to: 1) the enormous ad 
vances achieved in the theoretical field, which placed our knowled 
ge on the majority of Maritime Hydraulics subjects on a satisfacjt 
ory level; 2) the invaluable help of small scale model tests, and 
3) our improved knowledge on natural phenomena which makes possible 
a comparatively satisfactory estimate of the characteristics of the 
waves to be anticipated at any point of the coast* 

We have merely to persevere along the route followed in the 
latter years in order to determine more accurate values fir the coef 
ficients of the available formulas,representing the results obtain 
ed by means of graphs and tables, resorting for that purpose both 
to model tests and to a careful observation of the behaviour of com 
pleted structures throughout the world,above all those which under 
went damages.On the other hand efforts should not be spared in con 
centrated attempts to discover new formulas as phenomena are,no dbubt^ 
much too complex in the destruction of a breakwater to allow of a 
single satisfactory scheaetization. 

It should be borne in mind that, in spite of the laboratory 
tests recently carried out, our knowledges is limited to the area 
directly affected by the wave breaking and so a total knowledge of 
the stability of rubble-mound breakwaters lies still a long way 
ahead. 

II - EMPIRICAL FORMULAS 

The first formula for the design of rubble-mound breakwaters 
was presented in 1933 by the Spanish engineer Eduardo Castro [l] : 

w»0.704 :—:  ~—„ , / ,  =^~ K1/ 

where 
(cot.t+1) (s-1)3 \/cot«i-.|. 

W * weight of individual armor units in metric tons 
H » wave height in meters 
s s specific gravity of armor units 
oi s angle of breakwater slope measured from the horizontal 

The preceding formula was based on the following theoretical 
assumptions:the destructive action of the wave is proportional to 
its energy,hence, the height of storm waves being proportioral to 
their lenght, the energy of the waves is proportional to H3j the 
weight of a unit required to resist the action of a given wave is 
directly proportional to its density in the air and inversely pro 
portional to the cube of its density in water;the stability of the 
units under wave action is inversely proportional to a function of 
the angle of slope. 
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This formula,yielding small values for W and making the angle 
of repose dependent on the specific gravity of the armor units, 
goes against what is known in Soil Mechanics. Harbour engineers re 
jected this formula which, as far as we know,remained without prac 
tical application. ~ 

The second formula, which is also due to a Spanish engineer 
- Prof. Iribarren Cavanilles -, is of particular interest,being in 
systematic use in Portugal since 19^6. The formula was presented 
for the first time in 1938 [2] under the form: 

W.K  dbJ _ (2) w K (cosot-sinoO3 (s-1)3 

wheremaintaining the above notations: 

H. = breaking-wave height, which can 
described in Iribarren*s papers 

be determined by a method 
papers 

K « 0.015 for quarry-stones 
K m 0.019 for artificial blocks 

According to the author [3] , the following formula can be us 
ed when the water depth d at the toe of the structure does not ex 
ceed 0.06 L, L being the"~wave length: ~ 

W,:K (cost*-sine*)3 (s-1)3 (3) 
where: 

H • wave height in the absence of the structure 
K m 0.023 for quarry-stone 
K * 0.029 for artificial blocks 

In 1950, Iribarren [k] generalized his formula so as to make 
possible its application in the design of underwater slopes. 

According to this generalization,the design of breakwaters is 
also possible for slope elements at water depths exceeding H. , by 
replacing H. in formula (2), by 

where: 

2TTH8 

H'„HZ  1  (4) 
ci„fc    2TTz V    ' sinn —;  

Z « crown depth of the breakwater portion, the characteris- 
tics of which are to be determined 

Hz« wave height at depth Z 

Iribarren'a original and modified formulas having aroused a 
deep interest is harbour engineering circles,they shall be present 

635 



COASTAL ENGINEERING 

ed and discussed In detail below.We would emphasize, nevertheless, 
that this formula is similar to Castro's from which it only differs 
by the coefficient and by the function which takes into account the 
influence of the angle of slope. This is in fact the case with al 
most all the existing formulas.In addition,the application of this 
formula to steep slopes yields very high values for the weight of 
the armor units which, in the majority of cases,prevents the adopt 
ion of these slopes.This is the negative aspect of the formula which, 
as shall be seen below,disagrees most widely from nature in the ran 
ge of steep slopes (near 1/1). 

An analysis of the coefficients indicated by the author also 
shows that, all other factors being equal, the weight of the armor 
units required for a given breakwater is higher for artificial 
blocks than for quarry-stones which,as shall be seen below ,is quite 
contrary to the facts observed in laboratory tests. 

The coefficient K = 0.015 and K » 0.019 were'determined by Iri 
barren from an analysis of the damages suffered by the breakwaters 
of Orio (quarry-stone) and San Juan de Luz (artificial blocks).The 
fact that the values of these coefficients were confirmed by a sole 
breakwater for each type and some peculiar conditions in both break 
waters (shallow depths at the toe as compared with the maximum wave 
heights attacking the structures and nature of the bottom), seems 
to indicate that the coefficients thus determined can at best, apply 
to breakwaters in similar conditions. Consequently the author's ge 
neralization of his formula could only be confirmed by chance. In 
fact, K varies very widely with the different factors influencing 
the phenomenon.     if 

Not before 10 years had elapsed after the presentation of Iri 
barren's formula did the problem begin to arise a wide interest in 
American engineers who, in a short time, proposed several formulas 
to solve the problem. In 19^8, Hathews [5] of the Los Angeles -is 
trict Corps of Engineers submitted a formula for discussion which, 
with the notations above, can be written thus: 

W= 0 00H9  tiJLs  
(cos<*-075sinc*r(s-i) 

where 

T a: wave period in seconds. 

At the International Navigation Congress held in Lisbon in 
19^9, the American engineers Epstein and Tyrrel [6] presented the 
first results of their theoretical researches on rubble-mound 
breakwaters, which can be represented by the formula 

W=Kt (s-O^-tan*)3 (6) 
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where 

K. 

t   - 

a function of <* • / and d/L including three ad 
ditional coefficients defined as functions of the armor 
unit size 
coefficient of friction stone on stone,practically equal 
to unity 

The authors suggested laboratorial tests for determining K. 
and its variation with the different parameters. 

At the Conference on Coastal Engineering, held in Long Beach 
in 1950, F.W. Eodolf [5] of the Portland District Corps of Engineers 
presented a formula, based on the observation of hydraulic operat 
ions carried out in gold mines, which can be written as follows 
using the previous notations: 

W= 0 0162- 
H2T s 

tan3(45--^)(s-D3 (7) 

According to the author,the formula has a small coefficient of 
safety in order to take into account any wave eventually higher 
than the highest wave considered. 

Finally in 1952, another formula was developed by the French 
engineer Larras [7] , based on the century-old experience of the 
breakwaters of Algiers. This formula has the following expression 
in the preceding notations: 

w = 
(coscx- sin<x)3 (s-1)3 

where: 

2TTH'o 

smfi 4TTZ 

(8) 

H» = deep water wave-height 
K = 0.0152 for quarry-stone 
K > 0.0191 for artificial blocks 

For breakwaters directly subjected to the wave breaking, the 
author recommends to take Z * H'/2. 

As already pointed out in different articles on the subject 
[8] , both the expression above and the coefficients indicated 
by the author coincide with Iribarren's formula and coefficients, 
with only a difference, namely that Larras considers the wave- 
-height in deep water, thus leading to lighter armor units forthe 
breakwater. 

Before the results of model tests were available, attempts 
were undertaken to verify the reliability of the different formulas 
and especially their coefficients, by comparison with the break- 
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waters of Algiers harbour, chiefly the northern pier, the behavi 
our of which after being reinforced in 1933 (fig. 1) had been ex 
cellent notably during a storm in February 193^ in which it with 
stood, without serious damage, the attack of waves 9 m high. 

From Hickson and Rodolf's comparison [5] ,between Iribarren's, 
Rodolf's, Mathews's and Castro's formulas and the slopes of the Al 
giers breakwaters deemed stable by Larras and Collin £9] and Iri 
barren flO] , it was concluded that the values supplied by Iribar 
ren's and Rodolf's formulas showed a perfect agreement with the 
stable slopes of Algiers breakwaters,whilst the values of Mathews's 
and Castro's formulas, although agreeing with one another, led to 
considerably steeper slopes (3.18/1 and 3*31/1 according to Rodolf 
and Iribarren, against 2.19/1 and 2.22/1 from Mathews's and Cas- 
tro's formulas). As shall be seen later, this comparison with the 
slopes deemed stable of the Algiers breakwaters which had such a 
considerable influence on the wide acceptance of Iribarren's formu 
la, had not the value then ascribed to it. In fact, subsequent 
model tests showed that comparatively reduced forces acted on the 
breakwater portion where the wave attack had been assumed to be 
strongest. 

Ill - MODEL TESTS 

The difficulties experienced by harbour engineers in the ana 
lysis of the different formulas based on the observed behaviour of 
breakwaters throughout the world; the impossibility of taking into 
account the influence of the different parameters which influence 
the stability of rubble-mound breakwaters; and above all the enor 
mous advantages of model tests for improving our knowledge on the 
influence of each parameter, led to detailed laboratory tests on 
this problem,among which should be emphasized those carried out by 
the Waterways Experiment Station and by the Laboratoire de Neyrpic. 

1) CHARACTERISTIC PROFILE OF EQUILIBRIUM 

In. the majority of cases studied at the laboratory, the pro 
file of equilibrium of a homogeneous mound (the components of which 
undergo practically no displacements under the action of the waves) 
presented the shape indicated in fig. 2. This is a rather common 
shape called "characteristic profile of equilibrium" by Beaudevin 
£ll] * As can be seen, the active zone of the breakwater, AB, ex 

tends practically from the still-water level down to a depth A ~ 
ranging from 1.2 H and 1.6 H (mean value 1.3 H). It is in this 
zone that the influence of the different parameters has been studi 
ed in laboratory tests. 

Below point A, the slope is approximately equal to the angle 
of repose in still water. Above point B the slope is often steeper 
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than the angle of repose of the material [l2] . This polygonal-li 
ne profile is always found, in its broad lines, whatever the mater 
ial and the characteristics of the waves. Only angle .£(. ~>f zone *B 

with the horizontal, and the depth at point A ( lower end of zone 
AB) are variable [llj . 

The shape of the "characteristic profile of equilibrium"seems 
to indicate that, whenever the depth at the base of the slope ex 
ceeds 1.3 H, the influence of the depth is probably small.      ~ 

This was indeed confirmed by the tests so far carried out in 
France [ll,12j and U.S.A. [13] * This influence is not felt until 
the depth decreases beyond 1.3 H (that is the elevation at which 
the bottom intersects zone AB) but grows even together if the natu 
re of the bottom allows under-toe sand scouring. It is noteworthy, 
as Miche observed in the discussion of Beaudevin's article, that 
1.3 H is the breaker depth. 

It also results from the shape of the "characteristic profile 
of equilibrium" that Iribarren's and Rodolf'a comparisons of their 
formulas and coefficients with the slopes of Algiers breakwaters 
is not entirely correct since they took as active zone of the break 
water the portion above the hydrographic datum, which has a slope 
of 3/1, instead of considering, as the shape of the "characteris- 
tic profile of equilibrium" indicates, the zone between the hydro 
graphic datum and a depth of 12 m, where the slope is 5A (fig. l7. 

The comparison is further invalidated by the fact that during 
very violent storms the breakwater is often overtopped and stabil 
ity conditions as the seaside face of a breakwater improve when 
this is overtopped. 

1 But, even if this fact is neglected, a comparison of the slo 
pes of the Algiers breakwaters (bearing in mind the results of the 
model tests) with the values supplied by Castro's,  Iribarren's, 
Mathews's and Rodolf's formulas for the storm of February 193^* 
shows that the slopes obtained (respectively 2/1, 3/1, 1.95/1 *nd 
2.75/1) are considerable gentler than the slope at the active zone 
of the breakwater. Hence the conclusion that the coefficients re- 
commended by the different authors are much too high, at least for 
steep slopes; in other words, even if the formulas are reliable 
for hertain values of the slope, the values yielded Undergo very 
considerable changes with the variation of the angle of slope with 
the horizontal. For instance, whereas Iribarren indicates a 
value of K s 0.019 for breakwaters of artificial blocks, this coef 
ficient for a 5A slope should be, at most, K = O.OOO36, i.e. 52 
times smaller, according to the Algiers breakwater. 

Besides the variation of Iribarren's coefficient K with the 
angle of slope, this disagreement seems to indicate a marked in- 
fluence of an overtopping by the highest storm waves on the stabil 
ity of the seaside face of the breakwater. *~ 
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2) INFLUENCE OP DIFFERENT PARAMETERS 

a) Specific gravity cf the armor unite - The main purpose of 
the tests carried out at different laboratories was to study the 
validity of the existing formulas. Firstly the influence of differ 
ent parameters on the weight of the armor units to be used at the 
active zone of a breakwater was investigated. 

Practically all the authors admit that the influence of the 
specific gravity should be expressed by a term s/(s-l)5. According 
to the first tests carried out in Grenoble [12] , this law did not 
seem quite acceptable but no final conclusion could be reached due 
to the dispersion of the data points and the limited number of ape 
cific gravities studied.Nevertheless,subsequent tests carried out 
at the Waterways Experiment Station and also in Grenoble (although 
their primary purpose was different) showed that the law seemed 
quite valid. 

Taking into account that the specific gravity of sea water,s , 
is different from unity, the preceding expressions becomes 
s.SoYCs-so)* which leads to an increase of about 10 to 15% in the 
weight of the armor units [l2|. 

*>) Wave-height - All the formulas, except Mathews's and Ro- 
dolf's, assume that the influence of the wave-height should be ex 
pressed by a law of the type W =NH3. ~" 

Even the two exceptions noted above, in which a law of the ty_ 
pe W = NH2T is assumed, yield for actual cases a variation of the 
type W m HH3, since during storms, the wave-height and the period 
change, as a rule, in the same sense. Observations carried out for 
a period of 5 years in the Portuguese coast supplied for the ratio 
wave-height/wave period during storms an approximate value, T » 
• 2.5 H (in which T is expressed in seconds and H in meters) which 
is the same that was used in fig. 6, based on Mathews's and Bo 
dolf's formulas. ~ 

Tests carried out at different laboratories have fully confim 
ed the law derived from the existing formulas. ~ 

As regards the influence of the wave-height on the "character 
istic profile of equilibrium", tests carried out in Grenoble [ll], 
showed that, for wave-heights below a certain value, the profile 
has the shape indicated in fig. 2, the lower point A lying at a 
depth proportional to H , as previously explained. 

For wave-heights exceeding the value in reference, the profi 
le presents the shape indicated in fig. 3* ~ 

°) Period - According to the tests so far carried out in order 
to investigate the influence of this parameter, a wave is all the 
more dangerous the smaller its period although, on the whole, this 
influence is never considerable [llj .This shows that Mathews's 
and Rodolf's formulas are incorrect as,for the same wave-height, 

•they yield increasing weights for the armor units when the period 
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increases. 
It was further concluded that, for characteristic profiles 

with the shape indicated in fig. 3» the depth A' depends on the 
wave period, whilst depth A" depends on the wave-height only [ll]. 

d) Depth in front of the structure -In the tests carried out 
at the different laboratories, the depth at the toe of the break 
water was always large as compared with the wave-height [l2,13,l^JT 
hence rather larger than the depth at point A of the "characteris- 
tic profile of equilibrium". Thus no influence of the depth could 
be detected. Nevertheless, a few preparatory tests carried out at 
the Laboratorio Nacional de Engenharia Civil with depths approach 
ing A showed a marked influence of this parameter. Other tests are 
under way in order to study this influence in detail. Tests carri 
ed out "t the Waterways Experiment Station concerning a breakwater 
for Narwiliwili harbour have also shown the enormous influence of 
the relative depth d/L and of the wave steepness H/L on the stabil 
ity of the structure for waves breaking directly on the breakwater 
slope. 

e) Shape of the armor units - Blocks of different shapes have 
been considered in the tests so far carried out: quarry-stones, cu 
bes, tetrapods, tribars, besides other shapes less common in pract 
ical cases. The tests showed a very marked influence of the shape 
although the stability curves for the different types of blocks can 
be approximately derived from anyone of them by affinity.lt is thus 
possible to characterize each shape means of a constant parameter[H.]. 

One of the main conclusions drawn from the first tests carri 
ed out, was that cubic blocks were better than quarry-stones with 
respect to stability, contrary to Iribarren's and Larra's deduct 
ions for their formulas. "~ 

Tests carried out in Grenoble in 1933 showed that quarry-stone 
with a weight 3 W would be required to supply the same stability 
as cubic blocks of weight W, but more numerous tests in 1933 cor 
rected the above ratio to 2/1 only. This difference is due to the 
fact that cubic blocks with slightly rounded edges were considered 
in the second case. This assumption shoul be nearer to the actual 
phenomenon, as cavitation is observed in model tests near the edges 
of the blocks in the active zone of the breakwater. 

The tests at the Waterways Experiment Station concerned,above 
all, the behaviour of quarry-stones, tetrapods and tribars [13] « 
but very few tests were carried out regarding cubic blocks* 

The ratio between the weights of quarry-stones and tetrapods 
required to ensure the same stability was verified to be about 2.6. 
A comparison of these tests with those carried out in Grenoble 
shows that tetrapods and sharp-edged cubes have a similar stabil- 
ity, which slightly exceeds the stability of cubes with rounded 
edges, as was confirmed by the tests of Funchal harbour [l6] . 
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Quarry-stone cover layers being made up, in actual cases, of 
units with different weights ranging between comparatively narrow 
limits, tests were carried out in Grenoble in order to study the 
stability of these structures.The results showed that "the character 
istic weight" of the quarry-stones is equal to or greater than the 
mean weight. 

It was even observed that, in some cases, the stability of the 
mixed quarry-stone exceeded the stability of the heavier component 
blocks. Nevertheless, in practical cases it is recommended to take 
as characteristic weight of a given type of quarry-stone the mean 
weight of the type in reference. In the great majority of cases, a 
comparatively small safety factor is thus secured [ll] . 

3) FORMULAS OBTAINED FROM LABORATORY TESTS 

When attempts began to study the stability of breakwaters by 
means of laboratory tests, the first problem to be solved consisted 
in determining up to what extent the conclusions drawn from the mod 
el tests could be applied to actual structures. For that purpose, 
an extensive program of basic research was undertaken at the Water 
ways Experiment Station which showed that Froude's law applied to 
aU the phenomena which take place when waves attack a rubble-mound 
breakwater. Besides a comparison of the results obtained on models 
built at different scales,the program included a comparison of the 
damages undergone by completed breakwaters with the damages observ 
ed in models of those structures when subjected to the waves res 
ponsible for the actual damages. This comparison, the results of 
which were decisive for the acceptance of model test studies on the 
stability of rubble-mound breakwaters,showed a remarkable agreement 
between the behaviour of models and prototypes [13] • Analogous tests 
with the same purpose carried out in Grenoble yielded the same re 
suits [17] , what proves that this practical and serviceable tool 
-small scale models - is quite reliable in the study of these com 
plex problems. Nevertheless, tests are under way at the Beach Ero 
sion Board with a view to studying the influence of Reynolds^ num 
ber, i.e. the scale effect. The results seem to show that there is 
indeed a certain scale effect which, at the usual scale3, yields 
rather conservative results, a certain margin of safety being thus 
secured. 

The research program of the Waterways Experiment Station was 
then extended so as to include the determination of the most ade 
quate design-formula. In the first place, the validity of the exist 
ing formulas, in special Iribarre^s and Epstein-Tyrrel's was in 
vestigated.These and, to a smaller extent, the preceding tests,imj> 
ly the consideration of a "criterion of stability" which is a very 
important factor in the conclusions of tests of this type. In the 
first series of tests [lj] , the design-wave height considered was 
slightly less than that required to move any of the armor stones of 
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stones of the breakwater. Based on this so-called "no-damage" cri 
terion, the conclusion was reached that Iribarren's formula is 
the most suited to the test results, although the coefficient K 
varied to a considerable extent with the angle of the breakwater 
slope measured from the horizontal. This comparison was preceded 
by a slihgtly theoretical study which had the purpose of making 
Iribarren's formula dimensionally homogeneous. The formula then 
becomes 

W.K  H^riff^3  (9) 
W"K   (/^costf-sinoO3 OTr-)Tf)3 K    ' 

where: 

H a wave height at the breakwater toe 
ft= tangent of the angle of repose of armor units 
y s specific weight  of armor units 
Y^» specific weight  of water 

Other tests were carried out with a different criterion. The 
wave was allowed to move some of the units but not, however, to in 
duce sensible changes in the breakwater. 

By means of this so-called "slight-damage" criterion, it was 
concluded that breakwaters designed according to the preceding cri 
terion could withstand the attack of waves 50% higher than the de 
sign-wave, without undergoing serious damage. 

This led the Waterways Experiment Station to modify his "no 
-damage" criterion which was too severe, as the fall of a few units 
is not due, as a rule, to deficient stability of the breakwater but 
to the fact that these units were placed in a peculiarly unstable 
position during construction. 

In the subsequently adopted "no-damage" criterion, the design 
-wave height has a value which can induce some damage but the num 
ber of armor stones moved shall not exceed 1%. 

Based on the modified criterion, a new series of tests was 
carried out at the Waterways Experiment Station. From the conclu- 
sions obtained, presented by Hudson [l4] , a new design formula re 
suited for this type of breakwater: 

w' KD(.T-OW (10> 
where: 

K_= coefficient depending on the percentage of damage with 
values: 

K a 3»2 for quarry-stones (no damage) 
K = 8.3 for tetrapods (no damage) 
Sr= ifr/Yf 
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The introduction of this objective numerical criterion was one 
of the major improvements achieved in model tests studies of stabil 
ity of rubble-mound breakwaters.Nevertheless,the test section adopt; 
ed in the W.B.S. for quarry-stone breakwaters (fig; 4) is not the 
most usual in structures of this type. In fact (fig. 5) armor units 
are normally placed in two or three layers instead of making up a 
mound. So, it is likely that, even if the results applying to the 
"no-damage" case may be the same, they are not correct as regards 
to the tests for determining the safety factor in "damage" cases. 
It is in fact possible that in many actual cases the structure 
would collapse for values of H/H])s0 which in the tests carried out 
at the W.E.S. induced damages of only 15% to bOffc, 

Iribarren's formula was abandoned in the W.E.S. tests due to 
the fact that the influence of the angle of slope,according to this 
formula, disagreed very sharply with the experimental results. Ac 
curate values of the friction coefficient of the different mater- 
ials were also extremely hard to obtain in the laboratory, which 
led to a wide variation of coefficient K \V*\ .For all these rea 
sons, it was decided to adopt another formula, presented in (10). 
As regards to form, this formula is apparently not altogether cor 
rect, as it omits the angle of repose of the armor unit" but,on the 
other hand, it presents the enormous advantages of containing a 
coefficient KD depending exclusively on the type of armor unit,and 
of being very easy to handle since the function expressing the in 
fluence of the angle of slope is very simple. ~" 

Another research program on the stability of rubble— mound 
breakwaters by means of model tests was also-carried out in Greno 
ble, at the Laboratoire Dauphinois d'Hydraulique.Another stability 
criterion was used: the wave was allowed to model a profile of 
equilibrium in a homogeneous mound of the armor units to be studi 
ed. This was the "characteristic profile of equilibrium" since, ac 
cording to the tests, it was stable for wave-heights not exceeding 
the height of the wave that had shaped it but unstable for wave- 
-heights above that value [ll] under the action of which, fall of 
blocks were observed. Some units can be unstable on the breakwater, 
undergoing alternate movements with the same period as the wave[l2j. 

From these tests the following practical formula was obtained 

W_K (S-1)3 lCOt«-08  °15) 

The tests supplied the following values for K 

K = 0.10 for slightly rounded quarry-stones 
K s 0.05 for cubes with slightly rounded edges 

Qrenoble recommends a safety factor of 2.5, the values of K 
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being then 
K * 0.25 for quarry-stones 
K = 0.12 for cubee 

The same tests also showed that, in order to avoid the blocks 
being moved along by oblique waves, an additional condition must 
be introduced, with which "absolute stability" is achieved. This 
condition is given by the expression: 

where 

K'a 0.03 for quarry-stones 

Making K = 0.2? in formula (11),this condition is fulfilled 
for breakwater slopes steeper than 9/2, that is practically Ibr all 
breakwaters used in actual cases. 

IV - COMMENTS ON THE EXISTING FORMULAS 

A comparison of the different formulas presented shows that 
the main difference between them lies in the type of function used 
to express the influence of the breakwater slope.In fact the term 

W (s-1)^ 
—*s—*— , can be said to be common to all the formulas. Even in 

ITs 
Mathews's and Rodolf's expressions, the influence of the characte 
ristics of the wave can be expressed by H3 by taking, as explained- 

above, T = 2.5 H which seems to agree with observed phenomena. 
The variation of this term in the function of the breakwater 

slope, as obtained from the different formulas, is shown in fig. 6. 
For Beaudevin's formula, a value K* = 0.10 was taken which 

corresponds to the value directly obtained from the tests,  that 
is without safety factor. 

The differences observed between the test results obtained at 
the W.E.S. and in Grenoble are due to the different stability cri 
teria used and to the design-wave height adopted at the W.E.S. In 
the way the tests were carried out at the W.E.S., the breakwaters 
were not subjected to the action of a uniform-height train of waves 
as in Grenoble, but to a succession of waves,the first and the last 
of which were higher than the others due to the starting and etojs 
ping of the wave generator. Because these waves have an obvious in 
fluence on the breakwater stability, the "significant height" of 
the train of waves attacking the breakwater was the wave height 
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selected for the final calculation of the results. 
Nevertheless, the differences between the parameters of wave 

trains in nature,on the one hand,and the same parameters as ana 
lysed in the laboratory are enormous [l*t] and this fact should be 
borne in mind in the choice of the design-wave height and of the 
safety factor. , 

For almost every type of breakwater, the W.E.S.formula yields 
values exceeding those obtained in similar conditions by means of 
Beaudevirfs formula,although its variation with the angle of slope 
is not so marked.In fig. 6,these curves intersect for an angle of 
slope between 1/1 and 5/^5 the value supplied by Beaudevin's for 
mula for a slope of 45 deg exceeding the value obtained from the 
W.E.S. formula. 

This is due to the fact that the functions expressing the in 
fluence of the angle of slope were obtained from tests on slopes 
not steeper than 5/^»at the American laboratory,and of about V3» 
in Qrenoble. The extrapolation for steeper slopes and even the re 
suits obtained for limit values of the angle of slope may not en 
tirely agree with the actual behaviour of very steep slopes.Never 
theless, taking into account that the stability criterion adopted 
at the W.E.S. is better suited to actual conditions, it seems pre 
ferable, in practical cases, to use the American formula. 

As shown in fig. 6, Mathews's formula is obviously deficient 
yielding weights W for the armor units much below the values obtain 
ed in the Grenoble and W.E.S. tests and so its use, even with a 
high safety factor, should be discontinued. On the other hand, as 
already pointed out by Barbe and Beaudevin [12] , the values  de 
termined from Castro's formula for s = 2.5 entirely agree with the 
results obtained in the tests on rubble-mound breakwaters carried 
out in Grenoble* This thus means that by the way the tests were 
carried out in Qrenoble, the values supplied correspond to rather 
peculiar limit conditions of stability and so, as indicated  by 
Barbe and Beaudevin, Castro's formula may be used with a safety 
factor of no less than 2.5. 

As for Rodolf's formula, provided that, as previously indi 
cated, a value T 3 2.5 H is taken, the figure indicates that, for 
slopes gentler than 2/1 the values supplied slightly exceed those 
of W.E.S. formula; whilst for steeper slopes the values disagree 
more strongly with the results of the American tests. This means 
that, for gentle slopes, the safety factor can be slightly above 
unity, its value increasing as the slope becomes steeper, reach- 
ing 1.5 for a 5/** slope and about 1.6 for an angle of 45 deg,which 
agrees with what the author had in mind. An increase of the safe- 
ty factor seems admissible since damages are much more dangerous 
in very steep than in gentle slope breakwaters. 

All these comments above refer to quarry-stone rubble-mound 
breakwaters as, apart from the formulas obtained from laboratory 
tests, only Iribarren and Larras indicated coefficients for arti 
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ficial blocks which, however, by no means express the differences 
observed between stability conditions in quarry-stone and in ar 
tificial block breakwaters. 

Comments on Iribarren*s formula are presented below in greater 
detail, due the wide acceptance of this formula in harbour engineer 
ing circles. These comments apply, to a certain extent,to Larras's 
formula as this and its coefficients expressing the influence of 
the shape of armor units coincide with Iribarren's formula and co 
efficients. 

V - COMMENTS ON IRIBARREN'S FORMULA 

Iribarren's formula presented in II is the most widely known 
and used both in designs (notably in Europe) and in test verifies, 
tions. In fact, although the formula 

W K*rt?H')£  (13) 

gu-cosoi-sino^Ufr-Kf)3 V ' 

has been in use for all values, both steep and gentle,of the break 
water slope, there is another formula by the same author 

W'= K% ar<V 
(/Acoso<-sinoO   Ur-tff)3 (14) 

recommended for steep slopes for which, however, the value of K'is 
unknown. In the present chapter only the first formula will be dis 
cussed, because, as shall be seen below, it is possible to adopt 
this formula to any breakwater slope gentle or steep, and so it is 
unnecessary to take the second formula separately into account sin 
ce, for K' « K >3, it becomes equal to the first. ~* 

Before analysing the formula more in detail, let us summarily 
pass in review the conditions in which Iribarren adopted the value 
of K, which he assumed constant for any breakwater slope. 

This coefficient was obtained from the damages observed in a 
sole breakwater, which is obviously insufficient.On the other hand, 
the wave-heights were not observed but merely calculated from theo 
retical considerations of the water depths near the structure,which 
also correspond to very particular conditions.In fact, for a sandy 
bottom, the water depth is practically zero for the lower low water 
and about 4.5 m for the higher high water. These conditions are in 
deed extremely peculiar both as regards the depth and the nature of 
the bottom on account of not only the influence of the relative 
depth on the form assumed by the wave breaking but also of the con 
siderable increase in the specific gravity of sea water due to the 
bottom sand in suspension. 
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Another doubtful point Iribarren1 s formula is the coeffi- 
cient  >t  . According to Iribarren this parameter, definied as 
the coefficient of friction stone on stone, is very nearly equal 
to the slope of the angle of repose for quarry-stones (i.e.unity) 
and, by taking M  « 1, Iribarren believes that an adequate safe- 
ty factor is introduced in the formula. Admitting Iribarren*s as 
sumption that j*    is practically the slope of the angle of repo"se 
for quarry-stones, the value of this angle remains to be determin 
ed. Attempts to measure it in laboratory tests yield widely differ 
ing values. Thus, laboratory tests carried out at the Waterways ~" 
Experiment Station have furnished values ranging between 1.06 and 
1.18. Nevertheless even assuming that a real value of p.   . say 
Mr >   1» could be defined and determined, it would be neoessaryto 
know the value of the safety factor which, according to Iribarren, 
is secured by takings = 1. Some comments are presented below re 
garding this subject. 

1) COMMENTS ON COEFFICIENTS K AND .A OF TRE FORMULA 

w=  K(ftV 
(/X cosoc-smoO3 (tfr-lff)3 

In the first place let us accept Iribarren*s assumption in 
which K is constant for any value of the breakwater slope. Let K- 
be the value of the constant for JA. = 1 and K for >t =/* r. Bear- 
ing in mind the conditions a , ^ , H and ? , for which Iribar 
ren calculated KL, by taking ^M <* °1, i? is obvious that no nafe^ 
ty factor is introduced as regards the use of the formula with 
K a Kr,  by taking /*•  =/tr . 

Let us consider an angle of slope approximately equal to the 
value used by Iribarren in the determination of the coefficient 
for quarry-stones breakwaters,   i.e.        cot &•      = 3.0. For j*   » 1, 
the formula becomes ° 

KtfrftH  and for^=^ 

Wi 
wr - Ki 

As Wl 
= W r for ot =3 

0 

w< =  " TT "  
(cosoc sinon3($r-lff)3 

W-    Kr iCr 1T(3H3>3  
(frcos <* -  sin oO3 (Jf r -tff )3 

(.Mr cos ot-sin c*)3 

jU,r
3(cosof-sin oO3 

r 

h^nce 

» it fol^vs that 
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Ki   a    ^r(cosot
frsino'o)3 

Kr    ~   (/*r  cos^o-sino1©)3 

Consequently, the ratio W../W for any value ** is 

m^   Wi . >? (coso<o-sino'o)3   (Ar coso' -sin*)3 

Wr (/ij cosof0 - smtfo)
3   /*3r (costf -sintx)

3 

The ratio a would be the safety factor introduced by taking 
/*  « 1 instead of  /* «/*r . 

In order to give an idea of the variation of a with <*_ , let 
us take cot <* 0 • 3, making /* r equal to 1.2 and 2.4. The comput- 
ations carried out, plotted in the graph of fig. 7, are presented 
in Table I. 

TABLE I TABLE II 

1 ft 

cot & /*r»l,2 ^r«2,4 

10,0 0,82 0,55 

5.0 0,88 0,68 

3,0 1,00 1,00 

2,0 1,21 1,77 

1.5 1,87 4,67 

1,33 2,60 9,^9 

1.25 3.57 16,92 

1,00 00 CO 

1 m 

cot (X V1*2 ^=2,4 

10,0 0,48 0,32 

5,0 0,52 0,40 

3,0 0,59 0,59 

2,0 0,71 1,04 

1.5 1,10 2,74 

1,33 1,52 5,56 

1.25 2,09 9,92 

1,00 00 CO 

An analysis of the table shows that: 

1) Iribarren's formula with f° -  1.0 does not necessarily con 
tain a safety factor; — 

2) This safety factor applies exclusively to slopes steeper 
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ON THE STABILITY OF RUBBLE-MOUND BREAKWATERS 

than the one for which the constant was determined} 

3) The same safety factor increases with the angle of slope 
measured from the horizontal. 

4) For angles of slope less than the value for which Iribar 
ren determined his coefficient, the above-mentioned ratio m is an 
unsafety factor. 

2) VAEIATION OP THE COEFFICIENT OF IRIBARREN'S FORMULA WITH « 

Hudson's formula for quarry-stone    r-ubble-mound "breakwaters 
has the expression 

w
r
l/3

H
(Sr-i) 

=(KD cot "& ,       K D   being constant 

for all the values of   <*    . 
Iribarren's formula can be written in like manner 

&*   H     _   (M- cosoc- smoi) 
WV»Ur-1) fiy)Z 

From these two equations the following is obtained 

(cos ot -JJ,    sincO3 

K       KD cot* 

By makings =><•  (real unknown value of >* ) the expression r 

_ (cos ot - jrr   sino<)3 

KD   cotot is obtained which shows 

that K   varies with   ex.    . 
Consequently the coefficient K of Iribarrens formula should 

vary with   ot , whatever the value selected for //•   . 
Let us now determine the stability factor yielded by Iribar 

ren's formula with the c6efficient recommended by him, by com- 
parison with the observed behaviour of a breakwater whioh reached 
its profile of equilibrium for cot « • 3> assuming that Hudson's 
experimental formula is exact and that Iribarren1s coefficient 
would not vary with <*    . 
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W (8-l)3 

A comparison of the values • —^  for Iribarren's and 

Hudson's formulas shows that,for coto<<3 Iribarren's formula with 
M-  • 1 and the coefficient recommended by him, yields weights 

fesix -1-7 smallw- 
Therefore the stability factors indicated in Table I become 

those of Table II. 
As explained these coefficients imply that Kr is independent 

of c* « Considering now that Kj> varies with <x » an expression 
is obtained which represents the general stability factor of a 
quarry-stone rubble-mound breakwater obtained from Iribarren's 
formula as usually applied; 

m = 2^15 -rx3.2 cote 
(cosof- sine*)3 

This expression, plotted in the graph of fig. 8, shows that 
m varies with j*. and can be greater or less than 1. From the 
brief analysis above it results that: 

a) If cot<*>/*> and/**/*, , Iribarren's formula, 

w= K lr if  HV 
(/i cose*-sine)3 tfr-h)3 becomes Hudson's formula, 

yy- H or of  
(Kr-Sf) Kocotoi      whatever the value selected 

for /*  , provided that K varies according to the expression 

(coscX- rr    sine* Y 

*°  "     K cote* 

b) Accepting Iribarren's formula with the coefficient recom- 
mended by him, the safety (or unsafety factor) varies with <*• ac 
cording to the expression ~* 

mr QJU5 x32 cotC 
(cosoc - sm«) 

VI - FINAL REMARKS 

During the preceding comparative analysis of empirical and 
semi-empirical breakwater-design formulas (the latter including 
experimental expressions) nothing was said regarding the actual 
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value of experimental results. Without discussing the important 
detail of the stability criteria used in model testa,let us pose 
the following question. Up to what extent do model tests reprodu 
ce actual conditions in the prototype?Let us recall,in the first 
place, the general similitude conditions prevailing in the model 
study of a breakwater: similitude obeys Froude's law, the wave 
train being characterized in each test by the expressions T • 
= const, and H = const. Taking into account the scales usually 
employed in these tests (normallyA*l/50)» viscosity effects are 
negligeable and, only short-period waves being of interest in 
these studies, the use of Froude's similitude law seems justified. 
The same is not true, however, concerning the usually considered 
simplification which consists in taking H * const, and T = const. 
for the wave trains. Thus assuming, as it seems reasonable to do, 

h V 
that the term -r-r expressing the effect of the inertia forces 

resulting from the dissipation of the kinetic energy of the waves, 
plays an important r61e in the stability of the breakwater, such 
a simplification may seem doubtful.In fact,whilst for T « const. 

i V 
and H • const, the term -yr is a periodic function with a period 

T, this is no longer true if T and H are any time functions whajt 

soever. That -r-r = f (t) is an important function to be consider 

ed in the study, may be a deficiency to be pointed out in model 
tests in which it is assumed that T » const, and H = const. Un- 
fortunately no sure knowledge is available about the influence 

d V 
of -TT on the stability of breakwaters and until his influence 

is carefully investigated, designers will have no choice but to 
observe the *>«haviour of breakwaters designed by means of 
model tests. In fact, a considerable number of breakwaters having 
been designed at the laboratory (those with tetrapod or tribar 
cover-layers for instance), the observation of the behaviour of 
the completed structures can give practical indications on the 
value of model test design of breakwaters.Such an observation,if 
carefully carried out, may even yield valuable experience likely 
to improve to a great extent the experimental design of break- 
waters. Bearing in mind that several breakwaters designed by 
means of model tests and completed, some of them, years ago, 
present satisfactory behaviours, it seems natural to believe that, 
so far, there are no indications regarding improvements or chan 
ges required in the technique used, up to the present, in model 
tests of the stability of breakwaters. We believe, nevertheless, 
that a attempt should be made to generalize the use of wave ge- 
nerators able to reproduce actual wave trains with an adequate 
accuracy. A comparison of test results obtained by means of 
actual wave trains with results obtained by replacing these by 
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uniform wave trains (T - const, and H • const,) could be a great 
help for improving laboratory studies. 

It is altogether different, nevertheless, to recommend as re 
liable, results of laboratory tests carried out on specific models, 
and also to recommend the indiscriminate use of the formulas so 
far presented based on reduced model tests. Thus both Beaudevin's 
(Neyrpio) and Hudson's (Waterways Experiment Station) formulas 
result from test conditions which can be regarded as beingtoo par 
tioular. In fact these formulas contain as parameters, the weight 
and the specific gravity of the blocks, the angle of slope and the 
wave-height. Effects of parameters deemed important are omitted, 
such as the ratio H/d near the breakwater toe, the nature of the 
bottom and its relief near the structure. The latter showeditself 
particularly important in the study carried out at thelaboratorio 
Nacional de Engenharia Civil, in which H/d was very large ( about 
0.8) [l8] . As for the nature of the bottom, it is admitted that 
its influence is considerable, whenever ji has the same order of 
magnitude as the depth at whioh waves break. 

Nevertheless until all the parameters with a marked influen 
oe on the stability of breakwaters are known,it is advisable that 
a structure be individually tested, whenever it will have to with 
stand actions other than those for whioh the formulas were deter 
mined in the laboratory. For similar conditions,these formulascan 
be used in the design of the protection zone subjected to the most 
violent action of the waves (i.e. down to a depth of about 1.5 H 
below still-water level). As none of the formulas tentatively pre 
sented for the design of the underwater layers of breakwaters has 
yet been experimentally confirmed, there is no alternative but to 
test the whole breakwater.This means that the formulas at present 
available must still be augmented with the experimental design of 
breakwaters. It is recommended to carry out experimental studies 
for designing the cover layer at any elevation below water level. 
Another important detail to be dealt with in laboratory tests con 
cerns the stability of singular points such as the breakwater head. 
This zone, in fact, has to be carefully studied in every break- 
water design, and for lack of experimental data, some designers 
recommend a considerable increase of the resistance in this zone. 

VIII - CONCLUSIONS 

A comparison of empirical and semi-empirical breakwater-de- 
sign formulas (both experimental or not), shows that: 

a) Castro's formula presents a shape rather similar to that 
of the experimental formula suggested by Beaudevinj 

b) For slopes such that cot *>2, Iribarren's formula is in 
termediate between the Waterways Experiment Stantion and Beaude_ 
vin's experimental formulas, but for cot ot ^ 2 it is different 

656 



ON THE STABILITY OF RUBBLE-MOUND BREAKWATERS 

froa both; 

e) The two experimental formulas present different shapes, 
what may be due to either the different atability criteria or 
the different wave-heights adopted at eaeh laboratory; 

d) Any of the two experimental formulas can nerve as a 
basis for the preliminary design of a breakwater,provided that 
the conditions in which the teats were carried out and the sta- 
bility criteria followed are duly borne in mind so that a suit- 
able safety factor is adopted according to the stability crite- 
ria followed in each case; 

e) In view of the inuaerable parameters, many more still 
yet unknown, which play a r6le in the behaviour of breakwaters, 
the design formulas presently available do not dispense with ex 
perimental tests in eaeh actual case, nevertheless, as a first 
approximation, these formulas can give indications on the tech- 
nical and economical feasibility of rubble-sound breakwaters; 

f) The design of the underwater portions and of the singu- 
lar points, notably the head, of rubble-mound breakwaters should 
be included in laboratory research programs on breakwaters. 
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CHAPTER 35 

EXPERIMENTAL STUDIES OF SPECIALLY SHAPED 
CONCRETE BLOCKS FOR ABSORBING WAVE ENERGY 

Shoshichiro Nagai, 
Prof, of Osaka City University, 
Faculty of Engineering, 
Civil Engineering Department,  Osaka, Japan. 

ABSTRACT 

Laboratory tests were performed to determine wave energy 
absorbing ability of and stability characteristics against breaking 
waves of various shaped pre-cast concrete armor units used for 
protective cover layers on the seaward slopes of rubble^mound break- 
waters and for parallel dykes placed the offshore sides of seawalls. 
A new shape of armor units, a hollow tetrahedron concrete block with 
a porosity of 25 percentages in the body was proved to have better 
characteristics for wave energy absorbing ability and attenuation of 
wave run-up, as well as for stability against breaking waves also 
than tetrapod or other armor units used up-to-date. 

EXPERIMENTAL EQUIPMENT AND PROCEDURE 

TESTS FOR PROTECTIVE COVER LAYERS OP RUBBLE-MOUND BREAKWATERS 

An open wave channel, which is 25 m. long, 2 m. wide, and 1 m. 
deep, was used for the experiments of the protective cover layers 
of rubble-mound breakwaters. Waves were generated by a flutter type 
wave generating machine, ranging the period T - 1.2 to 1.9 sec, 
the height H « 10 to 24 cm., and the steepness H/L • 0.040 to 
0.085. Since the scale ratio between the model and prototype is 
approximately l/20, the heights and periods of the model waves are 
scaled up approximately to H - 2 to 4.8 m. and T * 5.4 to 8.5 sec. 
in sea by the use of Proude'.s law. 

A number of laboratory tests were performed of concrete armor 
units such as tetrahedrons, hexabars, tetrapods and hollow tetra- 
hedrons made in l/20 scale ratio to prototype, comparing with 
quarry-stone armor units placed pell-mell and with moundsmade of 
wooden plates. The energy absorbing ability of armor units in these 
experiments was determined by use of the resultant forces of max- 
imum simultaneous shock pressures^1' exerted by breaking waves on 
the vertical walls of composite-type breakwaters, which were mea- 
sured by pressure-gauges of strain-gauge type, and also by use of 
wave run-up along the vertical walls as well as reflection ratio 
from the walls, both of which were measured by visual observation. 

The shapes and characteristics of the specially shaped armor 
blocks used in the tests are shown in Figure 1 and Table 1. The 
armor units were in all tests constructed with the two layers of 
the specially shaped concrete blocks on a 1 t 1 ~2~  slope, because 
it was proved by the tests that the two-layer placing and the 1 1 
1-^- slope were the optimum condition for the stability of these 
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EXPERIMENTAL STUDIES OF SPECIALLY SHAPED 
CONCRETE BLOCKS FOR ABSORBING WAVE ENERGY 

Table 1.   Characteristics of concrete armor units tested. 
Type 

Of 
a 

9l.  of 
bloolt 
0»3) 

ifeight 
of a 
Blook 

Porosity 

<*> Height 

(0.) 

Ho. of Blooks 
In 2-layer 
Placing 

Slop* at 
Sliding 

Slope at 
Overturning 

Blook* Net 
Vol. 

Apparent 
Vol. 

Model Prototype One 
Bloolt 

Two 
Layers 

Pell- 
mell 

Lover 
Layer 

Upper 
Layer 

Total 
One 
Layer 

Two 
Layere 

One 
Layer 

Tw» 
Layers 

Tetrapod 

Tetrahedron 

Hollow 
Tetrahedron 

Ho. 1 
Hollow 
Tetrahedron 

Ho. 2 
Hollo* 
Tetrahedron 

Ho.  3 

HO 

150 

116 

90 

108 

110 

150 

155 

125 

166 

227-275 
aver.251 

299-374 
aver.337 

246-266 
aver.267 

173-226 
aver.201 

224-271 
aver.24S 

aver. 
2.0 

2.7 

2.1 

1.6 

2.0 

0 

0 

25 

27 

35 

r.66 

50 

66 

59 

70 

50 

57 

60 

58 

69 

7 5 

9.5 

7 6 

7.0 

9 0 

r 267 
a 267 

229 

222 

56J 

215 

230 
132 

145 

112 

158 

114 

497 
399 

374 

354 

501 

327 

36-42° 

52- 38' 

28°-34' 

55°-34* 

55'- 35' 

•-35V42' 
^37^41' 

51- 36* 

32*-36* 

33- 34' 

54- 371 

57-63' 

6l' 

67' 

65-69° 

67-69' 

» 59' 
n 70 

65' 

67-74° 

70-71° 

69- 85* 

r 1  reversed, ft t  normal 

Table 2.   Test results in Figures 7 and 8 , 
Wave Period Tm - 1.5 sec    ( Tp - 6 7 seo.) 

Construction 

hl 

(oft) 

H 

(on) 

H/L 
Uax. Presa 
Intensity 

(g/c. ) 

Ratio 
Reeult. of 
Max. Simult. 
7ave Press 

P (g/om) 

natlO 

W) 

Stability 
of Blocks 

I-apulse 

(^.S.) 
Iapulee 

Ratio of 
V/ava 

Run-up 

Ru 

Reflect, 
Ratio 

(*) 
of a 

Base-aound 
Momentum 

0 <« 

Woeden PI. 
7.0 

13.0 
13 
15 

0.049 
O.053 

70 
102 

100 
100 

452 
510 

100 
100 

355X105 61.7 56.0 
23~26 
27-32 

45 
28 

Quarry-atone 7.0 
13 0 

12 
15 

0.059 
O.O52 

90 
30 

114 
30 

331 
405 

74 
79 

16-16 
25-30 

29 
21 

Tetrapod 
(reversed) 

7.0 
13.0 

14 
17 

0 054 
0.062 

90 
23 

114 
25 

576 
291 

83 
57 

jverturn. 21-26 
22-25 

54 
29 

Tetrapod 
(normal) 

7.0 
13.0 12 0.054 

O.O56 
60 
65 

96 
83 

292 
441 

66 
87 

cooking 314X105 54.6 29. a 21-23 
22-25 

36 
27 

Tetrahedron 
(reversed) 

Hollo* 
Tetrahedron 

7.0 
13 0 

7.0 
13*0 

13 
15 

12 
16 

0.05J 
0.060 

0 04? 
0.059 

60 
60 

60 
15 

86 
59 

06 
15 

502 
588 

242 
216 

67 

54 
42 

several 
his. rock. 
unatable 

stable 

189X105 

L27X103 

54.4 

21.3 

11.8 

4.5 

21-26 
25 

16-18 
20 

24 
33 

37 
20 

Hollo* 
Tetrahedron 

7.0 
13.0 

13    0.051 
15   P.057 

70 
26 

100 
26 

514 
400 

70 
78 

severe rook 
atable 

20-23 
28-33 

36 
10 

Hollow 
Tetrahedron 
Ho. 3 

7.0 
13.0 

12    IO.O46 

15    0.055 

40 

35 
57 
34 

249 
476 

1  55 
.  93 

rooking       1 
rooking &  ' 
roll, down| 

26 
20-24 

30 

33 

Table 3.   Test results in Figures 9 and 10. 
Wave Period Tm - 1.3 ee . ( Tp - 5. 6 seo.   ] 

Construction 
of a 

Base-nound 
hi 

(0.) 

H 

(•») 
H/L 

Uax. Presa 
Intensity Ratio 

(« 
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S*te 

Fig. 2 .   Composite breakwater with high vertical wall 
(top width of rubble mound B = 10 cm). 
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Fig. 3 .   Composite breakwater with high vertical wall 
(B = 20 cm). 
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Fig. 4.   Composite breakwater with low vertical wall 
(B = 0). 
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concrete armor units. 

The types of composite breakwaters and rubble-mound break- 
waters used in the tests are shown in Figures 2, 3 and 4. The 
protective cover layers composed of the two layers of cast concrete 
specially shaped armor units were placed in some orderly manner or 
pell-mell over a core of quarry-stones, the diameters of which d = 
2.8 to 7.3 cm.. 

Figs. 2 and 3 are types of composite breakwaters with vertical 
walls sufficiently high to prevent overtopping by the test waves, 
and Fig. 4 is a type of composite breakwaters with low vertical 
walls subjected to overtopping at high water levels. In these law 
breakwaters cast concrete blocks are placed up to the crown of the 
vertical walls. 

TESTS OF PARALLEL DYKES FOR THE PROTECTION OF RUN-UP ON SEAWALLS 

A let of experiments was performed to determine the effect of 
parallel dykes, which/constructed with the two layers of con- 
crete tetrapodsand hollow tetrahedrons and placed in front of 
seawalls, on the attenuation of wave run-up and of wave pressures 
on the seawalls. A wave channel used in these experiments was 23 m. 
long, 1 m. wide, and 1 m. deep, as shown in Fig. 5, and the nearly 
overall length of the channel was covered on the top with semi- 
circular duralmin plates for generating winds of various speeds 
parallel with the direction of propagation of waves which were 
generated by a flutter type wave generator. The speed of revolut- 
ion of a wind blower was varied by the use of a vari-pitch 
connected with a 15-horse power electric motor so as to generate 
winds of speed up to 20 m./sec.. One typical type of the seawalls 
tested is shown in Fig. 6. 

The characteristics of waves generated by the flutter type 
wave generator were T - 1.2 to 1.9 sec., H - 8~14 cm., H/L » 
0.020 — 0.070. The wave run-up as well as the behaviors of spray 
and overtopping were measured by the use of a 16 millimeter movie 
taken at 100 frames per second. 

EXPERIMENTAL RESULTS 

TESTS FOR THE PROTECTIVE COVER LAYERS OF RUBBLE-MOUND BREAKWATERS(2) 

(a) Test results in composite breakwaters shown in Figs. 2 and 3 
Figs. 7, 8, 9 and 10 show maximum simultaneous shock press- 

ures exerted by breaking waves of periods T =» 1.3 and 1.5 sec. on 
the vertical walls of the composite breakwaters shown in Fig. 2. 

The states of run-up in breaking waves with T « 1,5 sec, 
H • 16 cm., H/L *» O.060 impinged against the vertical walls placed 
on the various kinds of base-mounds are shown in Figs. 11, 12, 13 
and 14. 

The test results are summarized in Tables 2 and 3, concerning 
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Fig. 5.   Closed wave channel with a wind blower. 
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Fig. 6. A   Type of sea walls tested, section of a sea 
wall and shore at Suma, at Kobe, Japan. 

» 

90 

10 

«,=440"*, fc=70 ".T •.is*" 
0 Hollo* lotzako. 

O,cotfo.poas(>o*.) 

I 

/ 

oolm Plato  Totro.boda(Rov.)      Hollow Tot*o*,o» 
p t»o)            (B Trpo)             /    (« »«•) U Voodm Flat* 

/ 
/ 

/ 

> ^*5^ */   1^ '~nt / A v 

^5^ «*»r-| 

ar1* 

IO* 

• 

s<<* *•' A- 

C 1( >         % 0        * 0         4 0        5 0         « 0        7 0        0 o     a o H K>          11 o  W 
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top of the mounds hi is constantly 7 cm). 
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0        10      20       SO       40       50      60      70     80       90       100 (J§) 

Fig. 8.   Maximum simultaneous shock pressures by- 
breaking waves of T = 1.5 sec (hi = 13 cm). 
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Fig. 9.   Maximum simultaneous shock pressures by- 
breaking waves of T = 1.3 sec (Hi = 7 cm). 

0 10        20        30 40 50        60        70        BO        90        100 (0) 

Fig. 10.   Maximum simultaneous shock pressures by 
breaking waves of T = 1.3 sec (hi = 13 cm). 
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with the maximum intensities of shock pressures and the resultants 
of maximum simultaneous shock pressures exerted on the vertical 
walls of the composite breakwaters by the breaking waves, the 
heights of ware run-up, the ratioes of wave energy attenuation, 
and the stability of the armor units on the seaward slopes of the 
base-mounds. 

The effect of the specially shaped concrete armor units on 
absorbing wave energy was also determined by use of the ratio of 
wave energy attenuation, «2, defined as follows. 

The momentum per the unit width of the channel transported by 
a breaking wave for a period is obtained by f> Q 00  , where J3 is the 
density of water, u)  , the horizontal velocity of a water particle 
in a breaking wave, may equal to the celerity of the breaking wave 
with sufficient accuracy, and Q is the water mass per unit width of 
the channel transported for a period by the breaking wave. If the 
breaking wave is assumed that of a solitary wave, uj and Q are given 
by 

U) = Jf.ZbgH (1) 

in which g is the acceleration of gravity, and H tke height of the 
breaking wave, and 

0  = 4h.» IW. (2) 

in which ho is a depth below the still water level at the horizontal 
bottom of the channel. 

The resultant of the impulse exerted by the breaking wave on 
unit width of the vertical wall for a period is denoted by f0 f0pdt-<jh 
where T is smaller than the period T of the breaking wave, and h the 
height from the top of the base-mound up to the highest point of th> 
wave pressure exerted by the breaking wave. If the ratio of the 
resultant of the impulse on the vertical wall to the momentum 
transported is denoted by «, 

fhfodh-dh      „ 
.->' •><>., — or .   n^ccc^ I f Q OU '   o<cu,~ i 

//XV/Z.c//l = OC'fQGt/ (5) 

Substituting Eqs.  (l) and (2),  into Eq.  (3), we obtain 
•hrf 
fj0f>dt-dh=f'4hlj§%-   ,/2.28g-tfH (4) 

The right-hand side of Eq. (4) may be considered the momentum 
transported by a breaking wave with a height of aH. Since the net 
wave energy Bnet acted on the vertical wall by this breaking wave 
will be 

Enet =^fg(<XHf 

the ratio of the net breaking wave energy acting on the vertical 
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wall to the total breaking wave energy "before impinging against the 
breakwater should "be obtained by the equation 

E~ij>gH2~* (5) 

By the use of the experimental data the values of a2 were cal- 
culated from Eqs. (5) and (5). 

From Tables 2 and 3 it is seen that the hollow tetrahedron 
armor units constructed with the two layers of cast concrete hollow 
tetrahedrons with a porosity of 25 percentages have the optimum 
characteristics of wave energy absorbing ability as well as of 
stability on the 1 on 1.5 slope, showingespecially 30 to 50 percen- 
tages greater attenuation of the maximum simultaneous shock press- 
ures than that due to the tetrapod armor units. It ia considered 
that when the depth hj above the top of a base-mound covered with 
specially shaped concrete armor layers is small, the roughness on 
the surface of concrete block layers plays a greater role than the 
permeability of concrete block layers, on the contrary, the latter 
plays a greater role than the former when hj is large. Wave run-up 
on the vertical walls of composite breakwaters is also smaller ia 
the hollow tetrahedron armor layers than in the tetrapod armor 
layers. 

Prom experiments in the composite breakwaters of such shapes 
as shown in Pig. 3, nearly the same trend as shown in Tables 2 and 
3 was proved. 

(b) Test results in composite breakwaters with low vertical walls 
shown in Fig. 4   Maximum simultaneous shock pressures exerted by 
breaking waves on the low vertical walls, up to the top of which 
the seaward slopes of the rubble-mound were covered with concrete 
tetrapod or hollow tetrahedron armor units, and the stability of 
those armor units on the slopes were measured by making breaking 
waves with the periods of T » 1.3 and 1.5 sec. on the slopes in the 
three different water levels. These experimental results are shown 
in Figs. 15, 16, 17, 18, 19 and 20. 

As it is known from the Figures, when waves break on the slopes 
in the cases of low water level, the magnitudes of shock pressures 
exerted by the breaking waves on the vertical walls are nearly the 
same in the two different armor units, indicating small values, but 
in the cases of high water level the effect of the^hollow tetra- 
hedron armor units on the attenuation of wave pressures is disting- 
uished, comparing with that of the tetrapod armor units. The 
quantity of overtopping in the hollow tetrahedron armor units is 
also smaller than that in the tetrapod armor units. The stability 
on the slopes was nearly the same in the two armor units. 

(c) Test results of parallel dykes for the protection of wave run-up 
on sea-wall    It was proved from a lot of experiments that if 
parallel dykes covered with the two layers of concrete hollow tetra- 
hedron or tetrapod armor units were placed in front of seawalls, 
wave run-up on the slopes of the seawalls could be reduced to a 
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great extent. The top* of the parallel dykes should be high stiffi 
cient to prevent a large amount of overtopping by the test wares at 
the design height of sea level, probably being 0.50 a. or more 
above the design sea level. 

The effect of the hollow tetrahedron armor units on the 
attenuation of wave run-up on the seawall slopes was proved more 
proainent than that due to the tetrapod araor units. Only the two 
exaaplea are shown in Figs. 21 and 22 to show the effeot of the 
attenuation of wave run-up due to the parallel dykes with the cover 
layers ooaposed of the hollow tetrahedron araor units. Fig. 21 is 
a case where a depth in front of a seawall at the design sea level 
is so large that the design waves do not break before arriving 
the sea-wall, on the contrary Fig. 22 is a ease where the design 
waves break at or in front of a sea-wall at the design sea level. 

(d) Stability of the hollow tetrahedron araor units on the slope 
of rabblC7mounds(3j  As aentioned above, the hollow tetrahedron 
araor uni£s on the slopes of rubble-aounds were proved to be in 
general nfere stable against the attack of waves than tetrapod 
araor units, because of wedge action caused by the upper layer 
blocks inversely set into aaong the lower layer blocks, as well as 
of the saall up-lift pressures of receding waves reduced due te 
the hollowness of the blocks. The curves of stability of the 
concrete hollow tetrahedron araor units were determined froa a 
number of experiments on the 1 i if slopes of rubble-aounds as 
shown in Fig. 23. 

(o) Tests of the strength of the oonerete hollow tetrahedron blocks 
Several field tests of prototype two-ton concrete hollow 

tetrahedron blocks with the porosity of 25 percentages ( with no 
reinforcement ) was performed t* know strength against very roughly 
dumping in seas by the measures of falling down on gravel layers 
and on hollow tetrahedron blocks froa some 3-meter height. 

Froa the tests the concrete hollow tetrahedron blocks were 
confirmed very tough against rough piling up or hard mutual collid- 
ing by atora waves because of resisting as Bahaen structures. 

CONCLUSIONS 

It is concluded froa the results of tests coapleted up to date 
that 1 

(a) Two layers ooaposed of the concrete hollow tetrahedron araor 
units have better characteristics for absorbing wave energy 
or wave pressure and for stability against breaking waves 
than the other specially shaped concrete armor units which 
have been used up to date. 

(b) When the twe layers of hollow tetrahedron araor units are 
used for protective cover layers on the seaward slopes of the 
rubble-mound of composite-type breakwaters, it will be 
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expected to obtain approximately 30 to 30 percentages greater 
attenuation of shock pressures exerted by breaking wares on 
the vertical walls than that due to tetrapod armor units. 
When the two layers of hollow tetrahedron armor units are 
used for the protective cover layers of parallel dykes locat- 
ed in front of sea-walls, the attenuation of ware run-up on 
the slopes of the sea-walls will be obtained to a great 
extent and be materially effective to prevent overtopping 
from the sea-walls. 

(e) The hollowness of a hollow tetrahedron block was proved 
optimum in the case of a porosity of 25 percentages, from 
the view points of wave energy absorbing ability as well as 
of the strength of a block* 

(d) The two layers of concrete hollow tetrahedron armor units have 
favorable characteristics for stability on 1 on 1-j-slopes^ 
because of wedge action caused between the two layers and of 
reduction of up-lift pressures caused by receding waves. 

(e) The number of concrete hollow tetrahedron blocks necessary 
for two-layer placing on a given area is on an average 15 
percentages fewer than that of tetrapod blocks with the same 
dead weight. 

PRACTICAL USBS OF HOLLOW TETRAHEDRON ARMOR UNITS 

Interim report on the tests of the hollow tetrahedron armor 
units was first done at the 6th Conference of Coastal Engineering 
in Japan held at the begin^Lng of November. 1959* One to two ton 
concrete hollow tetrahedron armor units have been in use or partly 
under construction for protective cover layers of rubble-mound 
breakwaters and for wave energy absorbing parallel dykes lecated in 
front of sea-walls at several harbors and coasts in Japan. The 
effect of absorbing wave energy of the hollow tetrahedron armor 
units will be checked when subjected to attack by heavy storm waves 
generated by typhoon at August and September this year. 
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CHAPTER 36 

EXPERIMENTAL DATA ON THE OVERTOPPING 
OF SEAWALLS BY WAVES 

A.Paape 
Hydraulics Laboratory, Delft, Netherlands. 

INTRODUCTION 

In the past it has been found that serious damage and breaching of 
seawalls is most frequently caused by overtopping. Hence for the design 
of seawalls data must be available about the overtopping by waves of the 
different profiles that might be possible. Naturally the conditions unde] 
which damage is caused to the seawall also depend on the type of con- 
struction and the materials used, for example: the stability of grass 
covered dikes can be endangered seriously by water flowing over the inne: 
slope. 

In many designs the necessary height of a seawall has been defined 
such that not more than 2% of the waves overtop the crest, under chosen 
design conditions. This criterion has been determined on the assumption 
that the overtopping must remain very small. Some overtopping has to be 
accepted because no maximum value for wave height and wave run-up can be 
given, unless of course the wave height is limited by fore-shore conditi 
ons. 

Unfortunately this criterion gives no information about the volume 
and concentration of water overtopping the crest in each instance. More- 
over it is of interest to know how this overtopping varies with other 
conditions, such as changes in the significant wave height. 

Information about the overtopping by waves was obtained from model 
investigations on simple plane slopes w^th inclinations varying from 
1 : 8 to 1 : 2. The experiments were made in a windflume where wind gene 
ated waves as well as regular waves were employed,. 

Using wind generated waves, conditions from nature regarding the 
distribution of wave heights could be reproduced. It appeared that the 
overtopping depends on the irregularity of the waves and that the same 
effects cannot be reproduced using regular paddle generated waves. 

In this paper a description of the model and the results of these 
tests are given. Investigations are m progress on composite slopes, in- 
cluding the reproduction of conditions for a seawall which suffered much 
overtopping but remained practically undamaged during the flood of 1953. 

WA.VB CHARACTERISTICS 

The heights of a series of wind waves are often characterized by 
the value of the significant wave height H-| A, that is the average of th 
highest third part of such a series. More Information is obtained by mea 
of a wave height distribution curve. For this purpose the value H has 
been defined as the height which is exceeded by n°/>  of the waves or a 
series (e.g. H,0 is the height exceeded by 10% of the waves). It has 
been found approximately that H. / = H, ,. 
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Wave height distribution curves are given in figure 1 for wind 
velocities of 4> 6, 8 and 10 m/sec in the wind flume, with a fetch of 
50 m. A comparison between the different wave height distributions is 
made in figure 2, where, instead of the absolute value of the wave 
height, the ratio Hn/H$0 has been plotted. Prom this it appears that for 
lower wind velocities the waves become more irregular. 

Similar distribution curves were obtained from wave-records made 
along the Dutch coast, examples are given in figure 3. It can be seen 
from these figures that the wave height distribution of nature can be 
reproduced in the windflume. 

In many experiments the wind velocity has been chosen according to 
the wave height distribution to be reproduced. Then no direct relation- 
ship between the wind velocities in prototype and model exists and it 
has often been found that the wind velocity in the model is greater than 
that given by the Froude model law. This seems to be due to the fetch 
not being to scale. 

In studying wave run-up and overtopping, attention should be paid 
to the wind velocity just in front of and above the model. 

The wave period is determined as the mean value of a series of 
waves. The mean wave length can be found from period and water depth. 
For wind generated waves in the windflume the mean period varies from 
0.65 sec with a wind velocnty of 4m/sec. to O.85 sec with a wind velo- 
city of 10 m/sec. 

When the wave height and period, using wind only, is too small, a 
regular paddle generated swell can be applied in combination with a 
rather high wind velocity to obtain the required period and wave height 
distribution. 

In these experiments only wind was used. 

CONSTRUCTION OF THE MODEL 

The model was arranged as shown in figure 4; the lower part of the 
slope was made of plywood while the upper part which was integral with 
the collecting tank was made of steel sheet. The height and inclination 
could be readily adjusted. 

The model had a width of 0.5 m and was placed in a glass wall 
flume, which formed part of a windflume, 4 m wide and 50 m long. 

Before the model was placed, series of tests showed that the sub- 
division of the mam flume had no effect on measured wave characteri- 
stics. 

During the tests the wave heights were measured by means of a 
parallel wire resistance gauge and recorded by a pen-writer. The gauge 
was located in the portion of the flune not occupied by the model. The 
overtopping was measured as the volume of water passing the crest during 
each test. 

EXPiSRIMaiTS 

Each series of tests consisted of measurements with a fixed in- 
clination, varying crest height and a constant wind velocity. For every 
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height of the crest the overtopping was measured as the volume of watei 
passing the crest during 600 sec, from which an average value per secon 
could be determined. Also the number of overtopping waves, as a percent 
of the total number was determined. During each run waves were registra 
for 120 sec. In this way an average distribution from about 2000 wave 
heights was obtained for each slope and wind velocity. 

Tests were carried out for the following conditions: 

Slope 
Wind velocity in m/sec (model) Regulai 

4 6 8 10 

1 : 8 X X 

1 : Si X X 

1 : 5 X X X X X X X 

1 : 4 X X X X 

1 i 3i X X 

1 : 3 X X X 

1 : 2 X X 

water 
iepth 0.30 0.30 0.25 0.30 0.35 0.30 0.30 
(m) 

Moreover an investigation was made in which, for series of wind 
generated waves, those waves causing overtopping were indicated on the 
wave recording. 

RESULTS 

OVERTOPPING BY WIND GENERATED WAVES. 

An attempt has been made to express the results of these tests it 
terms of dimensionless parameters as follows. The height of the crest c 
the seawall above still water level, h, was expressed as the ratio 

b/H50. 

It was found that the overtopping could be related to the dimen- 
sions of the waves using the ratio. 

2 n  Q T 

H
50
L 

In these parameters means: 

h  = height of the crest of the seawall above still waterlevel : 
m. , 

Q  = overtopping m m /sec per m length of the seawall 
T  = wave period in sec. • 
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%  GREATER THAN   H 

Fig.   1 .   Wave height distribution in wind flume . 
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60 m 

Fig. 4.   Arrangement of the model. 
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HRQ 
= wave height exceeded "by 50$ in m. 

L  = wave length m m. 
Q T = average overtopping per wave. 

H L 
  = area, in cross section, of a sinusoidal wave above mean 

%      water level. 

These results are given xn figure 5» For each slope curves for 
different average wave steepness were obtained? as various wind ve- 
locities were applied. Also the percentage of the waves causing over- 
topping is indicated. From the tests carried out on a slope of ] : 5> 
the same results were obtained for a water depth of 0.25, 0.30 and 
0.35 m. The wave length in deep water, LQ, according to the periods 
used in these tests was approximately 1.2 m, so no influence of the 
water depth, d, was found for d/L0 ^- 0.21. 

In comparing the results for the different slopes, in order 
to establish the influence of the angle of inclination a, it ap- 
peared that the volume of water overtopping the crest is not pro- 
portional to tan a. (Prom former investigations it appeared that the 
wave run-up exceeded by 2$ of the waves, Z2, could be expressed as 
Z2 = 8 H-j/;, tan a)» 

The best results have been obtained using the assumption that 
the overtopping is proportional to (tan a)->/^,   which is shown m 

,      .3/2 
h (cotan a)  ' 

figure 6 where, instead of II/HCQ,   has been plotted. 
H50 

It is seen that with slopes varying from 1 : 3 to 1 : 8 the results 
can be represented by a single line. But for a slope of 1 : 2 the 
results are completely different, possibly due to greatly increased 
reflection of wave energy for the steeper slopes. 

Restriction. 

It should be noted that there are probably limitations to the 
applicability of these results and that the experiments reported here 
were limited to the ranges: 

E 
0.03 4 _1_ < 0.06 

L 
o 

and ~/L > 0.21 in which: 
' o ' 

d •= water depth 
L = wave length in deep vra.ter 

Although the full range to which the results can be -applied is not 
known, it is evident that for small water depths the ratio. i/j_1 approaches 
a constant value so that the parameter 2 ft, Q„ T is n0 longer valid since 

H50 L 
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SLOPE   1   S 
MEAN WAVE HEIGHT  3,0 m 

"     LENGTH 80 m 
"     PERIOD 8 sec 

NUMBERS INDICATE PERCENTAGE 

OF WAVES  OVERTOPPING 

-22 

25x10" 

OVERTOPPING IN %c PER m' WIDTH 

Fig. 7 .   Overtopping of regular and wind waves 

Fig. 8.   Example of record.   Overtopping waves are dotted, 
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Fig. 9.   Distribution of all wave heights (full line). DiS' 
tribution of overtopping wave heights (dotted). 
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it does not include the influence of wave length and period. 

OVERTOPPING BY REGULAR AND IRREGULAR WAVES. 

The overtopping has "been measured for regular and irregular 
waves with the same mean height. The results are given on figure 7. 

As could be expected, the irregular waves produced more over- 
topping. It can also be seen from this figure that there is no simple 
relationship between the height of a regular wave which will give the 
same overtopping as a given irregular wave, because the height of the 
seawall crest must also be taken into account. 

If there was a direct relationship between the overtopping and 
the height of individual waves it would stil] be possible to esti- 
mate the total overtopping from a series of tests with regular waves 
of various heights by multiplying each overtopping quantity in pro- 
portion to the percentage of waves of that height occurring m the 
spectrum. 

Figure 8 gives an example of a wave record in which the over- 
topping waves are indicated and from which it can be seen that the 
overtopping does not depend only on the height and length of the 
individual waves. This is also illustrated m figure 9 where as a 
result of these tests wa/e height distribution curves are given for 
all the waves exceeding ILQ and for the overtopping waves. The per- 
centage relates to the total number of waves in the series. ''.Tien nfo 
of the waves causes overtopping it is certainly not the highest nfo 
which is involved. So a direct relationship between the overtopping 
and the height of individual waves does not exist. 

Obviously these effects of irregular waves cannot be reproduced 
by regular waves. 

CONCLUSIONS 

a. The overtopping of seawalls depends largely on the irregularity 
of waves. The effects cannot be reproduced in a model using regu- 
lar waves. 

b. Statistical distributions of wave heights in nature, can be re- 
produced in a wmdflume cf suitable dimensions. 

c. In the design of seawalls a better idea about the probability of 
failure is obtained taking as a criterion the volume of over- 
topping water as well as the percentage of overtopping waves. 

d. When the height of the crest is based on the criterion of 2}i  of 
waves overtopping, the quantity of overtopping water is very small. 

e. For tan a <  l/i,   the volume of overtopping water was found to be 
proportional to (tan a) 3/2 . 
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CHAPTER 37 

DETERMINATION OF THE WAVE ATTACK ANTICIPATED 
UPON A STRUCTURE FROM LABORATORY AND FIELD OBSERVATIONS 

W.A. Venis 
Engineer, Hydraulic Division 

Service of the Deltaworks, Rijkswaterstaat, The Hague. 

1.0 INTRODUCTION. 

1.1 The structure. In one of the estuaries of the Hhine-Meuse 
delta, the Haringvliet, a series of discharge sluices is under 
construction as part of the Delta works [fig.1 and 2]. The 
effective aperture of the sluices when completely opened is 
6000 m2 below N.A.P.*) 
Such an opening is necessary in times of high river discharges 
to enable large quantities of water (up to 20,000 mVsec)  to 
be drained away and floating ice to be got rid of in severe 
winters. To meet the latter requirement the spans of the sluice- 
openings have been fixed at 56t5 *n. The sluice consists of 17 
identical openings separated by piers about 5 m wide. 

Each opening can be closed with two steel gates. Each 
gate is connected by means of four steel levers to the Nabla- 
beam, a triangular, hollow girder of prestressed concrete, which 
also serves as a traffic-bridge [fig.51 • The gates can be moved 
independently by means of hydraulic lifting mechanism. 

In the event of a storm surge the sluices will be closed; 
then they may have to withstand a maximum bead of *t-,5 "»• 

As the Haringvlietsluices are vital to the water economy 
of the northern delta area, they must be extremely reliable. 
Consequently when both gates are closed, or while they are being 
opened or closed, the structure will have to be capable of 
withstanding wave attack. 

In principle two kinds of wave attack can be distinguished 
in this case: 

a. Wave load in a horizontal direction; this may occur 
when the gates are closed. The magnitude of the loads 
determines the design of the gates, the levers and the Nabla- 
beam [fig.j] • 

b. Wave-load in a vertical direction; this will occur, in 
combination with the horizontal load, when the gates are lifted 
during wave motion. The proportioning of the lifting mechanism 
is largely determined by this particular load. 

') N.A.P. is a datum level, approximately at mean sea level. 
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1.2 Purpose of the study and the data used. 

Modeltests have been carried out to obtain an insight into 
the magnitude of the wave-pressures in various situations. These 
tests showed, that sharp high pressure peaks occur in addition to 
the pressures caused by the reflecting of the waves, which 
pressures are quasi-static. As the structure can be compared with 
a multiple mass-spring system these pressure-peaks may cause the 
whole construction to vibrate. Wave-attack therefore can be 
expressed in terms of impact. Moreover, calculations revealed 
that the impact pressures were critical factors in determining 
the strength of the structure. 

So many model tests were carried out to determine the design 
and location of the sluices. These tests involved numerous 
water-levels discharges and waves. Regarding the pressure-peaks 
a comparative study was made in the model, which led to the 
structure being designed in such a way that the occurrence of 
critical impacts was reduced to an acceptable minimum. 

As it was impossible to avoid the occurrence of impact 
pressures entirely it remained necessary to determine a basic 
load for the structure that takes care of the impact pressures. 
As it has not yet appeared possible physically to determine a 
theoretical maximum for the impact pressures, it has to be borne 
in mind that there is a probability that each pressure measured 
will be exceeded. 

So this paper describes, how the cumulative frequency curve 
of the impacts for the case mentioned in 1.1 sub a, which served 
as a basis for determining the basic load was arrived at by a 
certain combination of laboratory and field observations. 

The data used for this purpose were 
a. Results of wave-impact measurements on a model of the 

sluices. This model, built in accordance with the results of 
the comparative study, was situated in the wind-flume of the 
"de Voorst" hydraulic laboratory. 

b. Wave height measurements in the Haringvliet during 
1957 and 1958. 

c. Wind-speed measurements on board the lightship Qoeree, 
likewise during 1957 and 1958. 

d. Tidal registrations at Hellevoetsluis from 1920 to i960. 
e. Wind-force data from the Hook of Holland, likewise from 

1920 to 1960. 

2.0 THE MODEL. 

2.1 Description. Investigation into the reaction of the 
structure to impact-pressures can be conducted in two ways, 
dependent on the model chosen: 

a. An elastic, identical scale model, on which deformat- 
ions are measured directly. 

b. A relatively rigid model on which pressures are 
measured by means of pressure gauges, the recordings of which 
are used as a basis for computing the deformation of the 
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SEA •18 m RIVER 

10        20m 

Fig. 3.   Cross section of the sluice. 
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f reauency of the excess per hour 
Fig. 4.   Frequency curves of the excess per hour of the 
impact pressures measured in the model for different 
combinations of water levels and significant wave heights 
(Wave attack from the sea). 
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structure. 
Method b was chosen, because the external shape of the con- 

struction was already known, but not the exact proportioning of 
the components. In addition this method linked up with the 
comparative study that had also been carried out on a rigid model. 

The model, which was built of concrete, was on a scale of 
1:^0. In the model the external geometrical shape of the closed 
gates, the piers and the floor was reproduced. 

Preliminary study showed, that the impact pressures occur 
simultaneously over the entire height of the gate [lit.2]. The 
width of the area in which the impacts occurred was variable. A 
correlation between the breadth of attack and the magnitude of 
the wave pressure could not be discovered, however. As it is not 
impossible that the spread found in the breadth of attack depends 
on the properties of the windflume and because no data were 
available from the prototype it was assumed, that every wave load 
would affect the full width of the gate instantaneously. In this 
connection three pressure gauges of the capacitive type 
(resonance frequency under water * 1400 Hz) were placed one 
below the other in the middle of the model gate. 

The most important purpose of our study was the determinat- 
ion of the basic load for the Nabla-beam. Because of the special 
shape of the structure the Nabla-beam only "feels" the natural 
or forced vibration of the gates caused by a certain mean value 
of the wave-pressures. To simplify the elaboration, the 
pressures measured simultaneously were averaged electronically. 
This average was registered by filming the screen of an 
oscilloscope connected to the pressure gauges. 

2.2 Situations tested in the model. In the model wave 
pressures were measured in the following situations. 

a. Wave attack from the sea on the closed outer gate. 
b. Wave attack from the sea on the closed inner gate, 

when the outer gate was open. 
c. Wave attack from the Haringvliet on the closed inner 

gate. 
d. Wave attack on the closed outer gate, when the inner 

gate was open. 
Cases b and d are not dealt with here, because in them the 

wave pressures were much lower than in the other situations. 
The wave attack from the sea was measured for the 

following combinations of water-level and significant wave 
height: 

Water-level Significant wave height in m. 

N.A.P. - 0.50 m 1.00 1.50  and 2.00 
N.A.P. 1.00 1.50  2.00 and 3.00 

N.A.P. + 1.00 m 1.00 1.50  2.00 and 3-00 
N.A.P. + 2.00 m 1.50 and 2.00 

Water-levels, higher than N.A.P. + 2.00 m were not considered, 
because the comparative study showed that then the pressure 
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becomes relatively low. 
This is due to a bend in the plating of the gates from N.A.P. + 
1.00 m to N.A.P. + 3.00 m, when they are closed. At water-levels 
lower than N.A.P. - 0.50 m the likelihood that wave motion of any 
importance will occur is so small  that these levels have not been 
considered, either. 

In the model tests for wave attack from the Haringvliet it 
was assumed, to be unlikely that high water-levels and strong 
easterly winds would occur simultaneously. Therefore only a water- 
level of N.A.P. - 0.50 m, combined with significant wave heights 
of 0.80 m and 1.50 m,  was    investigated for such a 
contingency. 

In the windflume the waves were generated by means of wind 
only [lit. 5] • 

2.3 Model results. For each situation tested in the model a 
frequency curve was obtained, showing how often a certain value 
of the impact pressure is exceeded on an average in a certain 
period. The period during which measurements in the model are 
taken depends on the one hand on the accuracy with which one 
wishes to determine the frequency curve, but on the other hand 
on the properties of the windflume and the extent of the 
investigation. In this case the duration of each measurement was 
restricted to 40 minutes of model time, corresponding to about 
k  hours of prototype time. In this way any pressure, exceeded on 
an average once per hour, can be determined fairly accurately. 
Pressures occurring less frequently have been determined by 
rectilinear extrapolation of the frequency curve of excess on 
logarithmic paper [fig. 4a t/m d and fig. 5]• 

In this way the frequencies with which the wave pressures 
for each combination of water-level with significant wave- 
height were exceeded, were ascertained. 

3.0 FREQUENCIES OF WAVE ATTACK. 

3.1 Wave attack from the sea. With the aid of the data obtained 
from the prototype an attempt has been made to discover at what 
frequencies certain combinations of water-level and wave height 
occur. First the registrations of wave recorder C in the Haring- 
vliet [fig.i] were worked out. The period considered ran from 
30-1-1957 till 23-1-1959- The recorder measures wave heights as 
well as water-level variation. So frequency curves of the excess 
of the significant wave heights could be determined, expressed 
in percentages of the time the water-level was lower than that 
stated [fig.6] . The accuracy of these data, however, was 
considered to be too small because 

a. the recording period of about two years did not form a 
good enough basis, for extrapolation to very low  frequencies. 

b. the registrations of waves generated by winds blowing 
from directions between west and north could not be separated 
from the aggregate. 

This was necessary, as laboratory tests showed that 
impulse loads only occur when the waves attack the sluice at 
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right angles. The location of the sluice in the prototype [fig.i] 
shows  that this attack is most likely with north-westerly winds. 

With this in mind an attempt was made to obtain the desired 
frequency-data indirectly. 

The wave registration period of two years did appear long 
enough to establish the relation between the wave heights 
registered and the corresponding wind-speed and direction. Wind 
measurements carried out on board the lightship "Goeree" during 
the two year period were used but only those readings showing 

c. wind speeds in excess of 10 m/sec. 
d. winds blowing from between west and north. 
The wave height and water-level registered at pole C was 

then checked for each of these readings. The result is given in 
two diagrams [fig.7a and b), one for the group of water-levels 
around low water and one for the group of water-levels around 
high water. The line drawn through the points in the high water 
diagram, is regarded as the correlation between wind-speed and 
wave height. This premise is unfavourable for the present 
situation. In the ultimate situation, however, there may be three 
reasons for using the line given. 
Firstly, the sluices will be closed only during the high water 
period, secondly, when the sluices are closed tidal currents 
will cease to influence wave development and thirdly, the Haring- 
vliet will become much deeper locally in future. 

Then again, a selection was made from the tides registered 
at Hellevoetsluis and from the corresponding wind measurements in 
degrees Beaufort carried out at the Hook of Holland in each of 
ten years chosen at random from the last forty years. These wind 
data satisfied the criteria mentioned under c and d. 
With these figures frequency curves have been drawn from which 
the frequency of excess of a high water-level, dependent on the 
wind force could be deduced. It is assumed that these lines will 
also hold good in the future situation [fig.7] « 

Now, with the aid of the correlation line for wave height 
and wind-speed it is possible to determine the frequency with 
which certain combinations of water-levels and wave heights can 
be expected on an average. It should be noted, that the data given 
are the medial values of intervals from a continuous distribution. 

The frequencies thus obtained are unfavourable as the whole 
of the tidal cyclus (approx. 12-J- hr) has been considered, even if 
the wind blew from the northwest for only part of that time. 

5.2 Wave attack from the Haringvliet. The wave-measuring poles, 
in the Haringvliet are all situated on the seaward side of the 
sluice. Therefore they are on the lee-side of the building-pit 
for these sluices when the wind is blowing from directions be- 
tween south and east. In order to get an idea of the wave motion 
to be expected, ten years of registrations of the wind recorder 
at Hook of Holland (19^9-1958), were selected for directions 
between 95° and 1^5° with regard to the north. This selection 
has been worked out as a frequency curve of the excess of the 
wind-speeds. From these, with the aid of the Bretschneider 
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diagrams for the generation of waves in deep water frequency 
curves of the excess of the wave heights have been plotted [fig.9|. 
The results of the wave height calculations, for which a certain 
fetch was adopted, have been checked by incidental visual wave 
height observations in the field. Although the visual observations 
gave values lower than those calculated, the latter have been 
taken into account, also in view of the future greater depth of 
the Harxngvliet, on this landward side of the sluice as well. 

The conditions for the occurrence of high water-levels on 
the Haringvliet lake are well known. The probability of these 
high water-levels coinciding with stormy easterly winds is 
negligible. The average daily level will fluctuate between N.A.P. 
and N.A.P. + 0,50 m. By using a water-level of N.A.P. - 0.50 m 
in the modeltests an extra margin of safety has been provided. 

^•0 THE CUMULATIVE FREQUENCY CURVE OF THE PRESSURES. 

4.1 For wave attack from the sea. The results of the model- 
investigation shown in fig.4a to d combined with the data from 
the field described in 3.1> give the total average frequency of 
excess of the wave pressures per year. This is obtained by 
multiplying the frequencies of excess of the pressures for each 
combination of wave height and water-level with the frequencies 
in hours per year of the occurrence of these combinations and 
adding up of the results. The year-frequency curve of the pres- 
sures can be found by carrying out this operation for a number 
of pressures and plotting the values obtained on probability 
paper. It will appear as a straight line on logarithmic paper, 
which has been extrapolated rectilinearly for the higher 
pressures, viz., the lower frequencies. 

The operation described applies to one sluice opening 
only. For considering any opening, the frequencies found will 
have to be multiplied by 17, as the whole construction has 1? 
openings. In this connection it is assumed, that statistically 
speaking the circumstances are identical for all the sluice 
openings |fig.10j. 

The curve thus obtained gives the frequency of excess of 
the value of the pressure-peak as measured in the rigid model. 
As already stated these pressure-peaks possess the characteris- 
ties of impulses. Therefore an impact-factor will have to be 
introduced into the static calculation of the stresses in the 
structure. The magnitude of this factor depends on the part of 
the structure considered (lit.1 and 2j and other factors. With 
the results of numerous calculations as a basis this impact 
factor has been fixed at 2 for the Nabla-beam and 1.35 for the 
gate and the levers. 

4.2. For wave attack from the Haringvliet. This was dealt with 
in the same way as the foregoing. The data used were those given 
in fig.5 and fig.9> 
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5.0 THE BASIS LOAD. 

5.1 The frequency adopted. For partly subjective economic 
considerations a basic load for the Nabla-beam was chosen having 
an average probability of excess per year of 5«10~5. The load 
thus found must be taken as the breaking load of the Nabla-beam. 
This also means that there is a greater probability of the 
occurrence of cracks, requiring repair and a still greater 
probability of cracks occurring that will close again because 
of prestressing. 

If it is assumed, that the construction will be out of date 
in 200 years and will therefore have to be replaced by a new one, 
the frequency chosen means a one percent probability that the 
breaking load of any Nabla-beam will be exceeded during the 
lifetime of the structure. 

The main difficulty was that the phenomena we dealt with 
were of a statistical nature the laws governing which are as yet 
obscure. To obtain an insight into the possible spread if 
pressures and wave height do not follow the logarithmic 
distribution described here the same process was applied to 
extrapolations on different kinds of probability paper. 

The actual choice of the basic load was made from a 
comparative study of the frequency curves thus obtained. 

6.0 COMMENTARY 

6.1 Consideration of the doubtful points. Excessive extrapolat- 
ion of the frequency curves of the excess of the wave-pressures 
is required when determining the basic load. 
This is sufficient reason for considering the results with a 
certain reserve. Moreover it should be borne in mind that a 
satisfactory answer to the following questions has not yet been 
given: 

a* Over what width will the wave attack affect the structure? 
For safety's sake it was assumed that the wave attack will affect 
the whole width of one sluice-opening instantaneously. 
An insight into the degree of safety will only be obtained when 
enough is known about the breadth and shape of the wave-crests 
in the prototype. 

b. What correlation exists between the magnitude of the 
pressure-peak and the impact factor. From calculations it is 
known, that the impact factor depends largely upon the time in 
which the pressure rises from zero to it's maximum [lit.2j. 

Preliminary tests showed no direct correlation; however, the 
investigation was limited. For safety's sake therefore the impact 
factors mentioned in k.1  were introduced. 

c. The shape of the waves in the laboratory and in the 
prototype. As already mentioned the waves in the laboratory were 
generated by wind [lit.jj] . As the fetch in the windflume was not 
to scale, the wind-speed was exaggerated. This caused the wave 
height distribution to show a flattening especially for the 
higher waves, which has not yet been observed in the prototype. 
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DETERMINATION OF THE WAVE ATTACK ANTICIPATED 
UPON A STRUCTURE FROM LABORATORY AND FIELD OBSERVATIONS 
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The wave recorders placed on top of the wave-measuring poles, 
however, do not yet permit the working out of any series longer 
than 100 to 150 waves, so that information about the "tail" of the 
distribution is still very scarce. For comparison it is noted, 
that the distributions in the windflume are determined from series 
of 500 to 1500 waves. 

Neither has it appeared possible so far to get an adequate 
idea of the extent of the agreement between prototype and wind- 
flume as regards the shape of the wave. Determination of the 
shape is very difficult, as the registration is a height/time 
diagram which has to be transformed to a height/length diagram 
via an idealised formula for wave celerity. In the windflume this 
can be done with comparative ease; however, for the prototype, 
with its freakish bottom configuration no satisfactory method has 
been found yet. 

d. To what extent does the wave registration of pole C 
represent the ultimate situation and the whole of the Haringvliet. 
Only the future can answer this question, as the bottom 
configuration will undergo a considerable change. As already 
stated it was assumed for the present that the waves will become 
somewhat higher than they are now. This also depends on the 
available fetch, which may change because of banks that may be 
formed in the mouth of the Haringvliet. 

6.2 Summary. The basic load of the Haringvliet-sluices was 
arrived at by accepting a certain probability of excess of this 
load. The calculation of this probability was based on a combinat- 
ion of observations in the laboratory and in the field. An 
outline has also been given of the doubtful points, which have 
been circumvented by introducing a safety factor. 
The basic load for the lifting mechanism was determined in a 
similar manner. A difficulty here arose because of our ignorance 
of the water-level variations in the Haringvliet lake of the 
future. 
This problem was solved by tracing the course of the water-level 
variations during ten years chosen at random from the last forty 
years, supposing the sluices had already been present in that 
period. So the points of time of equal water-level on either side 
of the sluices (criterion for the opening of the gates) as well 
as the slack water period (criterion for the closing of the gates) 
could be determined, together with the corresponding water-levels. 
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CHAPTER 38 

LA PRESSION DES VAGUES CONTRE LA PAROI ABRUPTE 

M. E. Plakida 

Ingenieu en Chef des Ponts et Chaussees, 
Chef du Laboratoire d'onde de l'Institut 
Central des Recherches Scientifiques du 

transport par eau. 
Moscou, U.R.S.S. 

Generalites 

La recherche du type le plus rationel des ouvrages de protection 
il est devenu necessalre d'evaluer l'action des vagues sur les parois a 
fort degre d'inclinaison; l'angle d'inclinaison du mur avec l'horizon a 
peut changer de 45° a 90°. 

* Les resultats de l'etude sur les modeles reduits sont decrits 
dans cet article, ce qui concerne la pression des vagues contre la 
paroi abrupte et la hauteur de remontee des vagues. 

Le present article fournit des formules en vue du calcul de la 
pression maximum des vagues et de la hauteur maximum de remontee 
des vagues. 

Les etudes ont ete effectuees dans une cuve vitree de 12.0 m. 
de longueur, de 0.5 m. de largeur et d'un metre de hauteur.   Les 
vagues ont ete produites par le batteur plonge. 

La profondeur d'eau dans la cuve est constante et egale a 55 cm.; 
les profondeurs d'eau entre le niveau du repos et la risberme sont 
egales a 20 et a 40 cm.   La largeur de la risberme est constante et 
egale a 15 cm., la pente du prisme est de 1:2.   L'angle d'inclinaison du 
mur avec l'horizon change de 45* a 90*, avec espacement de 15°. 

Le regime d'onde est defini par la cambrure de vague qui change 
de 1:10 a 1:25, la hauteur de vague est de 10 a 12 cm. et la periode de 
vague est de 0.75 a 1.20 sec. 

Nous avons adopte les notations suivantes : 
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2h -   hauteur de la houle; 
2L -  longueur d'onde de la houle; 
2T -   periode de la houle; 
H   -   profondeur de l'eau; 
H$ -   profondeur de l'eau entre le niveau de repes et la risberme; 
a    -  angle d'inclinaison du mur avec l'horizon; 
t     -   hauteur du prisme; 
P0 -   pression excedentaire due a la vague contre le mur vertical 

ou le mur abrupte au point du niveau de repos; 
Pgh ~ pression excedentaire due a la vague contre le mur vertical 

au point submerge a* la profondeur egale de trois fois la 
hauteur de vague; 

P6har pression due a. la vague contre le mur abrupte au point sub- 
merge* au-dessous du niveau de repos egale de trois fois la 
hauteur de vague; 

p\j, - pression due a la vague contre le mur abrupte au point de la 
cote de la risberme; 

Re -   effort resultant (escedant la pression hydrostatique) sur la 
surface du mur abrupte; 

We - effort de soulevement du* aux vagues (excedant la pression 
hydrostatique) et agissant sur la semelle de l'ouvrage; 

Zd - maximum de hauteur mouille au mur abrupte; 
A    - amplitude total d'oscillation de l'eau au mur abrupte; 

La pression de vague 

Nous avons effectue 4800 mesures de la pression due a. la vague 
contre le mur vertical et abrupte des appareils tensiometriques et nous 
avons trace" 12 planches; dont l'une est pretentee ici (voir fig. 1). 

Cette planche indique la variation des valeurs suivantes au cburs 
de la periode de vague sur des parois inclinees de 90°, 75*, 60° et 45*: 

- la pression due a la vague aux 5 points situes 
sur le mur; 

- 1'oscillation du niveau de l'eau pres du mur; 
- I1 effort resultant due a la vague contre le mur. 

On peut voir sur cette planche la variation de la pression due a la 
vague contre le mur vertical ou abrupte aux points situe's sur les 
niveaux divers entre le niveau de repos et le pied du mur. 
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Fig. 3.   Wave pressure diagram on the steep 
sloping wall. 
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II j% noter que la pression de vague au niveau de repos des etudes 
NN23, 20 et 17 ne depend pas pratiquement du degre d'inclinaison du mur 

On peut aussi voir, que la variation de la pression due a la vague 
contre le mur vertical a une pleine concordance (voir fig. 1, e"tude 
N23) avec la theorie ge'nerale du clapotis au deuxieme ordre d'approxi- 
mation    (1, 2, 3 et 4) 

Les quatre extreme notes sur le chronogramme de la pression 
due a la vague contre le mur vertical se conservent aussi sur les 
chronogrammes de la pression due a la vague contre le mur abrupte. 

On observe la reflekion des vagues du mur abrupte et la 
naissance du clapotis, mais ce clapotis se transforme a cause de 
l'inclinaison du mur.   Le premier n oeud du clapotis se trouve plus 
pres que dans le cas du mur-vertical, en estimant la distance sur le 
niveau de repos du mur abrupte. 

La montee du niveau de l'eau contre la paroi abrupte dans le 
cas general a lieu plus tard que le maximum de la force resultante 
due £ la vague contre le mur abrupte. 

Selon nos experiences, nous avons determine que pour la 
cambrure de la vague    -S^- 5> 0.07 et que pour la longueur d'onde rela- 
tive a   2-^S 4, la hauteur mouilee ne depasse pas la hauteur de la 
vague au moment ou la pression de vague atteint sa valeur maximum 
(voir fig. 2). 

Les epures recommandees sontdbonees par la couleur sombre sur 
fig. 2; nous montrons aussi sur cette planche la comparaison des epures 
mesurSes au moment ou la pression due a la vague contre le mur abrupt* 
est maximum. 

Cette comparaison montre que les epures recommandees ont les 
surfaces plus grandes que les surfaces des epures mesurees.   Ceci est 
une certaine garantie de la securite. 

On a etabli par l'analyse des epures maxima de la pression de la 
vague dans la cas a = 45* que la pression de la vague est egale a. zero 
presque au point submerge a la profondeur egale de trois fois la hauteur 
de la vague. 

La hauteur de remontee de la vague, lorsque nous avons le 
maximum de la pression contre le mur abrupte, ne depasse pas la valeui 
egale a la hauteur de la vague. 
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Outre cela, la pression de la vague contre le mur abrupte au point 
du niveau de repos est egale presque ~k la pression de vague contre le 
mur vertical. 

Nous avons utilise ces circonstances pour tracer le haut de 
l'epure qui est situee au-dessus du niveau de repos. 

Nous avons adopte la loi lineaire du changement de la pression 
due a la vague contre le mur abrupte au point submerge au-dessous du 
niveau de repos de trois fois la hauteur de vague. 

On peut ecrire la formule suivante 

P6h* = P6h (-^-   -1) (i) 

En utilisant cette formule nous pouvons tracer l'epure de la 
pression de vague au-dessous du niveau de repos, a savoir entre le 
niveau de repos et le pied du mur. 

Si la risberme est submergee moins que 6h, mais en.tout cas plus 
grande que 3h alors il est necessaire que l'epure de la pression soit 
coupee au point de la risberme.   La formule dans ce cas est suivante 

Pl=rW + <P°-p6h*)(  l-§-) (2) 

Les efforts resultants Re et We sont determines aux surfaces de 
l'epure correspondante (voir fig. 3). 

On a a. calculer les valeurs de la pression excadentaire due a la 
vague P6h et Po contre le mur vertical, qui se trouvent dans les 
formules (1) et (2), de la methode par Metelitchina (4).   Cette methode 
est basee sur la theorie generale du clapotis Mich et Biesel (1,2), 

Hauteur mouillee 

Nous avons effectue 1242 mesures de l'oscillation due niveau 
d'eau sur le mur vertical et abrupte. 

L'amplitude total de l'oscillation du niveau d'eau s'accorde avec 
la formule suivante 

A - sl£r <3> 
Le maximum de la hauteur mouillee pres du mur abrupte peut etre 

determine'par la formule suivante 
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Z" =  sing      +  ^ (3 15^-) (4> 

ho =^r~ cth "L (5) 

En conclusion, nous notons que la methode exposee plus haut 
de la construction de 1'epure de la pression de la vague sur le mur 
abrupte est approximative, mais elle est assez satisfaisante du 
point de vue de pratique. 

Nous avons fait publier les resultats de notre investigation de ce 
su|et dans les articles separes (5, 6 et 7). 
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CHAPTER 39 

THE CLAMP-ON WAVE FORCE METER 

Lars Skjelbreia,  Ph. D 
Group Supervisor 

California Research Corporation 
La Habra,   California 

INTRODUCTION 

Because of the tremendous increase in offshore activities,   a 
great effort has been made on obtaining information on wave forces on 
structural members.    Several oil companies have invested large sums 
of money in the design and construction of full-scale systems for mea- 
suring the wave forces.    The equipment used for measuring the forces 
have been single cantilevers or segmented piles designed to make dis- 
crete measurements along the pile.    For instance,   during the last five 
years,   The California Company and California Research Corporation 
(subsidiaries of Standard Oil Company of California) operated an instal- 
lation in the Gulf of Mexico with four segmented piles of different dia- 
meters.    The wave forces were measured by three-foot high force 
dynamometers located at seven different elevations along the length of 
each test pile.    Each dynamometer was constructed from a section of 
the cylindrical pile which was attached to a system of flexures on the 
inside. 

So far the wave forces have been measured on cylindrical piles 
varying in diameter from one to four feet and in water depths varying 
from 30 to 50 feet.    As the pile diameter and water depth increase,  how- 
ever,  the measurements of wave forces by use of a cantilever or a seg- 
mented pile become very difficult and expensive.    Therefore,   a need 
exists   for investigating other means for measuring the wave forces on a 
pile.    This paper will describe the design and operation of a force meter 
that may be clamped to an existing pile. 

In Spring I960,   California Research Corporation installed equip- 
ment incorporating eight of the clamp-on meters on an oil well drilling 
platform in the Gulf of Mexico.    The water depth at the location is  100 
feet,   and two years of operation are planned. 

GENERAL DESCRIPTION OF CLAMP-ON FORCE METER 

In the design of the clamp-on force meter,  it was desirable to in- 
corporate the following features: 

1. Force meter should be in the form of a ring which may be 
clamped on to an existing pile. 

The author is presently employed at National Engineering Science Co. , 
Pasadena,   California,   as Associate Director. 

This type of dynamometer will be referred to as conventional dynamo- 
meter throughout the text of this paper. 

701 



COASTAL ENGINEERING 

2. The outside diameter of the ring should be as close to the 
pile diameter as possible and not deface the existing structure. 

3. The meter should be easily attached and removed. 

4. From the output of the meter it should be possible to deter- 
mine the resultant force on the ring and the direction of the resultant 
force. 

In the design of such a meter, the most difficult requirement to 
satisfy is Item 2.    A clamp-on force meter designed similar to the con- 
ventional type force meter    has a tendency to become large in size rela- 
tive to the pile diameter.    The reason is that the continuous ring has to 
be relatively stiff and has to be supported by a system of flexures locatec 
in the annulus bounded by the outside diameter of the existing pile and the 
inside diameter of the force meter. 

A more promising design for a force meter is one in which the 
pressure is measured at equal intervals around the circumference by 
use of pressure transducers.    The total pressure force on a unit height 
of a pile may then be obtained by integrating the pressure on the indivi- 
dual surface elements around the circumference. 

The total force acting on a unit height of a pile consists of 
a pressure force and a friction force.    In the case of cylinders,  limited 
experimental investigations indicate that for Reynolds number larger 
than 4 x 104 the skin friction or viscosity forces are only two per cent of 
the total force.    In most engineering problems involving wave forces, 
the Reynolds number is larger than 10   .    Even though the viscosity for- 
ces are apparently negligible,  they do exert an important effect in dis- 
torting the velocity field around the pile.    A distortion in the velocity 
field in turn produces a change in the distribution of the pressure around 
the circumference.    In the design of the clamp-on meter,  the friction 
forces themselves have been neglected in comparison with the pressure 
forces. 

Knowing the pressure at discrete points around the circumferenci 
of the pile allows the derivation of an approximate expression for the 
total force per unit height. 

Assuming,  for instance, that the pressure varies linearly with 
the angular position between two points of known pressure the expres- 
sions for the total force per unit height in terms of two mutually per- 
pendicular components are (see Appendix I for detailed derivation): 

n  cos — (2) 

where 
X and Y components of force in two mutually perpendicular 

directions (lb/ft) 
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R =   outer radius of the meter 
N =   number of pressure transducers 
n        is integer from O to N ? 

Pn        is pressure force at the nth transducer (lb/ft) 

The summing or integrating process may be carried out in two 
ways: 

1. The resultant force and its direction may be determined by 
numerically integrating the recorded output of the individual pressure 
transducers located around the circumference.    In other words,  re- 
cord all the Pn's and calculate X and Y by use of equations (1) and (2). 

2. The resultant force and direction may be obtained by electri- 
cally integrating the output of the individual pressure transducers before 
recording.    In this case it is only necessary to record the output of the 
X and Y rather than the output of all the Pn's. 

Method No.   1 requires the recording of a large number of outputs. 
For instance,  an instrumented pile with 8 clamp-on meters each contain- 
ing 16 transducers would require simultaneous recording of 128 outputs. 
Not only is it impractical to record a large number of outputs by use of 
an oscillograph,   but the data reduction would be very time consuming. 
If a recorder were available that could handle the large number of 
traces required and the output recorded in such a manner that the data 
could be reduced automatically,  this method may be worthwhile consi- 
dering. 

Using an oscillograph-type recording,  it will be more practical 
to use the second method,   in which case two mutually perpendicular 
components of the total force from each force meter are recorded.    The 
distribution around the band may also be obtained by sampling the out- 
put of the transducers from a single force meter one at a time.    In the 
example of 8 force meters,   16 X and Y outputs may be recorded continu- 
ously during a recording period,  while the output of the individual trans- 
ducers on a meter may be recorded by time sharing the recorder.    The 
force meter described below is designed with this type of recording pro- 
cedure in mind. 

Figure 1 shows a prototype clamp-on meter mounted on a three- 
foot dummy pile.    The meter consists of two half bands clamped to- 
gether on the pile and held in place by the friction between the pile and 
the band.    The electrical wires from the transducers are carried to the 
recording instrument through watertight rubber hoses which may be 
placed either on the outside or the inside of an existing pile.    The 16 
pressure transducers are so designed and connected together that the 
normal force acting at each transducer may be recorded in addition to 
the X and Y component of the total integrated force acting on a unit 
height of a pile     A more complete description of the transducer and the 
integrating circuit will be given later in the paper. 

The clamp-on force meter has several advantages over the con- 
ventional force meter presently used at several installations.    The most 
important advantages are listed below: 
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1. The meter may be clamped on to an existing structural pile 
thereby eliminating the costly test pile. 

2. The meter may be removed for repairs or relocated on the 
pile in such a manner as to obtain the maximum number of data points 
for a given wave height.    For instance,   if information is desired on smal 
waves,   several meters may be concentrated near the MWL. 

3 
tained on par 

From the pressure distribution data,  information may be ob- 
article velocity,  drag coefficient,  and vortex shedding. 

4. The output traces are "clean" due to the high natural fre- 
quency of the transducer sensing element. This feature reduces the 
error in reading the output and simplifies the data reduction. 

DESCRIPTION OF MAJOR COMPONENTS OF THE FORCE METER 

PRESSURE TRANSDUCERS 

In the design of the transducer,  used for the clamp-on meter, 
the following features needed to be incorporated: 

1. Each transducer should be provided with three outputs,  two 
for the integrating circuits,  and one for the pressure circuit. 

2. The output of the transducer versus the applied pressure 
should be linear. 

3. The transducer should be capable of measuring pressures 
from 0. 1 psi to 50 psi. 

4. For the purpose of calibrating the clamp-on meter,  provi- 
sions should be made for applying pressure or vacuum to the sensing 
element of each individual transducer without affecting the sensing ele- 
ment of the other transducers. 

5. For two reasons,  consideration should be given to the dimen- 
sions of the transducer.    First,  when the transducers are mounted in 
the supporting band, the thickness of the band should be as small as 
possible in order not to deface the existing pile.    Second,  the height of 
the sensing element facing the sea should be as small as possible in 
order to minimize the time that a transducer is partly submerged during 
wave action. 

6. The transducer should be rugged in order to withstand abuse 
from driftwood. 

Because no known commercial transducer met the requirements 
listed above,  a special transducer shown in Figure 2 was developed. 

During the development of the transducer,   a number of different 
types of sensing elements were considered,  fabricated,   and tested. 
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Fig. 1.   Prototype clamp-on meter. Fig. 2.   Pressure transducer, 

Fig. 3.   Sensing element. Fig. 4.   Typical calibration curve. 
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Fig. 5. Transducer housing.       Fig. 6.   Band for mounting transducers , 

0 400 800 IZOO 

X COMPONENT, AVERAGE FORCE-LB/FT2 

Fig. 7.   Calibration curve for X-com- 
ponent of force. 

Fig. 8.   Clamp-on meter 
mounted on conventional dy- 
namometer . 
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Based on the experience obtained during these tests,  the final design of 
the sensing element was arrived at, 

SENSING ELEMENT 

The sensing element of flexure plate shown in Figure 3 is essen- 
tially a simply supported wide beam or plate where the end conditions 
are kept uniform by use of a thin symmetric flexure at each end of the 
beam.    The thickness of the beam is made relatively great in order to 
minimize the deflection of the beam under load.    Small deflection of the 
beam is important because a rubber covering is used in waterproofing 
the transducer and any rubber effect would change the linearity of the 
output.    The stress on the outer fiber in the center of the beam is in- 
creased by machining a symmetric flexure at the center.    Six SR-4 
strain gages are mounted on one side of this flexure.    If desired,  the 
sensitivity of the sensing element may be varied by changing the thick- 
ness of the center flexure.    In order to eliminate any axial force in the 
beam due to the deflection,  two parallel cuts are made at one end of 
the beam.    A sensing element and a typical calibration curve are shown 
in Figures 3 and 4,   respectively. 

TRANSDUCER HOUSING 

The housing shown in Figure 5 is made with two compartments. 
The flexure plate covers the largest compartment and may be kept pres- 
sure tight with respect to the second compartment.    The wires (total of 
12) from the strain gages are carried to the second compartment 
through a pressure-tight plug and wired to a terminal board.    All wire 
connections necessary to complete the different circuits are made in 
this compartment. 

The wires used to interconnect the different transducers are fed 
through the side walls of the second compartment.    The reason for inter- 
connecting the transducers will be explained later in this paper. 

Vacuum or pressure may be applied to each individual transducer 
through a 1/4 in. tapped hole in the wall between the two compartments. 
The need for applying different pressure or vacuum to each transducer 
is important during the calibration of the force meter. 

TRANSDUCER MOUNTING 

Several methods were considered for mounting the transducers 
in a band to make up the force meter.    For instance,   one method con- 
sidered was to mold the transducer in a rubber band which could be 
strapped onto an existing pile.    This method has several advantages in 
that the band is flexible and would conform easily to the surface of a pile 
even if it were out of round.    The difficulty and expense of making the 
rubber mold,  which would be used only for a limited number of bands, 
ruled this method out. 

After considering several methods for mounting the transducer, 
it was decided to construct the band from metal.    Figure 6 shows the 
force meter with half the number of the transducers mounted.    The band 
consists of two halves hinged at one edge and bolted together at the other 
edge. 
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ELECTRICAL INTEGRATING CIRCUIT 

As explained before,   each transducer consists of a sensing ele- 
ment on which six SR-4 gages are mounted.    The position and notation 
of these gages are shown in Figures 3 and II-1.    The gages noted "X" 
and "Y" are used for the X and Y integrating circuit,   respectively,  and 
the gages noted P are used for determining the pressure at the location 
of each transducer.    Further,  the gages noted "A" are sensing the 
principal strain while the gages noted "B" are sensing the Poisson ratio 
effect.    The sensing element from each transducer will have the same 
number of gages mounted in the same relative position.    As seen from 
Figure 4, the pressure applied to the sensing element is proportional 
to the gage output.    Because it is well known that the output of a strain 
gage is proportional to the change in resistance of the gage,  the summing 
of terms in Equations 1 and 2 may be accomplished by connecting the 
corresponding gages from each transducer in series in the legs of a 
Wheatstone bridge.    Consider for instance in "A" and "B" gage from 
each transducer with the common notation "X".    By placing the "A" gages 
in series in one leg of the bridge,  and "B" gages in the adjacent leg, 
the contribution from each transducer will add. 

The sign of sin -^p in Equation 1 is taken care of by placing the 
gages in the proper leg of the bridge.    For sin ^positive,  the "A" gages 
are connected in series in one leg while the "B" gages are connected in 
series in the adjacent leg.    By placing the "A" and "B" gages in adjacent 
legs,  the bridge is temperature compensated in addition to having in- 
creased output due to the Poisson ratio effect.    When sin^r changes 
sign,  the "A" and "B" gages are moved to either one of their adjacent 
legs. 

In addition to adding the output of each transducer with the pro- 
per sign,   each output has to be reduced to take into account the magni- 
tude of the multiplier sin^j£.    This is accomplished by placing a resis- 
tor with a predetermined value in parallel with each gage.    The value of 
the parallel resistor will vary from transducer to transducer,  however, 
the same value resistor will be placed parallel to the "A" and "B" 
gages on each individual transducer. 

In short, the integrating circuit for representing one component 
of force consists of a Wheatstone bridge in which the legs are made up 
of a series of strain gage elements with proper size parallel resistors. 
Each transducer contributed two strain gage elements to the circuit. 

The integrating circuit for the Y component of force is similar, 
except another set of strain gage elements make up the circuit.    A more 
detailed explanation of the integrating circuit is given in Appendix II,  to- 
gether with one example of the X and Y circuit (see Figure II-3). 

CALIBRATION 

The calibration of the clamp-on meter is somewhat more compli- 
cated than the conventional dynamometer, however, it may be performed 
with lighter equipment and with better accuracy.    Rather than pulling on 
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the meter with a force,   the load on the clamp-on meter is obtained by- 
applying a pressure or vacuum to the individual transducers. 

The main objective of the calibration is to obtain a relation be- 
tween the deflection of the galvanometer and the applied force (lbs per 
ft or lbs per sq ft).    In the case of the clamp-on meter,   every effort 
was made to design the transducers such that the galvanometer deflec- 
tion is proportional to force or pressure.    This simplifies the data 
reduction in that the galvanometer deflection is converted to force or 
pressure by merely multiplying by a constant.    Any variation of the 
constant multiplier due to a change in bridge voltage is accounted for 
by introducing electrical calibration steps on the record. 

At the beginning of each recording,   a known resistor is connected 
in parallel with one leg of each of the bridges.    This resistor causes an 
electrical unbalance which will appear on the record as a step with a 
magnitude that is proportional to the bridge voltage.    A force acting on 
the dynamometer will also cause an electrical unbalance in the corres- 
ponding bridge.     The force necessary to produce the same unbalance as 
the calibration resistor with the same applied bridge voltage is referred 
to as the force or pressure equivalent. 

The following paragraphs will be devoted to the discussion of the 
calibration of the output of the individual pressure transducers and the 
X and Y integrating circuit as performed on the prototype clamp-on 
meter in the laboratory.     Toward the end of this section,   some remarks 
will be given concerning the field calibration of the clamp-on meter. 

LABORATORY CALIBRATION 

Individual Transducer Outputs 

The calibration of the individual transducers is straightforward. 
Each transducer was calibrated one at a time by applying increments of 
pressure or vacuum to the inside of the housing.    A recording of the 
calibration step and the output of the transducers was taken for each 
pressure setting.    A sample plot of the pressure versus output for one 
transducer is shown in Figure 4. 

X and Y Outputs 

The value of the calibration constant for X and Y circuits may 
be obtained by either one of the following two methods: 

1.    Determine the output of the X and Y circuit when a known pres- 
sure distribution is applied around the circumference of the meter.    The 
pressure to be applied to each transducer may be determined from the 
known pressure distribution curve which also is used to calculate the cor- 
responding X and Y component of force.    One point on the calibration 
curve is then obtained by plotting the output of the X and Y versus the 
calculated force.    The complete calibration curve maybe generated by 
eithei changing the distribution or changing the magnitude of the pres- 
sures and keeping the same distribution.    This method requires consi- 
derable amount of equipment because the pressure in each transducer 
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has to be recorded at the same time as the output of the X and Y are re- 
corded. This method is therefore not too practical particularly for field 
use, 

2.    Apply the same pressure of vacuum to all transducers,  one 
at a time,   and note the output of the X and Y circuit.    Knowing the con- 
tribution to the X and Y output due to a known pressure at each one of 
the transducers allows the calculation of the X and Y output due to an 
arbitrary pressure distribution.    The calculated X and Y component of 
force may then be plotted versus the calculated X and Y galvanometer 
deflection if both calculations are based on the same pressure distribu- 
tion. 

Even though method number 2 requires more computation,  this 
method is somewhat simpler than method number 1 because it is only 
necessary to pressurize one transducer at a time.    A calibration curve 
obtained by method number 2 is shown in Figure 7. 

In actual operation of the meter,  the inside of the transducers 
will be pressurized with nitrogen to a pressure equal to or greater than 
the expected outside pressure.    Therefore,  in normal position,  the 
transducer flexures will be deflected outward and when acted upon by 
wave motion-the increased outside pressure will reduce the outward de- 
flection of the flexures.    This is true of course as long as the inside pres 
sure is greater than the outside pressure.    It is possible,however,  that 
during high shock pressures that the outside pressure is higher than 
the inside pressure and the flexures will deflect inward.    It is therefore 
important that the outputs of the X and Y circuit are numerically the 
same regardless of which side of the flexure the net pressure is applied. 
The X and Y circuit were therefore calibrated with both inside vacuum 
(corresponding to excessive outside pressure) and inside pressure to 
see if the calibration constant were the same in both cases. 

FIELD CALIBRATIONS 

The field calibration of the output of the individual transducers 
is very simple and requires little time and effort.    Under normal oper- 
ating conditions,  the inside of all the transducers on one band are pres- 
surized with nitrogen to the same pressure.    The nitrogen is supplied 
from the instrument house through a hose which also contains the electri- 
cal wiring.    By changing the pressure by known increments and record- 
ing the output of the transducers for each pressure setting, the calibra- 
tion curve for all the transducers may be generated. 

During the calibration of the individual transducer outputs, the X 
and Y output should also be recorded and if the integrating circuits oper- 
ate properly, the X and Y trace should not deflect.    This is true because 
all the transducers are subjected to the same pressure.    If the X and Y 
have no output,  due to a uniform load around the circumference,  it is 
quite unlikely that the calibration constant has changed.    However, this 
may be checked by an indirect method.    After a storm record has been 
obtained, the recorded values of X and Y may be compared with values 
of X and Y computed from the known pressure distribution recorded 
during the same wave.    The pressure distribution which is obtained 
from the output of the individual transducer may be considered accurate 
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because the output of these transducers are readily calibrated.    If a 
constant difference occurs between the two results,   adjustments may be 
made by changing the calibration constant for the X and Y output. 

TEST RESULTS 

The clamp-on force meter described in this paper was tested in 
the Gulf of Mexico at the Standard Oil Company of California Wave Force 
Installation during the last five months of 1958.    The meter was mounted 
on the first dynamometer (designated 322) above the MWL of the three- 
foot test pile as shown in Figure 8.    The exact location and orientation 
of the meter relative to the conventional type dynamometer is shown in 
Figure 9. 

The purpose of the test was to check the performance of the new 
meter and compare its outputs with the outputs of the conventional dyna- 
mometer. 

The clamp-on meter was first tested in an actual storm during 
Hurricane Ella on Sept.   4 and 5,   1958.    During the storm,   a total of 
475 feet on record was obtained from the outputs of the individual trans- 
ducers,  the A and B components of the conventional 322 dynamometer 
and from the X and Y output of the clamp-on meter.    A sample record 
of these outputs is shown in Figure 10. 

At the time this paper was written a small amount of data had 
been reduced for the outputs of the individual transducers.    One example 
of the pressure distribution around the pile in the crest region of the 
wave is shown in Figure 11.    A comparison between the force recorded 
on the 322 conventional dynamometer and the clamp-on meter is shown 
in Figures 12 and 13.    The scatter in the data is easily explained,   re- 
membering that the clamp-on meter senses the pressure over a height 
of 6 inches,  while the conventional meter covers a height of 3 feet.    A 
similar pressure distribution around the pile over a 3   feet height of the 
dynamometer is quite unlikely. 

The figure indicates,   however,  that the forces recorded by the 
X and Y components on the clamp-on meter are about 15 per cent less 
than the forces recorded by the A and B components of the conventional 
dynamometer.    This discrepancy may be explained as follows: 

1. The calibration of one or both meters is in error.    The cali- 
bration constant for either one of the meters was determined with an 
accuracy of probably not less than t 5 per cent. 

2. The friction force felt by the conventional dynamometer and 
not by the clamp-on meter may amount to as much as 15 per cent. 

3. The vertical gradient of the pressure in the upper part of the 
wave may be large enough to result in a higher average pressure on the 
conventional 3 foot high dynamometer than on the clamp-on meter. 

Because the exact cause of the 15 per cent discrepancy between 
the output of the two meters could not be determined, the clamp-on meter 
was moved to an underwater dynamometer to see if the same deviation 
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between the two outputs would be obtained at this location.    The underwa- 
ter dynamometer is designated 332 and is located approximately five 
feet below mean water line.    The clamp-on meter was clamped on the 
332 dynamometer with the X and Y oriented the same as when clamped 
on to the 322 dynamometer.    At this elevation it could be assumed that 
the pressure distribution around the pile would be the same over the 
height of the 3-foot dynamometer.    The output of the two meters obtained 
during a storm which occurred on November 4,   1958,  are shown in Fig- 
ures 14 and 15.    As seen from these figures,  the force recorded on the 
conventional meter agrees well with the force recorded on the clamp-on 
meter. 

The discrepancy between the force recorded on the two meters 
when the clamp-on meter was located at the 322 elevation is then proba- 
bly due to varying pressure distribution around the pile over the height 
of the 3-foot dynamometer. 

* /* 

-30 -20 -10 0 10 20 30 

322A  COMPONENT-LB/FT2 {CONVENTIONAL DYNAMOMETER) 

-30 -20 -10 0 10 20 

322B   COMPONENT-LB/FT2  (CONVENTIONAL DYNAMOMET 
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APPENDIX   I 

DERIVATION OF THE THEORETICAL EXPRESSION 
FOR THE X AND Y COMPONENT OF FORCE 

The derivation of X and Y components of force will be based on 
the following assumptions: 

1. The normal pressure force is measured at equal intervals 
around the circumference of the pile. 

2. The skin friction or viscosity forces are neglected. 

3. The pressure force varies linearly as a function of angular 
position in the interval between each pressure pickup or transducer. 

Let 
N = number of pressure transducers 
n = integer from O to N 
f = angle as shown in Figure 1-1 
R = radius of pile 

X and Y component of force in two perpendicular directions 
Pn   =   pressure at the nth transducer (lb/ft^) 
P,j>   =   pressure at the angle <f> (lb/ft^) 

Then 

1 n-l   T        <*•*• l~ H J (I-D 
N 

Where PQ   =   PN, 

The force per unit height in the X-direction is 

•2 tin 

X-*2^ J &   Py   <s'tncf>  Acp 
r 

or after integration 

n= i       g-wCn-0 n_2) 

*~"R    K 

s1     ruW-I 
*2TT H.^l]       ^P„s-,n*• 

(1-3) 

The force per unit height in the Y-direction is 
«2Ttn 

Y»H        f R   P^cos^^ 

N 
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or after integration: 

n*N-l 

_   cos 5311 
(1-5) 

In the case where 16 pressure transducers are used,  Equations 1-3 and 
1-5 become 

IB 
TTO 

n*o 
(1-6) 

Y= O.3880 &>  21     Pn   cos 

rv»o 

Tin 
(1-7) 

ASSUMED PRESSURE 
DISTRIBUTION 

Fig. 1-1.   Assumed pressure distribution. 
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APPENDIX   II 

ELECTRICAL INTEGRATING CIRCUIT 

As explained previously in the paper,   each transducer consists 
of a sensing element on which 6 SR-4 strain gages are mounted.    The 
position and notation of these gages are shown schematically in Figure 
II-1 (note that the schematic shows 3 sets of biaxial-rosette gages,  while 
6 single strain gages were used in the construction of the prototype me- 
ter).    A brief explanation of integration circuits has already been given; 
however,   for those interested,   a more detailed explanation will follow. 

Because the sensing element is so designed that stress in the 
upper fiber is proportional to the applied pressure,  we may write the 
following equations: 

(II-1) 
^ * c, p,     <rb -- o 

or in terms of strain 

*a.      ^       ' b «• (H-2) 

Where 
Cj = a constant depending on the geometry of the sensing element 

V = Poisson ratio 
E = modulus of elasticity 
P = pressure 
<r = stress 
£ = strain (see Fig.   II-1) 

Furthermore,  because the change in the resistance of the gage is 
proportional to the strain,  we may write 

ARa^C26a ,      ARt-  C2€t (H-3) 

where 
C2   =   KR„   =   constant 

K   =   gage factor 
RCT   

=   gage resistance 
a 

Substituting from Equations (II-2) gives 

or,   in general, 
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C'ARa,)n-(ARb)n -0+V)—JT" P" 
(H-5) 

van 
Multiplying Equation II-5 with sin -rj- and summing we get 

2T CAR<J      sin ^T   - Z (ARb)n 5-.n«2?« 
o * o 

e.      o M (11-6) 

Where ( ARa)n and (ARk)n are the change in resistance of the "A" and 
"B" gages,   respectively,   for the nth transducer. 

If we define 

(ARflLjn   = CA«a)n    Sin 2gH (II-7) 

CARb)n   =(Afib)n    Sin^ (II-8) *2trn 

then 

(II-9) 

Consider now the Wheatstone Bridge in Figure II-2 where the 
legs are made up of individual resistors ("R^)n and (R~b)n- 

The voltage across the leg (1) in terms of the input voltage is, 

^5!)n 
1 " ^CRl)n + R] (II-10) 

  The change in output voltage as a result of change in all the 

(Ra>n 1S 

AV, ~- r*~   (SlARaJn 
feCROn+ft] (11-11) 

If R   =   2 (Ra)n Equation 11-11 reduces to 

M-l         

, X CARoJn 
AV,**V   gcsi)n 

(I1-121 
o 
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Similarly,  the change in output voltage as a result of change in 
all the (Ra)n is 

K-i       

AV~ * - — V ——  
*     *    xC«Tb)„ (n-i>: 

o 
Assuming Z(R^)n   = Z (R3L)n   the change in the bridge output voltage 
AV0   =   AVj   +   AV2 is from Equations (11-12) and 11-13). 

From Equation (11-9) and (11-14) we obtain 

M-t        

 o         =-    A V/     = 
V c, ca C i +v) ° ~ 

"^~  P    sin '2"irn 

From this equation we see that the output AV0 of the composite 
bridge is proportional to summation in the left-hand side of Equation (1) 
Instead of using two active legs,  all four legs could have been active anc 
the same result would be true. 

Consider now a single strain gage element with resistance Rg 
(for the time being,  drop the subscripts a and b) and a parallel resistor 
R  . Rp 

WNAAA- 

wwwww- 
let       _ R9 

R Equivalent resistor of R„ and R 

ARg       Change in resistance of R„ as a result of change m strain 

AR       Change in resistance of R   as a result of change in R 
then 8 

VRP (ii-i 
To find the relationship between   AR  and   AR   ,   Equation (11-16) 

is differentiated with respect to Rg,  giving the resullr 

AR -   -—^     £>*<* (H-i 



THE CLAMP-ON WAVE FORCE METER 

Comparing Equation (11-17) with Equation (II-7),  we see that the output 
of the gage may be properly modified by shunting the gage with a resistor 
of such a value that ^ 

3      7n 

The expression for R    is then 
Jr 

"2 trr> 
H 

(11-18) 

.    'Strn 

<Rp)n =CRs)n 

V H (H-19) 

The equivalent resistance for the gage and the parallel resistor 

3 N " (11-20) 

The above equation applies to the X-circuit only, however,  the 
equations for the Y-circuit are obtained by replacing sin?I2 by coslLiLG.. 

One case has been worked out and the corresponding bridge cir- 
cuit is shown in Figure II-3. 

The X and Y integrating circuits used in the prototype clamp-on 
meter were wired according to the circuit diagram shown in Figure II-3 
with only a few modifications.    One of the basic assumptions made in de- 
riving Equation (11-15) was that the resistance of all the legs of the Wheat- 
stone Bridge containing active gages should have the same value.    In 
case of the prototype clamp-on meter,   all four legs of the Wheatstone 
Bridge were made active.    This required that an effort has to be made in 
making the resistance of all four legs the same. 

Because of the resistance of the gages making up the legs of the 
bridge were not exactly the same,  it was necessary to introduce a poten- 
tiometer in each leg to balance out the difference in resistance.    The 
final balancing of the bridge was made by introducing a variable resistor 
across two adjacent legs of the bridge      This resistor was made large in 
order not to significantly alter the total resistance of the two legs 

When the gages are connected in series according to the wiring 
diagram to make up the bridge (resistors parallel to gages not connected), 
a load on any one of the transducers will result in an output     If the same 
pressure is applied to the transducers one at a time and the bridge vol- 
tage is kept constant,   all the output should be the same      Due to imper- 
fection in the beams and gages,  however,  these outputs will differ 
slightly.    It would be possible to obtain the same output from all the 
transducers by normalizing the outputs to the smallest of the 16 outputs 
by connecting proper size resistors parallel to the gages      Because the 
output of the different transducers have to be modified in order to complete 
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the integrating circuit,  it will be convenient to modify and normalize 
the output using the same parallel resistor.    This means that the value 
of the actual parallel resistor for each gage will differ slightly from the 
theoretical values calculated in Appendix II. 

'X    INTEGRATING    CIRCUIT 

R, = I62R6 

R2= 529R6 

R3=2477RG 

"Y"   INTEGRATING    CIRCUIT        * *' 
v 

Fig. II-3.   X and Y integrating circuit using 16 transducers , 
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CHAPTER 40 

MODEL TESTS ON THE MOTION 
OF MOORED SHIPS PLACED ON LONG WAVES 

F.A. Kilner 
Senior Scientific Officer, Hydraulics Research Station, 

Wallingford, Berks, England. 

ABSTRACT. 

The equation of motion for a moored ship, subject to stationary 
wave action, is presented and discussed. The moorings are longitudinal, 
the ship is considered to be aligned to the direction of wave motion and 
positioned at a node, and the wave length is assumed long compared with 
the ship length. If the motion of the ship is assumed to be simple 
harmonic, and frictional forces between the ship and the water are 
neglected, an elementary analysis gives the required relation between 
the amplitudes of the ship's movement and of the water particle motion 
associated with the wave, A description is given of some tests carried 
out on model ships moored in a flume where stationary waves can be gen- 
erated, and the amplitude and period can be varied independently. In 
these experiments, the amplitude of ship movement could be measured 
visually, or inferred from strain gauge readings, and the water motion 
was also observed. The results of these tests are compared with the 
simple theory. A table tilting harmonically is shown to be a mechanical 
analogy to stationary wave action on ships. The hydrodynamic mass for 
a ship moving in surge or sway motion is measured and is found to depend 
on the depth of water in which the ship is moored. 

INTRODUCTION 

The response of moored ships to long waves was first considered in 
detail by Wilson1 in connection with an investigation of Cape Town 
harbour. Subsequent papers have been published on various aspects of 
the problem, notably Knapp2, Abramson and Wilson?, Russell**-, Joosting5, 
Wiegel et alia° & 7, O'Brien and Kuchenreuther8 & 9, Russell10 and 
Wiegel et alia11, in chronological order. There is, however, little 
published information in which the theory of motion of moored ships is 
compared with model or field measurements, and this absence is regrett- 
able as there seems to be a difference of opinion concerning the 
relevant equation of motion, the earlier Wilson1 version differing, for 
example, in a significant manner from Russell or Jbosting5. 

Wilson described tests on model ships, oscillating longitudinally 
on long waves, but did not publish any results. He also observed both 
ship and water movements at various berths in Table Bay harbour, and 
presented the information as amplitudes and periodicities of the 
component harmonics, but gave no verification that these motions con- 
formed to his general theory of ship motion. A valuable feature of this 
paper was the detailed consideration given to the characteristics of 
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typical moorings. 

O'Brien and Kuchenreuther9 made measurements on a 12,000 ton ship 
moored at Port Hueneme, California, where the ship motion was predom- 
inantly longitudinal. The mooring forces were measured by resistance 
strain gauges attached to a tube incorporated directly into the cable 
lines, and the water surface slope was measured! by pressure pickups 
placed at two points on the floor of the harbour basin. 'Alien long 
waves were excited by external sea conditions, the mass acceleration of 
the ship was calculated (from the measured motion of the ship) and 
compared with the algebraic sum of the measured rope tensions and wave 
forces (computed by the elementary theory). The hydrodynamic mass of 
the ship was neglected and the authors found that actual peak mooring 
forces were too low (by about 30$) to satisfy the basic equation. 
Wilson pointed out, in the discussion of reference (9), that if a 
reasonable value of hydrodynamic mass was included, the discrepancy 
increases, and he suggested that the estimation of the ship movement 
from the forces in the moorings may have been unreliable owing to the 
hysteresis effects that are characteristic of mooring line loading. 
This paper was a notable contribution because of the resource with which 
the very difficult problem of prototype forces and movements was tackledo 
However, the investigation was concerned with a particular case, and 
made no direct contribution to the solution of ship motion in general 
terms. 

The same authors^ measured the periods of free oscillation for a 
moored dry dock in the absence of wavesj the displacement was 2100 long 
tons and the site was also at Port Hueneme in California. The moorings 
were longitudinal, symmetrical and had a non-linear spring character- 
istic, although the non-linearity was due in this case to the catenary 
behaviour of the chain 'moorings', as at no time were the dock movements 
sufficient to elongate the chains. The vessel was given an initial 
displacement by a tug and the natural periods estimated from the sub- 
sequent intervals at which peak forces were recorded by strain gauges 
placed in the mooring lines. Both longitudinal ("surge") and transverse 
("sway") displacements were imposed, and comparisons were made between 
the measured periods and those computed from the known mass of the 
dock and the force characteristics of the mooring restraints. Further 
comparisons were possible from results obtained from a 1si»0 scale model 
of the same dock, tested at the University of California by Wiegel, 
Clough, Dilley and Williams®, although the majority of these tests were 
for the surge condition only. The first conclusion of this paper was 
that the three sets of information viz: prototype, model and analytical 
were reasonably consistent, and that damping and hydrodynamic mass 
effects were both negligible. It is to be noted that the water was 
relatively deep, being three to four times the draft of the dock. The 
authors conceded, however, that the evidence concerning surge motions 
was the more reliable, as a combination of large damping and small 
restoring force quickly reduced the sway amplitudes to zero. 
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A 1:80 scale model of a landing ship medium of approximately 
860 long ton displacement was examined for response toprogressive wave 
action in a detailed paper by Wiegel, Beebe and DilleyT. The prototype 
dimensions were a length of 200ft, a beam of 33ft and a 13ft draft, and 
the moorings used were oblique to the ship's longitudinal axis (12°) 
but were symmetrical about this axis, giving twin moorings at bow and 
stern, four mooring lines in all. Various wave directions were tested, 
being equivalent to beam, head and quartering seas. The predominant 
motions of the ship were recorded on cine film from two cameras placed in 
suitable positions to observe the required components, and in addition 
the average cable tensions were obtained from strain gauges mounted on 
cantilevers attached to the moorings. The independent variables were the 
wave height, wave period, and cable pre-tension. It appeared to be 
impossible to produce a basic component motion of the ship in pure form, 
as .in all cases coupled motions were present, and the resultant movement 
of the ship was complex. This prohibited an analytical solution although 
the authors presented conclusions about the influence of resonances on 
the observed motions. 

10 Russell  was concerned with a particularly difficult case of ship 
motion, namely the transverse displacement of a ship with unsymmetrical 
restraints consisting of relatively stiff fenders as the restoring force 
away from the jetty, and relatively soft ropes as the mooring force in 
the opposite direction. The ratio of stiffnesses may be 1000 or more and 
in the general case there will be some intermediate free travel in which 
the ship moves freely on the wave. Two sets of tests were described, 
the first using a model ship in a model harbour, and the second used the 
stationary wave flume described in this paper with the model ship ideal- 
ised to a central section only. Experimental results of the ship 
dynamics were presented for various combinations of fenders and ropes and 
were discussed in general terms. However, it was clear from the 
asymmetrical and irregular motion that this problem was unlikely to be 
amenable to a theoretical study and none was attempted. The transverse 
motion of ships was discussed by Wilson , but appears to have escaped 
attention subsequently; the paper referred to above will no doubt revive 
interest in this problem. 

The most recent publication on this subject is by Wiegel and 
colleagues'1, containing a description of experiments on a 1:86 scale 
model of a liberty ship. The mooring system used in the model was 
similar to that of the prototype in that it included mooring lines at 
various inclinations to the ship's longitudinal axis, and also camels (or 
floating fenders). The direction of wave motion in relation to the ship 
was varied to reproduce the effects of beam, stern, head and quartering 
seas, and it is perhaps not surprising that the resultant motiomof the 
ship are very complicated. The authors suggested that the mooring force 
records they obtained could be used for prediction of prototype forces, 
provided the ship form and mooring systems do not differ appreciably 
from the model. They also state that model studies should be used for 
any specific ship mooring problem. 
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Thus there is an apparent gap in the literature of ship oscillationsj 
there are no published results of ships moving under controlled conditions 
in which theoretical predictions of ship motion can "be compared with 
experimental measurements. This paper makes such comparisons, which are 
necessary in order to assess the extent to which full-scale ship mooring 
loads are predictable for known mooring and ship constants. The experi- 
ments are restricted to longitudinal motions with symmetrical restraints 
as this appears to be by far the simplest from the theoretical point of 
view. 

THEORY 

The following section deals essentially with a ship aligned to the 
direction of wave motion, restrained by longitudinal symmetrical moorings 
and positioned at a nodal point. In addition, the wave length is 
assumed long compared with the ship length. 

NOTATION 

Let m s   mass of a ship 

mg = hydrodynamic mass associated with the ship 

M  = virtual mass = m + m 
1    2 

s  = displacement of a ship from its central position. 

x     = displacement of a water particle from its central positior 

K  a a mooring coefficient 

C 9   a damping coefficient 

s0 = ship amplitude (0.5 of total travel) 

XQ   = water amplitude (0.5 of total travel) 

Newton's Law gives: 

m £'  = 2 external forces (l) 

where external forces tending to increase s are positive. 

The external forces are:- 

F.j, a drag force, which is a water force due to the relative 
velocity of the water and ship 

P£, a wave force, which is a water force due to a pressure gradient 
in the water (manifested by water accelerations in the ship's 
absence) 

F», a force associated with hydrodynamic mass, which is a water 
force due to the diversion and acceleration of the flow around 
the ship. 

P^, a restraint or mooring force 

726 



Now, *1 
F2 

MODEL TESTS ON THE MOTION 
OF MOORED SHIPS PLACED ON LONG WAVES 

may be written as +C ( x - s) 
is visualised as the weight of the ship tending to slide down 
the inclined water surface of the wave and is thus independent 
of the ship's acceleration. 
.*. F2 = m^g x (water surface slope) 

= m, x for long low waves. 

P*  is clearly zero if the ship moves exactly with the water 

.*. F, = m2 (ar- s) * 

Wilson1 demonstrated that, due to catenary effects, typical ship moorings 
will always allow a certain amount of effective free travel about the 
central position (i.e., negligible restoring force) followed by a 
rapidly increasing force for further ship displacement. This is illus- 
trated in Pig. (1). 

s 

1 
fl 

JPRINC  CAUBHATION  // 

\\ /' 
11 // 

--7        s. 
/•       EFFECTIVE 

y 

SHIP 
"11        1 AMPLITUDE 

TRAVEL   ! 

/ / FITTED   POWER 1 •> 
Fig. 1. Spring characteristics of actual and idealized moorings . 

Wilson suggested that this relation could be approximated, by a 
power law of the form: 

P4 = Ksn 

As the physical requirements are such that 
(-s)n - -(s)

n i.e. s must be an odd function, it follows that 
n must be a ratio of odd integers, n = 2, for example, is clearly 
excluded. The relation Fr = Ksn is a mathematically convenient way of 
representing the restraint of the moorings5 it is not the only one, how- 
ever, FJI = oe tan 0a  (for example) would also conform to the general 
shape of the curve in Pig. (1), but would probably be less convenient 
analytically. The particular case of n = 1 represents a linear spring 
law with no free travel. 

Thus equation (1) becomes 

(HLJ + m2) (s - x)  + C(s - x)  + Ks11 = 0 

i.e., M (a -x) +  C (s - i) + Ks11 = 0     (2) 

the case of a? = o is proved in "Theoretical hydrodynamics" by 
L.M. Milne-Thomson,  2nd edition p. 228.    The case of x £ o does not 
appear to have been considered mathematically. 
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Wilson' omitted the wave force from the equation he presented in 
1951* and the same error occurs in reference (3). Joosting5 and 
Russell10 have "both presented the equation essentially in the form above 
and also commented that the drag force is negligible compared with the 
other terms of the equation, i.e. C = 0 

Certain special cases can now be examined 

(i) static water x = x - 0; also n = 1; C i 0 
.•.Ms = -Ks 

This represents simple harmonic motion of period 

T * 2TT /M 

This suggests a simple way in which the virtual mass may be 
determined. A ship is moored with linear springs of known stiffness and 
no free travel, and the natural period T of oscillation through the 
water is determined. Then 

M. KT2 

gives the virtual mass of the ship appropriate to the type of oscillation 
(longitudinal or transverse) from which it was obtained. Damping 
lengthens the period, but the effect is negligible if 02 < 0.04 MK, 
and C can be estimated from the amplitude decay. 

(ii) Stationary ship, s » *s* « 0 
.*. Force on ship = M-c+ Cx , a form of equation familiar in 
studies of wave forces on piles. 

(iii)No moorings, C = 0 
• ••  •• 
.. S B X 

Thus under suitable release conditions, an unrestrained ship 
reproduces the motion of the water particles it replaces. 
This implies that a freely floating body may be used to 
measure the movement of water in its proximity, which is in 
fact a familiar concept. 

ANALYSIS 

Accepting the simplification that 0=0 the ship motion is governed 
by equation (2) 

M(s -35) + Ksn = 0 
Now in a stationary wave of period 2Jt/(t) 

x = - x    sin   <wt 

or   x srar0&J2sin to t 

.*. Ms + Ksn - M#0OJ?   sin  cut = 0 

or s + Ks11 - a?0 w2 sin &jfcs=0    (3) 
M 
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Provided the mooring restraint law has a continuous slope and is 
symmetrical (as it is for the mooring represented in equation (3)), and 
n ^ 1, the ship motion will be periodic with the same period as the 
exciting force, and symmetrical, hut not purely harmonic, i.e. it will 
contain harmonic components of period 2jf and integral multiples. The 
above statement is from reference 14, w page 355. Similarly, if the 
restraint law has a continuous slope, Tout is unsymmetrical, the motion 
will be periodic, but unsymmetrical. The present experiments have shown 
that if the restraint equation contains discontinuities of gradient, as 
it does for an actual ship mooring, the transient motions are repeatedly 
generated and there is no certainty that the motion will be periodic or 
symmetrical even if the moorings are symmetrical. This latter case 
prevails at full scale and the author considers this explains the erratic 
motion of ships at typical moorings even when the exciting waves are 
regular. 

Reverting to equation (3), two procedures are available for a 
solution: a step by step analysis (requiring numerical values for K, M, 
n, xQ  and cu) will give an accurate solution for ship displacement, s. 
Alternatively, an approximate solution may be obtained by ignoring the 
harmonics other than the fundamental. The second method has the advantage 
that the symbols may be retained, permitting a greater generality of 
discussion. However, the first method allows the amplitudes of the 
higher harmonics to be measured. Joosting5 analysed these harmonics and 
concluded that the significant component only reached a magnitude of Qfc. 
of the fundamental even for values of n as high as 7» This implies the 
approximate solution will be correct to at least the sarr.e order of accuracy 

Thus we assume, 
s = s0 sin a* (sp + ve or - ve) 

No phase angle is required as the first two terms of equation (3) differ 
in phase by 180°; thus the possible phase differences for s are only 180° 
or 0°, and these can be allowed for by the alternative signs for s0. 
sQ positive means the ship and water motions are in opposition; sQ 
negative means they are in phase. 

Inserting the value of s in equation (3) we have 
-o?s sin cut + K 3 n (sin ^t)" _ Xj£  sin HsO 

or      K s" (sin o*)n " 1 = x   + s 
pF ° o   O 

This relation is not identically true because of the time dependent term 
(sin a*)n ~ 1 of 

But 0 <H (sin at)n~1 <1 
2ft \ 

Ma?Ck 
• *o + so  GO 

where C7   > 1 
ic 
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Figs . 2, 3, 4.   Alternative forms of presentation for the theoretical mo- 
tion of a moored ship. 
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3 
This important equation was presented independently "by Wilson-' and 
Joosting^ but the above derivation is simple*. Equation (4) contains 
the three essential variables s0, XQ  and a* the last two being regarded 
as independent. Both Vfilson and Joosting obtained a value 

C, = 1 + 0.19(n - 1) 
by ensuring that equation (k)  with xQ = 0  (free, undamped motion) agrees 
with the exact analytical solution which happens to be available for 
this particular case. It does not follow that the same value of Cy.  is 
applicable to forced vil>rations. 

Equation (4) can be presented graphically in several ways, most 
simply in Pig. (2a) where K, M, OJ, n and Ck are presumed known constants. 

If s0 is considered to depend on x0, xQ  should be considered 
positive and then the sign of s0 depends on the phase; thus the hatched 
area in Fig. (2a) is inadmissible. The curve splits into two regions 
RQ and OS (the region ST is rejected because a slight decrease in xQ 

produces an in phase increase in ship movement which is unreal). Thus 
we see that over a limited range of XQ  (0 to a^i) there are two modes of 
oscillation, one of relatively small amplitude and in phase, the other 
larger and out of phase. For values of xQ > x ±,  only the out of phase 
motion exists.  If the water motion is started and the ship subsequently 
released, the mode followed (if an alternative exists) depends on 
release conditions, release at the instant of stationary water giving 
the in phase mode, an out of phase release with adequate displacement 
giving the out of phase mode. It also appears from the graph that there 
is a range of ship amplitudes which do not occur, in the range 
ON < s0 < OQ. In addition damping effects (ignored in this analysis) 
will not allow the motions represented by the vicinity of point Q. 

Fig. (4) is an alternative way of presenting the same information, 
which is more suitable for plotting experimental results particularly 
where double logarithmic scales are used, also o£ may now be included in 
the ordinate as an additional variable. The letters 0,P,Q etc. have the 
same significance as in Fig. (2a) and the hatching indicates negative 
values of ar0; thus the real zones are QJR and OS. However, OS and OP are 
mirror images in the vertical axis, so with the convention that in phase 
values are regarded as X    negative, s0 positive, the complete motion may 
be represented by OPR which is a straight line if double logarithmic 
scales are used. 

Fig. (3a) is a further alternative presentation of the equation, 
and Figs. (2b) and (jb) are both drawn for the particular case of n = 1, 
i.e. linear springs with no free play. Comparisons between Figs. (3a) 
and (3b) emphasize the difference between the motions due to linear and 
non-linear spring characteristics.  If n = 1, there are no ambiguous 
motions, a particular value of <x> causes a unique value of sQ for any 
particular value of xQ,  and moreover doublingx0 will double s0. 
In addition, resonance is possible where the applied frequency is equal 
to the natural frequency, which results in an infinite ship amplitude in 
the absence of damping. By contrast when n /  1, alternative motions 
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Table 1 

The variation of virtual mass with water depth, ml =135 lbs 

Type of 
motion 

Spring         Water 
Stiffness   Depth 

Period 
Sees 

Ma n^ 

Transverse 0.8lbs/in   8.2" 8.24 526 391 2.89 

n "         7.2 9.34 675 540 4.00 

n 9.5 7.69 454 319 2.36 

H 10.7 7.4 424 289 2.14 

tt 0.6lbs/in 10.7 8.62 432 297 2.20 

Longitu- 
dinal 0.8lbs/in   6.2 4.35 148 13 0.09 

n "         7.2 4.38 150 15 0.11 

it •          8.2 4.36 148.5 t3.5 0.10 

it "        10.0 4.33 146 11.0 0.08 

02        04        Ob       0» IO 
CLEARANCE   —   DRAFT 

Fig. 5 . A mechanical analogy to wave Fig. 6 . The influence of water dept 
action on ships, showing a tilting ta- on the virtual mass of model ships i 
ble moving a "moored" plank. sway or surge motion. 
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exist as pointed out in an earlier paragraph, doubling XQ  does not 
double s0, and all ship amplitudes are finite even in the absence of 
damping. 

APPARATUS 

The model tests were carried out in a flume of rectangular cross- 
section, of width 5ft, length 29ft, maximum water depth 10 inches. 
Filters were placed at each end of the effective working section which 
was 15ft long. There was a sump at each end of the flume to which a 
pump system was connected in such a way that water could be transferred 
from one sump to the other, in either direction. The butterfly valve 
controlling the flow direction could be rotated mechanically in a 
uniform manner thus producing a water oscillation in the flume, equiva- 
lent to a stationary wave with a node at the centre line. A surface 
float in the nodal region was photographed and the displacement time 
curve obtained. This confirmed that the motion was essentially sinus- 
oidal. The range of wave period available was from 25 sees, to 2.7secs. 

The model ship used in the experiment was 80 in. long, with a beam 
of 10 in., a draught of 6 in. and weighed 135 1^3. It was symmetrical 
and was moored with its centre at the nodal point. The moorings 
consisted of rings of thin sheet metal which formed the spring element 
and were rigidly attached to the ship, one at each end. The free ends 
of the springs were fastened to light inelastic chains which in turn 
were fixed to stiff cantilever bars, the cantilevers forming the 
mooring anchorages at the quay side. By judicious variation of ring 
diameter, strip thickness and width, an appreciable range of spring 
stiffness could be obtained although in most cases the linear range of 
the spring was exceeded. 

The mooring forces were measured either by visual estimation of 
ship displacement and subsequent reference to a spring calibration 
curvej or by placing electric strain gauges on the spring anchorage 
strips and recording the strains on a pen recorder chart. In the latter 
case, a calibration was obtained from a static load test. The spring 
stiffness largely dictated the method of measurement, the extension of 
the stiffer springs was too small and rapid to be observed visually. 

The water displacement, sQ, was found by observing the movement of 
small floats in the vicinity of the node. 

Fig. (5) shows a mechanical analogy to wave action on ships which 
was intended as an attractive way of demonstrating in a simple manner 
some of the complexities of the motions of moored ships. A pivoted 
table is tilted harmonically by a motor driven crank, and a plank is 
supported on the table on three steel balls which run in grooves in 
such a way as to allow the plank to move up or down the table. The 
plank is restrained by two equal springs of suitable stiffness which 
provide in effect a symmetrical "mooring" system. The plank is 
analogous to the ship, and the table represents the wave surface in the 
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nodal region, the nodal point being at the pivot. Some measurements 
were made on the analogy and are reported in the next section. 

EXPERIMENTAL RESULTS 

As a preliminary to the wave tests, the Virtual mass of the ship 
was found by the free oscillation method described in the paragraphs 
headed THEORY. The two springs used were of the coil type with a linear 
spring law, K = 0.4 lbs/in. One spring was attached to each end of the 
ship and pretensioned to prevent either spring slackening in the subse- 
quent free oscillation. Although not specifically required for these 
tests, the virtual mass for transverse oscillation was found in the same 
way. The water depth was also varied, to investigate the influence off 
the flume bed on the ship motion, and in one case different springs were 
used. This set of results is tabulated in Table 1 and graphed in 
Fig. (6). 

The wave experiments divided into three sets.  Set. No.1 used both 
the mechanical analogy and the wave flume and in this set, the springs 
used were of the linear law type, with no free play. This is the only 
case for which the equation of motion can be solved exactly, and thus a 
direct comparison between theory and experiment was possible. The tests 
were intended to check the validity of the equation of motion formulated 
in an earlier section; to check the soundness of the assumption that 
damping had a negligible influence; and to consider the correction factor 
to allow for a finite ship length to wave length ratio. A correction for 
this latter effect has been proposed by Joosting^ and is shown graphic- 
ally in Fig. (7). The mechanical analogy uses a mass effectively 
concentrated at the nodal point and no correction factor is required. An 
additional outcome of these tests was the extent to which the mechanical 
analogy was valid. The natural period for the ship was varied by using 
two different pairs of springs, that of the analogy by varying the plank 
mass. The water amplitude and frequency were independent variables for 
the ship flume, for the analogy the frequency was also variable, but the 
maximum "water" slope was constant. The results of set No.1 are shown 
in Figs. (8) and (9). 

The second set of tests (set Ko.2) used symmetrical non-linear 
springs without free play and these were carried out on the ship model 
only. These were intended to reveal the two alternative modes of motion 
for certain wave conditions and also to verify the author's contention 
that non-linearity in a mooring characteristic will not in itself 
produce irregular or unsymmetrical motions. Both the water period and 
amplitude were varied, and according to the analysis presented in an 
earlier paragraph, one set of results, including variation of both XQ 

and (O,  should plot as a straight line (using the appropriate double 
logarithmic co-ordinates) provided the spring restraint approximates 
to a power law characteristic. The validity of the analysis may be 
checked by the extent to which sets of experimental points lie on 
straight lines, and in addition the slope and intercept of the best 
fitted line give values for n and K which may be compared with the 
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behaviour of the spring which was actually used. The n and K values 
are found, in fact, from the equation (4) written in the form 

UJ,o toV fj)- 42,o£ck ^~,)L^ios0   (5) 

The results of set Ho.2 were plotted in the form indicated in Pig.k,  the 
actual graph being Pig. (10). 

In the final tests (set No.3) the nearest approach to prototype 
conditions was reached, with non-linear moorings and some free play. It 
was required to verify that this discontinuous type of mooring could be 
effectively represented by a JPower law restraint as proposed by Wilson"1. 
The results are presented in Pigs. (11) to (16), two values of free 
travel being combined with various springs and subjected to various wave 
conditions. The values of spring stiffness given are to be taken as 
correct at the displacement mentioned i.e. a 0.1 in/lb spring means that 
a 1 lb force will extend the spring by 0.1 in., although for extensions 
above or below this value, the force will not be changed proportionally 
due to the non-linearity of the spring law. Against the straight lines 
of Pigs. (11b) to (16b) is given the value of K/Cfc and n found from the 
equation of the line (being the best fit to the experimental points). 
These values are obtained from equation (5)* In Pigs. (11a) to (16a) 
are shown both the actual spring extension curve, and the curve deduced 
from the values of K and n, taking Cfc values from the Wilson-Joosting 
expression 

Ck = 1 + 0.19(n - 1) 

DISCUSSION 

Considering the virtual mass results first (Pig.(6)) the range of 
values of hydrodynamic mass for longitudinal ship motion (8% to 12$ of 
the displaced mass) agrees with some unpublished results obtained at 
Cape Town University where values of 8$ to 10$ were found for both 
constant and harmonic accelerations of typical ship models. These 
values agree indirectly with field measurements as coefficients of this 
magnitude might well be overlooked where coupled motions are present, 
and this has led to the conclusion by O'Brien and KuchenreutherS that 
the influence is negligible. The proximity of the channel bed appears 
to be unimportant for longitudinal oscillations. 

The values of hydrodynamic mass for transverse motion (in the 
range 200$ to J|j00$ of the displaced mass) are higher than previously 
contemplated and require discussion. In these oscillations, care was 
taken to ensure that the motions were purely transverse, and that pitch 
and roll motions were virtually absent. The decay of amplitude was 
noted and an estimate made of the damping force, assumed to be propor- 
tional to velocity for this purpose. This indicated that the influence 
of damping on the free period was negligible. Reference (8) concluded 
that the sway hydrodynamic mass was negligible and this led to a consid- 
eration of ship proportions. 
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Fig. 11.   Spring laws and response curves for ships moored with 
non-linear springs and free travel. 

MOORING    DETAILS 

FREE TRAVEL    0-0S4 FT 
NOMINAL SPRING STIFFNESS IO LBS/NCM 

H-2-5 

C - 1-285 
MC„ 

= 46-7 

• 272 LB FT UNITS 

Nlu> 

I ©      774 JECJ 
y   s tt SKS 

30 
O 

O 

003    OOb    009    OI2 
SHIP AMPLITUDE  S_ FT 

Q 

op 

I— 

2-4 lb       2-8 IO 
LOG    S„ 

io   o 

T-2 

Fig. 12 .   Spring laws and response curves for ships moored with 
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non-linear springs and free travel. 
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13 Wilson  presents proportions for a wide range of ship forms, which 
indicate that the draft:beam r&fcio lies between 0.35 and 0.5, and the 
length:beam ratio lies between 5 and 6.5. The values for the ship model 
used in the present paper are 0.6 and 8.0 respectively, the values for 
the dock in reference (8) are 0.12 and 4 respectively. The draft:beam 
ratio is the dominant one and a factor of 5 between the ratios for the 
two vessels under comparison may well explain the differing conclusions. 
Some theoretical evidence is available in reference (12), where virtual 
masses for long rectangular blocks are given for various draft:beam 
ratios, the theory being valid for an infinite inviscid fluid. If it is 
assumed that the same coefficients are applicable to a floating block 
of half the draft, an estimate can be made of the added masses for 
floating ships. These values indicate that the added mass, when 
expressed as a fraction of the displaced mass, is closely proportional 
to the draft:beam ratio and allowing for the fact that the dock is 
possibly not long enough for end effects to be negligible, the author's 
conclusions are not in such direct conflict with those of O'Brien and 
Kuchenreuther as at first sight appear. Perhaps the most surprising 
fact which emerges is the sharp increase of the sway added mass in 
shallow water, as the clearance to draft ratios covered in Fig. (6) are 
typical of those encountered in many ship fendering problems. 

The results of the first set of tests (linear springs with no free 
play) are shown in Pigs. (8) and (9) for the ship and the analogy 
respectively. The agreement in Pig. (8) between theory and experiment 
is close for frequencies below the natural frequency, but for frequencies 
greater than this, discrepancies are apparent. The discrepancies are 
most conspicuous for ship:semi-wave length ratios greater than 0.6 and 
the conclusion drawn is that the influence of this ratio is greater than 
the correction factor presented by Joosting5 (Fig.(7)) would indicate. 
The influence of damping on the response curve was estimated but found 
to be small. The agreement in Fig. (9) was close which showed that the 
mechanical damping was of the same order as the fluid damping on the 
ship. The inter-agreement of Figs. (8) and (9) with theory shows that 
the equation of motion is correctly formulated, and that the mechanical 
analogy to wave motion on the ship is sound. 

For tests in set No.2 (Fig.(10)) the curve shown is the sketched 
best fit to the experimental data and it is clear that the slope of the 
line varies, being flat at low ship amplitude and steepening with 
increasing ship movements. Thus according to eqn. (5) the spring is 
linear (n = 1) for small values of sp, the n value increasing as s 
increases. This in fact describes the actual behaviour of the metal 
ring mooring used, although due to the curvature of the line in Fig.(10) 
no attempt was made in this case to deduce the spring law. These tests 
also confirmed that alternative modes of oscillation (one in phase, one 
out of phase) were possible for certain wave conditions, however, in no 
case did the ship oscillate in any way other than a periodic and 
symmetrical manner. The ship period always coincided with the wave 
period, and this confirmed that free travel (or some other discontinuity 
in the mooring characteristic) is necessary in order to obtain irregular 
impacts. 

740 



MODEL TESTS ON THE MOTION 
OF MOORED SHIPS PLACED ON LONG WAVES 

On examining the experimental results from set No.3, it was found 
that some readings offered no difficulty in interpretation; the model 
ship tensioned the moorings at each end alternately, at intervals close 
to half the exciting period and with approximately equal force. In such 
a case the mean force was found and the corresponding amplitude of ship 
motion taken as s0. In other cases, however, the motion was unsymmetri- 
cal, two or more impacts at one mooring occuring between consecutive 
impacts at the other, the magnitude of the multiple bumps being in 
general less than the single one. The average of the single impact 
values was considered the appropriate force in these cases. Some pen 
deflection records illustrating these asymmetrical motions are shown in 
Pig. (17)» As this investigation was started with a view to obtaining 
peak mooring forces, ship motions of in phase type with small amplitude 
were not examined in detail, although some experimental values were 
recorded. In addition, no in-phase motions with a ship amplitude less 
than the semi-free travel could be investigated as the moorings were not 
tensioned under these conditions. 

Considering Figs. (11b) to (16b) the experimental points show 
scatter, but the general trend is linear and the averaging process 
described in an earlier paragraph no doubt explains some of the devia- 
tions. The agreement of actual and deduced spring characteristics in 
Pigs. (11a) to (16a) is fair when it is considered that the analysis 
deals with a continuous power law curve for spring action, whereas the 
actual restraints are not smooth. Perhaps more important the agreement 
between theory and experiment is sufficiently encouraging to suggest that 
future experiments on ship oscillations should be planned and presented 
in a similar manner. 

APPLICATION TO PROTOTYPE SHIPS 

Accepting the conclusion that a ship mooring may be represented by 
a power law characteristic, it remains to consider the application to 
full scale ships at typical moorings. 

It will be noticed that the co-ordinates in Figs. (11b) to (16b) 
are kinematic, however, the values of s0 will be higher and those of 
U)*A + £Ep\ will be lower for full size ships than for the small models 

used here. 

However, the model moorings were idealised to lie along the longit- 
udinal axis of the ship and the ship was remote from the quay, whereas 
in the prototype the moorings are oblique, coupled motions will develop, 
and impacts between the ship and the quay are inevitable. It is believed 
that the simple analysis will be applicable to ships ranging at quays 
where the direction of the ship and the wave motion is parallel to the 
quayside (the waves being either stationary due to harbour resonances or 
long swell waves) and the transverse motion is of secondary importance. 
In fact the transverse impacts reduce the ship energy and it is probable 
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that calculations based only on surge motion are pessimistic. The 
alternative motions which may occur for certain water amplitudes do not 
offer any difficulty as the assumption will always have to be made that 
the ship will adopt the out of phase mode as this is the worst case for 
the moorings. 

To use a graph such as Pig. (11b) for prototype force prediction, 
the straight line is drawn which represents a close fitting power law 
characteristic to the actual mooring to be used at either end of the ship 
(see equation 5)o For any wave periodicity the motion of the ship (s0) 
can be calculated for a particular water amplitude (x0)  and frequency 
(w) by a trial and error method, only out of phase motions being of 
interest. The ship motion leads directly to the mooring forces via a 
calibration curve for the mooring stiffness. 

A general deduction may be made for severe motions where the ship 
may move considerably more than the water. 

Let sQ = pajj,   p » 1 

Then 1 + Xo    m. ^ 
so 7 

.*. KsQ
n = MOJBCk

so = Wx0dPCk.  p. 

Therefore the peak mooring force is rather more than p times the force 
required to hold the ship stationary.  It appears, that for a given 
water amplitude, the force increases as the wave period decreases, but a 
limit is reached when the wave length becomes appreciably less than 
twice the ship length. 

MODEL SCALES 

The experiments described in this paper are really tests on small 
scale ships with a view to understanding the problems involved, rather 
than model tests on a particular ship. However, any ship and mooring 
combination may be considered as a model of some larger ship with the 
following scales:- 

Length scale      L:1, applicable to ship, water and mooring 
geometries. 

Mass or Force scale L3:1,applicable to ship mass, mooring forceso 
Velocity scale   *L:1, applicable to wave or ship speed. 
Frequency scale    1 inapplicable to wave or ship frequency. 
Spring factor K   L3~n:1 
n, Cjj- 1:1 

writing the eqn. (4) in the form 

KLn"1  =  1 + ao*    1 (6) 
Ma£Ck        s0* (s^*p-1 
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where s0* = SQA & X
Q* = X

0A> 
and using the scales in the form given above, the left hand side of 
equation (6) is independent of the scale, which confirms the similarity 
of the model and prototype motions. 

CONCLUSIONS 

(a) The hydrodynamic mass for a ship moving longitudinally is approxim- 
ately one tenth of its displaced mass and shows only a slight tendency 
to increase in very shallow water. The hydrodynamic mass for a ship 
moving transversely is of the same order as the displaced mass in deep 
water, and may be several times as great for shallow water where the 
keel clearance is less than about half the draft. 

(b) The equation of motion as presented in this paper-was confirmed by 
tests with linear springs for which an exact analysis is possible. The 
assumption of zero damping for most practical cases is justified. 

(c) The mechanical analogy is shown to be a replica of wave motion on 
ships, and the author considers that, it could be used profitably as an 
alternative to a wave flume for problems of the ship mooring type. 

(d) A mooring having a non-linear spring characteristic without 
discontinuities of gradient verified several details of theory, such as 
alternative ship motions for certain wave conditions, and symmetrical 
moorings producing only symmetrical ship movements. 

(e) It was verified that a typical ship mooring, having both non-linear 
and free travel components, could be approximated by a power law 
characteristic in order to predict the average mooring forces. In some 
cases, however, the motion would become asymmetrical with small 
multiple impacts at one end. These unsymmetrical ship motions are not 
predictable, except that for a given free travel, they appear more 
likely to occur with stiff moorings than soft. 

(f) Methods are given for predicting the forces on a prototype ship in 
surge motion, either analytically or by model scaling. 
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CHAPTER 41 

THE DYNAMICS OF A SUBMERGED MOORED SPHERE 
IN OSCILLATORY WAVES 

Donald R. F. Harleman 
Associate Professor of Hydraulics 

Hydrodynamics Laboratory 
Massachusetts Institute of Technology 

and 

William C. Shapiro 
Assistant Professor of Civil Engineering 

The Cooper Union 

The results of an analytical and experimental investigation into 
the dynamics of a buoyant sphere moored by a single line in shallow water 
waves are presented. The sphere motion and the mooring line forces are 
related to the sphere diameter, weight, submergence and the wave fre- 
quency, height and water depth. Analytically, the phenomenon is approached 
as a forced vibration problem. The sphere and its mooring line acts as 
a spring-mass system driven by the oscillating wave force. The relevant 
diraensionless parameters are the ratio between the natural frequency of 
the moored sphere and the wave frequency and the ratio between the 
dynamic mooring force due to a given wave and the force on the sphere 
held stationary in the same wave. Experimental values of the frequency 
and force ratios obtained from tests made at the Massachusetts Institute 
of Technology Hydrodynamics Laboratory over a range of sphere and wave 
characteristics are in essential agreement with the analytically 
determined values. The investigation was supported by the Humble Oil 
and Refining Company of Houston, Texas. 

ANALYTICAL DEVELOPMENT 

WAVE FORCE ON A STATIONARY SPHERE 

The forces on objects submerged in water waves result from the 
velocities and accelerations of the water particles comprising the waves. 
For waves having a steepness H/L less than 0.03 the particle kinematics 
are given by the Airy equations. The equations for the horizontal and 
vertical components of particle velocity and acceleration expressed in 
the notation of Figure 1 are 

oH /cosh kSs ...... /T \ 
U ' "2 (iinin^ sln<*- um sinat (1) 

v . 2g (2£*£§) cos at- v cosfffc (2) 
2 vsinh kd'       m v ' 

du     0?H ,cosh kSN _.      /du^ . /,x 
dt " T (Hnh"kd) COS<rt"  (dt}    COSa± (3) 

m 

dv (r^H /Sinh kSx    ,   _. /dv\      .      . ,, . 
dt - - "r (iTnire) sin<rb= - <dt>n 

sin<rfc (U) 
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The speed of wave propagation or celerity is 

celerity - | - J&  tanh kd (5) 

In the absence of viscosity, the force exerted on an object in an 
unsteady flow field may be determined from classical hydrodynamic theory. 
The pressure gradient in the horizontal direction resulting from the 
local acceleration (convective acceleration terms neglected) is given by 
the equation of motion. 

dp „  du /,N 
~ d£ " p dt (6) 

By integration, the force on an object due to the pressure gradient 
becomes 

FH (pressure grad} - - f&Cjtal.) - p(.Vol) |S . H |S (7) 

where M is the mass of the displaced fluid. 

In addition to the pressure gradient force there is a force due to 
virtual mass which exists whenever there is relative acceleration between 
a fluid and an immersed body. The virtual mass force can be expressed 

FR (virtual mass) = K pfyol.) fj: - KM|| (8) 

where K is the added mass constant. Addition of equations (?) and (8) 
gives the total acceleration or inertia force. 

FHI-<1 + K>Mi-CM^V0lJ§ (9) 

In equation (Q) CJJ, the coefficient of mass replaces the term (1+K). 
The added mass constant K has been determined analytically for a sphere 
to be 0.5. % for a sphere in frictionless flow is therefore 1.5. 

The force on an object in steady viscous flow arises from surface 
shear, pressure gradients and wake formation. The hydrodynamic drag is 
expressed 

FHD ' CD 2^ea)N u "       (10) 

To obtain the wave force on a submerged stationary object the steady 
state drag force given by equation (10) is added to the potential flow 
inertia force given by equation (9) 

FH0 " FHI + FHD " CM etv°l.) ~ + CD p/2 (Areajlu! u       (11) 

748 



THE DYNAMICS OF A SUBMERGED MOORED SPHERE 
IN OSCILLATORY WAVES 

Substitution of the wave particle velocity and acceleration expressions 
into equation (11) yields 

FH0 " CM PtVol0 tf|j cos at + CD p/2(Areajv^
s|sinotJ sin at     (12) 

Assuming CM and Cn to be constant over a wave cycle, equation (12) may be 
rewritten 

FH0 " FHIm C0S °* + FHDm lsin <* Isin rt ^ 

where 

WS^Vol.)^] (H*) 
m 

Using the Stokes solution of a sphere oscillating in a viscous fluid 
at low Reynolds numbers and dimensional analys is _, Keulegan and Carpenter (195< 
successfully correlated experimentally determined inertia and drag coeffi- 
cients with a period parameter um T/D. The parameter um T/D is directly 
related to the ratio of the maximum wave dras force component to the 
maximum inertia component. For a sphere, equations {Ik)  and (15) with the 
use of equations (1) and (3) give 

From equation (16) a low value of period parameter signifies a predominant 
inertia force whilf a high value signifies a predominant drag force. 
Using a cylinder in the sinusoidal horizontal current under the node of a 
standing wave, Keulegan and Carpenter found the experimentally determined 
inertia coefficient equal to the potential flow value for low period 
parameters and the drag coefficient equal to the steady state value for 
high period parameter. Between these two extreme cases a point of 
maximum deviation of both the inertia and drag coefficients from their 
potential flow and steady state values respectively was found at a period 
parameter of 15. 

Keulegan and Carpenter's results indicate that equation (12) maybe 
used to determine the wave force on a submerged object provided the 
inertia and drag coefficients are known as functions of the period 
parameter. In the special casi° where the inertia force predominates and 
the drag force is small (lotf period parameters) the potential flow value 
of the inertia coefficient may be used. In the special case where drag 
force predominates and the inertia force is small (high period parameter) 
the steady state value of the drag coefficient may be used. 
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The reasoning outlined above is supported by the results of Harleman 
and Shapiro (1955) in their tests on single vertical cylinders in steep 
waves. In their analysis they used essentially the formulation of 
equation (12) to construct the total wave force history with the potential 
flow Cj{ and the steady state Cj). Their analytical results were in agree- 
ment with experiment for the cases of predominant inertia and predominant 
drag, but were not in agreement for the region of approximately equal 
inertia and drag. The greatest discrepancy between analysis and experimen 
occurred near um T/D - 15. 

The relationship between the period parameter and the wave and objec 
characteristics is found by substituting from equation (1) for 1%. 

timT  nH cosh kS /,_* 
D ' D sinh kd K1() 

The experiments in this study were conducted using waves of steepnes; 
H/L • 0.02. This small steepness was chosen to simplify the analysis of 
the problem through the use of the Airy equations for wave kinematics. 
In addition, wave and sphere dimensions were selected to yield low period 
parameters} that is, a condition of predominant inertia force. The 
subsequent analysis will be seen to depend upon this condition. The wave 
and sphere characteristics used in this study are shown in Table I and 
Figure 2a. 

The preceding discussion of wave forces on rigidly restrained 
bodies has been concerned with the horizontal wave force component. 
However, all the foregoing applies to the vertical component as well. 
The following are the relevant equations for the vertical component. 

Fyj - (l+k)p(y©l.) dv/dt - CMp(yol) dv/dt (18) 

FTO - CD p/2(Area)|v/ v (19) 

FV0 " F¥l + FVD " CM^01) dv/dt + V/2(&H'v/V (20) 

FV0 " FVTm Sin rt + FVDm l°0S rtl C0S <* (21) 

FVIm"CM^V0l> [dv/dtm (22) 

FVDm-CDp/2^ea)Vm2 <23> 

ANALYSIS OF MOORED OSCILLATING SPHERE 

Figure 2 is the definition sketch for the moored sphere analysis. 
It is assumed in the analysis that the mooring line remains straight and 
under tension at all times and that the sphere motion remains in the plane 
defined by the wave particle orbits. These assumptions permit the 
position of the sphere to be uniquely defined by the mooring line angle,y* 
alone. Thus the sphere and mooring line constitute a single degree of 
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freedom oscillating system. 

Referring to Figure 2c, Newton's second law is written in the 
tangential direction for the element of mass dm. 

•• 
d Force « dm y*X 

where y> is the angular acceleration. Multiplying both sides of the 
equation by \ gives 

•• 
d Torque • X dm J^ 

Integration over the volume of the sphere yields 

T - I V> (2U) 

where I is the moment of inertia of the sphere about point 0 since 

J. X2 dm - I 
V»L. 

Equation (2U) is the standard form of Newton's second law for 
rotating bodies.    The torque, T, is the summation of the torques due to 
all the forces acting on the sphere.    The first of these is the spring 
torque.    Assuming that the mooring line angle remains small, so that 
siny/Sf V" > the spring torque is 

Spring torque - — N. J,  • - Njt. sinJP 

*- [^Pg-ngUP (25) 

The pressure gradient torque depends upon the fluid acceleration 
and is derived from equation (?). Here the flow field is specified in 
terms of horizontal and vertical components. To find the total pressure 
gradient torque it is necessary to take the sum of the projections in 
the tangential direction of the horizontal and vertical pressure 
gradient force components. Assuming again that the mooring line angle 
remains small 

Pressure grad. torque • -r-p [J+ cosyJ* - -rr sin ^ ]& 

(26) 

~  ^pldt dt"lJi- 

The virtual mass torque depends upon the relative acceleration 
between the fluid and the sphere. In view of equation (8) the virtual 
mass effect is assumed due to a sphere of fluid the same size as the 
actual sphere but having a mass equal to K times the mass of the fluid. 
Following the method used in deriving equation (2U) and using equation 
(8), the virtual mass torque may be written 
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Virtual mass torque - -l'y> + —r^- p [— cos^-|| sin^]£ 

(27) 
^       rt\u      KnD3       rdu     dv... -, o 

where I* is the moment of inertia of the fluid sphere about point 0 and 
the mooring line angle is assumed small. 

The damping torque depends on the relative velocity between the 
sphere and the fluid.    Assuming, for the present, the damping to be linear 
and the mooring line angle small,  the damping torque may be written 

Damping torque « c[-y/£ + u cosy>- v sin^]j2, 

(28) 
Ss c[-^X+ u - v^ ]JL 

The contributing torques given by equations (25) through (28) are 
added and substituted into equation (2U) to give the equation of motion 
of the oscillating sphere with linear damping — 

(I + I')f + c^A2 •  [^pg -mg+  (K + 1>2§^P H + cvlXV 

(29) 

Inertia Drag 

Equation (29) has the general form of the differential equation of motion 
of a single degree of freedom spring-mass system with linear damping. 
However, in its present form the equation is non-linear. 

The physical meaning of the various portions of equation (2°) is 
indicated by brackets.    To lineariz* and simplify the equation the 
following assumptions are made: 

Assumption 1    The vertical component of  fche mooring line force 
is equal to the net buoyancy N.    This is valid if 
the vertical dynamic wav« force Fv is small with 
respect to the net buoyancy. 

Assumption 2    The drag wave force component is small with respect 
to the inertia wave force component. 

Assumption 3    (previously stated)    The mooring line angle, 0, is small 

With assumptions 1 and 2,  equation (29) becomes 

(I • I')? + (cX2)£+  (*f pg-mg)JW - CM2^pgU (30) 
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The preceding assumptions have reduced the equation of motion to 
the exact form of the differential equation of motion of the single degree 
of freedom spring-mass system with linear damping and a sinusoidal 
driving force. The more practical case for the sphere problem involves 
quadratic damping as given by equation (10). In order to revise the 
preceding analysis for square law damping it is only necessary to change 
the damping term in equation (30). The damping torque is now given by 

Damping torque - c2 (j^X)ZX.  - ^2 Y * (31) 

where 

C2-°2A
S <32> 

The differential equation of motion becomes 

kf + C2 £
2 + Bf - FHom Jj cos at » FHlm cos at        (33) 

where 

A - I + I' j     B - [2^pg - mg]J^ - N£        (3U) 

Before treating the solution of equation (33) as written, the 
special case of free oscillation of the moored submerged sphere without 
damping will be considered. Setting the driving force and damping terms 
to zero in equation (33) yields the differential equation of motion for 
the free oscillation case. 

A$ + Bf  • 0 OS) 

Equation (35) has the solution 

V " Vm  C0SVI '* <36> 

The motion is sinusoidal with amplitude or maximum angle and frequency 

f „i n  2n 7F (37) 
The frequency given by equation (37) is the undamped natural frequency. 
From vibration theory the solution to the free oscillation problem with 
linear damping included is known to be a harmonic oscillation with an 
exponentially decreasing amplitude and a frequency somewhat less than the 
undamped natural frequency. For small damping however, the damped natural 
frequency is equal to the undamped natural frequency for all practical 
purposes. 

In Figure 3 experimentally determined natural frequencies are plotted 
against sphere weight for the 0.518 ft. sphere. Also shown is the 
theoretical curve computed for the test conditions from equation (37) 
using the potential flow added mass coefficient of 0.?. The excellent 
agreement between theory and experiment shows the neglect of damping in 
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the free oscillation case is justified for the conditions of this study. 

The non-linear forced oscillation equation of motion with quadratic 
damping [equation (33)] can be solved as a linear equation by using the 
technique of Lorentz which was originally devised in 1926 for tidal 
computations in shallow water (Dronkers and Schonfeld 1955). The dissipation 
of energy in one wave period by the quadratic resistance term is equated 
to the dissipation represented by the linear term in equation (29). A 
similar method has also been used by Jacobsen (1930) in connection with 
mechanical vibration problems. Under the above conditions the solution of 
equation (33) is given by 

f  - \}/m cos(ot - 0) (38) 

According to equation (38) the sphere moored in oscillatory waves 
oscillates sinusoidally at the wave frequency and lags the driving force 
by a phase shift 0. The amplitude of oscillation is a function of the 
ratio between the wave (driving) frequency and the natural frequency of 
the system. In dimensionless form the amplitude and phase shift are 

P . 2& . —1     f {(1- (f )•)«• - U n2*  (f >*}* 
Com     PHota       JTM (r/£„\* L<- fn fn   •> yom     PHo^       JZn2 (f/fn)2 

(39) 

" <* " <£>">'] JL^21 \ 

and 

ten 0. .1. f u , to! < W ,\f 
>nlx   (i-(f/fn)2rJ   J 

(W>) 

where 
...        Tom "om X **om /,_» 
Vom " T " TiDS 7; IT ihl) 

In view of assumptions 1 and 3, the parameter y/om represents the mooring 
line angle which would obtain if the sphere were subjecte'd statically to 
the horizontal driving force maximum, FHom. The term ym/ J^0m is the 
multiplication factor between the static deflection of the sphere under 
the driving force, and the amplitude of the actual sphere motion. 

In accordance with assumptions 1 and 3 

J%m  ^Hom 

where FHTO is the maximum value of the horizontal component of mooring 
line tensibn. Therefore equation (39) also describes the variation in 
the horizontal mooring line tension multiplication factor with 
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Table I:     CHARACTERISTICS OF EXPERIMENTAL PROGRAM 

Test 
Wave 

Height 
ft. 

Wave 
Length 
ft. 

Period 
sec. 

Freq. 
cps 

Wave Freq. 
Nat. Freq. 

Period 
Parameter 

%iT/D 

I-2-A 0.10 5.10 1.00 1.000 1.00-3.10 0.2U 

I-2-B ti II II II 1.02-3.20 0.20 

I-U-A 0.20 9.90 1.50 0.667 1.1U-1.08 1.10 

I-U-B ti II it n 1.1U-1.08 0.88 

I-6-A 0.29 m.us 2.00 0.500 0.50-1.63 2.U2 

I-6-B it II II II 0.50-1.56 1.95 

I-7-A 0.33 16.65 2.75 0.UU5 O.U5-1.38 3.2U 

I-7-B ii II II II 0.UU-1.U0 2.61 

All tests:    Water depth » 2 ft. , Sphere moored at mid-depth 
Sphere A:    Diam. • O.U18 ft. 
Sphere B:    Diam. - 0.518 ft. 

075     100    125      150     175    200    225    250  275     300   325    350    375    400   425     450 
Total   Sphere    Weight - lbs 

Fig. 3.   Variation of natural frequency with weight of sphere. 
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frequency ratio. 

The damping factor, n2, in equations (39) and (bO) is 

2 C2FHomil 
2  3  •* .2 ^ * n3 A* frt 

(U3) 

The constant c2 • C2/j!,
3 is found from the drag force equation, equation 

(10) with the cross sectional area of the sphere inserted 

Therefore 

FHr '% p/2 

"^2 

nD |u|u 

1 CD pD: 'J^^om 
12n2 A* *na n

2 " 12*2    A* f„s (WO 

Figure U is a plot of the multiplication factor against frequency 
ratio computed from equation (39) for several values of the parameter n2. 
The phase shift given by equation (I4O) is plotted in Figure 5>. Figures 
h  and $  show the three primary modes of behavior of the oscillating sphere. 
At very low frequency ratios the horizontal mooring line force component 
is in phase with and opposed to the driving force. This is the condition 
of static response because at any point of the cycle the restraining force 
is exactly equal to the applied force. At frequency ratios near unity, 
the damping force is in phase with and opposed to the driving force and 
the horizontal mooring line force achieves large magnitudes dependent 
upon the amount of damping. This is the condition of resonance. At large 
frequency ratios, the inertia force is in phase with and opposed bo the 
driving force and the horizontal mooring line force approaches zero. This 
is the condition of complete dynamic response. 

Use of the Analytical Relationships 

To summarize the theoretical development, the procedure for determ- 
ining the maximum mooring line tension in a particular problem will be 
reviewed. First, the period parameter is computed from equation (1?) 
to determine if the condition of predominant inertia force is satisfied. 
To satisfy this condition, the period parameter should be less than 5. 

Second, the maximum horizontal force on the stationary sphere, 
Fnom is computed. Since the drag component of the total force is small, 
equation (lb), the equation for the maximum inertia component may be used 
to closely approximate FH . 

Third, the natural frequency of the sphere- is determined from 
equation (37) and divided Into the wave frequency to give the frequency 
ratio. 

Fourth, the multiplication factor ip computed from equation (3f?) 
using the 12 value obtained from equation (lib). In this computation CQ 
is determined from the steady state dxac curve using as Reynolds number 
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um D/tf. The maximum force on the stationary sphere is multiplied by the 
tmiltiplication factor to give the maximum horizontal moorng line tension 
component. The maximum mooring line angle is determined from the 
relationship. 

Vm '  *«"1 ^ ^ M) 
The maximum mooring line tension is determined from the relation 

Maximum Tension - V(FH )3 + Ns (U6) 

EXPERIMENTAL PROGRAM 

EXPERIMENTAL EQUIPMENT 

The experimental program was conducted in a glass walled tank, 
90 ft. long, 2-1/2 ft. wide and 3 ft. deep at the Massachusetts Institute 
of Technology Hydrodynamics Laboratory. A piston type shallow water wave 
generator was used to generate the experimental waves. A steel frame to 
support the spheres in the rigidly restrained tests was located )i0 ft. 
downstream from the wave generator. A model beach at a slope of 15 
horizontal to 1 vertical occupying the last 35 ft. of the tank served as 
an energy dissipator, satisfactorily limiting undesirable wave reflections 

The spheres were moulded from l/lt inch lucite. Provision was made 
for attaching a l/U inch rod for the rigidly restrained tests and a 
mooring line for the moored tests. 

In order to obtain a range of frequency ratios for each sphere in 
each test wave, the natural frequency of the sphere was varied by changing 
its weight. Filler materials were provided by mixing a commercially 
available dry detergent, Vermiculite, and granulated salt. 

For the rigidly restrained tests the spheres were supported from the 
test stand as shown in Figure 6. The 3/U inch support rod was shielded < 
by 1 inch inside diameter lucite pipe to minimize tare forces on the rod. 

INSTRUMENTATION 

Instrumentation was required in the test program to measure wave 
characteristics, the horizontal and vertical force components in the 
rigidly restrained tests and the mooring line tension components in the 
moored tests. Because of the unsteady nature of the phenomenon, most 
data were taken electronically and recorded on a Sanborn Model 150 four 
channel direct writing oscillograph. The recorder was equipped with a 
timing marker which recorded one second pulses along one margin. 

Wave profiles were measured using a capacitive type wave probe. 

The horizontal force component on the rigidly restrained spheres 
was measured using a portal gauge. The gauge is sensitive to shear alone 
and therefore measures the horizontal force on the cantilever beam below 
it irrespective of the distance to the point of application of the force. 
The sensing element in the portal gauge is a Schaevitz L.V.D.T. 
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The vertical force component on the rigidly restrained sphere was 
measured with a double diaphram lift gauge using the same sensing element 
as the portal gauge. 

In the moored tests, the horizontal and vertical components of 
mooring line tension were measured using a two component balance. The 
gauge consists of a horizontal outer force beam to measure the vertical 
component and a vertical inner force beam to measure the horizontal 
component. Both force beams have sensing elements consisting of h 
SR-U-A-7 strain gauges. Since the two component balance was used under 
water it was necessary to waterproof the strain gauges and wire connection. 
This was done by applying three or four coats of Neoprene Bonding Cement. 
Each coat was allowed to dry for 2U hours before the next was applied. 
The waterproofing successfully withstood continuous immersion for periods 
up to two weeks and intermittent immersion for a year. 

RESULTS 

RIGIDLY RESTRAINED TESTS 

Experimental horizontal and vertical wave component histories for 
test I-2-A are presented in Figure ?• The experimental force traces 
show the inertial character of the wave forces of the test program as 
predicted by the low period parameters. The maxima of the horizontal 
component occur near 0° and 180° -and the maxima of the vertical component 
near 270° and 90°. The horizontal component at 90° and 270° , the phase 
angles where the drag contribution to the total force is a maximum, is 
negligible. 

From the experimental force histories, values of the inertia coefficien 
CM, were determined for all tests. These values were determined to give 
the best fit between the experimental traces and the theoretical expressions 
given by equations (12) and (21). The inertia coefficients determined from 
the horizontal force component averaged 1.56 compared with the potential 
flow value of 1.50. The coefficients determined from the vertical compoaent 
averaged 1.30. 

From the experimentally determined inertia coefficients and equations 
(12) and (21) horizontal and vertical force component traces were computed 
for test I-2-A. For both traces the steady state value of Cn, 0.U2 was 
used. The computed traces are shown as solid lines in Figure 7. The 
agreement with experiment»is excellent. 

PARTIALLY RESTRAINED TESTS 

Mooring line forces and angles 

The experimental mooring line dynamic horizontal and vertical 
tension component and mooring line angle histories for two tests are 
presented in Figures 8 and °. The tests selected represent the extreme 
wave characteristics and period parameters of the test program. The 
mooring line tension components were obtained directly from the experi- 
mental records. The experimental mooring line angles were computed from 
the tension component traces using the relation 
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Phase  Angle   in Degrei Phase  Angle   in  Degrees 

Fig. 7. Force component variation Fig. 8. 
with wave phase - rigidly restrained riation 
•sphere (test I-2-A). 

Force and mooring angle va 
with wave phase (test I-2-A-5 

Mooring   Line 
Angle - Degrees- 

H =0 333 ft       d = 2 00 fl 
L =16 65   fl       0=0 418ft 7- =0891 
T = 2 25   sec S/d = I 00 ft 

EO 38 

Fig. 9.   Force and mooring angle variation 
with wave phase (test I-7-A-3). 

I1Oo6o0 
_N«J_ Buoyoncy 0Q O 

Pounds 
08 

06 

04 

Test I-2-A-Z 
H • 0 102 ft 
L • 5 10 ft 
T = I 00 sec 
f   =  I  00    cps 

0 90        180       270       360 
Phase   Angle, Degrees 

1 0 1              1             i     0 

Net               0      0                 00 
08^ t Bears!-11 0 _ J, 

[0°00°o°               °00°              J 
Fv+N   06 

Test   I-7-A-3 
Pounds H   . 0 333  ft       , 

04 - L   =16 65     ft      7-.0891     _ 
T  . 2 25     sec      " 

02 
_ f   = 0 445 cps 

1               1              1 
90 180       270      360 

Phase  Angle, Degrees 

Fig. 10. Variation of ver- 
tical mooring force with 
wave phase. 
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For each experimental trace In Figures 8 and ? a corresponding 
theoretical history was computed. The theoretical expression for the 
mooring line angle is given by equation (38). 

In view of the assumptions made in the development of the theory, 
that the dynamic vertical force is much less than the net buoyancy and 
that the mooring line angle is small, the mooring line angle may be expressed 

St,.** 
r      K 

By substitution into equation (38), the theoretical horizontal force 
component history becomes 

FH - FHm cos  (fft - 0) (k9) 

To solve for the theoretical mooring line angle and horizontal mooring 
force histories it is necessary to know Fnm and the phase shift angle, 0. 
Equation (3?) gives FHm in terms of the multiplication factor, Fjjm/FHom« 
The phase shift, 0, is given by equation (UO). The multiplication factor 
and phase shift are functions of the frequency ratio and damping factor, 112. 
The damping factor, given by equation (ii3), is a function of the coefficients 
of inertia and drag and the maximum horizontal force component on the sphere 
in the rigidly restrained condition. In evaluating the theoretical hori- 
zontal force component and mooring line angle histories the following 
quantities were used: 

(X, • 1.5, potential flow value 

CQ » 0.U2, steady state value 

Fu  • average of positive and negative experimental 
value in rigidly restrained tests 

The agreement between the theoretical and exparimental horizontal 
component and mooring line angle histories in Figures 8 and 9  is good with 
respect to curve shape and phasing. For the longer wave, T-7, the ma/ima 
of the theoretical curves are significantly higher than the experimental 
maxima representing a corresponding discrepancy between the theoretical 
and experimental multiplication factors.. This tendency will be further 
substantiated with the presentation of the complete test results. 

Part of the discrepancy is due to the facb that the firjt assumption 
in the development of the theory is not valid for the greater wave lengths. 
This is shown in Figure 10 where thp total vertical mooring line tension 
component is plotted against wave phase angle for the two tests shown in 
Figures 8 and 9. The total vertical component is equal to the dynamic 
vertical plus the net buoyency. For the test in wave 1-2, the total 
vertical component is approximately equal to the n<=i buoyancy and assumption 
1 is valid. For wave 1-7, the dynamic vertical component, Fy, is a 
significant proportion of the net buoyancy and assumption 1 is poor. The 
physical reason for the difference is twofold. First, a given frequency 
ratio entails a smaller net buoyancy in wave 1-7 than ir wave T-2. Second, 
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the rigidly restrained vertical component is greater for the longer wave 
which results in a greater value of Fy. 

The dynamic vertical mooring line tension component Fy has not been 
previously analyzed. In the theoretical development it was considered a 
second order effect. Physically, Fy results from the centrifugal force on 
the sphere caused by its motion in a circular arc. This force is given by 
Newton's second law with the mass term written to include the virtual 
mass effect. 

!_.[•• &3£]a C  l    6  r 

The term a_ is the radial acceleration. r 
a r 

By differentiating equation (38), \jf is obtained. 

V   " " T ^m sin(9 ' # " *  K sin(G " 0> 
Therefore, 

Fc -  [n + *£fl]   fj X sin2(9-0) « FCm sin2(9-0) 

In addition to the centrifugal force there is another contribution 
to Fy. This is seen by considering the case of small sphere motion, i.e., 
small p . In this case the sphere is nearly stationary and the vertical 
force acting upon it approaches the vertical force component on the statior 
ary sphere Fy0. The dynamic vertical mooring line^ component is, therefore, 
taken to be the linear superposition of the centrifugal force and the 
vertical force component on the stationary sphere. 

Fv - Fc • FyQ (50) 

This superposition is shown graphically in Figure 11 for a case where the 
phase shift angle, 0, is 180° and Fcm " 2Fv0m* 

The term Fvo in Figure 11 
approximates a negative sine wave as shown by equation (21). The 
resulting theoretical Fy history is non-symmetrical. The positive maximum 
value exceeds the negative. Curves computed from equation (50) are shown 
in Figures 8 and °. The Fy0 values used in computing there curves were 
obtained from the experimental vertical component histories on the 
stationary sphere. The agreement with experiment is good with respect to 
curve shape and maximum positive values of Fy. 

Force multiplication factors 

For each sphere tes-fc -made in this study, horizontal force multipli- 
cation factors were computed from the maximum experimental forces. The 
multiplication factors for the 0.iil8 ft. sphere in each test wave are 
plotted against frequency ratio in Figures 12 through 15. In each of the 
figures the experimental points define resonance curves of the form of 
Figure U. It is important to note, however, that theoretically the 
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experimental points of a particular test should not fall on a single curve 
of Figure k since these curves are drawn for constant values of the damping 
factor n2. For the conditions of the sphere tests the damping factor 
varies slightly with the frequency ratio. 

/     Vertical   Force 

Fig. 11. Dynamic vertical 
mooring force by superposition. 

For each set of experimental data in Figures 12 through 15 a theoretii 
curve is shown computed from equations (39) and (U3). In all computations 
an inertia coefficient, CM - 1.5 and a drag coefficient, Cn - 0.U2 were 
used. 

The agreement between theory and experiment is very good for short 
waves and becomes poorer as the wave length increases. One reason for the 
discrepancy between theory and experiment in the longer waves(involving 
the validity of the first assumption made in the development of the theory) 
has been discussed previously. Another possible cause of error is the 
value of CD used in the computation of the theoretical curves. Because 
of the relatively small drag components encountered in this study it was 
not possible to determine CD values from the rigidly restrained test data. 
The damping factor is shown by equation (U3) to be proportional to % 
and the effect of the damping factor on the theoretical force multiplicatioi 
factor is shown in Figure h.    It is seen that an increased damping factor 
would bring the theory into better agreement with experiment for the longer 
waves at frequency ratios less than about l.U. For higher frequency 
ratios the damping coefficient has a small effect on the multiplication 
factor and the discrepancy would still persist. In any event more informat: 
would be needed such as would be obtained from a complete determination 
of the CD VS. umT/D curve before the use of a higher*value of Cn could be 
justified. u 
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Two interesting features are noted in the test results. In Figure Ik 
the experimental points at f/fn = 0.5 appear high. This> is probably due 
to the fact that the waves have a second harmonic which is neglected in 
the Airy theory. Therefore, at f/fn near 0.5, the system resonates with 
the second harmonic. In Figure 12 another high experimental point is 
seen; this one at f/fn * 1.85. The phenomenon of a second resonance near 
£/?n "  2 has been treated in mechanical vibration literature (Den Hartog, 
1956) under the name "subharmonic resonance". There it is stated that the 
phenomenon may occur in a system having non-linear characteristics and 
that the analysis of the conditions under which subharmonic resonance will 
occur is extremely difficult. The mechanical system investigated in this 
study has non-linear damping and restoring force characteristics, the latter 
being assumed linear in the development of the theory. It is therefore 
possible that the observed second resonance is an inherent characteristic 
in the moored object problem. It is also possible that the second resonance 
could have been caused by reflected waves in the wave tank having a 
frequency equal to 1/2 the incident wave frequency. Extensive additional 
study would be necessary for the analysis of the second resonance 
phenomenon. 

CONCLUSIONS 

It is concluded that the behavior of moored submerged buoyant objects 
in oscillatory waves is adequately described by vibration theory with square 
law damping. The relationships presented herein accurately predict the 
mooring line tensions and motions of a sphere moored by a single vertical 
line when the following conditions assumed in the development of these 
relations obtain: 

1) Predominant inertia force. 
2) Small dynamic vertical mooring force with respect 

to net buoyancy. 
3) Small maximum mooring line angle. 
h)    Small amplitude waves. 
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CHAPTER 42 

MODEL INVESTIGATIONS OF WIND-WAVE FORCES 

J.E. Prins 
Delft Hydraulics Laboratory* Netherlands. 

OBJECT OF THE INVESTIGATIONS 

The load caused by wave attack had to he determined in con- 
nection with the design of a steel structure located adjacent to the 
open sea. This load had to he expressed in such a way that the de- 
signer: - 
a) Could "base the dimensioning of his structure on a consideration 

of the probability of failure 
b) Would have at his disposal data from waich could be derived the 

number of stress alternations together with the distribution of 
their amplitudes during the lifetime of the structure. 

The data required for this is:- 
1) The probability of occurrence of significant waves of any given 

magnitude 
2) The load spectra associated with the wave spectra of significant 

waves of any given magnitude. 

With regard to l) a prognosis was made by the "lijkswaterstaat" 
from wave records and meteorological conditions at the prototype 
location? The load spectra were evaluated in the laboratory "de Voorst" 
by exposing a small scale model to wind generated waves. 

In the following? a review is given of the preliminary studies 
made to compare the wave characteristics in model and prototype, the 
investigation of wave form and the forces exerted on the structure, 
and the representation of the final results. 

PBELIMINABY STUDY OF THE WAVE CHARACTERISTICS 

The investigations have been carried out in a wind-flume having 
a length of 100 m, a width of 4 m and a height from bottom to ceiling 
of 2 m. The maximum waterdepth can be 0.75 m and the maximum wind 
velocity 12 m/sec. At the end of the flume a wave absorber is availa- 
ble. 

From consideration of the prototype dimensions the scale for 
the model was chosen to be 40. This yielded a water depth in the 
wind-flume of 0.625 m for which the wave characteristics were of 
interest. In addition some of the characteristics were also observed 
for a depth of 0.25 m. 

The waves were generated by wind, by a mechanical wave gener- 
ator or by the combination of the two. The wave absorber was used. 

Wave heights were recorded continuously. Irregular waves were 
characterized by the significant wave height (Hg^gn) which was de- 
duced from a series of 200 waves. The regular waves (i.e. the mechani- 

This subject is covered in Venis (i960). 
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cally generated waves) were characterized by the average value of the 
smallest and largest wave height within half a wave length (Hg ,,). The 
accuracy of the wave heights for this study are 

H .       10$'a 

swell 

WIND-GENERATED WAVES 

To relate the growth of the wave to the fetch (F) and wind velocity 
(W ), the wave height was measured at every 15 m along the flume (figure 
1 and 2). Prom the wave recordings at a fetch of 90 m> wave height distri- 
bution curves were made (figure 3 and 4). This data was compared with 
prototype curves (Table l) and agreed quite well, taking account of the 
scatter in the prototype curves themselves (Paape I960, figure 3)« The 
model results in general show a tendency to flatten the slope of the curve 
at high wind velocities. The average period (T) was determined and related 
to the fetch (figure 5)« 

To verify whether the variables involved in the phenomenon are 
reproducable to scale, the data of the model was expressed in the di- 
mensionless quantities: 

g f / 2 7i W , g H .  / W 2 and gr / W 2 B  '     os sign '  o     B '  o 

which are plotted against g F / W   (figure 6). 
The wind velocity W , measured at height z (in the flume 0.25 m), 

is reduced to W at height z according to W  / g z = 5*? 
The measuring points or g H .  / W  vs   g F / W  show a reason- 

able consistency and the scatter is less than that of prototype data. A 
comparison has been made with the graphs of Bretschneider (1958) and 
Thijsse (1948) by superimposing their curves (unfortunately the region 
concerned is mainly based on model data). 

From the overall impression it could be decided that, since the 
dimensionless parameters g F / WQ and g Hg^^— / HQ    are linear in fetch 
and wave height and quadratic in wind velocity, the Froude law was appli- 
cable. 

Some values of g f / 2 it W were also calculated and compared with 
the graph g f / 2 n W0 vs g F / W0

2 of Bretschneider (1958). The model 
shows a 15$ too high value of the period for these points (figure 6). The 
same points were expressed in terms of g r / WQ , in which r = L / 2 it 
(L is the wave length), and compared with the Thijsse graph g r / W0 
vs g F / W0

2. The curve was not fitted too well (figure 6). 

Wind velocity distributions in the vertical were also measured 
(figure 7) and compared with the prototype data from Abbotts Lagoon given 
by Johnson (1950). Figure 8 shows a logarithmical plot of this. The curve 
obtained for a water depth 0.625 m shows a deviation from that for a deptl 
of 0.25 m. The agreement with the distribution of the data of Abbotts 
Lagoon is good. 

3£ H    deduced from 500 waves: accuracy 
^ 1000 waves: 
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Fig. 1. Significant wave height as a Fig. 2. Significant wave height as a 
function of fetch and wind velocity at function of fetch and wind velocity at 
water depth 0.625 m. water depth 0.25 m. 
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Fig. 5.   Average wave period as a func- 
tion of fetch and wind velocity at water 
depth 0.625 m. 
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Ew= VHSWELL + WIND_HSWELL)/HWIND 

12 

Wz » 5.5 m/sec 

30        45        60 
FETCH IN m 

Fig. 9.   Wind effect on an initial swell of a wind with a velo- 
city of 5.5 m/sec. 
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MODEL OF THE INITIAL DESION MODEL OF THE  MODIFIED DESIGN 

Fig. 10.   Cross section of the Haringvliet sluice.   Models of 
original and modified designs.   (Prototype dimensions). 
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WIKD-STEENGTHMBD SWELL. 

This study of wave forces required a knowledge of the influence 
of the wind velocity on an initial swell in the same direction. For 
this purpose a series of investigations were carried out with a con- 
stant wind velocity of 5.5 m/sec on a variahle swell of small steep- 
ness. 

Every 15 m in the flume the significant wave height was determi- 
ned. 

For characterizing the effect of the wind the quantity S^ was 
introduced and expressed as follows: 

\ = (Hswell + wind ~ Hswell) / Hwind * 

The parameter 1^ is the ratio of the growth of swell due to 
the wind and the growth of a pure wind-generated wave. 

In figure 9 for some periods and wave heights the ratios de- 
duced from adjusted curves, at equal intervals along the flume are 
given. Although the accuracy of these points is not very great the 
results show a tendency for longer periods to he less affected hy 
the wind than shorter ones. The results did not show a systematic 
relationship with respect to the wave height. 

Tahel 1 resumes some of the data on the wave height distri- 
bution. 

As the forces were found to be the most severe for pure wind- 
generated waves this study was discontinued. 

STUDY OF THE WAVE FORCES 

This investigation was carried out in the windflume described 
above. The model of the structure (a gate of the Haringvliet sluice) 
was built to a scale 40. As the study progressed it proved to be 
necessary to modify the original design. In figure 10 the cross seetion 
of the modified design is given. The preliminary studies described 
hereafter were made for the original design. The outline of this 
model is also given in figure 10. 

Experiments showed that some of the waves approaching the 
structure may be reflected smoothly, while others strike against it. 
The pressures due to the reflection or the impact are measured by 
pressure cells3*. By calibrating those instruments the pressure is 
expressed as a height of water. If it is assumed that Froude law is 
valid for these phenomena, then the pressure for the prototype can 
be expressed in ton/m2. 

Studies of the mechanism of wave impact and of the wave con- 
ditions causing them were made. 

PRELIMINARY STUDIES 

Extent of the impact forces - In the model of the original 
design it was found that the impact forces occurred simultaneously 
over the vertical. Examples are given in figure 11. 

g The resonance frequency of these pick-ups had to be high because 
of the fast pressure rise of the impacts. In submerged condition 
it amounted 1400 Hz. The shortest time of pressure rise measured 
in the model was 1/600 sec, which equals l/lOO sec in prototype. 
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WIND STRENGTHENED 
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GATE HEIGHT : NAP+45m 
WATER LEVEL: NAP 
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Y      ., 50 sec 
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Fig. 11. Records of impact forces in 
a vertical (original design. Prototype 
quantities). 
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Fig. 13. Impact related to wave form 
(Prototype quantities). 

772 



MODEL INVESTIGATIONS OF WIND-WAVE FORCES 

Table 1 

initia] swell wind wind gen.  wave spectrum 
wind str.   swell 

Location T 
sec. 

Hswell 
m m/sec. 

T 
sec. 

Hsign 
m 

Ew H50 m 
50 H50 

H20/H 

50 

Haringvliet - _ 20 - - _ 0.4 2.4 1.9 1.6 
wave recorder 20 0.5 2.2 1.8 1.5 
0. 18 0.5 2.2 1.7 1.5 

North Sea _ _ _ _ _ _ 1.9 1.9 1.6 1.4 
wave recorder 1.7 1.9 1.5 1.4 
Katwijk 1.5 

1.2 
1.9 
2.1 

1.6 
1.7 

1.4 
1.4 

wind flume _ - 5.5 0.74 0.043 _ 0.025 2.3 1.9 1.6 
water depth - - 7.1 O.89 0.078 - 0.050 2.1 1.7 1.4 
0.625 •»• - - 9.5 1.11 0.140 - 0.095 1.8 1.6 1.4 
Fetch 90 m. 

0.70 0.010 5.5 0.82 0.058 1.12 0.038 1.9 1.6 1.4 
0.79 0.028 5-5 0.95 O.O67 0.94 0.045 1.9 1.7 1.4 
0.90 0.033 5.5 0.97 O.O65 0.77 0.040 2.2 1.8 1.4 
0.90 0.048 5-5 1.01 O.095 1.06 O.O65 1.9 1.7 1.4 
1.11 0.033 5.5 1.11 0.050 0.41 0.045 1.3 1.2 1.2 
l.ll 0.055 5.5 1.11 0.092 0.88 O.O85 1.2 1.2 1.1 

wind flume - _ 5.5 0.71 0.043 _ 0.025 2.2 1.8 1.5 
water depth - - 7.1 0.92 0.063 - 0.043 2.1 1.7 1.4 
0.25 m. - - 9.5 1.03 0.080 - 0.050 2.1 1.7 1.5 
Fetch 90 m. 

Pl2 N t/m' 

•  c 
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= 10 m 
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Fig. 14.   Load as a 
function of wave height 
(Prototype quantities). 
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Fig. 15.   Frequency curves of the 
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The extent in the width depends on the length of the wave 
crest and its straightness. In the model for wind-strengthened swell 
and for wind-generated waves, with wave lengths from 35 to 55 m in 
prototype, in no case was there found an equally high impact pressure 
over the full width of the gate (length 58.5 m). Prom nature no data 
are available. 

Air content of the water - As it was thought that the air con- 
tent of the water could possibly influence the results, an increase 
of the air in the water was made artificially. 

Records of the pressure history for the conditions of the 
normal and the high air content did not show a marked difference. 
This eliminates within a certain range the difficulty of the correct 
reproduction of the compressibility, due to bubbles in the water, in 
the model. 

Rigidity of the structure - In the first stage of the investi- 
gations the measurements of the impactewere carried out in a rigid 
model representing the structure. To verify whether a receding 
movement of the structure under influence of the load had a reducing 
effect on the impact, the model was provided with gates allowing a 
bending of several decimeters in prototype. In those gates the 
pressure pick-ups were mounted. The wave impact forces were still 
measured but the pressure history became more irrigular. 

For one gate also the pressure at the inner side was measured. 
The impact at the outer side was hardly noticable at the inner side 
and it may be concluded that the water at the inner side does not 
react noticeably in taking up some of the impact. 

Form of the wave - The first measurements did not show a clear 
correlation between the magnitude of the wave impact pressure and 
the wave height. When the waves are generated mechanically a clapotis 
is formed due to the obstruction of the model and no impact phenome- 
non is observed. When wind is added to the mechanical wave generation, 
and foaming crests come into being,   impacts occur. The deformation 
of the wave by the wind appeared to be of essential importance. To 
correlate the wave form and the wave impact pressures, the record of 
a wave height meter located 0.25 m in front of the model was compared 
with simultaneously recorded pressures on the structure. 

As a criterion the tangent (tan <p) to the angle (<p) between the 
horizontal and the tangent to the surface at"the point of inflection 
on the front face of the wave was used. A frequency distribution of 
tan <p was made and the probability of the occurrence of an impact was 
determined (figure 12). This figure shows clearly that the probabili- 
ty of the occurrence of an impact increases strongly with the increase 
of tan 9. 

No direct relationship between the magnitude of tan 9 and the 
impact pressure was found. 

By taking a moving picture, on which the water movement in front 
of the model was filmed simultaneously with an oscillograph showing 
bhe pressures exerted, a relationship could be established for this 
special case in which the wave height, the wave steepness, and the 
water depth at the trough of the wave proceeding the impact were in- 
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corporated (figure 13).       ? 
It was found that, when H /l d exceeded a certain value a wave 

impact occurred. There was no direct relationship between this number 
and the magnitude of the impact pressure. 

Impulse measurements - The impact forces can be deduced from 
the impulse - momentum equation, 

P.dt = d (m v). 

The model investigation showed that the original design gave 
rise to very high wave impact forces (P) because of: 
1) High velocity v: the unstable waves of a wave train tend to break on 

the shallow sill in front of the gate, causing water velocity to 
approach the propagation velocity of the wave. 

2) Large mass m; the inclined overhanging position of the gate tends 
to maximise the mass of water which is effective in causing im- 
pact. 

3) Small interval dt; the form and orientation of the front face of 
an approaching wave can be such that it becomes sensibly parallel 
to the surface of the gate so that the full impact occurs within 
a very short interval. 

In order to overcome these difficulties the design was modified 
as shown in figure 10. Prom further measurements it appeared that for 
this new arrangement impact forces due to the instability of some of 
the waves of a wave train still occurred. 

The quantity fp dt during pressure rise and during the total 
impact was measured at three places in a vertical line on the gate 
front. The pressure record of the impact was divided into its dy- 
namic and static parts. 

Some typical data (in prototype quantities) from a series of 
2740 waves with 174 impacts are presented in the following table. 

swell = 1.0 m       I  = 
Tswell = 5.0 m      P10 = 

Water level NAP - O.5 m 

36 m/sec   H .   = 3.0 1 
3600 m     T^S11

 = 5.0 sec 

measuring point at NAP 0.4 m at NAP - 3.5 m unit 

duration of pressure rise 
duration of impact 
JP dt during pressure rise 
yp dt during impact 
max. dynamic pressure 
max. impact pressure 

0.1-0.3 
0.8-1.1 
0.4-1.6 

2-4 
19.8 
21.2 

0.8-1.2 
1.8-2.3 

3-5 
7-11 

12.0 
16.1 

sec 
sec 2 

t sec/nip 
t sec/m 

t/m2 
t/m2 

DETERMINATION OP THE LOAD 

These investigations were carried out in a rigid model repre- 
senting the modified design according to figure 10. In the model 
three pressure cells were mounted in a vertical line. 

The forces exerted by the waves on the structure were recorded 
as the arithmetic averages of the signals of the three pressure pick- 
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ups. By applying Froude law and multiplying by the height of the 
gate, the load for the structure per m' (P ) was obtained from the 
record. It was expressed in ton/m'. 

Mutual comparison of the varied conditions was made by de- 
riving the load (P+p) from the maximum value of the averaged pressure 
of a record taken over a length of time of two hours in prototype 
(approximately 1200 waves). 

Load due to swell - The mechanically generated waves experi- 
enced a smooth total reflection. Ho impact forces occurred. 

impact forces occurred. The load P.„ was plotted as a function of 
the significant wave height* (figure 14). It showed a linear relation- 

Load due to the wind.-generated waves - For this condition 
ci 

s: 
ship. 

In addition to this there have been experiments with gusts of 
wind. It proved that a gust quickly creates a wave form causing 
impact pressures. In this respect the initial wind velocity on which 
the gust is superimposed and the duration of the gust are of im- 
portance. The study was not continued, due to lack of prototype 
data. 

Load due to wind-strengthened swell - For this investigation 
the wind velocity was 35 m/sec and the initial swell was varied 
from 4 to 10 seconds, with wave heights from 0.4 to 3*0 m. The fetch 
was 3^00 m. 

For these conditions also, the load was plotted in figure 14« 
A direct relationship was not found. It is clear that the signifi- 
cant height in itself is no measure for the force exerted. As was 
stated before the wave form is very important. When in figure 14 
an upper envelope is drawn it shows that the most dangerous combi- 
nation of swell and wind does not exceed the forces exerted by waves 
generated by wind alone. It may be concluded from this that the 
steepest wave fronts or the largest steepness appears to occur with 
wind generated waves. 

Hot much is known of the wave form in nature. For this reason 
the final study has been carried out with wind generated waves only, 
yielding the most severe conditions. 

PRESENTATION OF THE RESULTS 

For the design of the structure, based on the probability of 
failure, the expectation of any load had to be determined. 

For this purpose a series of statistical distributions of 
forces was made, each distribution applying to one value of the 
significant wave height. The wave conditions were those generated 
by pure wind, which was found to represent the most unfavorable 
state. Also the water level in front of the gate was varied and the 
effect of the height of the gate was included in the investigation. 

* Wave heights are related to measurements with a wave absorber in 
the flume. 
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Figure 15 shows the frequency curves of the load at several 
significant wave heights. Any significant wave height by itself is 
also associated with a certain frequency of occurrence. The combi- 
nation of the two yields the probability of occurrence of each load 
as required by the designer. 

Although a physical limit to the phenomenon may be expected it 
cannot be logically deduced. Prom a measurement of duration of 40 
hours (prototype) linear extrapolation proved to be still possible. 
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CHAPTER 43 

MODEL STUDY OF AN ISOLATED LIGHTHOUSE 
PLATFORM AT SEA (PRINCE SHOAL, QUEBEC) 

G. E. Jarlan 
Engineer, Etydraulics Laboratory 

National Research Council of Canada 

THEORETICAL CONSIDERAIIOlfS 

Experiments on objects subject to wave forces have been made in the 
past, which led to formulae where the geometrical characteristics of the 
object are of primary importance.   Other experiments, made on immersed 
objects, showed that the accelerative forces caused by wave impact are 
of the same order of magnitude as the drag forces associated with orbi- 
tal velocities.    In the case of a small free body completely immersed in 
a fluid and subject to a system of forces, other experiments showed that 
the fluid surrounding the body acquires a velocity while the flow field 
gains kinetic energy (Bef. 1).   The acceleration of the object can be 
deduced from the pressure distribution around the body.    For small ob- 
jects, the integrated form of the dynamical equation is: 

F*M$g (1) 

where M   =   mass of fluid displaced by the object 

oO  -   acceleration normal   to the object. 

Since viscous friction is present, the notion of drag force 
expressed by the following relation must be used. 

HzCiAfSf (2) 

where    A a projected area of object 

CQ = drag coefficient 

f s specific weight of water 

u = horizontal component of velocity. 

A combination of equations (l) and (2) yields the total force acting 
on the immersed free body, assuming the object has very small dimensions. 

In the case of a cylindrical pile anchored to the bottom or 
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protruding beyond the free surface and subject to wave fronts, Morison 
et al (Ref. 1) have shown that the tangential component of the force per 
unit length of cylinder can be expressed by: 

fxa ^.£.]>.^(;j.jV (3) 

where CD and Ca are respectively the drag and virtual mass 

coefficients, 

f>    x   specific weight of water 

D  s diameter of the pile 

vx and a^ are the horiaontal components of 
velocity and acceleration 

CD and Cm appear to be functions of the Reynolds 
number at the pile, hence they depend 
also on vx . 

According to equation (3) the value of fx varies as the second 

power of D. However, this formula makes obscure the concept of energy 
dissipation by wave scattering. This phenomenon plays an important role 
in the process of energy dissipation since it is a function of the rela- 
tive size of the obstacle with respect to the characteristics of the 
perturbation. 

An interesting demonstration of this fact is given by Hayleigh 
(Ref. 2). A cylindrical obstacle is subject to the disturbance created 
by plane waves. Let 0 and  represent respectively the velocity 
potential of the incident and scattered waves; the plane waves can be 
represented by 

0 - e^8** eikr (for normal incidence). 

Dropping e    for sake of brevity, 0 can hence be expressed 
as a series of Bessel functions of the form: 

€    a   JoCKh) + iLJCKr) + * Z L.    J C«r>) 

or $   =   /. f£e* + ttCr 

where r is the radius of the cylinder. 

If it is assumed that the obstacle is composed of an isotropie 
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material, the Telocity potential, tinder normal incidence, of the 
scattered waves for a rigid and immovable obstacle is: 

with r » radius of the obstacle, \  s wave length of the incident wave. 

It is seen that the intensity of the scattered waves will be a func- 
tion of the diameter of the obstacle relative to the wave-length of the 
perturbation. This explains why fog, which consists of spherical part- 
icles of condensed water vapour, lets sound waves pass through it, while 
light, the wave-length of which is small compared with the dimensions of 
the particles, will be rapidly scattered. Thus dispersion will take 
place instead of propagation. 

Among N vertical obstacles of similar sisse but of different shape, 
subject to wave action, experience shows that a straight and regular 
cylindrical structure should produce a minimum scattering of waves. 
However, when an isolated structure is built at a fairly great depth, it 
is necessary to take into account the stability factor of the structure 
and its resistance to waves. Usually, a structure isolated at sea will 
be anchored on a mattress with dowels. Such a structure will then act 
as a vertical circular beam fixed at one extremity and subject to a sys- 
tem of forces, the resultant of which is horizontal. The kinetic energy 
developed by the force will then be absorbed by bending so that if R is 
the reaction to the force, one must have 

a  "2 

where    a = bending deflection 

m s mass of water of velocity v . 

0      The term a is a function of Young's modulus and of the beam length 
x..    Although perhaps an ideal structure would consist of a cylinder of 
relatively small diameter with respect to the wave length, it will be 
realized that such a structure would offer in large depths rather pre- 
carious stability conditions because it would offer a small section 
modulus. 

A pyramidal or conical shape, which allows the centre of gravity to 
be placed low enough, appears for this reason to be preferable. Under 
these conditions, a well-anchored structure will resist wave action better 
Since a pyramidal structure offers more scattering than a cylindrical one 
of similar slse, the wave run-up and resistance to shear due to drifting 
ice appear to remain the major problems to solve* 

MODEL STUDY 

The model study of a pier of conical shape to be used as the base of 
a lighthouse (at Prince Shoal, Quebec) was.carried out for the Department 
of Transport, Ottawa, to observe wave run-up conditions over the square 
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platform (Fig. 1). The depth at low tide was 2$ ft., the total height of 
the pier being 6$ ft. The structure had been calculated to offer satis- 
factory safety coefficient against shear. 

Waves were generated in a wave canal; the wave data available in- 
dicating a maximum observed wave height of 16 ft.. the periods varying 
between 5 and 11 seconds. At high tide (* 1? ft.), the tests showed that 
the amount of scattering observed for all periods was fairly high, the 
wave run-up caused by the folding front breaking at the structure, some- 
times reaching 20 ft. above the square platform* 

Upon completion of the test series, it was decided that the proposed 
shape was inadequate on the basis of wave run-up considerations* A dia- 
mond shape pier was an improvement, but was still not satisfactory. 

The problem was then approached from the following viewpoint* 

Since a full cylindrical shape could not be retained, it was neces- 
sary to decrease the wave run-up to dissipate as much as possible by some 
means the energy present in the wave run-up. To initiate this dissipa- 
tion of energy, the principle of the flat slope could be retained provided 
that the structural qualities of the structure would not be impaired. 
The flat slope would create an instability of the wave front, thereby 
causing a partial collapse of the wave front before it impinged on the 
underside of the platform. 

A final shape was arrived at (Fig. 2), and tests were run following 
the same procedure as for previous tests. It was observed (at high tide) 
that: 

1. The pertrubation created by the presence of the flat slope 
increased the internal turbulence of the wave before it 
reached the cylindrical wall situated beneath the platform. 

2. Part of the wave broke afterward at the cylindrical wall. 

3. The remaining energy was such that an intense vortex 
circulation appeared around the cylinder and diffused 
into a wake in the shadow of the structure. 

k•   The energy reflected by the cylindrical wall was well 
checked by the curved part of the platform and a sheet 
of water was observed, which was perfectly reflected in 
the opposite direction to the incident wave. 

A tentative explanation of the energy dissipation can be given as 
follows: At high tide, and for the high cambered waves,the partial or 
complete breaking of the wave at or near the cylindrical wall creates an 
.increase of the kinetic energy and an accelerative motion of the water. 
Since the cylindrical part is of a much smaller diameter than the base 
itself, it offers less scattering, allowing thereby relatively more 
energy to circulate around it than if the section were unchanged. There 
is, consequently, less energy per unit wave front reflected by the 
cylindrical base, and hence less energy available for the run-up. 
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The study of the motion around the obstacle, which is a solid of 
continuous curvature, is fairly complicated. For laminar conditions, the 
boundary layer starting from the stagnation point follows the surface for 
some distance, becomes turbulent, and then breaks away from the struc- 
ture. For turbulent flow (in this case, this flow is also still parti- 
ally oscillatory) it becomes more difficult to study the problem and only 
a check on the pressure distribution could yield some ideas about the 
circulation pattern obtained. It was also observed that the dispersion 
in the wake was very intense and rapid, but that the oscillatory charac- 
ter of the wave reappeared very quickly as the wave travelled away from 
the structure. 

At low tide, the wave run-up appeared noticeably reduced and did not 
seem io constitute any problem. The scattering is then entirely con- 
trolled by the base of the structure while the upper part of the wave 
front is partially dissipated by turbulent shear flow induced by the 
breaking wave along the flat slope. 

REMARKS 

The possibility of impulse pressures developing at the cylindrical 
wall, due to the breaking of the waves, does not constitute any danger 
since the peak pressures occur over a small area and for a very short 
time. They cannot seriously affect a monolithic structure and the possi- 
bility of resonance phenomena developing, due to elastic waves induced at 
the time of the breaking, appears remote in view of the large mass 
offered by the obstacle to the wave* This question would, however, re- 
quire a special study using a special model on which impulse pressures 
could be mechanically applied, the vibration being recorded with sensi- 
tive elements similar to strain-gauges. 

Flat sides were adopted to allow ships to lie alongside the struc- 
ture. These flat sides should be oriented in the direction of the high- 
est waves. It is felt that under such conditions the probability of an 
important clapotis along these sides appears very remote since waves do 
not have the necessary fetches in which to grow. These sides provide 
facilities for shipping and will be useful in improving mooring condi- 
tions. It is realised that with a circulation inducing a current around 
a circular structure, a ship which would be tangent to the structure at 
one point would tend to oscillate and slide around it. These conditions 
are, hence, not favourable from the point of view of docking and mooring 
alongside. 

ICE CONDITIONS 

The cylindrical part of the structure below the platform was cal- 
culated to resist a shear force of U00 p.s.i. created by drifting ice. 
The calculation of resistance to shear was found sufficient* It is 
thought that the adopted slopes should facilitate the natural removal of 
the ice depositing at low tide. The buoyancy of the rising water would 
be sufficient to float the masses of ice and break them from the struc- 
ture. Tidal currents would afterward cause the ice to drift away from 
the structure. 
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OUTLINE     OF     PROPOSED     LIGHTHOUSE     PIER     FOR    PRINCE    SHOAL 

Fig. 1 

FRONT     ELEVATION 

PRINCE    SHOAL     LIGHTHOUSE     PIER 

AS     RECOMMENDED     BY     NRC     HYDRAULICS     LABORATORY 

Fig. 2 
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TOWING CONDITIONS OP THE BALLASTED SHELL 

The toning properties of the shell were studied in the towing tank oi 
the Ship Laboratory, on a model of 1/30 scale. The lateral stability of 
the vessel was found excellent. A yawing notion was observed on either 
side of the centre line with a total amplitude never greater than 100 ft. 
A ballast equivalent to about 21*00 tons was used yielding a corresponding 
draught of 2U ft. The best speed from the point of view of lateral 
stability and yaw was found to be U*° knots* 
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SAND TRANSFER, BEACH CONTROL, AND INLET IMPROVEMENTS, 
FIRE ISLAND INLET TO JONES BEACH, NEW YORK^ 

Thorndike Saville 

Consultant, Long Island State Park Commission; 
Consultant to the President, University of Florida; 

Dean Emeritus, New York University. 

LOCATION AND GEOMORPHOLOGY 

Long Island, New York (Figure 1) extends for about 120 miles in a 
general east-west direction off the southern portions of the States of 
New York and Connecticut, from which it is separated by Long Island 
Sound. The western end of the island contains the Counties of Brooklyn 
and Queens which are part of New York City. To the east are the 
Counties of Nassau and Suffolk. The surface geology of Long Island is 
mostly of glacial origin. That portion of the south shore of Long 
Island with which this paper is concerned (Figure 2) consists of out- 
wash plains of sand and gravel fringed by barrier beaches from 600 
feet to 3,500 feet in width. They rise to about 15 feet above mean 
sea level, and in their natural condition are more or less protected by 
sand dunes which may reach an elevation of from 25 feet to 30 feet. 

The sand along the foreshore is predominantly quartz, averaging 
about 0.4 mm. at mid-tide level, and becoming somewhat finer offshore. 
The foreshore slope of the beaches averages about 1 on 10 above the 
mean low water line and about 1 on 30 immediately offshore.  Several 
hundred feet offshore the slope flattens to about 1 on 250. 

THE PROBLEM AREA 

GENERAL 

This paper deals with problems of beach protection and restoration, 
and inlet improvements in the area from Jones Inlet to a point on Fire 
Island some five miles east of Fire Island Inlet, as indicated on Figure 
2. Probably no coastal area in the United States has been subject to 
such long continued and exhaustive studies of eoastal phenomena as this. 
It constitutes 23 miles of publicly owned beach developed and inten- 
sively used for recreational purposes and readily available by a system 
of parkways and causeways to some 3,000,000 people in New York City and 
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over 2,000,000 more in Nassau and Suffolk counties, a combined total of 
10,000,000 persons. 

Of the twenty-three miles of beach, fifteen miles are included in 
state parks under the jurisdiction of the Long Island State Park Com- 
mission. The remaining eight miles are owned by the Towns of Bablylon 
and Oyster Bay. As early as 1936 the Long Island State Park Commission 
instituted a cooperative study with the Beach Erosion Board of the Corps 
of Engineers, United States Army with respect to beach erosion control 
for Jones Beach. Almost continuously since then the beaches and the 
two inlets have been the subject either of cooperative beach erosion 
control studies between the Park Commission and/or Suffolk County with 
the Beach Erosion Board, or relevant navigation reports by the Corps 
of Engineers concerning the inlet. The most recent report (1) deals 
with the entire area from Fire Island Inlet westward to Jones Inlet. 
It contains a list of most of the earlier reports dealing with previous 
investigations. The present paper describes some of the background 
and the implementation of certain of the recommendations contained 
in this report. 

In 1926 the area from Jones Inlet east to what Is now known as 
Captree State Park was a series of barrier beaches, shoals, and mud 
flats. That year marked the inititation of the remarkable develop- 
ments conceived and carried out in steps ever since under the general 
direction of Robert Moses, President of the Long Island State Park 
Commission, and his associates. Some 40,000,000 cubic yards of sand 
have been dredged from the adjacent bays and lagoons to create an 
unimpeded stretch of eighteen miles of publicly owned recreational 
area. The original development along the first six miles resulted 
in Jones Beach State Park. This became so intensively used that 
other parks were developed to the east. A four lane highway extends 
for the length of the region, constituting a "backbone fill" with 
elevation fourteen feet above MSL. Included in the developments are 
parking fields with a capacity of 40,000 cars per day. The total 
cost of all of the developments exceeds $50,000,000, a public invest- 
ment warranting substantial expenditures for protection against 
ravages from waves and storms, including beach erosion. 

Not withstanding the magnitude of these developments, they are 
presently taxed to capacity. On a fine Sunday in summer the beaches 
are visited by over 200,000 people, and the access causeways have to 
be closed before noon, as no more cars can be accommodated. Some 
idea of the situation may be obtained from Figure 3, which is a view 
from near the eastern section of Jones Beach State Park looking west 
toward Jones Inlet. Attention is called to the three large parking 
fields and the two smaller "overlook" parking fields, all filled to 
capacity. The recently completed Jones Inlet jetty is shown in the 
distance. Figure 10 shows the newest development at Captree State 
State Park. 

Because of the situation described above, the Long Island State 
Park Commission has plans under way to construct a bridge from Captree 
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Fig. 1-   General map of Long Island, New York. 

£  j  &  <0        $   O  <U Si  <D 

8       B       6     A      91 

Fig. 2.   Western end of Long Island, New York. 

m. ••-•   ^W 
Fig. 3.   Jones Beach, New York, look* 
ing west toward Jones Inlet. 
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CA   PTR£C       ISLAND 

GREAT      SOUTH     BAY 

ATLANTIC OCEAN 

SCALE IN FEET 

Fig. 4.   Progressive westerly movement of Democrat Point. 

Fig. 5.   Fire Island Inlet and jetty in 1948.   View to east. 
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State Park to Fire Island, and to develop an additional five miles of 
beach area at Fire Island State Park as indicated on Figure 29. 

THE COASTAL ENGINEERING PROBLEM 

STORMS, WAVES, AND TIDES 

The area is subject to attack by tropical hurricanes and by extra- 
tropical storms known as "northeasters." Great damage to beaches and 
adjacent structures has occurred from time to time. Waves in the open 
ocean may be thirty feet high, and ten to twelve feet high as they 
impinge upon the coast. Normal tides have a mean range of 4.1 feet 
off Fire Island Inlet, decreasing with passage through the Inlet to 
0.7 feet in Great South Bay. Severe storms have produced still water 
levels of about ten feet above MSL, and it is believed that still water 
levels of at least fifteen feet might occur if the peak of the storm 
surge should coincide with high tide.  Several studies have been made 
of storm surges in this vicinity, the most recent of which (2) is that 
by Wilson. The most severe storm conditions occur from waves created 
by winds from the north-east to south-west quadrants having a fetch 
of several hundred miles' over the Atlantic Ocean. 

LITTORAL DRIFT 

Many studies have indicated a predominant movement of beach mate- 
rial from east to west. The most striking evidence of this is the 
migration of Democrat Point, the western extremity of Fire Island. 
Figure 4 shows the movement of this Point from 1834 to 1945. The 
Point moved westward a total of 4.6 miles in the period from 1825 to 
1940, as described in detail in an excellent article by Gofseyeff (3) 
published in 1953. This article presents valuable data with respect 
to erosion and accretion in the area, and describes the hydrography 
of the inlet. Between June 1939 and April 1941 the Fire Island jetty 
was constructed. The impounding capacity of the jetty was reached 
about 1950, and material began passing around it to form shoals in the 
inlet. Figures 5 and 6 show respectively the situation at Fire Island 
Inlet in 1948 before the impounding capacity of the jetty had been 
reached, and that in 1957 after extensive shoals to the west had 
formed.  Great South Bay is in the background. 

Based upon volumetric measurements of accretion on the east side 
of the Fire Island and other jetties, and rates of erosion of various 
beaches, it is estimated that the net littoral drift rate averages 
about 450,000 cubic yards per year. An interesting feature of studies 
of littoral movement in the area is that measurements of erosion along 
the south shore of Long Island seem to indicate substantially less sand 
supply from such sources than is actually impounded by jetties.  It is 
postulated that some portion of the littoral drift has its origin in 
offshore sources. 
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Fig. 6 .   Fire Island Inlet and jetty in 1957.   View to northeast. 

ML^^B, 

Fig. 7 .   Erosion at Gilgo State Park pavilion, early 1960. 
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BEACH EROSION 

General.  In the problem area substantial loss of beaches and 
damage to adjacent structures has occurred, both under storm con- 
ditions and from certain effects induced by the Fire Island jetty. 
During the last few years serious erosion problems existed chiefly 
along the highly developed area (Figure 2) from about the center of 
Jones Beach State Park to Oak Beach, which lies just to the west of 
Captree State Park. Conversely, impoundment by the Jones Inlet and 
Fire Island jetties has produced or will produce adequate protective 
beaches for from four to five miles east of each. 

Severe storms always cause substantial erosion and other damage 
along the beaches. Damage to shore structures is greatly reduced by 
an adequate protective beach in front of them. Prior to completion 
of the Fire Island jetty in 1941 and for a few years subsequently, 
beach erosion over much of the area was not as critical as it became 
later. Much of the beach loss during severe storms was restored by 
onshore movement of storm created offshore bars, and by the normal 
westward moving littoral drift. Sand from Fire Island presumably 
moved intermittently across the shoals at the entrance to the inlet 
and nourished the beaches to the west. Local areas of depletion were 
readily restored by pumping from the bays and channels to the north. 

Erosion of the beaches predominates during the months of Septem- 
ber to April. During the spring and summer when relatively quiet 
ocean conditions exist, with prevailing westerly winds, the direction 
of littoral transport tends to be reversed to an easterly direction 
and the updrift eroded beaches to be replenished. The resultant 
however is a net erosion. 

Some years after the completion of the Fire Island jetty the 
beaches to the west,began to indicate accelerated erosion. With 
curtailment of the previous sand supply from the east, erosion of 
the beaches west of the inlet*progressed westward with time, threat- 
ening Jones Beach. Figure 7 indicates an occurrence in early 1960 
at Gilgo State Park about half way from the western side of the in- 
let to Jones Beach State Park. 

Oak Beach. The resort community of Oak Beach (Figures 5, 6, 
and 10) is located just west of Captree State Park, and a considerable 
length of the western portion of this beach has been subject to direct 
attack by storm waves moving into the inlet. It has also been subject 
to serious erosion from tidal currents in the inlet. The combination 
of these two factors has caused portions of the western end of the 
Oak Beach shore to recede to the north about 600 feet from 1930 to 
1960. Over forty houses had been destroyed and valuable shore front 
lost. The situation in 1959 is shown in Figure 10. Various photo- 
graphs of the area accompanying this paper indicate that there was a 
critical section of shore where erosion had reduced the width of the 
island to about 600 feet. The main parkway running along this stretch 
to Captree was in danger of destruction, and the island itself could 
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have been breached with the formation of a new inlet. 

About 1950 sand began passing around the end of the Fire Island 
jetty, creating extensive shoals to the west and north as shown in 
Figures 5, 6, and 10.  Several million cubic yards of material were 
thus accumulated.  As the shoals progressed northward, the main 
channel of the inlet was also forced to the north and west. Close 
to the Oak Beach shore the channel had depths up to 50 feet and 
tidal velocities of six to seven feet per second.  At various in- 
tervals from 1946 to 1959 more than a million cubic yards of sand 
were pumped onto the Oak Beach shore to try to restore it.  In each 
case the fill was soon eroded by tidal currents in combination with 
occasional storm wave action. 

MAJOR ELEMENTS OF THE PROBLEM 

The situation described above posed five major problems for which 
solutions were sought by the cooperative study between the Long Island 
State Park Commission and the U. S. Army Corps of Engineers. 

a. To stabilize and to replenish as far as practicable the 
beaches from the ocean entrance to Fire Inland Inlet west- 
ward to Jones Beach. 

b. To partially restore Oak Beach. 

c. To stabilize Oak Beach by relieving the pressure of tidal 
currents impinging upon it, and thus reduce the danger of 
a breach across the parkway to the back bay, and the 
possible formation of a new inlet. 

d. To reduce maintenance of the navigation channel in Fire Island 
Inlet by reducing the rate of shoaling. 

e. To improve the navigation channel by some realignment. 

While the last two items were not specific objectives of the 
study as originally formulated, they inevitably arose as the study 
proceeded and the recommendations arising out of it began to be 
implemented. 

RECOMMENDATIONS OF THE STUDY 

In accordance with usual practice, the necessary field studies 
and initial report were assigned to the District Engineer of the U. 
S. Army Corps of Engineers at New York. The staff of the Beach 
Erosion Board participated in the analysis of the problem and in 
certain of the solutions recommended. The initial report was re- 
viewed by the Division Engineer of the U. S. Army Corps of Engineers, 
North Atlantic Division, and by the Beach Erosion Board. The final 
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recommendations were endorsed by the Long Island State Park Commission, 
approved by the Chief of Engineers, U. S. Army, and adopted by the 
Congress of the United States. 

The report of the District Engineer proposed two alternative plans, 
designated respectively the "Comprehensive Plan" and the "Alternative 
Short-Range Plan." These plans xrere proposed after consideration of 
other alternatives involving design and use of a shallow-draft dredge 
to excavate material from the shoals and to transport and discharge it 
upon the beaches; land haul of sand from the impounding area east of 
the jetty to a point near the inshore end of the jetty, and transfer 
onto the beaches across the inlet by pipe line dredge or a fixed by- 
passing plant; and construction of an offshore breakwater 1,000 feet 
long east of the jetty to form a littoral reservoir from which sand 
would be pumped to the beaches. Each of these latter alternatives 
was rejected from the standpoint of cost as well as other consider- 
ations . 

THE COMPREHENSIVE PLAN 

This plan was to be undertaken in three phases, of which phase 
one (Figure 8) encompassed:  (a) Dredging by pipe line dredge an 
access channel into the accretion area east of the jetty; (b) dredg- 
ing a littoral reservoir as shown on the same figure; (c) pumping 
across the inlet one million cubic yards of dredged material a 
distance of about 20,000 feet to a feeder beach to provide a three- 
year source of material for beaches to the west; (d) pumping 
1,550,000 cubic yards of dredged material on Oak Beach; (e) closing 
the access channel with dredged material; (f) removing the dredge 
through an exit cut 200 feet wide into the Atlantic Ocean; and (g) 
leaving a barrier on the south side of the lagoon about 150 feet 
wide and 9 feet above MLW. It was anticipated that the barrier 
beach would be removed by erosion due to natural forces, leaving a 
littoral reservoir having a capacity of about two million cubic 
yards. This procedure was modeled after a somewhat similar scheme 
carried out at Port Hueneme, California. 

Phase two of the Comprehensive Plan provided for a model study of 
the general beach erosion and navigation problems at Fire Island Inlet. 
The model study was estimated to require three years. Phase three, 
subject to the findings of the model study, was to restore the shore 
line west to Jones Beach as it existed in 1939; restore fill that 
would have been eroded from Oak Beach; relocate the navigation channel; 
and repeat dredging of the littoral reservoir to replenish the feeder 
beach. 

The Beach Erosion Board noted the following objections to the 
"Comprehensive Plan":  (a) that a considerable portion of the fill on 
the Oak Beach shore would be lost by erosion in the absence of pro- 
visions to relieve the pressure of tidal currents on that shore; 
(b) that the model study was not essential in connection with the 
immediate problem of beach erosion control, although desirable in 
connection with* future navigation improvements, (c) that full res- 
toration of the 1939 shore line was not regarded by the Long Island 
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State Park Commission as immediately necessary, but that progressive 
restoration over a period of years would suffice; (d) that the 
possibility existed that the exit cut through the barrier beach would 
close, thus preventing the reservoir from acting as an impounding 
area and leaving a lagoon as an undesirable feature in the proposed 
extension of Fire Island State Park; (e) and that full implementation 
of this plan was estimated to cost about $2,000,000 more than the 
"Alternative Short Range Plan." 

THE ALTERNATIVE SHORT RANGE PLAN 

This involved beach restoration and control by dredging material 
from the existing shoals west of the jetty, and pumping it to the 
feeder beach and to Oak Beach in a series of operations over a fifteen 
year period. Phase one of this plan (Figure 9) contemplated excavation 
by pipe line dredge of 2,000,000 cubic yards from the northwest portion 
of the shoals; pumping 1,500,000 cubic yards of this to the feeder 
beach; and pumping 500,000 cubic yards to Oak Beach. The dredging 
would tend to move the channel toward the south and east, thus effect- 
ing some reduction in the pressure of tidal currents along Oak Beach. 
It was anticipated that the new channel would require an additional 
200,000 cubic yards to be removed by hopper dredge. These operations 
would be repeated at intervals of five and ten years respectively. 

The reviewing authorities, including the Beach Erosion Board, 
favored the foregoing plan, but recognized that conditions might alter 
between the submission of the report and its adoption by Congress, or 
during the progress of the work. Hence they recommended some flex- 
ibility in the execution of the plan. In his letter transmitting the 
report to Congress the Chief of Engineers recommended adoption of this 
plan as outlined by the Beach Erosion Board with such modifications of 
the plan as in the discretion of the Chief of Engineers may be advisable. 
The wisdom of the underlined phrase will become evident subsequently. 

In its review of the project the Beach Erosion Board stated its 
opinion that (a) "no fill should be placed on Oak Beach until the 
pressure of tidal currents on Oak Beach can be relieved," and (b) 
that the plan was "predicated upon future development of a permanent 
by-passing system for subsequent maintenance." 

EXECUTION OF THE PROJECT 

The project was authorized by Congress in July 1958, and the District 
Engineer at New York proceeded to prepare plans and specifications for the 
work. During this period, and in accordance with the discretion given to 
the Chief of Engineers to modify the details of the plan, it was jointly 
agreed between the Corps of Engineers and the Long Island State Park 
Commission that instead of dredging the fillet at the end of the shoals 
shown in Figure 9, there should be substituted a straight cut through 
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Fig. 8.   Phase 1 of "Comprehensive" plan. 

AERIAL PHOTOGRAPH, FIRE ISLAND INLET, N.Y. 
TAKEN 12 SEPTEMBER 1955 AT TIME OF LO* WATER 

Fig. 9.   Phase 1 of "Alternative Short Range" plan. 
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Fig. 10.   View looking southwest from Captree State Park. 

Fig. 11.   The new cut, dredge, and discharge line, September 1959, 
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the shoals further to the west. Figure 10 is a view looking southwest 
from Captree State Park in July 1959. The dredge is shown starting 
the cut through the shoals west of the jetty. Fire Island appears in 
the upper center. The old channel and Oak Beach appear at upper right. 
The nearly completed cut, looking northeast, is shown in Figure 11. It 
was felt that the straight cut would give greater assurance of removing 
the tidal pressure from Oak Beach. It was the writer's opinion that 
this would also produce improved operating conditions for the dredge 
and hence probably a reduced cost.  It was believed that no hopper 
dredging would be required, which proved to be the case. The cut was 
to be approximately 1,000 feet (300 m.) wide, by 13 feet (4.7 m.) 
deep and 6,700 feet (2 km.) long, with 2 feet overdepth dredging per- 
mitted. The contractor was paid on the basis of yardage removed. 

The Dredge "Western Chief" of the Western Contracting Company 
began excavation in June 1959. This is one of the largest dredges in 
the United States (Figure 12) with 36" suction, and 30" discharge. 
The power plant totals 11,500 H. P. of which 6,000 H. P. are for the 
pumps. At an average of 15% solids, the dredge delivered 1,470 cubic 
yards (1131 cu. m.) of sand per hour. The maximum distance pumped to 
the feeder beach was 3.5 miles or 5.5 Kilometers. During the maximum 
pumping distance a booster pump on land was used to increase the out- 
put and to reduce wear on the pump impellers. Figure 11 shows the 
dredge in the new cut, and the discharge line across the old channel 
and along Cedar Beach in the direction of the feeder beach. 

THE FEEDER BEACH 

The location and approximate dimensions of the feeder beach, 
shown on Figure 8, was determined after considerable study of refrac- 
tion diagrams and hydrpgraphic data by engineers of the Beach Erosion 
Board and the District Engineer's office. The location chosen was 
the nearest point to the inlet which would permit an estimated 90 per 
cent of the wave energy to tend to move material to the west. Although 
the plan provided for 1,500,000 cubic yards of fill on the feeder beach, 
the elimination of the necessity for hopper dredging and lower unit 
prices for dredging than had been anticipated permitted nearly 2,000,000 
cubic yards to be deposited between June and December 1959. Figure 13, 
looking east, shows the feeder beach in process of construction, the 
discharge line from the dredge, and the dredge in the upper right. 
Figure 14, from the opposite direction, shows the dredge excavating 
the cut, and the feeder beach. Figure 15 shows the discharge end of 
the pipe line in operation. 

CLOSURE OF THE OLD CHANNEL 

Following the decision to modify the original plan by constructing 
a new channel, it became evident that the full benefits desired would 
not be accomplished if the old channed remained. The flow in two 
channels would reduce the scouring velocity in each, and hence increase 
the rate of shoaling. Most important, should the new channel become 
shoaled so that flow through it was substantially reduced, the earlier 
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conditions would tend to recur, with renewed tidal pressure against the 
Oak Beach shore. Since ample material existed in the shoals where the 
dredge was working, it was decided to close the old channel by a sand 
fill. Some questions were raised as to whether a closure could be 
effected by this means on account of the high velocities likely to be 
encountered in the final stages of the work. Expert advice was to the 
effect that this could be done, especially considering the high rate 
of sand transport possible with the dredge, and with some help from land- 
placed fill from the shore. * 

Fill for the final stages of the closure began to be placed by the 
dredge from the remnant of the shoal, west of the new cut at noon on 
December 3, 1959 (Figure 16) and closure was substantially effected 
(Figure 19) at low tide about 5:45 p.m. on December 4. The closure 
became fully effective to 12 feet above MLW (Figure 20) by 10:00 a.m. 
on December 5. The short land fill (Figure 17) from the west side was 
directed somewhat to the north of the axis of the oncoming dredged fill, 
so that an overlap effect resulted. Velocities prior to closure reached 
five to seven feet per second, but with the relief provided by the new 
channel, this situation lasted only a short time. In the final stages 
of the closure velocities may have reached as much as ten feet per 
second. Figures 21 and 22 show the completed closure fill with the new 
channel fully operative. It is interesting to compare Figures 10 and 
22, taken before and after the completion of the work described herein. 
Figure 23 shows the cross sections and velocities in the old channel 
before closure and in the new channel after the old channel had been 
closed. Comparative measurements made in the old channel on August 
1959 and in the new channel in August 1960 indicate that the cross 
section, velocities, volume of flow, and tidal ranges are substantially 
the same in the new channel as they were in the old channel. 

OAK BEACH 

Reference has been made to the recommendation of the Beach Erosion 
Board that no fill should be placed on Oak Beach until pressure of the 
tidal currents had been relieved. This had now been accomplished by the 
closure of the old channel and by the change in direction of the tidal 
currents after construction of the new channel.  In addition the closure 
fill would protect the critical areas of Qak Beach from the severity of 
attack by storm waves previously experienced. Therefore about 600,000 
cubic yards were pumped to the western portion of Oak Beach by the dredge 
Western Chief as part of the contract in order to provide immediate 
protection to the adjacent structures, including houses and the parkway. 
In addition the Long Island State Park Commission constructed a series of 
short and light stone groins along the eastern portion of the affected 
area, and subsequently arranged for a smaller dredge to pump some 600,000 
cubic yards of sand fill along this shore as a continuation of the work 
done by the Western Chief. Figures 24 and 25 show the before and after 
conditions looking west from about the center of the Oak Beach Shore, 
and figures 26 and 27 show a similar comparison looking east from about 
the same point. 
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Fig. 28.   Closure fill after Hurricane Donna, September 1960, 

Fig. 29.   Tentative plans of the Long Island State Park Commission for 
future development in the vicinity of Fi re Island Inlet. 
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APPROXIMATE VOLUMES OF FILL PLACED 

By dredge "Western Chief", Government contract 

On Feeder Beach 1,930,000 cubic yards 
On Closure Fill 1,325,000 cubic yards 
On Oak Beach 500,000 cubic yards 

Total contract pumping 3,755,000 cubic yards 

By Long Island State Park Commission 
and Suffolk County 

On Oak Beach 600,000 cubic yards 

Grand total 4,355,000 cubic yards 

It should be noted that the volume of fill under Phase one ma- 
terially exceeded that suggested in the original plan, but that in 
spite of this the work was completed at about the authorized cost. 
This was due in part to a lower price than originally contemplated for 
the large dredge, and in part because the Long Island State Park Com- 
mission required excavation for its own purposes in the bay north of 
Oak Beach, and little or no additional cost was involved in disposing 
of the dredged material along the Oak Beach waterfront. 

STRENGTHENING THE CLOSURE FILL 

The fill closing the old channel was considered to be a vital 
element in the entire program. Constructed entirely of sand to a 
height of about fifteen feet above MSL, and exposed to the full attack 
of storm waves from the ocean, it was felt that it should not only be 
protected on the ocean side, but that its general dimensions should 
be maintained as currents and erosion tended to change them. The 
Commission therefore has performed minor operations with bull-dosers 
to restore the profile of the fill as wind, X7aves, and currents have 
tended to modify it, and has constructed a series of short and light 
stone groins on the ocean side.  It plans to continue such moderate 
protective works as material for armoring the ocean slopes can be 
obtained at merely the cost of hauling, as was done at Oak Beach. 

TEST OF THE PROJECT 

The works previously described were completed in August 1960.  In 
September Hurricane Donna passed over the area. All of the works func- 
tioned as intended. Material from the feeder beach moved westward; the 
closure fill (Figure 28) was not damaged seriously; and the Oak Beach 
shore was fully protected. The latter event stimulated various laud- 
atory letters from residents of Oak Beach who had suffered severe 
damage from most previous hurricanes. 
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CONCLUSIONS 

Experience to date indicates that the basic plan recommended by the 
Beach Erosion Board was well adapted to its purposes. As previously 
indicated, phase one of the project was completed at less than the auth- 
orized cost. The actual cost of the work performed under government 
contract was $2,484,000 at an average cost of 66 cents per cubic yard. 
Including government costs the total cost was $2,678,000. Apportion- 
ment of project costs are 42% to the United States and 58% to the state 
and county. The usual division for beach erosion control projects 
involving publicly owned lands is 1/3 by the United States and 2/3 by 
local interests, but in this case the United States assumed an addi- 
tional share on the basis that consummation of the project would 
reduce navigation maintenance costs. The local agencies advanced 
$152,880, subject to later reimbursement, to assure completion of 
the required yardages. 

One element of the program deserves to be mentioned again, namely 
the provisions that the basic plan could be modified in the discretion 
of the Chief of Engineers. The flexibility thus made possible, whereby 
the Army Engineers and the cooperating agency (the Long Island State 
Park Commission) could agree on changes, produced an ultimate solution 
which, in the opinion of the writer, was much superior to what would 
have resulted if rigid adherence to the original plan had been required. 
The rather unusual cooperative features of the Beach Erosion Act were 
doubtless devised with such possibilities in mind. 

THE NEXT STEP 

As the Beach Erosion Board stated in its report, the ultimate 
success of the combined beach erosion control and navigation problems 
is likely to depend upon the development of a suitable sand by-passing 
plant to intercept sand moving from the east toward the Fire Island 
jetty and to transport it to strategic locations across the inlei. 
Fully persuaded of the validity of this suggestion, the Long Island 
State Park Commission as early as 1956 engaged a well known consulting 
engineer, Frederick H. Dechant of Harris-Dechant Associates, to render 
a report on a fixed sand by-passing plant. Various designs were pro- 
posed, and the latest submitted in 1959 describes a plant located east 
of the jetty and consisting of a fixed trestle mounting two traveling 
bridges.  Suspended from the lower girders of the bridges are the 
dredge pumps, one on each bridge which travels back and forth on the 
girders. The pumps are designed to excavate a trench 500 feet long, 
25 feet wide at the bottom, and to a depth of 16 feet below MSL. The 
dredge pumps discharge to wells from which sand is pumped to a main 
pumping station from which it would be pumped across the inlet. 

Since completion of the work described in this paper, the Long 
Island State Park Commission has submitted to the Army Engineers a 
proposal for a special investigation to determine the best method 
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of effecting sand transfer across the inlet.  It is assumed that the 
Dechant proposal will be considered, among other designs, in the course 
of such a study. 

THE ULTIMATE PLAN 

Granted the apparent success of the work constructed to date; 
granted the design and installation of an efficient and economical sand 
transfer plant; one asks "what happens to the extensive shoals remaining 
west of the jetty, and their relation to an improved navigation channel?" 
Figure 29 shows the long range tentative plans of the Long Island State 
Park Commission, which envision dredging the existing shoals to create 
fill to the east for the enlarged and improved Fire Island State Park 
referred to earlier in this paper. The present closure fill would be 
fixed and incorporated into extensive new land to be created between 
it and Captree State Park. A small boat marina is shown, and is likely 
to be one of the early projects in this program. The navigation 
channel would be moved eastward toward the jetty, and be fixed in posi- 
tion by the adjacent structures.  If and when this plan is executed, 
or some modification of it approved after investigation by federal and 
state authorities, it is hoped that the Fire Island Inlet Problem, 
including sand transfer, navigation, and related recreational benefits 
will be solved. 
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CHAPTER 45 

ISLAND HARBOURS AND THEIR INFLUENCE 
ON ADJACENT SHORES 

Leon Shirdan 
Director, Civil & Marine Engineering Co. Ltd. 

Haifa, Israel 

The purpose of this paper is to put forward an alternative solu- 
tion to the problem of reconstitution of existing ports, generally too 
shallow for the large tankers and ore carriers. 

Usually, the existing moles are extended to deep water fairways 
and approaches to berths, docks and basins, dredged and adapted to the 
draught of the new giants.   This is connected with enormous expenses. 
Sometimes completely new port units, as for instance Europort, are 
built. 

The Island Harbours, with their seaward position, will reduce 
the length of the shipway to the berths and thus provide a speedier 
turn-out of vessels.   The cost of erection and maintenance of such a 
harbour is in most cases lower than in that of a conventional solution, 
due to short breakwaters and limited quantities of primary and main- 
tenance dredging operations. 

Different alternatives of island ports can be adapted in most 
sandy coasts over the world. 

The changes in coastal regime which may result from erecting 
an island harbour connected with the mainland by a bridge or a cause- 
way can turn out profitable for general cargo ships, and even fisher- 
boats, especially on the coasts where till now cutting the sea approaches 
through the shallows and bars was often unacceptable, due to the 
enormous expenses involved. 

GENERAL CONSIDERATIONS 

The maintenance of deep enough sea approaches to harbours 
built on shallow shores and in estuaries, with significant sand movement, 
will encounter with difficulties due to a large amount of permanent sedi- 
mentation which requires permanent dredging. 

Keeping clear of sediments of a convenient and safe fairway cut 
in a shallow bank will be very difficult when the port is located in an 
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area of frequent storms.   In waters with gentle slope of the sea bed, 
with a channel leading to the port entrance, dredged through a bar, the 
quantities of sand or silt to be removed can grow to such an extent that 
the exploitation of such ports is no more profitable. 

On shores with considerable tidal level difference, ships want- 
ing to enter the harbour have often to wait for high water. 

Even where the amplitude of ebb and flood levels is not so ex- 
tensive, as for instance at Ijmuiden on the Dutch Coast, the entrance 
of large vessels into the harbour channel is possible during high water 
only. 

The time wasted by ships awaiting the flood has been on the in- 
crease during the last decade, with the growing dimensions of ships. 
Thus free sailing of ships to and from a harbour is connected with ob- 
stacles , due to the lack of permanent approaches having a sufficient 
depth. 

When bulk cargo or tank vessels are considered, speedy turnout 
if of highest technical and economical importance.   Here, loss of time 
is of great disadvantage. 

Today, tankers and carriers of 60,000 tons are no longer a 
novelty, and a large number of such ships are ordered.   However, there 
are only several ports in the world where these vessels can freely 
enter, most existing accommodations being built to serve ships with a 
draught of not over 10 metres . 

To handle the newly constructed giants, with draughts of 12.5 
metres and over, a large-scale reconstitution is necessary.   The fair- 
ways, entrances and inner parts of ports have to be deepened, enlarged 
and rebuilt.   In many cases, new anchorages, or even harbours, have 
to be created to suit the changing conditions. 

With the required depth at the entrance of more than 15 metres 
below MLWL as a function of ships draught and significant wave ampli- 
tude, the seaward extension of the moles up to 15-18 metres depth, or 
deepening of the fairway and its maintenance, will be prohibitively ex- 
pensive. 

Instead of these costly works and a very high charge for con- 
stant dredging of the shipping lane, a roadstead island port, with the 
entrance at desired depths, can be erected in the vicinity of an exist- 
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Fig. 1.   Fishery harbour in Baltic 
Sea. 

Fig. 1.   Fishery harbour in Baltic • 
Sea. 
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Fig. 3.   Proposed breakwater and       Fig. 4.   Proposed oil port at Ijmuiden 
oil jetty at Moron. ( Exercise study). 
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ing harbour, or even as an independent unit.   The cost of such a port 
will be lower than the conventional design, due to the comparatively- 
reduced length of sheltering structures and lower primary and mainten- 
ance expenses. 

The all-weather transloading of the cargo to and from the main- 
land can be provided by special sea-going barges, rope-ways, and even 
a bridge, if the traffic volume will justify it. 

In the case of fluids and gases, connection with the coast should 
be by means of pipelines lying on the sea-bed or supported on a light 
structure.   The island port will shelter the waters shorewards to a con- 
siderable extent, a factor which will facilitate communication with the 
coast. 

The idea of an island harbour for large tankers was put forward 
by the author of this paper during the first International Course of Hy- 
draulic Engineering at Delft, when a team of graduate engineers was 
called upon to consider, as a study problem, a new oil port for Ijmuiden 
in the Netherlands .   This idea was then further developed by a section 
of the team, namely Group 12, consisting of Messrs. G. de Campos, 
S. Muddappa, I. Shams, L. Shirdan, M. Vajda.   Under the auspices 
of the Directors of the I.C.H.E. and the Hydraulics Laboratory at Delft 
a model of the port was built and tested in a basin. 

OFF-SHORE MOORINGS 

In ancient times, there already existed island harbours adjacent 
to the shore, for example in Tyre and Alexandria.   Nowadays, such 
ports can be found - 

(a) in arctic waters, the eastern coast of the Caspian 
Sea, the Far East and the Baltic Sea (Bornholm 
island), etc.   (Figures 1 and 2),as fishery harbours 
and bases, connected with the shore by means of a 
bridge or a causeway; 

(b) on the Caspian Sea (USSR coast), on the Danish shore 
(Pr^vesten), on the Adriatic Sea (Ancona), in Lake 
Maracaibo (La Salina), etc. 

as oil harbours, bases and moorings; 

(c) all over the world 

as loading and unloading installations for bulk cargo. 
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Mostly, offshore anchorages and installations are built in open 
waters, not too exposed to stormy seas. 

This is the case with submarine pipe-lines with buoy moorings, 
dolphin berths, berthing beams, loading towers etc., adapted where 
there is no deep water near the coast.   Successful examples have been 
in existence for many years at Tripoli, Banias, Haifa, as well as else- 
where throughout the world. 

However, because of the small dimensions of these installations 
and their great distance from the shore, their influence on the coastal 
regime is practically negligible. 

Where the frequency of storms makea unsheltered moorings risk; 
and uneconomical, the berthing of large and very expensive oil tankers 
and ore carriers calls for protection against wind attacks, waves and 
current action. 

The development of these kinds of harbours can vary from a 
Straight short breakwater, parallel to the shore and protecting one 
ship only (as designed by Messrs. Royal Netherland Harbour Works 
for the tanker berth opposite the refinery at Moron in Venezuela 
(Fig. 3)) to large, independent island ports with a diameter of 2.0 kms 
and more. 

IJMUIDEN OIL PORT 

As mentioned above, a study for a new Oil Port at Ijmuiden was 
carried on during 1958.   The possibility of an island harbour in the 
vicinity of the existing port and industrial area was brought forth by the 
author and elaborated with the help of Group 12. 

The principle was to locate a deep water harbour directly in the 
area of -15m isobaths. 

The coast in question, open to the North Sea, has a mildly slop- 
ing sandy bed and is visited by frequent storms, tidal currents and 
large sediment transport. 

It was required to provide a sheltered sea terminal, with straighl 
and safe approaches for tankers of over 60,000 tons, and with the possi- 
bility of extension in the future.   Also a small transit storage tank farm 
has to be provided. 

812 



ISLAND HARBOURS AND THEIR INFLUENCE 
ON ADJACENT SHORES 

The conventional solution was to lengthen the moles of the exist- 
ing harbour far seawards, enlarging and dredging the fairway and en- 
trance , and building an oil terminal inland. 

This would mean extremely expensive works, connected with the 
altering of the breakwaters, widening and deepening of outer and inner 
channels, and extensive maintenance dredging in the future of the depths 
in the approaches. 

The alternative above-mentioned solution of the island harbour 
considered at first straight breakwater, parallel to the shore, with 
berths on the landward side.   However, as the strong shorewise tidal 
currents in the area would have interfered with the moorings, the de- 
sign has been developed towards a nearly circular form of about 2 kms 
in diameter (Fig. 4). 

The seaward position of the terminal should enable the entering 
and leaving of the harbour, mooring works, discharging and subsidiary 
operations to be executed in a considerable shorter time than in case 
of a' conventional harbour (hence a much speedier turn-out of ships). 
The help of the tug boats is also reduced to a minimum. 

The berths are well protected against waves, wind action and 
currents, in spite of their distance of less than 2 kms from the harbour 
entrance. 

The prevailing waves come from directions between south and 
west, but the group of storm waves of low frequency but of considerable 
height comes usually from the northwest to north sector, due to the 
wind velocity and the corresponding fetch.. 

The waves originated by offshore winds are almost insignificant. 
Therefore, the most favourable direction of the shipping lane was 
toward NNW, lying in the direction of dominant storms and protecting 
the incomong and outgoing ships from prevailing winds and waves. 

MODEL INVESTIGATIONS 

Model investigations have shown that even the highest waves 
penetrating in direct incidence through the entrance from the north- 
western sector are losing height and disperse to a great extent their 
energy on the spending beach in the outer harbour before reaching the 
inside aquatory of the port and the turning circle.   The shape of the outer 
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harbour and the profile of the spending beach played a dominant role in 
this phenomenon. 

The wave height recorded in model experiments was in the berth- 
ing docks much lower than 10% of incidental original wave height, so the 
conditions for mooring and working are acceptable. 

Wave heights up to 40% were measured in the inner harbour during 
the most unfavourable waves penetration, but the turning circle itfielf was 
always beyong the 20% aqui-height line of the incoming waves. 

The damping of waves in the model was remarkably positive during 
direct incidence towards the spending beach , resulting in a considerable 
wave height reduction, and it appears that waves higher than 40% cannot 
reach the inner harbour. 

The shorewards wide opening between the breakwaters has almost 
eliminated the possibility of waves reflection in the por.t itself.   This 
auxiliary entrance permits a partly sheltered communication with the 
mainland. 

Water area sheltered by the island extended far behind, almost to 
the coast.   Slightly less than 20% wave height, extending to more than 
one diameter of the island, was indicated in the model. 

The Influence of the Island Ports on the Adjacent Shores. The model study 
of the affect of the harbour on the coast opposite was not extensive enough, 
due to lack of time. 

Without doubt, considerable changes will be caused on the adjacent 
shores, decreasing however with the growing distance of the island from 
the mainland. 

The influence will be very strong in the event of a narrow channel 
between the harbour and shore.   It will probably greatly differ in every 
case, and it will depend on a coastal regime in places under consideration. 

In every separate case the stabilization of the coastal regime will 
depend on the distance from the shore, wave characteristics, the presence 
of tides and longshore currents, the quantities of the sediment transporta- 
tion etc. 

Where strong longshore currents are absent, a sunbulb may form 

814 



ISLAND HARBOURS AND THEIR INFLUENCE 
ON ADJACENT SHORES 

at the edge of the island, directed towards the shore, as a result of wave 
refraction. 

At the same time, a sandbar from deposited debris may form op- 
posite the shore.   In some cases this process may continue until both 
promontories meet, forming a tombolo which connects the harbour with 
the mainland.   This may happen when the island is built in the direct 
vicinity of the shore. 

However, in tidal waters where strong cross-currents exist, a 
channel across the bar will keep the gap open, permitting the shore- 
wise streams to pass in either direction.   Thus sediment transportation 
along the coast will not stop and the coastal regime will remain almost 
unchanged. 

CONCLUSIONS 

An artificial island-port in stormy areas can be put forward as 
a solution to avoid: 

(a) Prohibitive expenses connected with the adaption of 
existing harbours to new super-tankers and ore 
carriers; 

(b) Costly primary and maintenance dredging; 

(c) Ac<pi4«iititHi    of additional areas on the mainland; 

(d) Ship  delays,, due to the far distance from the sea 
to the terminal inland; 

(e) Drastically quick changes in coastal regime. 

The advantages of the proposed island-harbour are:- 

(a) Entrance at the natural depth, reducing primary and 
maintenance dredging to a minimum; 

(b) Comparatively low cost of construction, due to shorter 
length of breakwaters; 

(c) Speedy turn-out of vessels, due to short and straight 
ship lanes from harbour entrance to moorings; 
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(d) Additional navigation safety, due to seaward situation 
of the entrance on the 15-m contour-line, providing 
sufficient space for ships in deep water to make a 
forilir turn, for a second trial, if they did not succeed to 
enter because of unfavourable weather conditions . 
Furthermore, the current velocities in front of the 
entrance will be much lower than in conventional solu- 
tion. 

(e) The changes in the coastal regime should be slower. 
In many cases, the sediment transport will be main- 
tained for the greater part.   Thus additional shore 
protection along the coast of the mainland will not be 
required. 
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CHAPTER 46 

SAFETY OF SEA-WALLS 

Ir. T. Edelman. 
Chief-Engineer Coastal Research Division. 
Rykswaterstaat. The Hague, Netherlands. 

The disastrous stormflood of 1953 has caused in the Netherlands an 
intensive research on the mechanism of damages of sea-walls and on the 
problem of safety. It was rather quickly understood that the damages of 
the sea-walls must have been caused by overflowing water only. The over- 
topping water, flowing down along the inner slope, penetrated into this 
slope. The resulting groundwaterflow in the section of-the bank-body 
just beneath*"this slope must have reduced the friction resistance of 
the soil, m consequence of which slides occured in the inner slopes, 
in many cases resulting m a total destruction of the bank-body. 

Obviously there was something wrong with our sea-walls, but at 
first it was not very clear in which way they had to be improved, rfe 
could distinguish two different ways, two different principles. Either 
vie  should design our sea-walls so high, that overtopping would never 
occur, or we should construct a bank-body, that would be wholly proof 
against the action of overflowing water. 

The first way is m accordance with the traditional way of design- 
ing, originating from the principle that "the safety of the wall lies 
in the height of the wall". However, a stormsurge-level that will never 
be surpassed, cannot be indicated. Studies on this subject have shown, 
that probably some serni-logarithmic relation exists between the height 
of the stormsurge-level and the frequency of surpassing, calculated as 
an average probability over a very long period. The chance of surpass- 
ing a certain level decreases with increasing height of the level, but 
as a rule, the frequency curve has no upper limit. In his paper in this 
conference: "On the use of frequency curves to determine the disign 
stormflood", Ir. P.J. Wemelsfelder deals in detail with these frequency 
problems. 

Prom this considerations it is quite obvious, that it will be 
impossible to make a sea-wall so high, that overtopping will never 
occur. A bank-body, built in the traditional way (a sand body, covered 
by a clay layer with a grass-cover on top), however, will collapse if a 
certain quantity of overtopping water flows down over the inner slope. 
To each level of the crest, therefore, corresponds a certain risk of 
destruction of the bank-body and inundation of the hinterland. 

Apparently, constructing in the traditional way, it is impossible 
to make a sea-wall, which has a safety of 100% in itself and which 
guarantees a safety of 100% in the area behind. Always there will 
remain a certain risk of disaster for both the wall and the hinterland. 
It is the task of the engineer to keep this rMc'Within acceptable bourris. 
He may do so by weighing the cost of heightening the wall against the 
harm to be expected (frequency curvesj) in the hinterland. 

Prom an engineering point of view, designing sea-walls in this 
way seems not to be quite satisfactory. Usually, an engineer wants 
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to design his constructions in such a way, that they are wholly proof 
against the forces acting upon them. In the case of a sea-bank of the 
traditional type, however, he knows it for certain, that his structure, 
constructed in order to withstand the sea, under unfavourable conditions 
will be destructed by that same sea. Is it possible to design a wall, 
the body of which is wholly proof against the forces acting upon it? 

If overflowing water could be prevented from penetrating into the 
bank-body, no dangerous groundwaterflow could come into existence, no 
reduction of the friction resistance would occur and no sliding of the 
inner slopes could event. Apparently, a bank covered with an 
impermeable layer would be safe against damages by overflowing water. 
Nowadays a watertight coating will be realised by a bituminous layer. 

An asphalt covered sea-bank, in opposition with a bank of the 
traditional type, will not collapse from overtopping water, even if 
very large quantities of water would flow over the wall. The area 
behind the wall, therefore, will never be exposed to a total inundation 
by sea water flowing through a dike breach. This may be a very great 
advantage. 

Neither the asphalt covered bank, nor the bank of traditional type 
is able to produce a safety of 100$ in the hinterland. However, if a 
same degree of safety in the protected area has to be realised either 
by a grass covered bank or by an asphalt covered bank, it is quite 
obvious, that the former has to be much higher than the latter. 

Therefore, the asphalt covered wall seems to be the best solution 
of the problem. Not only the asphalt covered bank possesses a safety 
of 100$ in itself and will never collapse, but also a bank of this type 
can be much lower than a bank of the traditional type. 

However, this best solution may not be identical with the cheapest 
and most economic solution. Attention may be drawn to the fact, that 
bitumen is a very expensive building material. The advantage of the 
lower crest, resulting in lower costs of the earth body, nay be outdone 
entirely by the high costs of the expensive asphalt layer. 

Having calculated many cases, it is my opinion, that in this 
country the wall of the traditional type (a sand body, covered with a 
clay layer grown over with grass) under normal building conditions 
always give the most economic solution. The asphalt covered sea-bank 
in this country is justified only under exceptional conditions, for 
instance if the clay required under the grass-cover is very expensive, 
or if the protected area may tolerate a huge amount of overflowing sea 
water so that a very low bank can be accepted, or if it is impossible 
to obtain a reliable grass-cover. 

Though from a technical point of view every engineer will prefer 
the asphalt covered sea-bank, economic considerations may force him 
very often into the direction of the high, grass covered wall of the 
traditional type. Matters might turn to the contrary if modern 
research would lead us to a much cheaper solution of the problem of 
the reliable watertight coating of a bank-body. In my opinion, this 
is one of the most important problems to solve in sea-wall research. 
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CHAPTER 47 

MODERN DESIGN AND CONSTRUCTION OF DAMS 
AND DIKES BUILT WITH THE USE OF ASPHALT 

BARON u'.F. VAH ASBECK, M.I.C.E. 
SHELL INTERHATIONAL PETROLEUM CO., LTD., 
LONDON. 

SUMMARY 

In recent years quite a number of important coast protection 
and harbour construction works in Europe, in the U.3.A. and in 
Japan have been built or strengthened with the use of asphalt 
according to established methods of construction in various 
countries. These works have proved to be not only technically sound 
and durable but also economical in initial capital investment as well 
as in maintenance costs. Moreover, as the results obtained have been 
very encouraging, new outlets and methods of construction with asphalt 
are being sought, and systematically investigated and developed to 
cov»-r a wider field of application for coast protection and harbour 
construction works. 

Although there are many purposes and means of applying asphalt 
constructions for these works, the author has limited the scope of his 
paper to describe in particular the fundamental problems related to the 
hydraulic and asphalt-technical aspects of building dams and dikes of 
sand according to the hydraulic fill process, covered and protected by 
a two course hot-mix asphalt revetment or layer. 

Assuming a general knowledge of the various facets of hydraulic 
dam and dike constructions and of asphalt construction methods the 
author deals with essential items concerning the hydraulic and strength 
design of asphalt revetments for dikes and dans and describes certain 
details of construction that require particular attention and perhaps 
further investigation as experience has proved. 

EJEEEODUCTIOU. 

In many countries it is essential that certain coastal stretches 
are protected against the damaging effect of waves caused by heavy 
storms, hurricanes, typhooncs, etcfc Generally these coastal sections 
are limited to those parts of the country, where the population is 
concentrated in towns and villages and where land is more valuable 
than in other parts, either because it is well suited for industrial 
development or better suited for agricultural purposes. In an 
increasing number of countries reclamation works are being undertaken 
in order to develop employment and food production. The types of 
coast that require artificial protection are generally situated at a 
low level, somewhat lower than normal high water level of the sea, 
whilst the beach and in some cases the dune formation, will consist of 
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sand that may range in size from very fine sand of limited grading to 
coarse sand mixed with gravel of various sizes. 

In this century of enormous technical progress, means have been 
sought to improve the methods of protection of these coasts and at the 
same time to reduce the cost of construction by designing dams and 
dikes of sound technical quality from local aggregate materials. The 
modem method of construction which aims at high productivity and low 
cost consists of building a sand core covered with and protected by an 
asphalt construction which is generally laid in two courses. 

Since new methods of dike and dam construction can only be 
investigated and tested to a certain extent, even if experiments in a 
hydraulic laboratory can assist in determining the importance of 
various factors, many items of performance can only be judged and 
appreciated in actual practice. A high degree of responsibility is 
left to the engineer concerned in' the design and construction, and it 
is for this reason that progress in the application of asphalt 
revetments has taken place in consecutive stages for various types of 
dans and dikes. 

The first asphalt revetment was constructed on a harbour dam with 
a sand core, where damage to surrounding constructions and properties 
would be very limited in case of failure. The next step was taken when 
an asphalt revetment was built on a sand dam surrounding a largo 
building pit, where damage to installations would not be irreparable 
but risks were greater than in the first case. Finally the last stage 
consisted of building dams and dikes which were designed to protect 
populated and valuable areas against the sea. 

As it is impossible to describe all details of this asphalt 
development work in a paper of limited scope, the author has limited 
his description to those parts of the construction which are 
essential$ firstly, for the design, both from a hydraulic and an 
asphalt-technical point of view; secondly, for the actual execution 
of the asphalt work? and finally for a satisfactory performance as 
based on experience gained in various countries. 

DESIGN 

It is assumed that a formation of fine granular aggregate of 
suitable bearing capacity is available, perhaps covered by a layer 
of silt that can and should be removed to a thickness of some 50 cm. 
in order to obtain a sufficiently strong and impermeable layer 
underneath the dan. 

In order to retain the core of the dam consisting of fine sand 
in proper shape, two parallel retaining walls of clay or other 
suitable cohesive material are designed under water on either sido 
of the dam to a height just above normal high water level. Generally 
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these walls will be dumped each to a height of 2-3 m. and if a 
greater height is required the retaining walls are "built up in 
stages as shown on the drawing,  (Fig. l) 

The core of sand is built up either by dumping the sand under 
water by means of bottom-door hopper barges or by the hydraulic 
fill process, by which sand and water are pumped through a pipe at 
the end of which the sand is deposited by sedimentation and the water 
flows back into the sea. The sand core is finally brought into shape 
according to the design by means of drag lines, bulldozers and other 
conventional types of earth moving equipment, and compacted if 
necessary. 

The design of the facing of the core of the dam consists of 
various parts, each of which has to fulfil a specific function. The 
foot of the dam, from low water level downwards, has to be protected 
against the erosive forces of currents and waves, and should consist 
of a flexible material, which permits the lower edge of the protective 
layer to follow limited deformations caused by erosion at the foot of 
the construction. For this purpose brushwood mattresses or mattresses 
of reeds, loaded with stone, have proved to be effective and durable. 
Some experimental stretches have been carried out with reinforced 
asphalt constructions, which have proved successful if constructed in 
situ in a continuous layer? but prefabricated reinforced asphalt 
mattresses of limited dimensions have sometimes resulted in less 
satisfactory performance, in particular where the mattresses were not 
laid in sufficiently deep water so that the waves were able to play on 
the mattresses, thus causing vertical displacements which in turn 
transformed the sand beneath into quick sand of reduced stability. 

At low water level or in its proximity a sheet piling is generally 
built to a depth of some 2 n. in order to prevent or reduce the direct 
influx of water under the dam or dike. A timber sheet piling should 
remain under water practically permanently, but if concrete is used, 
the top of the sheet piling may be laid higher. This is generally of 
advantage for construction purposes and may also be preferable to 
obtain a stronger protection at this most vulnerable point of the dam. 

There are two types of essential problems attached to the design 
as described above. Related to the hydraulic design are two important 
questions, viz. (l) what seaward slope should be given to the dan and 
(2) what should be the height of the dam. There are also two 
questions related to the asphalt design, viz.  (l) how thick should 
the protective revetment be laid, and (2) what is the most suitable 
composition. 

HYDRAULIC DESIGN 

If anything has been learned during the centuries of dike building 
experience, it is thiss through some unexpected event that may occur 
any day, waves may overtop the dike and cause a breach unless it is 
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also properly protected over its crest and on the tack slope. Events, 
such as a storm flood level caused by strong winds, surpassing a 
previous highest registered storm flood level, or a storm of longer 
duration than ever experienced before, may be the cause of breaches, 
for a clay or turfed top soil may be soaked to such a degree, that it 
loses stability although it may resist the erosive action due to the 
flow of water. In such circumstances the protection will slide down 
the slope and the core will be gradually washed away until the dike, 
together with its protective revetment on the seaward side, collapses, 
thus causing the initial stage of a breach, followed by serious 
flooding, if no quick measures for repair are or can be taken. 

Another experience to remember is that in coast protection work 
it is not technically sound or economical to try to resist the forces 
of waves by building very heavy, rigid and steep structures. Such 
structures will inevitably also collapse if attached by water from the 
rear. Although it may be necessary to build a somewhat higher dike, 
it has proved to be more effective and more economical to build a 
reasonably flat seaward slope and protective revetment to meet the 
force of breaking waves and to guide the uprush of water along a 
streamlined profile rather than to resist outright the force of the 
waves. 

Engineers experienced in dike design and construction methods all 
seem to agree with the preference, if not the necessity, of protecting 
dikes of sufficient height with artificial revetments and of building 
streamlined structures. 

These are fundamental conditions which govern modern dike design 
in principle, but the dimensions have still to be determined to suit 
specific local conditions. A great deal of research and experimental 
work has been carried out in post war years in various hydraulic 
laboratories to investigate and determine the features and performance 
of various types of designs for dams and dikes. Formulas have been 
developed, among others, for assessing approximately the uprush of 
waves on a revetment laid on slopes of varying angles. Various types 
of materials have also been subjected to these tests under varying 
conditions of exposure (l, 2, 3). 

Notes  Numbers refer to literature at the end of the paper. 

A formula derived by the Hydraulic Laboratory at Delft from 
experiments carried out in a wind flume seems to give a practical 
approach for determining the vertical height of uprush of the 
significant wave for an open, close-set stone revetment for slopes 
not steeper than 1 vertical in 3.5 horizontal. 
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Z i 8H (COS i - f) tan.a 

in which Z = height of uprush of waves, measured vertically 
above storm flood level, admitting 2$ of 
over-topping waves. 

H = significant wave height or average amplitude 
of the highest third part of all recorded waves. 

i 

i = angle of incidence of the waves. 

B = width of berm 

L = wave length 

a = angle of the slope. 

Formerly the height of uprush of waves was defined as the vertical 
height above the highest registered storm flood level, but since 1953 
a calculated storm flood level has been introduced in Holland, which 
is based on a combination of extreme meteorological weather conditions. 
Such a calculation requires, however, a great number of data and a 
detailed knowledge of the prevailing conditions on the coast. 

A smooth, impervious surface increases the uprush by 15$. 

Slopes may vary from 1 8 3 "to Is 10 according to their exposure 
to winds and waves5 for an average 1 s 6 slope the uprush of a wave 
of 3 m. amplitude on an asphaltic concrete construction would be 
approximately 4.60 m,, measured vertically. 

Recently a new method of reducing the uprush of waves has 
been designed and investigated by the Delft Hydraulic Laboratory (4). 
It consists of applying a range of 4 to 5 asphaltic concrete ribs, 
built at 0.50 m. intervals, measured vertically, with the bottom rib 
equally constructed at 0.50 m. height above the maximum registered 
storm flood level, as shown on the drawing. The purpose of this range 
of ribs has been demonstrated experimentally in actual practice and has 
shown that the uprush of a thin layer of water which has lost the 
majority of its energy can be effectively reduced by 50$« 

The ribs are built to a section of 30 x 30 cm. in lengths of 4 m. 
with intermediate open spaces of 0.80 m. length to allow the water to 
recede more freely and form a layer of resistance to the following 
oncoming wave. 

Incidentally it should be borne in mind that on a seaward slope 
of any type of protective material the uprush of waves during storms 
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only takes place from storm flood level upwards along the slopej 
the strongest wave attack with the greatest impact and uplift is to 
be found between mean high water level and storm flood level, whilst 
the revetment is only subjected to moderate, but on the other hand 
perpetual, wave1, attack with erosive action below mean high water 
level. 

ASPHALT DESIGI 

The systematic use of asphalt for dams, and later for dikes, 
dates from the early post-'war' period, when it was suggested to build 
a harbour dam of a sand core protected by an asphalt facing as the 
most economical solution for the reconstruction of the entrance to 
the port of Harlingen in Holland,  (l). The economical construction 
was based on the fact, that use could be made of local fine sand that 
was available in abundance in the seas, whereas other construction 
materials would have had to be brought to the site from long distances. 
At that time considerable knowledge was available of the fundamental 
principles of the construction of asphalt roads, but little was known 
about the application of asphalt to dams, apart from the fact that 
asphalt constructions wore cohesive to the extent of being able to 
resist the forces of erosive action of small waves, that asphalt 
constructions could be made impervious if properly designed according 
to fairly strict specifications, and that asphalt layers were 
sufficiently flexible to be able to follow limited deformations such 
as could be expected on dams subjected to normal settlement after 
construction. However, there was only one type of sand available at 
Harlingen and little was known not only about the required strength of 
the revetment but also of the strength of the asphalt material on which 
the determination of the thickness of the revetment would depend. It 
was, therefore, decided to build a short trial length on the site of 
the dan and as its performance was good during the following winter, 
the whole dam was built in its entire length during the next year and 
protected with the tested type of revetment, consisting of a single 
layer of sand asphalt, 40 cm. thick, between mean low water level and 
maximum high water level on the seaward slope, and 25 cm. thick on 
the remaining seaward slope, the crest and the harbour side of the 
dam. After consolidation of the sand asphalt revetment the whole 
surface was immediately covered with a seal coat of pure bitumen and 
finally finished with a thin surface dressing, including a rolled 
layer of sea shells to obtain a light colour of the surface. The 
result was good and the performance of the dam during the following 
years was satisfactory, but it was considered that the qualities of 
the asphalt layer could be improved. Consequently, work was started 
in laboratories and in actual practice to investigate all possible 
means of improving the quality of the asphalt material and of 
obtaining a bettor understanding of all factors involved in this matter. 
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This systematic development was based on the extension of 
existing research vrork related to other types of hydraulic problems 
covering the construction of large dams, reservoirs, river bank 
protection etc., carried out in various laboratories and also on 
improved methods of actual asphalt construction, either by means of 
manual labour or with mechnical equipment. 

The scope of this paper does not permit a full description of 
the more scientific background of the asphalt techniques related to 
this problem, but a summarised description is given with reference 
to existing literature on the subject, which will show the student 
of this matter the way to a more fundamental study. 

As is generally known, bitumen is a solid at low temperatures 
but on heating it is gradually transformed into a fluid state, 
whilst on cooling the reverse process takes place? expressed in 
more scientific terms, bitumen can be considered as a visco-elastic 
material. 

In applied mechanics the characteristics of a purely elastic 
solid are defined by its modulus of elasticity, or Young's modulus, 
whioh indicates the linear relationship between stress and strain. 
But for a visco-elastic material this linear relationship is 
dependent on (a) the time of loading (for static loading conditions) 
or the frequency of loading (for dynamic loading conditions) and (b) 
the temperature. The influence of the temperature, or in other words 
the temperature susceptibility of a bitumen, is expressed by the 
"Penetration Index" or P.I. of the bitumen. By means of the 
inter-relationship between the loading, or frequency of loading, the 
ambient temperature and the P.I. of a bitumen, it has been possible 
to compose a nomograph from which the "stiffness modulus" of a bitumen 
(the equivalent value to the modulus of elasticity of a solid) can be 
determined under specific conditions of environment (5). 

For design purposes of an asphalt hydraulic construction the 
engineer is, however, more concerned with tho properties of a hot-mix 
asphalt construction consisting of mineral aggregates, filler and 
bitumen rather than with tho performance of a pure bitumen. The 
relationship between the stiffness modulus of a hot-mix asphalt 
composition and that of a pure bitumen has been found to depend mainly 
on the concentration by volume of mineral aggregates in the asphalt 
mix. The stiffness modulus of various asphalt mixes has been 
determined. 

It has also been possible to determine tensile, oompressive and 
bending strengths of asphalt mixes by means of laboratory tests and 
here again the properties of the mix, depend, of course, on 
duration of loading and temperature (6). 
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Finally it has been found "by fatigue tests that if the cycle 
of loading is repeated on asphalt mixes, the number of loadings to 
failure increases as the stresses decrease. The relationship 
between the number of repetitions of loading and the bending 
strength at fatigue rupture has been determined (6). 

For the calculation of the dimensions of an asphalt facing on 
a dam subjected to dynamic forces by 'waves, reference can be made 
to a graphical method of determining bending stresses and 
corresponding deflections in hot-mix asphalt constructions. This 
method was devised by Odemark and Hogg and is based on the 
assumption that an asphalt revetment is virtually a flexible 
construction laid on and completely supported by a homogeneous, 
flexible sub-soil and is loaded repeatedly by a given pressure on a 
circular area. (7). 

For the application of these graphs, it is therefore 
necessary to base the calculation on assumptions for the 
characteristics of the breaking waves. The properties of the 
asphalt layer, i.e. its modulus of stiffness and its designed 
thickness, as well as the modulas of elasticity of the sub-soil, 
should also be known. 

The forces exerted by waves depend on a combination of factors, 
some of which are difficult to assess but can be found in existing 
literature. It seems reasonable to assume, that the striking 
area of a wave covers a surface, the diameter of which equals the 
amplitude of tho wave, whereas the duration of its impact can be 
taken at lAj or l/lO of a second. Assuming further a temperature 
of about 5 C, tho modulus of stiffness of a hot-mix asphalt 
revetment will be of the order of 5 x 1C>4 kg./sq.cm. If the 
asphalt revetment is laid on newly compacted sand, its modulus of 
elasticity can be taken at 100 kg./sq.om. 

Comparison of the bending stress, calculated as described 
above, with the bending strength of the hot-mix asphalt layer under 
repeated loading conditions will give an indication of the safety 
margin adopted for the design. 

In connection with the stability of the core of fine sand 
supporting tho asphalt facing the deflection of the asphalt layer 
should be limited to 1 mn. in which case a moist sand core will 
still retain its stability. 

Although generally spoaking, there need not be any fear as 
regards the creep of a properly designed hot-mix asphalt revetment 
on a comparatively flat slope under moderate atmospheric 
temperatures, it may be desirable to consider the plastic 
properties of tho asphalt mix under somewhat"more severe conditions 
that may, for instance, prevail in sub-tropical or tropical 
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countries. Under such conditions the methods of determining 
the characteristics of the asphalt nix can be compared with those 
applied in modern soil mechanics techniques for determining the 
properties of a soil in which, however, the soil/water system is 
replaced by an aggregate/bitumen system (6). By means of the 
triaxial test figures oan be determined fors 

ft 
The angle of internal friction, 
The initial resistance, consisting partly of the true 
interlocking resistance of the aggregate particles 
and partly of the bituminous initial resistance, 

and (c) The viscosity of the mass. 

These properties of bituminous mixes are again partly 
dependent on their temperature. For given conditions of an asphalt 
facing on a slope of a dam it will be possible to determine the 
degree of stability if the internal friction and the initial 
resistance are known, besides of course, the thickness and the 
specific gravity of the asphalt revetment. In order to obtain 
equilibrium of the asphalt facing on a slope it is"necessary that 
the difference between the shear stress due to the weight of the 
asphalt facing and the shear resistance due to its internal 
friction is at least balanced by the initial resistance of the 
asphalt material. 

As an interesting example of the calculation of bending 
stresses in asphalt revetments on various constructions in Holland 
the following table indicates some essential figures required for 
this calculation. The table also shows the comparison between the 
calculated bending stresses in the asphalt facings and the actual 
bending strengths of the various types of asphalt compounds, as 
determined by fatigue tests (7). See Table 1. 

The bending strengths were based on a storm lasting 36 hours 
during which the impact of waves was repeated about 1,1 x 104 times. 
It will be seen that there is good correlation between the calcu- 
lations and the results in actual practice, since, after the storm, 
constructions I, II and III were undamaged, construction IV was of 
an underdosigned vory lean sand asphalt and was heavily damaged, 
whilst construction V showed cracks as the critical value of the 
bending stress for a sand mastic was reached. 

Froa various data on the determination of bending stresses 
it would seem that the following maximum bending strengths of the 
various asphalt materials can be adapted? 

Asphaltic concrete    30 kg./sq.cm. 
Lean sand asphalt     15 " "  " 
Very lean sand aopLa.lt 7.5 " "•  " 
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. .  In another case the deflections of asphalt revetments have 
been calculated according to the above mentioned methods and the 
following results were founds 

Thickness of 
construction 

A 
cm 

a  >P/ 2 cm kg/cm 
h/a S 2 

kg/cm 
E 2 

kg/cm 
Deflection 

mm 

North side 25 cm 
35 en 

South side 25 cm 
35 on 

75 
ii 

50 

37.5 0.25 
II    ti 

25 0.15 
II   II 

0.57 
0.94 

1.0 
1.4 

70,000 
80,000 

70,000 
80,000 

100 
it 

it 

it 

0.267 
0.169 

0.070 
O.048 

In certain instances there may be a possibility of hydrostatic 
pressure developing underneath the asphalt facing where the height of 
saturation of the sand core of the dan by water due to prolonged 
high sea water levels, is not limited sufficiently by means of 
drainage. The equilibrium of the asphalt revetment is a simple 
matter of constructional design and is only referred to as an 
essential matter of design that can be solved either by providing 
adequate drainage or by providing sufficient weight and thickness 
to the covering asphalt layer. 

If a dam or a dike is completely capped by an impervious asphalt 
construction, air pressure may develop in the core of the structure 
owing to a slight rise of the water level in the core. Since the 
asphalt cover is a plastic layer, it will be deformed by this pressure 
unless air vents are applied at intervals of 25 n. in the form of 
short steel pipes filled with precoated chippings. 

ASPHALT CONSTRUCTION (l) 

In asphalt dam construction work it has always been found 
essential to construot a top course as a dense impervious asphaltic 
concrete layer, whilst in recent years it has also been the aim of 
the designers to specify a dense base course instead of the more 
open graded sand asphalt mix which was originally laid. The 
improvement in technical quality is important as compared with the 
slight increase in cost of the total construction. In order to 
obtain the required density and impermeability of the two courses 
it is neoessary to specify a figure for the density or else to 
specify limits for the void content in the compacted mixes. The 
present figures for void contents are 2-4$ for the top course 
and a maximum of 10$ for the base course. 
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Apart fron the degree of compaction, the possibility of 
achieving tho required density depends naturally on the composition 
of the mix, determined by the grading of the aggregate material and 
filler, whilst the amount of bitumen is determined by the quantity 
required to fill the voids in the compacted dry mix of aggregates 
and filler. An average type of composition for the two asphalt 
courses consists at present ofs 

Top Courses    42$ crushed stone, 3-12 mm. 
(Asphaltic concrete) 43$ graded sand finer than 2 mm. 

7$ limestone filler 
8$ bitumen 80/100 

Base Courses    43$ gravel, 5-20 mm. 
Gravel sand asphalt) 43$ graded sand finer than 2 mm. 

7$ limestone filler 
7$ bitumen 

For asphalt mattresses or asphalt grouting work the sand 
mastic consists of approximately 75$ sand, 10$ limestone filler and 
15$ bitumen 80/IOO, 

The reinforcement of asphalt mattresses can consist either 
of sisal nets of 10 cm. mesh and 6 mm. cord diameter or of flexible 
steel fabric of 10 cm. mesh and 2 mm. wire diameter. 

An experimental average composition for asphalt ribs to 
reduoe the uprush of waves consisted ofs 

43.8^ crushed stone, 5-12 mm. 
41.7$ graded send 
8.1$ limestone filler 
6.4$ bitumen 80/100 

The asphalt ribs are applied without difficulty with a 
conventional typo of curb-paver as used for roadworks it is 
essential to apply a tack coat of a hard grade of bitumen on the 
sloping asphalt facing of the dam. 

As for hydraulic works of various nature, such as large dams, 
reservoirs, canal linings, etc., the heating and mixing process of 
mineral aggregates, filler and bitumen is carried out in 
conventional types of mixing plants whilst the nix is generally 
transported to the site of laying by means of lorries as is current 
practice in roadwork. Contrary to normal practice in the 
construction of large dams of 40 m. height and more, as well as for 
the construction of reservoirs and head races leading to 
hydro-electric plants, where laying of the asphalt linings is 
generally carried out by means of mechanical equipment, such as 
road finishers or specially constructed spreader-boxes, it is the 
usual practice to lay asphalt facings on dams and dikes for coast 
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protection by manual labour. The reasons for this fact are 
twofolds firstly, the surface on which the base oourse of the 
asphalt facing is laid generally consists of sand that is, even 
after compaction, not sufficiently stable to support the weight 
of modern laying equipment and, secondly, the thickness to which 
the base course is laid varies from at least 20 cm. to 60 cm. or 
more at the foot of certain dams so the advantage of mechanical 
laying is reduced since not much hand labour is required to 
spread the material. The top course of dense, impervious 
asphaltic concrete is laid on a good, stable support to an 
average thickness of 10 cm. maximum and here, of course, there 
should be every reason for laying and rolling the surface with 
modem road surfacing equipment adapted to work on fairly flat 
slopes. So far little use has, however, been made of mechanical 
equipment and the quality of the work would certainly be 
improved, if hand labour were roplaced by machinery. 

Compaction of a thick base course is generally achieved by 
hand tamping on a thick plank, where no other means of compaction 
could be more effective in reducing the percentage of voids in the 
finished asphalt layer. If the base course consists of better 
graded aggregates, good reason exists to apply a more effective 
method of compaction either by means of light vibrating single- 
wheel steel rollers, light motor rollers or by vibrating tampers. 
In the latter case compaction should continue till no more tracks 
are seen on the asphalt surface. 

It is necessary to obtain a good bond between the two asphalt 
courses and this can best be achieved by applying a tack coat of 
about 0.75 kg./sq.m. of a hard grade of bitumen while the asphalt 
base courae is still warm. Before laying the top course the 
asphalt surface should be thoroughly oleaned in order to obtain 
good adhesion. 

It is generally specified, that the joints between the 
asphalt areas finished at the end of a day and new work should 
be laid staggered in the two asphalt courses. Moreover, it is 
also normally specified that the joints should be painted with 
bitumen before the adjacent asphalt area is laid. 

A seal coat of approximately 2 kg./sq.m. of a soft grade of 
bitumen should bo applied while the asphaltic concrete top course 
is still warm and in any caso before it'has been covered by water. 
Because axgae do not adhere to pure bitumen; only the asphalt 
surface a'bove normal high water level is covered with a very thin 
layer of heated gravel, sand or soa shells and compacted. 
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EXPERIENCE AND RECOMMENDATIONS 

During .the post-war years ouch experience has been gained 
on the construction of asphalt works for hydraulic purposes of 
various types and in many countries, and in connection with the 
application of asphalt facings to dans and dikes, it would seem 
of value to review the various essential items of construction 
and to summarise recommendations for future work. 

(1) CORE OF THE DAM 

There are certain advantages and disadvantages in building 
parallel retaining walls of clay, both from a constructional 
point of view as well as in relation to their function in the 
permanent structure. It hardly need be emphasised that the clay 
used for this purpose must retain its stability under water and 
be easy to apply; rich clay is therefore unsuitable, the more so 
because it has a tendency to crack when drying out. It is, 
therefore, prudent to specify that the clay should be of suitable 
quality containing not less than 30$ fine sand. 

The clay should also be able to resist temporary erosion by 
waves and currents until it is protected by the facing of the dam. 
It should be sufficiently cohesive to protect the sides of the 
sand core to a certain extent during the storms and on the other 
hand it should not be too rich as this will cause undue 
differences in the degree of settlement between the retaining 
walls and the sand of the core. 

The surface of the clay retaining walls has generally to be 
partly covered by the asphalt facing and its rough surface will 
tend to increase the quantity of asphalt matorial necessary for 
the base course. Attention should be drawn to the fact that, 
especially if the hydraulic fill process is applied for the 
construction of the dan, drainage of water contained in the sand 
core is prevented by the clay retaining walls. For these reasons, 
and also because the required quantities of clay may not always 
be available, it is interesting to note that a sand asphalt 
containing not more than 3$ bitumen can be used for this purpose. 
This lean sand asphalt mix can be dumped under water by means of 
bottom-door hopper barges, and it has been proved that it can 
resist a certain degreo of water turbulence and current velocities 
up to at least 3 m. per second. In the last few years the use of 
colliery shale instead of clay has given satisfaction for the 
construction of these retaining walls. 
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(2) CONSTRUCTION OP THE FOOT 

(a) If the foot of tho dan below normal low water level 
is protected by a permeable type of construction, such as 
fascine mattresses, it is essential to apply a sheet piling to 
resist percolation of water through the sand formation. In 
certain circumstances it nay be of advantage to lay a continuous 
drain or weep holes behind the sheet piling and in order to 
reduce the pressure against this sheet piling, it is desirable to 
provide a berm of 1 n. width between the sheet piling and the 
foot of the sloping facing. 

(b) If, on the other hand, the foot of the dam below normal 
low water level is protected by an impervious and flexible 
reinforced sand mastic layer, it is good practice to lay the 
asphalt mattress against the sheet piling and to cover both with 
asphalt grouted rubble against which the sloping asphalt facing 
is laid. 

(3) AIRVMTS 

Airvents at intervals of 25 m. should be constructed in the 
crest of an asphalt capped dan or dike in the form of short steel 
pipes filled with precoated chippings if air pressure can be 
expectod to develop underneath the asphalt cap. 

(4) ASPHALT RIBS 

Care should be taken that the composition of the asphalt ribs 
is based primarily on stability design and that a tack coat of a 
hard grade of bitumen is applied to obtain good adhesion of the 
ribs to the sloping asphalt facing of the dan. 

(5) ASPHALT JOINTS 

(a) It is desirable not to lay any horizontal asphalt joints 
under normal high water level or even better under the highest high 
water level. 

(b) Asphalt joints in the two courses should be laid 
staggered. 

(o) The cold surfaces of asphalt joints should be cut 
obliquely and coated with a thin layer of sand mastic before 
finishing the day's workf these surfaces should be thoroughly 
cleaned before the adjacent asphalt areas are laid. 

(d) Under those conditions there is no need to increase the 
thickness of the asphalt facing at the joints as this only 
complicates the construction without increasing the strength or 
impermeability. 
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(6)    TACK COAT 

It is essential to apply a tack coat of 0,75 kg./sq.m. of 
a hard grade of "bitumen on the "base course while it is still 
warms *ne asphalt surface should be thoroughly cleaned before 
applying the top course. 

(7) SEAL COAT 

Before the asphalt surface has cooled off and at any rate 
before it has heen covered by water, the whole surface of the 
asphaltic concrete top course should be sealed by applying 
2 kg./sq.m. of a soft grade of bitumen. In order to prevent the 
growth and adhesion of talgae, which tend to cause cracks and 
curling up of this seal'coat, the latter is not covered below 
normal high water mark. Above this level the seal coat is covered 
either with heated chippings, gravel sand or sea shells 
compacted by rolling, in order to render a light coloured surface. 
It should be mentioned that in several instances of construction 
of asphalt facings on large dams and reservoirs, it has been 
observed that a treatment of the asphalt surface with a cement 
wash, containing equal parts by weight of cement and water, at a 
rate of 2 kg./sq.m. was effective in preventing cracks in a 
bituminous seal coat caused by expansion and jjontraotion ldue to 
repeated wetting and drying of clay, silt or algae ,, which tend to 
cover the asphalt surface. 

(8) COMPACTION 

The method of compaction of the asphalt courses need not be 
specified, but it is essential that the courses possess the 
required density and impermeability; this can be achieved by 
specifying a void content for the asphaltic concrete top course 
of 2-4$ and for the dense base course of a maximum of 10$ by 
volume. 

(9) CONTROL OF WORK 

The quality of the asphalt construction should be controlled 
on the site in order to be able to adjust specifications or 
items of construction within a short period. Regular sieve 
analyses should be made of new supplies of mineral aggregates and 
filler, and the softening point and penetration of bitumen should 
be determined. Means should be available of determining the 
composition of the asphalt mixes, whilst the percentage of bitumen 
should be adjusted to fill the voids in the compacted dry mix of 
aggregate. 

Regular control of the finished asphalt courses should also 
be arranged either by determining their density and impermeability 
in situ or else by taking samples and determining their density 
and impermeability in the field laboratory. 
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CHAPTER 48 

THE DEVELOPMENT OF COAST PROFILES ON 
A RECEDING COAST PROTECTED BY GROYNES 

Torben Soreason 
Research Engineer, Coastal Engineering Laboratory 
Technical University of Denmark, Copenhagen, Denmark 

This paper presents an analysis ef the longshore sand transport 
hy waves and current on natural coasts outside the breaker zone, A 
tentative expression for the transport capacity is established and 
applied to the prohlem of the effect of groynes on the development 
of the coast profiles.  It is shewn that the results are consistent 
with the observed development of the Danish North Sea Coast at Thy- 
borsn, which has been protected by groynes and closely observed 
through the last 60 years. 

INTRODUCTION 

When a continuously receding sandy coast is protected by groynes 
the immediate result is a considerable reduction of the rate of 
recession of the coastline chiefly due to a reduction in the beach 
drift.  This fact is generally accepted and has been confirmed 
empirically under prototype conditions. 

However some disagreement still seems to exist regarding the 
long term effect of groynes under the conditions mentioned above. 
Clearly, the groynes do not directly affect the sand transport at 
some distance seaward of the groynes and therefore erosion seaward 
of the groynes will continne to occur after the construction of the 
groynes.  Since the coastline and the depth contours must eventually 
attain the same rate ef movement some coastal engineers have drawn 
the conclusion that the effect of groynes on a receding coast will be 
of a temporary character only. 

This reasoning is obviously rather superficial. A better under- 
standing of the manner in which the coast profile develops after the 
construction of groynes may be obtained by considering the fundamental 
physical factors involved in the sand transport outside the breaker 
zone (the offshore bar). 

FUNDAMENTAL CONSIDERATIONS 

The water movement - The water movement close to the bed out- 
side the breaker zone consists of an oscillatory motion in the 
direction of propagation of the waves and a longshore current.  The 
current component in the direction perpendicular to the shore is of 
second order only and may be disregarded in this connection. 

The longshore current may be due to a slope of the water 
surface along the coast caused by astronomical and/or storm tides, 
or it may be due t© a longshore component of the wind shear stress 
on the water surface.  The waves do not contribute essentially to 
the longshore current on a straight coast outside the breaker zone. 
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Under storm conditions tie longshore gradient caused by the 
vind shear stress nd.ll often he much more important than the tidal 
gradient at depths well above the breaker depth - except, of course, 
vhen the vind is bloving approximately at a right angle to the shore- 
line* This is simply due to the fact that the vind gradient increases 
inversely proportional to the depth, vhereas the tidal gradient 
remains constant over the entire coast profile. This is the reason 
for vhich the direction of the current under storm conditions is 
often determined by the direction of the vind at considerable 
distances from the coAst irrespective of the tidal currents at lar- 
ger depths. 

The bed shear stresses. The problem of the shear stresses in 
the combined motion of vaves and current is very complicated and 
still remains largely unsolved, qualitatively as veil as quantita- 
tively. It is knovn, hovever, that the boundary layer in the wave 
motion is quite thin, and therefore the maximum bed shear stress 
T JSAUsed by the wave motion may be expressed by 

• 2 Tw=Xw4-pU
z (D 

in vhich U is the maximum orbital velocity at the bed as calculated 
by the irrotational theory. Little is knovn about tbe magnitude of 
the factor A , but the available evidence indicates that it has a 
yalue of about 0,02. 

The approximate value of 0,02 for "\     implies that the shear 
stress exerted by a vave motion with the instantaneous bottom 
velocity U is several times greater than the shear stress exerted 
by a steady current vith the mean velocity U. 

The shear stress component aue TO the longshore current may 
be inferred directly from the tidal and vind gradients along the 
•coast. At moderate depths this shear stress vill usually be 
considerably smaller than the maximum vave shear stress under storm 
conditions. 

The problem of a combination of vaves and current has been 
analysed by professor H. Lnndgren, chief of the Coastal Engineering 
Laboratory, Copenhagen, who found that the resulting maximum shear 
stresses may be found by superposition of the maximum vave shear 
streas and the constant longshore current shear stress.  Qualitati- 
vely this superposition may be represented by fig. 1. The resulting 
maximum shear stress vill only be slightly different from the 
maximum vave shear stress. 

The direction of the maximum shear stress indicates the 
direction of the maximum particle velocity near the bed. This im- 
plies that for constant Tv the velocity V of the longshore current 
is approximately proportional to the first pover of the longshore 
current shear stress T . 
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The sand transport function. Very little definite knowledge 
exists concerning the transport capacity of a combined vare and 
current motion.  Therefore, the only way in vhich it is possible at 
present to establish a reasonably sound hypothetical relationship is 
to utilize the existing knowledge of sand transport in uniform open 
channel flow. 

Using the terminology of E.A.Bagnold (1957) we will define the 
bed load grains as that part of the moving grains whose submerged 
weight is transferred to the bed as a grain stress in the dispersion 
near the bed.  The suspended load grains are the grains whose 
settling throuffh the water is balanced by the turbulent diffusion. 

In the case of uniform grains with the diameter D and the 
specific gravity a Bagnold found that, when the bed shear stress T0 
is large in terms of the stress unit (s - l) ;jD, the bed load 
transport and the suspended load transport are both proportional to 
T*/ . Since T-V^ represents the velocity of the fluid this result 
may be interpreted in the way that the load (the submerged weight jof 
the moving grains per unit area of the bed) is proportional to T0 
and that it moves with a velocity proportional to the mean fluid 
velocity. As far as the bed load is concerned this interpretation 
appears to be physically correct. With regard to the suspended load 
the question of the physical validity of this interpretation is im- 
possible to answer as long as the nature of the transition between 
the bed load and the suspended load (the boundary condition of the 
suspended load) is unknown. 

There can be little doubt that with regard to the bed load Bagnold's 
results are directly applicable to *ne case of combinations of waves 
and current. The role of the dispersed grains near the bed is simply 
to provide a means of transferring the shear stress T0 to stationary 
grains of the bed, and there seems to be no reason why this mechanism 
should be essentially different because of the comparatively slow 
variations in magnitude and direction of T. in the presence of waves. 

As stated above under storm conditions the maximum wave shear 
stress Tw at moderate depths will usually be considerably larger 
than the longshore current shear stress T . Consequently the major 
part of the bed load transport will occur when the bottom velocity 
in the wave motion passes its maximum.  In accordance with Bagnold1s 
results it may be assumed that the amount of bed load grains 
(measured by their submerged weight per unit area of the bed) may 
be represented by tw and that the mean longshore velocity of the 
bed load grains is proportional to the velocity V of the longshore 
current. By (l) the following expression for the bed load transport 
Qj, per unit width outside the breaker zone is obtained 

Qb ~ U2V (2) 

The problem of suspended load transport in combinations of 
waves and current is considerably more complicated. Since the thick- 
ness of the boundary layer in a wave motion without a superposed 
current is only a small fraction of the water depth, the diffusion 
coefficient .becomes very small at a short distance above the bed. 
Consequently ^the waves alone are unable to support any significant 
suspended load. 
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The presence of the longshore current, however, implies that 
turbulent diffusion takes place over the entire depth and therefore 
suspended load can he maintained at any height orer the bed. 

According to the differential equation for the concentration of 
suspended grains the turbulence is able to carry any amount of suspend* 
load as long as the turbulence is not conceivably attenuated by the 
presence of suspended material. 

In the case of a combination of waves and current the bed load 
and the turbulence near the bed is mainly determined by the wave 
motion. Consequently, the concentration of suspended grains near 
the bed and therefore the magnitude of the concentration at any level 
is determined essentially by the ware motion. Applying the above 
mentioned interpretation of Bagnold's results we arrive at the 
conclusion that the total load of suspended grains should be approxi- 
mately proportional to the wave shear stress T . It must, however, 
be expected that the ratio of current shear stress to wave shear 
stress X.Av k*81 aome influence on the magnitude of the suspended 
load, but within the limits of interest in the present paper the 
influence of this ratio should be slight. 

Since the mean longshore velocity of the suspended grains must 
be proportional to the longshore current velocity Y, we obtain for the 
total transport rate Q, of bed load and suspended load per unit width 
of the coast profile 

Qt*~U2V (3) 

in which the factor of proportionality depends on the grain size D and 
the ratio Tc/Tw. 

This relationship is a, simple mathematical expression of the wel 
known fact that the waves put the sand into motion but the current 
determines the velocity and the direction of the transport. 

The above expression (3) might, of course, have been given a 
dimensionless form by means of parameters similar to the ones used by 
Bagnold (1957). However, for the purposes of the present paper it 
is simpler to use the dimensional form (3). 

TEE INFLUENCE OF GBOYMES ON TEE COAST PROFILES 

The significance of the longshore transport. Host of the previo 
work on coast profiles, whether in the laboratory or in the field, has 
been concerned mainly with the role of the transverse transport (onsho 
and offshore) in the shaping of the profiles. This transverse transpo 
has been shown to depend on the steepness of the attacking waves throu, 
which it has been possible to explain the seasonal fluctuations of the 
profile shape, and it has even been possible to correlate profile 
fluctuations over periods of several years with variations in the 
frequency of strong onshore winds, Bruun (1954). 
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THE DEVELOPMENT OF COAST PROFILES ON 
A RECEDING COAST PROTECTED BY GROYNES 

When groynes are built on a long, continuously receding sanely 
coast the recession of the coastline is immediately reduced and the 
coast profiles become steeper. Since the primary cause of the 
recession of the coast almost invariably is an increasing longshore 
transport capacity along the coast, it must quite obviously be 
expected that the long term development of the coast profiles -will 
depend mainly on the manner in which the increasing steepness in- 
fluences the longshore transport. 

If it is assumed that no change in the meteorological conditions 
takes place the only change in the wave conditions outside the breaker 
zone due to an increase in the steepness of the coast profiles will 
bo that the damping of the waves by bed friction during the travel 
from deep water to the breaker zone is reduced. Consequently, the 
average wave height just outside the breaker zone will be somewhat 
higher in the steeper profile so that the longshore transport capacity 
will be increased. 

On the other hand the waves do not contribute materially to the 
longshore current which is caused almost exclusively by the longshore 
tidal and wind gradients. If the conditions at a certain depth 
before and after the increase in steepness are compared, the long- 
shore gradients will be- identical in the two cases. By fig.1 it may 
be seen that the longshore current velocity Y oaused by a certain 
longshore gradient Tc depends on the wave shear stress T In the 
following manner> 

Thus, if the wave height is increased the longshore current velocity 
decreases. 

The resulting relative increase in the longshore transport 
capacity by (3) becomes identical with the relative increase in TJ, 
which is the same as the relative increase in the wave height H. 

Since the width of that part of the coast profile in which the 
steepness increases is usually rather small (a few kilometres) the 
increase in the average wave height and transport capacity corresponding 
to a substantial increase in the slope of the bed will normally be in 
the order of a few per cents only. 

If we consider two coast profiles a unit length apart the annual 
depth increase at a certain depth d due to the difference AQ^ in 
transport capacity per unit width per year between the two profiles 
will equal AQ^. When the steepness increases, AQ^ must obviously 
increase in the same rate as Qt, that is, much more slowly than the 
steepness. 

The rate of movement of the d m depth contour will be equal to 
AQt/tajw*. where tanoc is the slope of the bed at the depth d meters. 
It is evident from the above that this expression decreases with 
increasing steepness. 
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Thus, we are led to the conclusion that the effect of the groynes 
on the profile outside the breaker zone will be that the rate of 
movement of the depth contours will decrease, until it eventually 
becomes equal to the annual recession of the coastline. 

The increasing steepness of the coast profile must, of course, 
be expected to influence the magnitude of the annual recession of the 
coastline. First, the average wave height vill be greater in the 
steeper profile. Since the beach drift is probably proportional to 
about the 3rd power of the wave height an increase in the wave height 
of a few per cents may increase the coastline recession with 10-20J&. 

Second, the equilibrium between onshore and offshore sand movement, 
which might have existed before the construction of the groynes, will 
probably be disturbed by the increased steepness. There seems to be 
no way in which the importance of this factor can be evaluated 
theoretically. However, empirical evidence seems to indicate that 
the transverse transport is on the whole of very little importance 
with regard to the coastal erosion, and therefore this factor may 
generally be expected to he rather unimportant. 

In conclusion it may be said that the effect of construction of 
groynes on a continuously receding sandy coast will be a permanent 
reduction of the rate of movement of the coastline. When the steeper 
equilibrium profiles of the protected coast have been reached, the 
annual recession of the coastline will probably be a little greater 
than shortly after the installment of the groynes, but still con- 
siderably- less than that of the unprotected coast, depending on the 
efficiency of the groynes. 

It is interesting to note that since the width of the coast 
profile decreases much more that the transport capacity increases 
when the steepness is increased, the total longshore transport will 
be less in the steeper profile.  Thus, the groynes will reduce the 
longshore movement of sand over the entire coast profile, not only 
on the beach. 

These results are confirmed conclusively by the development of 
the groyne protected North Sea coast of the Thyboren Barriers in 
Denmark, which will be described briefly below. 

COAST DEVELOPMENT ON THE THYBQR0N BABBIEBS 

A detailed account of the coast development on the Thyboron 
Barriers has been given by Bruun (1954). 

The Thyboron Barriers are located on the northern part of the 
Danish North Sea coast. A map showing the present shape of the 
coastline is given in fig. 2. 

The Thyboron Channel, which separates the North and South 
Barriers, connects the Limfjord, which has water surface of some 
1200 km , with the North Sea.  This channel was formed in 1862 
during a severe gale.  Since the tidal range at Thyboran is very 
small - about 25 cm - the cross section of the channel is determined 

842 
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by the flow under storm tide conditions. With strong westerly gales 
storm tides of more than 2 meters above MSL may occur accompanied by 
discharges of up to about 13.000 m'/s in the channel. 

The direction of the littoral drift on about 10 km of coastline 
on each side of the channel is towards the channel. Since the current 
in the channel during strong onshore winds is invariably ingoing, all 
the sand - about 800.000 m-> per year - eroded on these 20 km of coast 
is carried through the channel to the shoals in the Limfjord. 

The formation of the channel caused a strong erosion of the 
coast of the barries, which led to the construction of a system of 
heavy concrete groynes on these coasts around 1900.  Since then the 
Board of Maritime Works has kept the development under close control 
by frequent soundings and measurements of the location of the coast- 
line. 

Fig.s 3 and 4 show some results of these observations for a 
typical stretch of the North and the South Barrier, respectively, at 
some distance from the channel.  Similarly, fig. 5 represents the 
coast development off Thyboron town on the northern end of the South 
Barrier.  The location of these stretches is shown on fig. 2„  The 
curves on fig.s 3, 4 and 5 represent the averages of the results of 
all measurements on the considered stretches.  The results of a 
survey made in 1874 have been included to show the effects of the 
groynes on the coastline recession. 

The dashed line in these figures is a plot of the location of 
the coastline as measured from the coastline in 1874. This shows that 
while the unprotected coast receded at a rate of about 10 meters per 
year, the rate of recession after the construction of groynes has 
been only about 2 meters per year. Although the measurements of the 
location of the coastline - which are very numerous - have been 
smoothed considerably before plotting, the movement of the coastline 
is still somewhat irregular.  It is not possible in the later years 
to detect any tendency towards a general acceleration of the coast 
recession that may be distinguished from the irregular variations 
that have previously occured. 

The full line are plots of the distances from the coastline at 
the time of the sounding to the 6, 8 and 10 meter depth contours. 
Thus, the vertical distances between these lines directly represent 
the reciprocal value of the slope of the bed. 

The slope of the bed at the 8 m depth contour has now increased 
to about twice the original value or more since the construction of 
the groynes about 1900.  This has been accompanied by a very marked 
stabilization of the distance to the 6 m depth contour, and the 
figures also show a more or less clear tendency towards a general 
reduction in the rate of movement of the 8 m contour relative to 
the coastline.  On the whole, there seems to be no doubt that the 
profiles are now approaching their equilibrium shape up to depths 
of 9 to 10 meters. 
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A calculation of the vave attenuation by bed friction according 
to (1) for a 3 meter high vave vith a period of 8 seconds and an angle 
of incidence of 45° has been made to illustrate the influence of the 
profile development on the vave heights. The result vaa, that vhile 
this vave, vhich is quite representative of a medium strong gale at 
Thyboran, vould in 1900 lose 11J& of its height travelling from a 
depth of 20 meters to the 6 meter contour, it vould betveen the same 
depth contours in 1950 lose only 6j£. 

According to the previous analysis a change in the vave height 
of this magnitude should involve an increase in the average annual 
erosion of 5$*    Since the slope of the bed has been doubled in the 
same period, the (absolute) rate of movement of the 6 meter contour 

600 

1880 1900 1920 1940 1960 

Fig. 3.   Coast development on the North Barrier between 
L 12.   Full lines show variation of distances from the 
coastline to various depth contours.   Dashed line is a plot 
of the distance from the coastline to the original coastline 
in 1874. 
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should be expected to have been reduced by a little less than half 
of its original value. Because of the fact that the coastline also 
recedes,the reduction in the annual recession of the 6 m contour 
relative to the coastline should be considerably larger, vhich has, 
in fact, also been the case. 

It is remarkable that the increase in steepness of the coast 
profiles has not caused any conceivable acceleration of the movement 
of the coastline.  This may possibly be due to the fact that, as the 
coast recedes, the groynes are becoming longer, although the outer 
ends of the groynes are now submerged. 

MODEL TESTS 

The problem of the coast development on the Thybor0n Barriers 
has been investigated in a scale model at the Waterloopkundig Labora- 
torium De Voorst, Holland, for the Danish Board of Maritime Works. 
The results of this investigation has been that the coast recession 
vould in the future be reduced to a lower value than the present one. 
In all probability, hovever, this result must be attributed to the 
fact that in the model the outer ends of the groynes were maintained 
in their original position, so that the coast protection in the model 
was more effective than in the prototype. 

The main point is that the model gives no indication of any 
significant future increase in the coast recession, in which it agrees 
completely with the results of the analysis in this paper. 

CONCLUSION 

The construction of groynes on a continuously receding sandy 
coast will cause a permanent reduction of the rate of recession of 
the coastline. The groynes reduce the longshore sand transport not 
only on the beach, but also, indirectly, over the entire coast 
profiles.  The shape of the equilibrium profile of the protected 
coast is determined almost exclusively by the longshore transport 
and the efficiency of the groynes. 
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CHAPTER 49 

BEACH-REHABILITATION BY USE OF BEACH FILLS AND FURTHER PLANS 
FOR THE PROTECTION OF THE ISLAND OF NORDERNEY 

Johann Kramer 
Regierungsbaurat 

Forschungsstelle Norderney 
Norderney, Germany 

INTRODUCTION 

The Island of Norderney is one of the East-frisian Islands, 
situated at the southern coast of the North Sea (Figure 1). 
It arose out of the sea, which -will say that it is not the 
remainder of an old mainland. In the beginning there was a 
shoal, moulded by tide currents and wave action where later 
on various plants enabled the growth of sand dunes. The East- 
frisian Islands are supposed to exist since more than 1000 
years already. But the written history dates back as far as 
to the 1 ^th century only. From charts and other historical 
documents we know in which way these islands changed during 
the centuries. Some islands vanished whilst others only 
changed their positions. 

At the beginning of the 19th century, when Norderney became 
a seaside resort, the village was still protected by a wall 
of sand dunes against the assault of the open sea. In the 
course of time, however, the western part of the island got 
lost by erosion and the sand dunes were destroyed (Figure 3)• 
When in the middle of the nineteenth century the seaside 
resort, which had grown larger and larger in the meantime, 
threatened to be attacked by the sea, people began to protect 
their island. In the year 1856 they had built a seawall to 
the length of 900 metres. As at its ends the dunes were still 
destroyed, this revetment had to be extended. Moreover groynes 
had to be built to prevent the development of narrow channels in 
front of the seawall, which might have caused its destruction. 
Thus in the course of nearly 100 years the revetments as shown 
in figure 2 were founded. 

There are now nearly 6 km of seawalls of different types. In 
former times the walls were built much steeper than now-a-days. 
The groynes changed their shapes as well. The building material 
altered according to the respective level of technology. 
Material applied was wood, stone, concrete as well as steel 
and asphalt. 

During the years 19^0 to 19^8 the revetments could not be 
maintained. The beach had lost much of its height. Therefore 
the seawalls and the groynes were to a high degree exposed to 
the violent attack of the waves. In order to avoid further 
destruction something had to be done. The protection works 
represented at this time investments of a value of about 
kO million DM. After various inquiries had been started, a 
filling of the beach seemed to be the most profitable way. 
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Fig. 2  Development of the revetments on Norderney. 
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Fig. 5 .   Fill 1851/52.   Location map of the source of material, of the pump- 
ing plant with the pipeline, and of the areas 1 to 10 of equal development. 

Fig. 6 .   The beach after the 1951 fill at the western part of 
Norderney. 
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THE FILLING OF THE BEACH 1951/52 

QUANTITY OF SAND NECESSARY AND TECHNICAL WAY OF TRANSPORTING IT 

The beach fill of Norderney entirely differs from the tradi- 
tional way of protecting islands by seawalls and groynes. 
The idea of filling the beach was rather extraordinary - even 
to a great number of experts. The success was expected to be 
limited, because the natural powers remained dominant. Their 
destroying effects could only be lessened but never eliminated 
or overcome. The filling of beaches was something entirely 
new at the German coast. 

In order to evaluate the quantity of sand necessary for filling 
the beach, the surveys of the beach from 1897 to 1950 were 
considered. Those were the years when long groynes had begun 
to stabilize the foot of the island (Figure k). 1.077.000 m3 of 
sand had been carried off during the years 1930 to 1950 above 
5 m below mean level. After the filling the estimated yearly 
loss of sand would run up to about 90.000 m3. It was necessary 
to restore the beach to the height of 1900. About 1.240.000 m3 
sand were needed for this purpose. Nearly 1.550.000 nP of sand 
had to be dredged adding a certain quantity which would be 
lost during the transport and the filling process. 

The sand was dredged by two bucket dredgers south-east of the 
harbour (Figure 5) and transported with barges to the pumping 
plant where mixed in the proportion 1 : 6 sand and water 
were pumped through a discharge pipe having a diameter of 
60 to 70 cm. In order to reach the farther places - about 
5 km distance*-  a booster pump was necessary. 

Soon the most suitable way of filling the beach between the 
groynes was found out. The mixture of sand and water was let 
out of the pipe mouth coming down from the revetment. When 
the intended level at the low water line was reached, a device 
was applied which spread the pumped soil over the whole 
breadth of the beach between the groynes. Thus the area was 
equally filled and soon a 100-metre-wide beach above high 
water level was completed (Figure 6). During the following 
winter it was lost already, because the destroying influence 
of the littoral current was far too strong. 

THE DEVELOPMENT OF THE BEACH 1951/52 

Before the fillings were started, careful observations of the 
beach were undertaken. Afterwards the following observations 
were regularly repeated: 

1. Surveys of the beach and foreshore down to below mean level. 

2. Annual photos of the beach in fixed directions. 

3. Analyses of the grains of sand taken from around the 
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dredging   area   and   from   the   beach   after   the   filling. 

The filled beach areas can be divided into areas of equal 
development. The entire quantities of sand brought on to the 
beach  are   as  follow; 

Area of  filling  1951:        1.050.000 m3 
Area  of  filling   1952: 770.000  m3. 

In figure 7 the results of the calculations for the quantities 
of   sand   are   represented; 

a) The percentage development of the filling 1951 and 1952. 
The quantity of sand that had been left within the area 1 
to 5 as well as 6 to 10 immediately after the filling have 
been regarded  as   100%. 

b) The change of the quantities of sand within the areas 
1   to   5   in   absolute  figures. 

c) The change of the amount of sand within the areas 6 to 10 
in absolute figures. Moreover the period of the landing of 
the sandbank at the northern beach as well as the completion 
of the groynes in the areas 8 to 10 have been recorded in 
order to recognize their influence on the development of 
the beach. 

This representation shows that, in the beginning, the fill 
1951 has been carried off much more quickly than later on. 
During the first weeks and months the unnaturally steep beach 
above mean level which was highly exposed to the attack of 
the wave action decreased to a large extent. Since 1953 an 
almost uniform decrease of the beach was observed. There has 
always been a difference between the development in summer- 
and wintertimes   during   the   last   years. 

In the years meanwhile gone by, the filled beach has developed 
in different ways. In the area of the filling of 1951 nearly 
3^% of the material above the mean level were still left. 
The large increase of sand in the areas 8 to 10 is not 
necessarily the consequence of the filling but refers to a 
sandbank which landed there at the same time. Besides that 
the achievement of the groynes must be considered. It is 
easily recognized that the increase of the beach starts as 
well with the beginning of the landing of the sandbank in the 
areas 8, 9 and 10 as with the approximate completion of the 
groynes. Therefore it is impossible to discriminate the 
influence of the landing of the bank and the effect of the 
groynes from the development of the eastward beach. To separate 
these two factors will be possible only in the course of several 
years, when the effects of the last landing of the shoal will 
be gone or when perhaps a new one will have appeared. Till now 
it was not possible to see a relation between the tidal effects 
and   the   erosion   of   the   beach. 
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Fig. 9.   Natural movement of the sand in front of Norderney 
and artificial transport at the northwestern part of the island. 
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Fig. 10.   Size of the sands. 
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Some of the beach-profiles measured once a year that are 
characteristic for certain areas are shown in figure 8„ 
They   represent   the   beach-height   in   k   different   periods: 

1. Beach-height   before   the   filling, 

2. Beach-height   after   the   filling   of   1951/52, 

3. Beach-height in spring 1953» after large quantities have 
been   carried   off   from   the   unnaturally  high  beach, 

k.   Beach-height   in   spring   1959. 

By means of samples the variations of the grain composition 
of the filled material could be defined. Two months after 
the filling the finer material had been washed out already. 
In summer 1957 the composition of the material did no more 
differ   from  that   of   the   natural   beach. 

THE  RESULTS   OF THE   BEACH-FILL   1951/52 

The   summarized  results   are   as   follow: 

In 1951/52 a quantity of 1.816.500 m3 of sand was filled 
in between the groynes 0 to VI, the beach gained the amount 
of 1.245.500 vaP, 571.000 m3 were lost during the filling, 
the   loss   amounts   to   31%. 

The expenditure of 3,5 million DM for the fill of the beach 
compared with its efficiency results in a full success, 
technically as well as economically. On the whole it is a 
profitable   way   to   protect   the   island. 

A certain loss of the filling material had to be considered 
in any case, for the natural powers could not be influenced 
by the fill. In fact the annual loss dimishes with the decrease 
of the beach height. With the present height, however, a limit 
is reached below which the seawalls are no longer sufficiently 
covered with sand. This state demands a decision about future 
protection  works. 

THE  PLAN   OF  A  CONTINUOUS   FILL 

INTENSIFICATION OF THE INSUFFICIENT NATURAL SUPPLY OF SAND 
BY  ARTIFICIAL  MEANS 

Beach stability is possible only, when the supply of drift sand 
and of eroded material is balanced. In front of Norderney the 
littoral drift is insufficient. It takes its way as demon- 
strated in figure 9. The eastward drifted sand moves towards 
the sea inlet in front of Norderney, where it is directed into 
a curve within the belt of shoals. The direction of the 
littoral drift is a result of the tide-currents along the 
islands   which   are   mainly   west-eastward   directed   and   of   the 
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ebbstream in the deep channel in front of Norderney which 
turns northward. The sand from the belt Of shoals is drifted 
towards the northern beach of the island about. 3»5 km east- 
ward of the western point. A great portion of it is transported 
to the east by the tide-currents and the wind, the remainder 
moves towards the western groynes H1 - J1. This supply is 
not nearly sufficient to balance the loss caused by erosion. 
The beach following westward is losing sand by erosion 
permanently, because the quantities arriving from the belt 
of   shoals   are   too   small   to   compensate   the   eroding material. 

After the revetments had been built, the dunes were saved 
from further destruction. Since 1900 especially long groynes 
helped to stabilize the foot of the island below -4m mean 
level. The beach above this line up to the toe of the seawall 
could not be held, because the groynes did not show the expected 
efficiency in the area where the sand is carried off mainly by 
wave   action. 

The   bases   for   an   artificial   fill   are   these: 

1. The sand from the littoral drift along the coast moves 
eastward  towards   the  eastern  end  of  the revetments. 

2. The accreation at the beach of the western part of Norderney 
is not nearly sufficient to balance the decrease there. The 
beach erosion is limited to the area from the toe of the 
seawall  down  to   the   line   of   k  m below mean  level. 

3. The sand material eroding from the beach is transported 
to the belt of shoals and from there to the eastern part of 
the island. If the sand from the accretion area were pumped 
to   the   eroding  areas,   a circulation  could be   achieved. 

k. In order to avoid that the decrease of the beach becomes 
still greater than it is now, the revetments must necessarily 
be  kept   in  the  present   state. 

QUANTITIES   OF  MATERIAL NECESSARY  FOR  A FILL 

From the results of the filling 1951/52 we can see that in 
order to reach a worthwhile stability by an artificial fill 
the   following  points   must   be   considered: 

1. The grain of the sand must be equal or even coarser than 
that of the natural beach. The coarser the grain is, the more 
slowly will   the   eroding effects   come   into   action. 

2. The beach must not be higher than necessary for its task, 
so  that  the  erosion caused by high  tides  is   the  lowest  possible. 

3. The incline of the filled beach should correspond with 
that   of  a natural  beach  in order  to   avoid unnecessary decrease. 
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The place from where the sand is to be taken for future fills 
(Figure 10) belongs to an area where the sand on an average 
has a coarser grain than that of the beach which is to be 
filled. 

From experience gained by the beach-filling 1951/52 we learned 
that highly raised beaches which in conclusion will have 
an extraordinarily high decrease can be avoided, when the 
artificial fill is not done in long intervals, because this 
accomplishment demands a relative high fill to balance up 
the high cost related to a replenishment of this kind. When the 
beach is filled every year, so that its height is sufficient 
to protect the island, the decrease can be kept down to a 
small   extent. 

The movement of sand at the beach after the fill 1951/52 can 
be used as a foundation to find out the most suitable height 
of the beach. The height in spring 1953 should be sufficient, 
for  its meets  the  following  conditions: 

1. At the western and the north-western beach of the island, 
where an artificial- fill is needed, the toe of the seawall 
and the groynes were sufficiently covered with sand to full- 
fill   its   protection purpose. 

2. The incline of the beach is nearly the same as the natural 
one. 

3. The height of the beach at the toe of the seawall is below 
normal high-tide, so that the decrease of sand caused by wave- 
action  is  kept   down,   even when   the   tide   is   raised  by   a   storm. 

Another reason why the height of the beach of 1953 is so 
favourable is the fact that from 1953 the decrease of sand is 
almost uniform every year. On an average the loss from 1953 
to 1957 amounted to about 53.000 m3 at the areas 1 to 6 which 
needed replenishment. If this quantity of sand could be refilled 
every year, it is probable that within limited oscillations 
caused by the change of meteorological conditions the beach 
might be kept at a permanent height. An increase of 60.000 m3 
of   sand  annually would be   sufficient. 

A certain loss during the refill must be considered, because 
a part of the mixture of sand and water spread on to the 
beach moves immediately off towards the sea. Experience 
shows that this loss will run up to about 35%. Consequently 
80.000   m-'   of   sand   would  have   to   be   transported  every   year. 

An annual amount of 80.000 m3 would be most suitable, because 
this quantity could easily be managed by a permanent pumping 
plant which must always be ready for action to balance a sudden 
decrease of sand, for, as soon as the idea of installing a 
permanent pumping plant has become reality, the security of 
the   island  would   depend   on   the   artificial   replenishment   of 
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the  beach. 

The sand will be derived from the east of the island where 
permanent natural accretion is given. This accretion amounts 
to at least 130.000 m3 yearly - probably even 250.000 m3. 

The material transported from east to west erodes and moves 
back to the belt of shoals and finally reaches its source again 
(Figure 9). Thus a new circulation is created, which runs 
beside the vast movements of large sand-masses in the sea ir 
front of Norderney. It is not likely that the artificial 
decrease of sand will have any bad influence on the eastwarc 
beach areas, for the quantity needed every year is only a 
small portion of the sand derived from the belt of shoals. 
In order to reach the beach height of 1953 again, which should 
be the aim of the continuous fill, it will be necessary tc 
transport more than 80.000 m^ during the first years. 

Practise will at all events differ from theory. Today we cannot 
tell, but the quantity necessary might be much lesser thai 
estimated, because the sand for future fills will be much 
coarser than the material on the beach to be filled. This 
fact seems to be an important factor to slow up erosion. 

The technical construction of the pumping plant cannot be 
detailed here. It is true that beach-fillings with the aid 
of pumping plants are most favourable. The sand might be WOE 
with a scraper or a suction dredger. Pour booster-pumps will 
forward the material from the scraper or suction dredger tc 
the western part of the island. 

By the way of continuous working the process could be auto- 
matized to a high degree, so that the number of workers and 
consequently the costs could be kept down to a reasonable 
level. The costs of a fixed establishment are low in comparison 
with other propositions concerning the permanent security of 
the island. 
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CHAPTER 50 

SHORELINE ADVANCEMENT BY SEA WALL 
AND GROYNES AT COCHIN 

M. G. Hiranandani 
and 

C. V. Gole 
Central Water & Power Research Station 

Poona, India 

1. INTRODUCTION 

In the paper "Some coastal engineering problems in India" pre- 
sented at the Vlth Conference on Coastal Engineering, a mention has 
been made about experimental protective measures consisting of one 
mile long sea wall and groynes adopted for giving protection to the 
coast near Cochin.   The protective works mentioned in the above pa- 
per are now in operation for the last five years.   As there are no 
major rivers there is very little littoral drift along this coast.   The 
material eroded from the coast forms the main source of littoral trans- 
port. 

The data regarding high water and low water marks along the 
coast have been recorded, and statistically analysed to assess the ef- 
ficiency of these measures in respect of shoreline advancement.   Re- 
sults are discussed in the paper. 

Some experiments have also been carried out in the prototype 
for a sea wall with bituminous grouting.   Behaviour of this type of 
sea wall has also been discussed in the paper. 

Since the construction of the experimental measures, protec- 
tive measures in the shape of either sea wall or sea walls with groynes 
have been further extended to a 10 mile long reach of the coast.   The 
results of these new works, experiments carried out in a model for 
evolving the design of protective measures and model limitations have 
also been included.   Fig. 1    shows the plan of the sea wall and groynes 
in one mile experimental reach. 

2. ANALYSIS OF DATA 

Since December 1955, among other observations, high water 
(HW) and low water (LW) distances have been recorded from a fixed 
base line along the protected coast, at three positions, viz - centre, 
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north and south extremities of each of the nine compartments formed by- 
ten groynes. 

GROYNE NO 
10      9 

Ti m 
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(•30<^400-^»-6«o'    —| SEA   *AU.JB 

n m 
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e 
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r«ir 
C«0 —J^53o J-^«0*«| 

Fig. 1.   Plan of sea wall and groynes in a one mile experi- 
mental reach; portion A B is masonry wall over sand core 
and A C is rubble mound sea wall. 

Monthly averages of LW and HW distances in each compartment 
have been first computed.   Fig. 2a shows a plot of LW-distance aver- 
ages and indicates the rising trend particularly in compartments II to 
VII.   Similar tendencies are also observed for the HW-distance aver- 
ages though to a lesser extent (Fig. 2b).   During the months of May 
to August the sea is generally rough.   It is interesting, to note that 
there is an appreciable tendency of recession during these months . 
In order to draw conclusions about long term trends liberated from 
usual tidal and seasonal variation features, namely, effect of semi- 
diurnal, diurnal and semi-lunational tides, effects of monsoon and fair 
weather water edge distances corresponding to only the fortnightly 
lowest LW or highest HW levels were selected. 

The twelve monthly averages obtained for the Central locations 
in all the nine compartments are plotted in Figs. 3a and 3b for LW 
and HW, respectively.   It is interesting to note that compartments IV 
to IX show relatively more width of sand cover than compartments I to 
III.   Visual examination of these plottings also indicates a slow but 
unmistaken rising trend of accretion in about all the compartments ex- 
cept compartments VI to IX. 

This study also indicates that: 
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(i)   The total distances, by which the sea receded over different 
periods in different compartments, vary considerably due to the small 
amount of fresh bed material available to fill the eroded coast.   The ef- 
fect has been particularly small in compartments I and II. 

(ii)   The low water line im compartments I to V has been receding 
rather slowly.   The reverse trend noticed in compartments VI to IX is 
possibly due to the sea wall in that portion having been constructed 
with a sand core.   The stretch of this sea wall has been damaged by 
wave attack during storms which probably retarded the accretion pro- 
cess . 

(iii)    The HW data, on the other hand, do not bear out any steady 
or similar evidence.   Continuing proximity of the HW edge to the sea 
wall makes vigilance in maintaining the sea wall-groyne structure im- 
perative . 

3. DAMAGE TO GROYNE LENGTHS 

The seaward ends of the groynes 1 to 5 were reported to have 
been damaged in June 1957.   These groynes settled in lengths of 24, 
34, 39, 29 and 25 ft leaving lengths of 76, 116, 161, 171, 175 ft re- 
spectively.   In January 1960, three years after these observations were 
made the lengths of the groynes were 75, 95, 160, 165 and 165 ft re- 
spectively.   In 1957 very little damage was reported for groynes 6 to 
10.   In January 1960 the groyne 6, 7, and 8 were 170, 160 and 180 ft 
against 200 ft of their original length; and groynes 9, 10 were 130 and 
80 ft against 150 and 100 ft of their original lengths.   Groynes 1 to 5 
situated on the northern side were damaged more than groynes 6 to 
10 situated on the south. 

4. SEAWALL WITH BITUMINOUS GROUTING 

Experiments were also carried out in the prototype by con- 
structing a sea waU with bituminous grouting.   The work was started 
in March 1959.   The inner core of the sea wall was made up of sand 
with slopes of 3:1 on seaward and landward sides.   The top of the sea 
wall kept at +11 was, thus, 8 ft above the High Spring Tide Level (+3). 
The sand core was covered by 8" thick dry rubble casing, consisting 
of stones 4" to 6" in size.   The rubble casing was then grouted, with 
a mixture of 65% sand, 15% cement (by weight), 20% mexphalt (30/40P). 
The bottom of the sea wall was taken up to - 4 on the seaward side and 
+4 on the landward side. 

Local beach sand was first heated to 350°F.   This was added 
to sand and mixed well.   The filler (cement) was then added to the 
mixture and thoroughly mixed.   Remaining quantity of bitumen was 
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also heated to 350°F.     It was added and mixed to form a grout of proper 
workable consistency.   When the mixture was at 350°F, it was taken out 
and poured into crevices of the stones so as to completely fill the full 
depth of stones.   About 2000 pounds of mixture was required for covering 
an area of 100 sq ft to a depth of 8".   The cost of this wall was Rs. 110/- 
(equivalent to $22) per running foot. 

The sea wall could not withstand the wave attack though waves 
were only 3 to 4 ft in height.   It was considerably damaged within a 
month and a half after its construction.   Fig. 4 shows the damaged con- 
ditions of the bituminous grouted sea wall.   This type of sea wall did not 
give satisfactory results in this particular case.   It has been, therefore, 
decided not to use such type of construction for the protection of the re- 
maining coast. 

5. EXTENSION OF PROTECTIVE MEASURES TO OTHER REACHES 

One mile long experimental sea wall with groynes has proved to 
be effective in giving protection to the coast under erosion.   Protective 
measures are, therefore, being extended to the south of this reach for 
a lengh of 10 miles.   In order to give immediate protection to the coast 
and due to availability of limited funds sea walls alone are constructed 
in 8 mile length of the coast.   Considerable damage has taken place to 
these sea walls.   Prototype experience has thus clearly shown that with- 
out groynes sea walls are ineffective in affording protection to the coast. 
Figure 5 shows the recession of the coastline with the sea wall alone. 
In the remaining two mile stretch of the coast, sea walls supplemented 
with the groynes are constructed.   Though some damage has taken place 
to the sea wall itself, sand has accreted in the groyne field and the con- 
ditions are much better than those obtained with sea walls alone (Fig. 
No. 6).   The results with sea walls and groynes have been found en- 
couraging in these reaches also, and 200 ft long groynes are being im- 
mediately added to the sea wall. 

The cost of rubble groynes has been found to be high and an alter- 
native type of semi-permeable groyne is, therefore, being tested in the 
prototype.   This consists of two rows of coconut piles which are driven 
to 7 ft below bed level.   Space between the piles is being filled with 
fascines.   The results would be available by the end of August 1960. 
Figure No. 7 shows the semi-permeable groynes under construction. 

6. MODEL TESTS 

Previous experiments carried out in 1/40 geometrically similar 
scale model and described in an earlier paper showed that a sea wall 
alone required considerable maintenance and it was necessary to 
supplement it with groynes to give adequate protection to the coast. 
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Short groynes less than 150 ft in length were found unsuitable to give ade- 
quate protection.   It was realised that along the coast where the quantity 
of littoral drift was not considerable and was due to the erosion of the 
coast itself, groyne tops should be sufficiently high so that the bed ma- 
terial intercepted in the groyne field was not lost by passing over groynes. 

Further tests were carried out to ascertain the most effective 
lengths of, and spacing between, the groynes.   Rates of maintenance for 
sea wall with groynes of lengths 150 and 200 ft spaced at 2, 3 and 4 times 
their lengths have been observed and compared.   With spacing of 4 times, 
the initial maintenance has been considerably higher for 200 ft long 
groynes than that required for groynes spaced at two to three times the 
groyne length.   Between 150 and 200 ft length of groynes, the mainten- 
ance required for 200 ft long groynes was less for groynes spaced at 2 
to 3 times the groyne length (Figs. 8 a & 8b).   During the course of 
these experiments, certain modifications in the design of the sea wall 
and groynes suggested themselves.   In face of the considerable main- 
tenance required, it may be asked whether the maintenance rate cannot 
be reduced by using heavier stones in the construction of the sea wall; 
or whether, by placing suitably designed piles at the sea wall toe, the 
sea wall cannot withstand the attack of storms with less damage.   It is 
likely that a disposition of groynes in a form different from what has 
been adopted in the previous experiments (groynes normal to the sea 
wall) may give better protection with less damage.   To answer these 
questions a certain number of experiments were performed, results of 
which are described below. 

7. SEA WALL OF HEAVY STONES 

All the previous experiments were carried out with stones 
weighing 225 lbs.   In order to reduce the rate of maintenance of a sea 
wall armoured with stones heavier than those used previously, experi- 
ments were carried out with stones of weights corresponding to 1/2 and 
1 ton.   Sea wall supplemented with groynes 200 ft long and spaced 400 
ft apart was constructed.   Larger stones were placed on the seaward 
face of a core which was composed of 85 lbs and 235 lbs stones re- 
spectively, in the proportion of 3:1 by weight. 

With such a sea wall, rate of maintenance especially in the first 
critical HW runs was considerably smaller than the corresponding rate 
for 225 lbs stones (Fig. 8c). 

As an experimental measure the functioning of a sea wall, con- 
structed with 1/2 ton and 1 ton stones, i.e. without a hearting of smaller 
stones was further tested.   Rate of maintenance of the sea wall increased 
due to the effect of suction caused by the receding waves which resulted 
in removing the material from behind the sea wall.   This caused a fur- 
ther sinking of sea wall stones.   A well packed hearting besides being 
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cheaper avoids this and is therefore necessary. 

Reason for the lower rate of maintenance for the sea wall in the 
case of bigger stones appears to be two-fold:  firstly heavier stones 
are less vulnerable to direct wave action, and secondly, even when the 
stones are pulled down the sea wall face, they do not lend themselves to 
littoral transport as easily as do the lighter stones.   This comparison 
apparently of little consequence in the model assumes considerable im- 
portance in the prototype, when much bigger stones are required to be 
used.   Economic considerations prevail in such a case.   Perhaps it may 
be cheaper to use smaller stones and replace them in the first two years 
as maintenance reduces considerably thereafter, once sand cover forms 
in front of the toe of the sea wall.   As use of stones heavier than 500 lbs 
is precluded in this case because of economic considerations, stones 
less than 225 lbs in weight have been used for sea wall construction. 

8. SEA WALL WITH PILE LINE AT THE TOE 

One experiment was performed to ascertain whether sea wall 
protected by a pile line at the toe effected a reduction in the rate of re- 
plenishment of the sea wall.   Results, however, showed that during the 
initial run bed material lying against the seaward face of the pile began 
to be eroded away speedily, leaving the pile face exposed and unprotected. 
Experiment did not show any material advantage for sea wall with the pile 
line at the toe. 

9. INCLINED GROYNES 

In all the previous experiments groynes were kept normal to the 
coastline.   A series of experiments were performed to verify whether 
any advantage accrued from inclined groynes.   Groynes were placed 
respectively 20° N, 40°N and 150° S of the perpendicular to the coast 
protected by a sea wall (Fig. 9).   Direction of groynes 15° south was 
parallel to the direction of waves .   Lengths of and spacing between 
groynes were 200 and 600 ft respectively, and other experimental con- 
ditions were identical.    Figure 10 shows the respective rates of main- 
tenance of the sea wall for the above inclinations compared with the cor~ 
responding rates for groynes, normal to the coastline.   Comparison 
does not indicate any amelioration in the replenishment of the sea wall 
resulting from inclined groynes in the initial stage.   On the contrary 
there is a tendency for the rate of maintenance to be higher than that 
with normal groynes in the last stage.   Experiments did not also indicate 
any better performance in the degree of protection afforded to the coast. 
It appears that on the coastline like the one on the West Coast of India 
where direction of waves swings from NWW to WSW, perpendicular 
groynes are likely to give better results. 
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10. MODEL LIMITATIONS 

Before drawing any conclusions, it may not be out of place to re- 
state the limitations of a model study of littoral drift in a problem of 
coastal erosion.   The results of the present series of experiments show 
that quantities of stone required for the maintenance of the sea wall are 
considerably greater in the model than in the prototype.   The reason 
for this discrepancy is due to the fact that, during the initial hours of 
model operation, sea wall stones tend to sink in the model sea bed 
formed of coarse coal powder, which would not usually happen in the 
prototype.   That such a contingency can, however, occur in nature is 
proved by the complete and rapid disappearance of some of the lengths 
of sea wall not supplemented by groynes, within a short time after their 
construction. 

Experience of the behaviour of the experimental sea wall on the 
prototype showed that considerable damage had taken place to the sea 
wall in the first year.   About 16 per cent of the stones used for the sea 
wall were lost.   The sea wall was repaired in the third year after its 
construction.   Very few stones have since then been lost to the sea. 
In the model the initial high rate of maintenance of the sea wall di- 
minishes within a few hours of run to only a small fraction;   this latter 
rate remains practically constant throughout the rest of the period of 
model operation.   The initial maintenance rate in the model is however 
much higher than that observed in the prototype.   Figures of damage 
of experimental sea wall in the last two years after repairs of the sea 
wall confirm model behaviour in respect of subsequent low maintenance 
required for the sea wall. 

Another limitation of the model investigation is that, whereas 
in the prototype a coast eroded during the storms gets replenishment in 
the fair weather season from offshore bars of sand removed during the 
storms; no such two-way process is possible in model experiments . 
This shows that the model errs on the safe side in subjecting the pro- 
tective structure to a considerably greater wave attack than in nature. 

11. CONCLUSIONS 

(i)   Groynes of length 200 ft are to be preferred to groynes of 
length 150 ft. 

(ii)   Spacing between groynes should not exceed 3 times the 
groyne length. 

(iii)   Heavy stones, used as sea wall armour on a core of smaller 
stones, result in considerably decreased rate of maintenance. 
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(iv)   Piles at toe of sea wall do not give extra protection to the 
sea wall, 

(v)    Inclined groynes do not commend themselves for adoption on 
this coast. 

Along the west coast of India where these groynes are constructed 
littoral drift is very small as there are no major rivers contributing to 
the sediment transport by littoral drift.   The material eroded by wave 
action forms the main source of the littoral drift. 
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CHAPTER 51 

LA DEFENSE ET LE MAINTIEN DES PLAGES BELGES 
ENTRE ZEEBRUGGE ET LA FRONTIERE NEERLANDAISE 

par 

J. E. L.    VERSCHAVE, 
Ingenieur en Chef - Directeur 

des Ponts et Chaussees, 
Service de la Cote Beige, 

OSTENDE. 

CHAPITRE 1 

LA COTE BELGE ENTRE ZEEBRUGGE ET LA FRONTIERE 

NEERLANDAISE 

EVOLUTION 

Au point de vue geologique,  la partie orientale,   comme d'ailleurs toute 
la cote beige,  forme la limite septentrionale de la plaine maritime flamande. 

Par rapport au niveau Z - 0. 00, c'est-a-dire le niveau moyen de la maree 
basse de vives eaux a Ostende,  niveau qui est situe a. 2, 50 m sous le plan 
de reference neerlandais N.A. P. ,  les couches geologiques se presentant 
a Knokke dans l'ordre suivant: 

A. Formation moderne:  dunes 
B. Ere quaternaire: 

Bl° Holocene supe"rieur   : (Assise de Dunkerque) 
Argile et limon entre Z +3,00 et 
Z + 1, 50 

B2° Holocene moyen et 
infe"rieur: (Assiee de Calais) 

limon et tourbe Z + 1, 50 a Z 0, 00 
sable Z - 0,00 a Z - 5,00 
limon et sable Z - 5,00 k 9,00 
sable Z - 9.00 a Z - 16,00 

B3° Pleistocene: (Assise d'Ostende) 
sable a coquillages 
Z - 16 a Z - 18 
sable Z - 18 a Z - 26 
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C.   Ere tertiaire:     Cl° Bartonien: argile Z - 26 a Z - 30 

C2° Pamselien: sable et argile      sous Z - 30 

C3° Ypr£sien:   argile sous Z - 60 

Les polders, situes au sud du cordon littoral, ont une profondeur d'environ 
10 a 15 km vers l'interieur du pays et constituent une region agricole tres fer- 
tile. 

Le sol argileux et limoneux a ete depose pendant la derniere trans- 
gression de Dunkerque. 

Le cordon littoral,  constitue de dunes recentes et de digues artifi- 
cielles,  est completement bati.    Les agglomerations de Zeebrugge,  Heist, 
Duinbergen, Albert-Plage, Knokke et le Zoute y sont situees et l1 exploitation 
balneaire y est intense. 

Jusqu'a dix km en mer, les profondeurs du fond sous-marin sont as- 
sez variables.    Les chenaux et les bancs se succedent et la profondeur maximc 
atteint Z - 13 m dans les Wielingen devant la cote beige.    La profondeur augme 
te toutefois rapidement vers l'Est dans le retr£cissement de l'Escaut entre 
Breskens et Vlissingen. 

Le fond de la mer est forme par des couches appartenant a l'assise 
de Calais en face de la cote beige. 

Toute cette partie cotiere a done ete formee par sedimentation ma- 
rine depuis 8. 000 ans avant J. C.  jusqu'a la fin de la derniere transgression 
de Dunkerque et l1 intervention de l'homme, vers le lleme siecle apres J. C. 

La configuration et la topographie en ont toutefois 6te iortement mo- 
difiees depuis lors. 

Au debut du I4eme siecle,  1'embouchure actuelle de l'Escaut occiden 
tal comptait trois bras: 
Le Zwin: debouchant entre le continent et 1'fl.e de Wulpen 
Le Grote Rille: debouchant entre les iles de Wulpen et de Schooneveld 
L'Oostgat: debouchant entre les iles de Schooneveld et de Walcheren 

Au me"ridien   de Heist,  la c6te se trouvait a. 5 km au nord de la promenade 
actuelle.    Au meridien   de Knokke,   elle se trouvait a 2 km au nord de la 
promenade actuelle. 

Le Zwin passait alors entre Le Zoute et Kadzand,  a l'endroit ou le 
"Schorre" existe encore aujourd'hui. 
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Plus a l'ouest la cote se trouvait egalement au nord du trace" actuel. 
Au nord de Wenduine se trouvait le hameau de Harendijke     Au nord de 
Blankenberge    se trouvait le village de Scarphout ; au nord de Heist le villa- 
ge de Coudekerke,  au nord de Knokke le village de Reygersvliet,  etc  . .    . . 

Le debut du 14e siecle est caracte"rise" par une serie de tempetes 
violentes qui modifient serieusement les cotes et l'estuaire de l'Escaut 
occidental.    En 1334, par une mare'e tempete violente, Scarphout et Coude- 
kerke disparurent en mer. 

En 1337,  une nouvelle mare'e tempete sevit et plusieurs villages sur 
les lies de Wulpen et Schooneveld sont engloutis.    A cette epoque, le Comte 
de Flandres, Jean Sans Peur, fait construire les digues de defense le long 
du littoral flamand.    Ces digues s'appellent encore aujourd'hui les digues du 
Comte Jean. 

En 1404, le hameau de Harendijke au nord de Wenduine disparut de 
la carte. 

Le 18 novembre 14Z1, jour de Ste Elisabeth,  une nouvelle mare'e tern 
pete d'une rare violence accentua le travail de sape.    La mare'e tempete 
de St Felix en 1530,  crea les passes du Sloe entre les lies de Walcheren et 
de Zuid Beveland et du "Creecke" ou Kreekrak a. l'est du Zuid Beveland.    Une 
grande partie de 1'ile fiit engloutie entre 1530 et 1552.    Le jour de Toussaint, 
ler novembre 1570,  est la date d'une des mare'es tempetes les plus dramatiqu< 
et devolution de l'Escaut occidental comme grand estuaire maritime fit un 
bond d'importance. 

La carte,  dressee par Mercator en 1590, montre que l'estuaire a 
deja une largeur de 3, 5 km entre Breskens et Vlissingen. 

Les iles du delta, comme Wulpen,  Schooneveld et Coesant, ont dis- 
paru. 

Blankenberge est situe a la cote.    La cote entre Heist et Knokke 
se situe legerement au nord de la cote actuelle ; tout au plus quelques cen- 
taines de metres. 

Le Zwin y figure toujours avec une largeur de pres d'un kilometre. 
L'Erosion et le deplacement de mate'riaux dans la zone triangulaire Breskens, 
Westkapelle,  Wenduine,  entre 1300 et 1600,  c'est-a-dire en trois siecles, doi- 
vent etre lvalue* a plus d'un milliard (10') de m3. 

Depuis lors l'approfondissement de 1'embouchure de l'Escaut occi- 
dental s'est encore poursuivi. 

Les donne"es hydrographiques manquent entre 1600 et 1830,mais l'etu- 
de des cartes marines dressees et des sondages pratique's depuis 1830,  prouve 
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que l'approfondissement du delta sous-marin de l'Escaut occidental 
a continue jusqu'a nos jours,   specialement dans une zone de 10 km de 
largeur au nord de la ligne Breskens-Wendume.    La cote beige entre Zee- 
brugge et la frontiere ne"erlandaise fait partie de ce rivage au sud du delta 
sous-marin. 

La largeur de l'Escaut entre Breskens et Vlissingen a, de nos jours, 
une largeur d'environ 4,2 km et la section mouillee en dessous de maree 
basse a augmente d'environ 35To entre 1840 et 1955. 

Selon les etudes du Dr  ir.   J.   Van Veen,  l'approfondissement moyen 
du delta serait de 5,4 dm entre 1872 et 1933 et l'approfondissement moyen 
de la zone meridional e serait de 7,5 dm pendant la meme epoque. 

Nous avons estime" qu'entre 1840 et 1955 les bancs se sont abaisses, 
les chenaux ont mamtenu leur profondeur devant la cote beige, mais se sont 
considgrablement approfondis dans l'etranglement de l'Escaut,  c. a. d. 
dans les eaux ne'erlandaises.    Le fond moyen sur le me"ridien   de Heist et 
sur le meridien du Zoute, jusque 10 km au nord desplages s'est abaisse de 
0, 50 m.    II y a done certainement continuation de l'^rosion du fond de la 
mer devant le literal en question jusqu'a nos jours,  erosion due a. l'evolution 
de l'estuaire de l'Escaut. 

+     + +      ++        + 

CHAPITRE 2 

L'EROSION.DES PLAGES DEPUIS 1900 ET SES CAUSES 

L'erosion des plages de Heist,  Duinbergen, Albert-Plage,  Knokke 
et le Zoute s'est surtout prononce'e depuis 1900,  apres la construction du 
port de Zeebrugge. 

Deja en 1920 de seneuses pertes de sable etaient enregistrees et, 
malgre l'etablissement d'une serie d'e"pis sur les plages entre 1920 et 
1940, le recul de la laisse de mare'e basse s'accentuait progressivement 

Les causes naturelles de l'e"rosion, les   interventions et ouvrages 
des hommes ont produit des reactions defavorables les  unes sur les autres et 
vice-versa et ont accelere le desensablement. 

CAUSES NATURELLES 

1.   Tassement naturel du saas-sol;  contenant de la tour be et leger 
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relevement du niveau moyen de la mer, 

2.  L'erosion des fonds marins,  due a Involution de l'estuaire de 1' 
Escaut (augmentation du flux et des vitesses) 

La fosse de l'Appelzak,  situe"e imme'diatement au nord des plages, 
s'est rapprochee de la cote,  s'est allongee vers l'est, approfondie en 
certains points. 

Le banc du Paardemarkt, au nord de la fosse de l'Appelzak,  a 6t6 
erode1 et sa crete s'est abaissee d'environ 2,50 a 3 m entre 1840 et 1955. 

Les cotes comparatives sont les suivantes: 

Deyant Heist 

Devant Knokke 

Devant le Zwin 

1840 1955 Abaissement 

Z - 34 dm Z - 60 dm 2, 6 m 

Z - 25 dm Z - 54 dm 2,9 m 

Z - 25 dm Z - 59 dm 3,4 m 

3.  Cet abaissement du banc a facilite" l'attanque des plages par des 
vagues de tempetede plus en plus fortes. 

CAUSES DUES A L'INTERVENTION DE L'HOMME. 

1. Construction du mole   et du port de Zeebrugge,  entre 1890 
et 1907 deplacement resultant de la fosse de l'Appelzak vers l'est - separa- 
tion de la fosse de celle du mole- attaque du flanc sud de la fosse par les 
courants (force de Coriolis et effet centrifuge) 

La fosse de l'Appelzak se prolonge actuellement jusqu'au Wielingen 
devant Kadzand et l'approfondissement devant le Zwin est d'un metre depuis 
1840 (actuellement Z - 82 dm au lieu de Z - 71 dm en 1840) 

2. Fermeture de la claire-voie du mole de Zeebrugge,  apres la 
premiere guerre mondiale et diminution du transport de sable vers l'est. 

3. Le developpement foudroyant des cite"s balneaires de Duinbergen, 
Albert- Plage, Knokke et Le Zoute entre les deux guerres mondiales. 

Toutes les dunes ont e"te endiguees et vendues comme terrains a. 
ba*tir et des promenades ont e"te etablies en bordure des plages.    Les reserves 
naturelles de sable etaient de ce fait perdues pour les plages.    La pente 
ies talus est d'ailleurs beaucoup trop forte. 

4. La construction d'epis trop courts entre 19&0 et 1939,  accelerant 
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l'e'rosion de la plage vers maree basse au versant sud de l'Appelzak ; 
les serieux degats causes aux epis par les tempetes et par faits de guerre 
entre 1940 et 1944 et le manque total d'entretien pendant ces annees. 

5.   La necessity de reparer les dommages de guerre et de recon- 
struire les ports entre 1944 et 1950 et le manque de credits pour les tra- 
vaux d'amelioration des plages. 

Au de"but de 1952, la situation des plages,   surtout a. Knokke et Le 
Zoute,   etait devenue reellement critique.    La laisse de maree basse s' 
e"tait rapprochee a certains endroits jusqu'a. 1 50 m de la fondation des 
perres et,   a. chaque maree haute, les vagues battaient les revetements des 
digues. 

A chaque tempete,  de fortes vagues reflechissaient contre les di- 
gues, affouillaient les fondations et creaient des erosions catastrcphiques 
sur la plage. 

A 350 m de la crete des digues,  on sondait des profondeurs de 
7, 50 m sous le niveau de maree basse aux vives eaux. 

Le versant sud de la fosse de l'Appelzak s'e'tait rapproche dangeu- 
at des promenades et se retouvait entre 170 m et 350 m des digues. 

L'estran de Heist s'e'tait abaisse entre 1910 et 1952 de plus de deux 
metres. 

A Knokke-Le Zoute ,  des dunes de plus de 5 metres de hauteur avaier 
e"te balaye"es sur une largeur de plus ce  20 metres. 

Une estimation grossiere a revele qu'environ 8. 000. 000 mS de 
sable ont ete enleves entre 1910 et 1952 de la p]age, de l'estran et de la 
terrasse sous-marine,dans cette zone cotiere d'environ 10 km de longueur. 

C'est en 1952,  en accedant a la direction du service de la cote 
beige,  que nous avons e"tabli un programme complet de construction de 
vingt cinq longues jete"es entre Heist et la frontiere neerlandaise,  dans ce 
triple but: 

1. d'arreter l'e"rosion et de defendre les digues; 

2. de regagner du sable sur la terrasse sous-marine entre les je- 
tees et de refouler la laisse de mare"e basse vers le nord ; 

3. de cre"er la possibility de relever les plages par des apports ar- 
tificiels de sable le long des digues et de stabiliser ces apports. 
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CHAPITRE 3 

ETUDE PREALABLE DU PLAN DE DEFENSE ETABLI EN 1952 

En vue de l'e"tablissement du plan de defense, certaines operations 
hydrographiques prealables et urgentes furent exe"cutees en mer.    Ces opera- 
tions etaient: 

a) sondages du fond de la mer sur le versant sud et au milieu de la fosse de 
l'Appelzak ; 

b) reconnaissance superficielle de la nature des fonds dans la fosse 
de l'Appelzak et sur le banc du Paardenmarkt ; 

c) mesure et e"tude de la vitesse des courants a. la surface et pres 
des fonds, deduction des courantsmoyens ; 

d) 'etude de la houle et du plan des vagues,  estimation des vagues de 
tampete    les plus fortes ; 

e) quelques mesures coomparatives de transport de materiaux pres 
du fond. 

Ces operations hydrographiques ont etc" completees et suivies par 
des etudes, des deductions theoriques et des comparaisons avec nos connais- 
sances au sujet de ces differents phenomenes et des situations a d'autres 
endroits de la cote beige. 

Un apercu succinct des re"sultats de ces mesures et de ces etudes, 
doit suffire dans le cadre de cet exposed 

1. AMPLITUDES ET NIVEAUX DES MAREES. 

Les niveaux moyens de maree haute et de maree basse sont approxi- 
mativement les memes a Zeebrugge,  a Heist et a Knokke. 

Vives eaux moyennes    Mortes eaux moyennes 

Niveaux moyens de maree haute Z + 4,70 Z + 3,75 
Niveaux moyens de mar^e basse        Z + 0,25 Z + 1,00 
Amplitude 4,45 m 2,75 m 

La mar^e de tempete la plus violente, pour laquelle nous disposons 
de mesures, a 6t6 celle du ler fevrier 1953.    La mar^e haute a atteint le 
niveau Z + 6, 90. 
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L'amplitude de la mare"e lunaire est: 3,40 m.    L'amplitude 
moyenne des marees efet 3,60 m.    La celerite de l'onde maree est d'environ 
15 m/sec. 

La dure"e entre la marie haute et la marie basse suivante 
est a Zeebrugge en moyenne de 6 h 30'. 

< SONDAGES - PROFONDEURS. 

Les profondeurs sondees sur le versant sud et le fond de 
la fosse de l'Appelzak en 1952 ,   sous Z 0. 00 (niveau moyen des vives eaux 
a. Ostende) sont reprises dans le tableau suivant.    Les profils ont 6ti pris 
suivant une perpendiculaire a. la digue de Mer. 

Les distances cumulles sur les profils sont mesurees a 
partir de la ligne reliant les extremitls septentrionales des revetements caros 
sables des jetles a construire (+ vers le nord - vers le sud a partir de cette 
base). 

Profils Crete de la Profondeurs sous 
digue de Mer Z - 0. 00 (m) - Dist. 

cum.   a partir base. 

N° :   Axe de    :    Endroit : Entre      : : distan-        : : 
la jetee distance   Cote ceala - 125 m.       - 75 i 

__j :__  : (m) : : base . : 

1 51 Heist Pare Heist     •> +9,35 -434 
2 1 Duinb Avancee W     > 950          +9,46 -379 
3 3 Duinb Avancee E       k +9,54 -342 
4 7 Duinb. Albert Plage     I 1870          +9,53 -495                  2,50            4,50 
5 1 Knokke Av.   Lippens   •> i +9,54 -326 
6 5 Knokke PI.  Albert       I 2250        +9,64 -370 
7 10   Knokke   Lekkerbek      k +9,80 -311 
8 12   Knokke   Le Zoute \   1000 H9.73 -358 2,00 
9        14   Knokke    Le Zoute i) +9,55        -325 
10     22   Knokke     Zwin )      1440       +10,50        -320 

(suite) 

N° /  .... - 25 m. + 25 m. + 75 m. + 125 m. + 175 m. + 225 m. 

1 2,20 3,65 4,10 4,45 4,90 5,20 
2 2,20 3,65 4,45 4,80 5,10 5,20 
3 2,80 4,70 5,80 5,80 5,80 5,80 
4 5,40 5,40 5,75 5,80 6,00 6,00 
5 6,80 8,80 8,80 8,65 8,55 8,50 
6 2,60 4,90 7,10 7,65 7,75 7,80 
7 4,00 5,70 6,90 7,45 7,45 7,45 
8 3,70 5,30 6,40 6,90 7,35 7,55 
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N° -25 m. +25 m. + 75 m. +125 rn. + 175 m     + 225m 

9 3,40 5,30 6,40 7,00 7,25 7,30 
10 3,25 4,15 5,35 6,35 7,10 7,25 

II resulte clairement de ce tableau qu'a 400 m au nord de la crete 
des digues et des promenades, on retrouve les grandes profondeurs de la foss< 
de 1'Appelzak,  entre l'avenue Lippens a Knokke et le Zwin. 

En 1952, la laisse de maree basse des vives eaux s'e'tait rapprochee 
jusqu'a 170 m de la crete de la fligue, devant l'avenue Lippens et devant le 
Lekkerbek a Knokke (profils 5 et 7) 

3. NATURE DES FONDS. 

Le versant sud de la fosse de 1'Appelzak est en somme une section 
a faible pente a travers les anciennes couches geologiques entre Z-0. 00 
et 2.- 9. 00,  On y rencontre de la tourbe, du limon et du sable   a faible pro- 
fondeur. 

Ce versant, tout comme le fond de la fosse, sont toutefois recouverts 
par une couche de sable d'epaisseur variable. Ce sable subit des mouvements 
et des charriages. 

On retrouve des fonds de sable dans la fosse du mole devant le port 
de Zeebrugge ; devant Heist et dans les grandes profondeurs des Wielingen en 
face de Kadzand. 

Le banc du Paardenmarkt et le Zand au Nord de Zeebrugge sont 
couverts d'une couche limoneuse. 

La couche   a 0,50 m.  d'epaisseur au Paardenmarkt entre Z -5, 50 
et Z - 6,00   et plus de 2 m au Zand entre Z - 7,00 et Z - 9,00 

Une faible couche de sable,   a. certains moments melange de vase, 
et ayant 2 a 3 cm d'epaisseur,   est charriee sur ces bancs. 

4. VITESSE DES COURANTS 

Dans l'axe de la fosse de 1'Appelzak, les vitesses des courants 
maxima de flot et de jusant s'etablissent dans la direction de cet axe, 
c. a. d.  parallelement a. la cote. 

Le courant de flot est dirige vers l'Est (70 a 80°),  s'etablit entre 
2 h 50' avant maree haute, jusqu'a 2 h 30' apres maree haute et atteint 
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son maximum de vitesse vers 50' a 1 h avant maree    haute. 

Le courant de jusant est dirige vers l'Ouest (250 a 260°) s'ltablit 
entre 2 h 30' apres maree haute jusqu'a. 3 h avant la marie haute suivante 
et atteint son maximum 5 h apres la marie haute ou 1 h 30' avant la marie 
basse. 

Lies renversements entre ces deux directions opposees sont tres 
rapides (durle maxima de 10' surtout aux vives eaux) 

Les vitesses maxima sont variables selon l'amplitude de la maree 
verticale, abstraction faite des influences du vent et de la houle. 

Quelques vitesses maxima mesurees a differentes profondeurs sont 
indiquees dans les tableaux suivants: 

Courant de flot - Vitesse en cm/ sec. 

Amplitude de la marie a. 3m sous la     a 2m au-      a. 0,15 m 
verticale m a. la surface surface dessus du    du fond 

fond 

A = 2,60 87 

A = 3,60 145 

A = 4,70 200 

Courant de jusant - Vitesse en cm/sec. 

Amplitude de la marie a 3m sous la     a 2m du       a. 0,15 m. 
verticale m a la surface surface fond du fond 

76 62 41 

127 88 69 

178 124 96 

A = 2,60 68 

A = 3,60 114 

A=4,70 160 

65 57 40 

108 80 68 

151 105 95 

Toutes ces vitesses sont llevles et de nature a affouiller slrieuseme 
les fonds de sable.    Elles peuvent crier des transports de matlriaux conslque 

5. HOULE ET VAGUES DE TEMPETE. 

Les vents prldominants viennent du secteur S-W a. W.    Le fetch ne 
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depasse toutefois paj:180 km a partir de l1 embouchure de la Tamise et de la 
cote anglais e. 

Les vents soufflant du secteur W a N-W sont deja plus dangereux 
et le fetch augmente le"gerement a. partir de la c6te anglais e entre Harwich 
et Great Yarmouth. 

Les vents de tempete les plus dangereux sont, ceux venant du sec- 
teur NW-N et N-NE, le fetch depassant largement le millier de miles. 

Selon les statistiques du service de la me't&Drologie marine en 
Allemagne (l),  36% des vagues ne depassent pas 1 m en hauteur,  67 % ne 
depassent pas 2 m et settlement 5 % depassent 5 m. 

Pour 96% des cas, la peViode est comprise entre 3 et 8 secondes, 
et pour 5^6 des cas,  entre 5 et 6 secondes. 

Nous avons enregistre' au bateau-phare West-Hinder, le 16 octobre 
1958, pendant une violente tempete du NW-N (echelle Beaufort ll),  quel- 
ques vagues de 6, 6 m de hauteur avec pe'riode de 7 secondes.    Cet enregistre- 
ment a e'te fait avec un Shipborne Wave-Recorder de Tucker.    La maree 
haute atteignit ce jour la Z + 5,70 a Ostende. 

II faut toutefois noter,que les profondeurs dans le delta de l'Escaut 
entre le Wandelaar et la frontiere ne'erlandaise ne depassent pas 10 m 
sous mare'e basse et 12, 5 m sous le niveau moyen de la mer,  et que plu- 
sieurs bancs,  a. une profondeur de 6 a 8 m sous le niveau moyen de la mer, 
protegent la cote. 

Les fonds sont tres irr£guliers.    La houle forte et les  vagues a 
haute amplitude se re"fractent plusieurs fois avant d'aborder les cotes. 

La reflection des vagues contre les perres trop raides produisait 
avant 1953 et a mare'e haute une houle tres gaufree et tres irreguliere. 
C'^tait surtout le cas avant la construction des longues jet£es. 

La diffraction de la houle autour du mole de Zeebrugge et la refrac- 
tion sur les fonds  a. faible profondeur devant Heist a l'Est de la rade, pro- 
duisent une houle incidence normale a la plage entre les ^cluaes et le pare 
de Heist.    Le programme de defense dont traite cette etude n'a pas 6t6 eten- 
du a cette ^one.    DevantDuinbergen, Albert Plage, Knokke et Le Zoute, les 
profondeurs plus grandes de l'Appelzak favorisent la progression de la houle 
dans le sens de la passe,  c. a. d.  vers l'Est.    C'est aussi la direction des 
vents pr^dominants.    A cause du versant a forte pente, les fortes Vagues 
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attaquent avec d£ferlement la plage sous nn angle de 45* a 30° avec la normal 
sur les digues. 

"~ En tout cas, la presence des bancs et, specialement, celui du 
Paardemarkt,  limite la hauteur maxima des vagues qui peuvent attaquer la 
plage pendant les plus violentes tempetes ; a. mar£e basse, cette hauteur est 
limite'e a 4 m.    A mar£e haute,  a 6 m environ; 

Comme les grains de sable ont un diametre mferieur a 200 microns 
(de 60 a 160 microns), des vitesses alternatives au fond d'environ 0,10 m/sec 
peuvent deja. les soulever. 

Une houle de 2 m de hauteur et d'une periode de 6 secondes produit 
de"ja une telle vitesse a. 27 m de profondeur. 

Les fortes houles et les vagues de tempete sont done e"galement, 
par intermittance mais d'une maniere beaucoup moins continue que les cou- 
rants de maree,  des agents transporteurs de materiaux tres actifs.    Elles 
alimentent surtout la zone du delta en materiaux provenant de la mer et du 
large en periode de tempete. 

Avant 1953, les vagues de tempete a forte cambrure attaquaient obit 
quement et dangereusement les plages par deferlement sur le sable et par 
ressac contre et affouillement devant les digues. 

Depuis la construction des jetees,   elles deferlent sur les talus a. 
faible pente de celles-ci et la reflection a ete reduite dans une large mesure. 

II faut noter que les houles longues et regulieres de 0, 50 m.   aim 
de hauteur et d'environ 50 m de longueur contmuent a. progresser vers les 
plages sous un angle d'incidence reduit par rapport a. la direction NW-N et 
restent de preciaux agents engraisseurs des plages. 

6.   TRANSPORT DES MATERIAUX. 

Le transport des materiaux dans la fosse de l'Appelzak et sur eon 
versant meridional est avant tout cause par les courants marins. 

Le courant de flot^tant le plus fort,transporte les materiaux vers 
l'Est.    Le courant de jusant   cr^e un transport vers l'Ouest.    Dans l'Appelzak 
la re"sultante du mouvement reste dirigee vers l'Est.    Les houles et vagues 
creent a. partir d'une certaine amplitude et longueur .d'ond^e,  un transport 
supplemental re dirige vers la plage (S. E.) et vers l'Est. 

La r£sultante annuelle de tous ces transports reste done nettement 
dirigee vers l'Est le long de la cote et dans la fosse de l'Appelzak. 
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II faut toutefois remarquer,que dans la passe des Wielingen au 
nord du Paardemarkt, la re"sultante des transports ,dus aux courants de 
mare'es/est dirigee vers l'Ouest. II en est de meme a l'embouchure de 
l'Escaut entre Breskens et Vlissingen. 

Li'eau est toujours fortement charge'e de vase et d'argile marine (2 
a 20microns) meme dans les couches supe"rieures a. cause des courants 
marine a vitesse elevee et de la turbulence. 

La visibilite dans l'eau est nulle,   sauf a tres courte distance 
(quelques decimetres) par beau temps et pendant quelques minutes seule- 
ment au renversement du courant. 

Le sable est surtout charrie sur les fonds par temps calme,  mais 
entre partiellement en suspension quand la mer devient houleuse. 

Les mesures effectu^es avec  un appareil "SPHYNX" pour deter- 
miner les quantite"s de materiaux/transported pres du fond^donnent des re- 
sultats tres divergents.mais qui,   en moyenne,  concordent avec cb s mesures 
indirectes et avec nos calculs. 

Notre e"tude, publiee au Congres International de Navigation de 
Londres en 1957 (2), a traite" ce sujet en detail. 

Nous voulons simplement rappeler ici.que nous estimons le trans- 
port global de sable sur le fond de la mer a. travers une section perpendicu- 
laire a la cote a environ 200 m3 par metre du fond et par an devant le port 
d'Ostende.    II s'agit de la somme du transport de flot vers l'Est et du 
transport de jusant vers l'Ouest. 

Dans la fosse devant le port de Zeebrugge et dans l'Appelzak,  ce 
transport est evalue" a environ 400 m3 par metre de fond et par an. 

La resultante absolue du transport vers l'Est a travers une sec- 
tion bien de"terminee ne serait toutefois que de l'ordre de 80 m3 par metre 
de fond et par an 

La fosse de l'Appelzak est alimentee en mate'riaux par l'Ouest,  le 
Nord et meme par l'Est (jusant) 

La distance entre Zeebrugge et la frontiere ne'erlandaise est d'en- 
viron 11 km. 

Aux vives eaux et en surface, le flux vers l'Est (flot) est d'environ 
20 km et vers l'Ouest (jusant) d'environ 18 km. 

La fosse de l'Appelzak est done parcourue par les courants sur tou 

sa longueur et,  a chaque marge,  par deux courants inverses. 

884 



LA DEFENSE ET LE MAINTIEN DES PLAGES BELGES 
ENTRE ZEEBRUGGE ET LA FRONTIERE NEERLANDAISE 

Les mat^riaux sont alternativement transported dans les deux sens 
opposes. 

+ ++ ^ 

CHAPITRE 4 

PLAN DE DEFENSE JUSTIFICATION TECHNIQUE ET FINANCIER E 

L'endiguement complet des dunes, l'existence des perres,  des pro- 
menades et des proprietes privees sur toute la longueur de la cote ne permet- 
taient plus de recul des plages. 

II fallait done refouler la laisse de maree basse vers le Nord et 
gagner du terrain sur la mer et plus particulierement sur la fosse de l'Appel- 
zak. 

C'£tait sans douteune solution onereuse a. cause des grandes profon- 
deurs de la fosse, mais e'etait l'unique solution possible     Si la solution etait 
devenue onereuse,   e'e'tait avant tout a cause de l'enorme retard qu'on avait 
accumule et tole're' avant de resoudre le probleme. 

L'amplitude de la maree,  les vitesses elevees des courants de marei 
longitudinaux,  les directions de la houle,  la presence de sable sur les fonds 
et les transports de sable causes par les courants,  ont dicte en 1952 l'unique 
programme de defense possible, notamment le prolongement et la construc- 
tion jusque dans la fosse de l'Appelzak d'une serie de 25 jeteesd'une longueur 
variant entre 350 et535 m a partir de la crete des perre's bordant les digues. 

La longueur minimum de 350 ma ete £tablie de fagon a. obtenir une 
hauteur de l'estran minima devant le parafouille les digues de Z + 3,70 
Le niveau superieur des parafouilles est a la cote de maree haute aux mortes 
eaux,  c. a. d.   + Z + 3, 50.    Les calculs prealables avaient prouve" qu'il fallait, 
pour atteindre ce but,  regagner un volume de sable de 3. 000. 000 m3 entre 
les jetees. 

Les extremites du cote mer se trouvent a la c6te Z +0,70 et sont 
e"tablie's sur une ligne de base re"guliere deja situee dans la fosse,  aux gran- 
des profondeurs (fig.   l) 

La hauteur des enrochements de la tete atteint par endroits 8 a. 9 m. 
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L'entredistance est variable en fonction de la longueur des jetees 
et de leur situation devant les digues. 

1 e profil en long de chaque jetee presente une pente variant entre 
2 et 1, 5 % selon la presence ou l'absence d'une possibilite de reflection de 
la houle contre les digues de mer a forte pente. 

La pente a la tete des jetees du cote mer est de 5 : 1 (revetement 
permeable) (fig.   2) 

La section transversale de la tete pre'sente un plan horizontal a 
la cote Z + 0>70 de 6 m de largeur avec une voie carossable de 3 m de lar- 
geur et des pentes vers les fonds de 4 : 1 (revetement permeable) (fig.   3) 

Aucune pente, meme dans les sections les plus proches des digues, 
n'est plus forte que 3 : 1 dans la partie sup.erieure et que 5 : 1 dans la 
partie infe"neure (yevetement impermeable) 

Le but a 6t6 d'intercepter la houle et les  vagues mais d'eviter 
toute reflection 

La voie carossable est etablie sur toute la longueur de la crete 
de la jetee ; afin de faciliter l'execution et l'entretien ulterieur. 

L'urgence    des mesures a. prendre a ete prouvefe d 'une maniere 
eclatante lors de la maree tempete du ler fevrier 1953.    Les degSts cau- 
ses aux digues et epis des plages beiges de l'Est sesont chiffres a 
250. 000. 000 F. B. , montant plus eleve que les frais de reparation aux au- 
tres sites balneaires et aux ports de la c6te beige dans leur ensemble 

A ce moment, les travaux de la premiere jetee venaient tout juste 
de commencer. 

Or,  l'execution des travaux a coute" depuis lors: 

25 jetees : 325 millions de fraics I 
refoulement de sable: 29 millions de francs 

Total: 354 millions de francs 

Si le programme avait etc- execute et termine avant le ler fevrier 
1953, il n'existe aucun doute.que pas mal de millions de francs auraient ete 
economises. 

Nous avons en outre chiffre le montant des investissements publics 
et prives,   rien que dans la zone de ?50 metres de large et de 8. 000 m de long 
formant la veritable digue de mer en ces endroits: 
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Fig. 3.   Groyne and beach profile, Section C, 
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a) investissements publics 
(perres - promenades - chausse'es 
egouts - canalisations - cables) : 1 milliard de francs B. 

b) valeur des terrains prives : 15 milliards de francs B. 

c) valeur des bailments prives : 15 milliards de francs B. 

Total: 31 milliards de francs B. 

Le programme de defense de ces plages a done coute un peu plus de 
1 % de la valeur de la premiere digue de defense du pays contre l'envahis- 
sement par la mer. 

+ ++ + 

CHAPITRE 5 

EXECUTION DES TRAVAUX - 1952 - I960 

Les travaux aux trois premieres jetees ont commence" fin 1952, 
trois mois avant la maree tempete du ler fevrier 1953,   et les deux dernie- 
res jetees ont et^ terminees en juin I960. 

Mais deja. en septembre 1956 vingt-trois des vingt-cinq jetees 
e'taient ou terminees ou en voie d'achevement. 

C'est a ce moment en 1956,   1957 que l'engraissement des plages 
a ete accelere par le refoulement de 1. 250. 000 m3 de sable sur les perres 
des digues de mer. 

Ce sable a e'te suce" et emprunte" dans le sous-sol de la region polde- 
rienne au sud du chemin de fer Heist-Knokke (formation holocene moyen et 
infe"rieur et pleistocene ). 

Un e"tang de 10 ha et de  28 m de profondeur y a etc" cree a environ 
1, 5 km au sud de la digue de mer. 

Le sable a ete refoule sur les plages sans reprise a une distance 
maxima de 5 km de l'e'tang par un cutter tres puissant (Vlaanderen Xl). 

Les particularites essentielles de la construction des jetees sont 
les suivantes: 

La partie la plus importante est la section C,   situee en mer sur 

la terrasse sous-marine.    Cette section est construite sur pieces echouees 
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de fascinages, dont les largeurs atteignent jusque 60 m (fig.   3). 

La crete est etablie a la cote Z +0,70 en moyenne.    Des gros 
moellons dont le poids atteint 3  000 a 5. 000 kg en carapace,  constituent 
cette section. 

A l'exttemite nord de la section C,  les talus sont consolides et 
proteges par le deversement d'asphalte coule a chaud a. raison de 900 kg 
par m.2.    La crete de6 m de large re£oit une penetration d'asphalte coule 
et est etablie en voie carossable. 

La section B est situee sur l'estran entre la cote (0,00) et la 
cote (+ 1,00).    II s'agit d'une piece d'e'chouage en fascines, lestee par 
moellons au debris de demolitions.    Un revetement en moellons reguliers 
de 300 a 400 Kg recouvre tout le massif.    Ces moellons sont fixes et rejoin- 
te"s par l'asphalte coule (fig.   4) 

La demolition des ouvrages militaires datant de la seconde guerre 
mondiale et qui e"taient tres nombreux dans les dunes et le long du littoral, 
a permis la recuperation de debris et de  moellons^qui constituent mainte- 
nant le corps des sections A et B des nouvelles jetees. 

La Section A.situ^e sur l'estran proprement difyse construit de 
diverses fagonSselon qu'il s'agit d'une jete"e toute nouvelle ou d'un rehaus- 
sement d'une jete"e existante,  selon qu'il y a presence ou non de tourbe 
etc..    . .   (fig.   5) 

La section A,   entre la digue et la section B,   est constitute de 
parafouilles et/ou de plates-bermes,  d'un massif formant le corps de la 
jete"e et d'un revetement. 

Le parafouille est constitue" de palplanches metalliques ou de 
gaDions metalliques remplis de moellons.    Les vides sont remplis d' 
asphalte coule ou de beton. 

Le corps est constitue" de de"bris de demolition et de sable.    Le 
revetement est execute soit en moellons de pieres calcaires macpnnes 
ou rejointoyes au bitume ou a l'asphalte coule,   soit en blocs de beton pre"- 
fabriques. 

Pour certaines jete"es, la partie supeneure,  situee au-dessus de 
mi-maree,  a regu un revetement en sable bitumineux et be"ton asphaltique. 

Les fascines ne sont jamais employees au-dessus de la cote (+1,00) 
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CHAPITRE 6 

RESULTATS OBTENUS 

Des sondages reguliers nous ont permis de suivre la progression 
du reensablement de la fosse entre les jete"es nouvellement construites 
(voir ref.   2). 

Les derniers sondages ont ete effectues en septembre 1959- 

Le tableau suivant donne un &percu des resultats obtenus et donne 
le gain en m2 par profil,  a partir de la digue jusqu'a la ligne de baseyreliant 
l'extre'mite des jetees^ainsi que le relevement maximum : 

„     j. ,     _    ,      „      ,       .   ^, Relevement Gain de sable en Profil situe entre les jetees . , ,., J maximum en m mZ par profil 

n" 51 a Heist et n°  la 
Duinbergen 1,5 345 

n° 3 et n°  5 a Duinbergen 1, 5 350 

n° 9 et n°  10 a Duinbergen 1,3 440 

n" 2 etn"  3 a Knokke 2,6 510 

n° 4 et n°  5 a Knokke 0,9 243 

n° 6 et n° 7 a Knokke 1,4 430 

n° 9 et n° 10 a Knokke 2, 5 425 

nr 12 et n° 14 a Knokke 1, 6 240 

2 Profils a gain record: 

n° 10 a Duinbergen et' 
n° 1 a Knokke 3,1 850 

n° 11 et n° 12 a Knokke 2,7 685 

Les deux profils,ou nous atteignons un gain record/sont situes dans 

des zones oh une tres forte erosion existait avant et ou actuellement la mar^i 

haute n'atteint plus les digues 

Le bilan qui en resulte s'e'tablit comme suit en septembre 1959: 
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gain naturel de sable entre 1953 et 1959: 1. 750. 000 m3 

cleversement artificiel en 1956 et 1957 
entre jete"e 49 a Heist et jetee 12 a Knokke: 1. Z50. 000 m3 

* 
Gain total en profil: 3. 000. 000 m3 

Le gain naturel a e'te' d'environ 300. 000 m3 par an jusque 1957 
et a diminue" depuis a l'approche du nouvel etat. d'equilibre. 

Entre septembre 1957 et septembre 1959. le gain total sur le 
fond de la fosse au nord de la laisse de mare'e basse et au sud de la ligne 
de base reliant les extremites des jete"es a etc" d'environ 600. 000 m.3. 

Pendant cette meme pe"riode de deux ans,  un certain volume de 
sable, deverse- artificiellement en 1956 et 1957 devant les digues , a ete 
balaye" et transports" vers les profondeurs au nord de la laisse de mare'e bas- 
se. 

Le volume du sable deplace s'eleve a environ 300. 000 m3.    Ce 
de"placement a eu lieu entre les jetees 1 et 3 a Duinbergen et les  jetees 1 
et 10 a Knokke.    Ce sont les deux zones ou. la reflection des vagues 
contre les digues reste frequenteen cas de tempete. 

II reste done pendant ces deux annees un gain naturel de 300. 000 m3 
ou 150. 000 m3 par an en moyenne. 

Le gain total de 3. 000. 000 m3 de sable repre"sente la quantity 
estimee pre"alablement ne"cessaire pour la stabilisation et pour le nouvel 
^tat d'equilibre des plages beiges du littoral Est entre Duinbergen et la 
frontiere neerlandaise. 
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The Hague,  Netherlands 

ABSTRACT 

Since the circumstances on the Usselmeer will change by the 
reclamation works, observations on the present lake cannot direct- 
ly be used for the determination of the cross-sections of the 
dikes protecting the reclaimed land. The method of obtaining the 
necessary data (water level, wave attack) is discussed, as well as 
the determination of the design level. 

A reasoned description is given of a typical cross-section of 
a polderdike. 

INTRODUCTION 

The Zuiderzeeproject comprises the enclosure of the Zuider- 
zee, a large shallow estuary (mean depth 3,5 m) of the North Sea, 
and partial reclamation of the enclosed area (fig. 1). The enclos- 
ing dam separating the Zuiderzee from the North Sea was completed 
in 1932. By building this dam the safety as well as the water 
management of the hinterland has been improved. The reclamation 
started in 1928 and is still in full progress. When completed, 
2300 km2 of arable land, divided over 5 polders, will be added to 
the landarea of the Netherlands. The reclaimed land is situated 
k  to 5 m below the mean level of the Usselmeer, as the remaining 
fresh water lake within the enclosed area is called. In view of 
the water management of the hinterland the minimum size of the 
lake has to be at least 1200 km2. 

The economic value of a polder of 500 km2 is more than a 
thousand million guilders and 50000 or more people will live in it. 
Failure of the polder dike would mean an inundation during several 
months and would cause severe damage to all objects inside the 
polder. So the dikes protecting the polders against the water of 
the Usselmeer have to meet with very high requirements of safety. 
On the other hand the construction cost of the dikes amounts to 
1*000 to 5000 guilders for each hectare reclaimed land, that is 
about 3° percent of the total reclamation cost. Therefore a care- 
ful study of the dike dimensions is necessary. 

Failure of a polderdike could be due to overtopping of the 
crest by the waterlevel or by waves, to direct wave attack or to 
loss of stability. For the determination of the cross-section of 
the dike the variations in the waterlevel have to be known, as 
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well as the dimensions of the waves. Observations in nature on the 
open Zuiderzee or on the present large lake cannot directly be 
used, since circumstances on the final lake will be different 
from those on the former Zuiderzee or on the large lake. In the 
next chapters will be discussed how the necessary data for the 
final lake are obtained, after which a reasoned description is 
given of a typical cross section of the surrounding dikes of the 
new polders. 

DEFINING FACTORS 

The defining factors for the cross section of a dike are 
schematically shown' in a longitudinal profile over the lake 
(fig. 2). The actual water level in front of the dike depends on 
the volume V of the water in the lake and the denivellation D of 
the water surface due to wind. The uprush U of the waves against 
the slope of the dike depends on the wave dimensions (especially 
the wave height H) near the dike, on the direction of the wave 
attack with regard to the direction of the dike, and on the cross- 
section of the dike. The importance of these factors varies for 
the different points along the dike. In some points the wind- 
effect (D and U) is dominant. In other less exposed areas the 
volume V is determinant. 

THE WATER VOLUME OF THE LAKE 

A certain mean lake level corresponds with a certain volume 
V. The variations with time of the mean lake level are due to 
natural circumstances - the supply to the lake surpassing the 
natural discharging capacity of the sluices in the enclosing dam - 
or to levelregulations in view of storage of water for periods of 
drought. Based on observations during the period 1932 - 1959* and 
taking into account possible future changes in water management, 
the mean lake level has been computed with an electronic computer 
for every day in that period assuming that the lake would have 
had its final size. The solid line V 30 in fig. 3 denotes the 
variation of the mean lake level during the severe flood period 
of January 19^8, as observed on the lake with an area of 3000 km^. 
The dashed line V 12 represents the computed course of the level 
on the final lake of 1200 km^. The desired lake level in winter- 
time, the wet period, is kO  cm below the dutch reference datum 
N.A.P. (= approximately mean sea level). During floods long 
periods of exceedance of the desired level may occur, as is also 
shown in fig. 3> This makes it possible that a high lake level 
coincides with a gale with a strong windeffect, 

THE WINDEFFECT 

The windeffect consists of 2 phenomena: waves and denivella- 
tion of the water surface. Investigation of the denivellation and 
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Fig. 1.   The Zuiderzee project. 

UPRUSH U 

DENIVELLATION   D 

WATERVOLUME    V 

Fig. 2.   Schematic longitudinal profile with defining factors. 
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the wind on the present lake has learned that after about one hour 
a stationary condition is reached, which can be calculated with 
the formula for windeffect in a closed channel (Lorentz 1926). 

a 
Ot V     1   COS   <ip 

where 
z = denivellation (in m) 
v = windvelocity on the lake (in m/sec) 
1 = length of the channel (in m) 
d = depth of the channel (in m) 
<f = angle between the direction of the wind and the axis of the 

channel _g   _ 
« = a constant = 0,36. 10~ sec /m 

With the aid of this formula the denivellation on the final 
lake has been calculated for different velocities and directions 
of wind} the results are marked down on maps. Fig. k  shows an 
example of such a map; it gives the denivellation caused by a 
north-westerly wind of 25 m/sec, having a frequency of exeedance 
of 0,0*f. 

For the determination of the height and length of shallow 
water waves on the lake Thijsses diagram (Thijsse 19*»#) has been 
used up till now. Of late wave heights have been observed on the 
lake with a floating wave recorder (Roest i960). The wave dimen- 
sions on the lake are calculated for the same winds as the de- 
nivellation and are also marked down on the abovementioned maps 
(fig. k). 

Then the wave uprush on the dike is determined by using the 
results of modelinvestigations in the Hydraulic Laboratory at 
Delft (Wassing 1957). To verify the modelinvestigation a number of 
wave-uprush gauges has been installed on the existing dikes. 

DESIGN CRITERION 

After the calculation of the values on the final lake of 
each of the defining factors separately, they have to be combined 
to determine the dimensions of the dike. 

At the reclamation of the Noordoostpolder in the years 1936 - 
19^2 frequencies have not yet been considered. The usual procedure 
up till then was that the highest known water level was chosen as 
design level. In concordance herewith the dimensions of the polder 
dike have been determined by applying a combination of the most 
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unfavourable conditions of water supply to the lake, limited dis- 
charge and windeffect on the considered part of the dike, which 
had ever been observed separately until then. Of course these 
values have been converted to conditions prevailing on the final 
lake. Calculation afterwards of the frequencies of overtopping 
showed that application of this method resulted in different 
chances of overtopping and consequently of failure for different 
points of the dike. 

At the polder Oostelijk Flevoland, the reclamation of which 
started in 1950t frequency curves of the actual water level in 
front of the dike and of wave uprush - both measured with regard 
to N.A.P. - have been constructed for each part of the dike. The 
frequency curves have been defined in the way, demonstrated for 
the point P (fig. k)  with the aid of fig. 5« in which the scale 
of heights is arithmetic and that of frequencies (= mean chances 
of exceedance in a year) logarithmic. In this diagram solid lines 
indicate the calculated frequency curves of the mean lake level V 
and of the windeffect D + U (U being the uprush which is exceeded 
with a frequency of 0,02). It is evident that at low frequencies 
the curves are straight lines on semi-logarithmic paper. For this 
reason the curves, if necessary, have been extrapolated by 
straight lines. The frequency curves of windeffect and mean lake 
level have been combined to a frequency curve for the top of the 
wave uprush with regard to N.A.P., whereby the dependance of 
windeffect and lake level has been taken into account. The top of 
the 2% wave uprush with a frequency of 0,001 has been chosen as a 
criterion for the height of the dike. 

The actual water level in front of the dike is also an im- 
portant factor. The frequency curve of D + V with regard to N.A.P. 
has been determined in a similar way as for the wave uprush by 
combining the frequency curves of D and V. Because overtopping of 
the dike by the water level causes a more dangerous situation than 
that by the wave uprush, a frequency of 0,0001 has been selected 
as the criterion in this case. 

As a result, and in contrast to the dike of the Noordoostpol- 
der, the dike of Oostelijk Flevoland bounded by the final Ussel- 
lake has the same strength everywhere. A weak point in the cal- 
culation is however the ill-known dependance of windeffect and 
mean lake level. 

For the remaining polders the following procedure is con- 
sidered. Based on observations on the large IJssellake it is 
possible to construct for the final situation for a period of 30 
years a series of data concerning mean lake level, actual water- 
level and actual waterlevel + wave uprush for different points 
along the dike, and hence to derive a frequency distribution of 
these phenomenae. To get the design level these curves have to be 
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extrapolated. In this way the difficulty of combining the separate 
frequency curves of lake level and windeffect is met. 

Another difficulty remains. The design level can be reached 
by a combination of a low lake level and a strong windeffect, but 
also by a combination of a high lake level and a weak windeffect. 
The chance of failure is not the same in these cases, whereas at 
the determination of the frequency curves these cases have got the 
same weight. For that reason it seems appropriate to check the so 
achieved dike dimensions by choosing a very rare value for one of 
the defining factors and a moderate value for the other one. The 
first check is then a flood with a frequency of occurrence of for 
instance 0,0001. Calculate the corresponding mean lake level, 
assuming a limited discharging possibility of the lake and combine 
this lake level with a moderate storm. The other check is an ex- 
treme wind on the lake combined with a moderate exceedance of the 
lake level. 

The frequency of these checks is only very roughly known, but 
the same applies to a design level obtained by extrapolating a 
frequency curve based on observations during a period of less than 
a century to frequencies of 0,001 or even 0,0001. The importance of 
frequency considerations lies mainly in the possibility of achiev- 
ing an aequivalent safety for the different low lying parts of 
the country. 

DESIGN OF CROSS SECTION 

STABILITY AND SETTLEMENT 

Since one of the original aims of the Zuiderzeeworks was the 
reclamation of large areas of arable land, the new polders are 
projected in those parts of the former Zuiderzee where the top- 
layers of the soil consist of fertile clay. These claylayers which 
are locally alternated by layers of peat have a limited bearing 
strength, which would not be sufficient to carry the heavy load of 
the dikes without endangering the stability of the construction. 
Furthermore these thick and very soft layers would give rise to a 
considerable settlement of the dike, which in itself would be un- 
desirable in view of the requirements concerning dike height etc* 
discussed hereafter. 

In order to warrant a stable dike of more or less constant 
height the greater part of the soft layers in the proposed dike- 
line is removed and replaced by sand before building the dike. The 
width of the excavation depends on the width of,the dike - which 
in itself is dependant again on its height and on the gradient of 
the side slopes - and on the depth of the excavation. The width 
will have to increase with depth in order to meet the spreading 
of stress in the bottom. 
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Since the thickness of the soft layers is limited it would be 
obvious to remove them to their total depth, thus excluding any 
danger for slidings and reduce settlement to a minimum. The clay 
and peat layers are, however, normally underlain by strata of sand 
reaching to depths of some hundreds of meters and containing 
artesian water. It is therefore undesirable to make a short cir- 
cuit between these deep sand strata and the sandbody of the dike 
and consequently with the polder. This could enhance the seepage 
to the polder to an intolerable amount in regard of the pump capa- 
city and it could endanger the stability of the inner slopes of 
the dike. 

It has become normal practice therefore not to remove the 
soft layers to their total depth butto leave a layer of appr.1.00m 
thickness in its place on top of the deep sand strata. This layer 
will be compacted by the load of the dike and will constitute a 
nearly impervious separation between the sandbody of the dike and 
the deep sand strata. The settlement of the dike, due to compaction 
of this layer, will normally not exceed JO to 35 centimeters and 
this can be easily overcome by giving some extra height to the 
dike during construction. 

COMPOSITION OF DIKES 

Since sand can be borrowed from the bottom of the Usselmeer 
at a suitable depth, generally in the immediate vicinity of the 
works, it is by far the cheapest building material that can be ob- 
tained and consequently the main body of the polderdikes will con- 
sist of sand. This body of sand has, however, to be protected 
against currents and wave attacks, measures have to be taken to 
limit percolation and even those parts of the cross section that 
are not exposed to these phenomena will have to be covered in 
order to forestall erosion by wind and rain. 

It is considered that beyond a depth of N.A.P. - 2 m (which 
is appr. half of the depth in front of the dikes, built in the 
deepest part of the area to be reclaimed) sand will be stable with- 
out any covering layer, provided the angle of the slope is well 
below the angle of natural repose under water. The uncovered sand- 
slopes are normally built with a gradient of 1 : 6. 

Above this depth a more resistant material has to be used. In 
the IJsselmeer-area boulderclay is applied. This is a heavy glac- 
ial loam, which crops out of the bottom of the northern part of 
the Usselmeer in several places, for instance near the former 
island of Urk, where it can be dredged. This material is practically 
impervious, it is temporarily current and wave resistant, it has a 
high cohesian and a high shearing strength. It is therefore an 
excellent dikebuilding material and it is used not only as a per- 
manent impervious covering layer between the sandbody and the 
protective layers of brushwood or stones but as well as a temporary 
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wave resistant protection which enables a running working method 
without any inadmissable risks. 

For the ultimate situation the boulder clay has to be protect- 
ed against wave attacks and erosion. The part below mean lake level 
is protected by brushwood matresses, loaded with rip-rap, the 
slope above this level is partly covered with a stone pitching, 
consisting mainly of columnar basalt blocks, and partly by a 
grasscover on a layer of fresh clay. The clay can be borrowed from 
the Usselmeer near the works, brushwood is borrowed from the 
outer marches of the Dutch rivers and estuaries} the stones for 
rip-rap and stone pitching form the only material to be imported 
from abroad. 

SHAPE OF CBOSS SECTION 

Under normal conditions of water supply and discharge the 
water level on the lake fluctuates around the referencedaturn N.A.P. 
The part of the dike between some decimeters below and above N.A.P. 
will therefore be exposed to the daily wave-attack. A horizontal 
berm on this level, which is already necessary to fix the brush- 
wood matresses on their place, will at the same time serve as an 
energy dissipating berm. For this reason this berm is made rather 
wide and it is covered with heavy rip-rap (120 - 2^0 kg), neatly 
placed and locked up by two rows of wooden piles. 

Another berm has been designed on the height of the design 
lake level, which, as stated before, will differ for different 
points in the lake. This berm serves to partly dissipate the 
energy of the waves, breaking on the slope of the dike and so de- 
minishing the height of the wave uprush along the upper slope. The 
width of the berm to be fully effective should be at least 1/k  to 
1/3 of the length of the waves occurring under the assumed con- 
ditions. 

The gradient of the slopes and the weight of the stones used 
for the stone pitching are closely interrelated. A steeper slope 
requires heavier stones, a more gentle slope results in a larger 
area to be covered with stones but the length and weight of single 
stones can be less. The angle to be chosen is therefore partly a 
question of economy. 

The minimum angle of the slope, however, has to be decided on 
stability considerations. It is found that for dikes exposed to 
the heaviest wave attacks to be expected on the Usselmeer the 
gradient of the slope should not exceed 1 : 4 and for less exposed 
dikes 1 : 3» 

The gradient of the slopes on the polderside of the dikes in 
their final state is entirely decided on considerations of stabili- 
ty, assuming the crest being overtopped by waves or the waterlevel 
on the lakeside rising to an extreme height. 

SLOPE PBOTECTION 

The strength of the slope protection can be adapted to the 
power of the wave attack, which will change with height. The 
strongest protection will have to be made on that part of the 
slope that will be exposed to the strongest wave attack, i.e. 
approximately on the height of the design level, just underneath 
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the high outerberm, where the breaking waves at the design level 
hit the slope. Beneath and above this strip, which may be rather 
wide, the strength of the protecting layer can decrease proporti- 
onally to the decrease of the wave force. 

In accordance with this, lighter and cheaper materials are 
used on the slope above the berm and part of this slope, that will 
only under extreme conditions be reached by the tops of a small 
number of waves, has got merily a grass protection. 

The slopes on the polderside of the dike have to be protected 
temporarily against wave attack, because during construction the 
future polder is still part of the lake. The protection of the 
lower part of these slopes consists therefore temporarily of a 
stone or concrete pitching, which is composed in such a way that 
after the polder has been drained, the materials can be used for 
protection of the outer slope above the berm. The uppermost part 
of the inner slope and the crest of the dike are protected by a 
grass cover on a layer of fresh clay. 

REQUIREMENTS FOR TRAFFIC 

During the first years of reclamation, when there are still 
no road connections through the polder, it is essential that all 
points of the circumference of the polder can be reached by road 
in order to be able to start the reclamation works from several 
different points. To this end a road has been designed on the 
dike, mostly on the crest, that has to be widened then, sometimes, 
especially at the higher parts of the dikes, on a berm. 

As far as these roads are built on dikes bounded by the IJs- 
sellake in its final shape and size, they should have a closed 
road surface in view of the possibility of overtopping of the dike. 
Since, however,initial settlement of the dike may differ rather 
strongly from one point to another, a temporary brick pavement is 
applied during construction. After a couple of years, when the 
greater part of the settlement of the subsoil has taken place and 
the road foundation has been compacted by traffic, this brick 
pavement will be replaced by a road surface of asphalt concrete. 
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CHAPTER 53 

COASTAL PROTECTION WORKS AND RELATED PROBLEMS IN JAPAN 

Masashi Bom-ma and Kiyoshi Horikawa 

Department of Civil Engineering, University of Tokyo 

Tokyo, Japan 

IHTBODUCTION 

Japan consists of 4 main islands named Hokkaido, Honshu, Shikoku and 
Kyushu, which, together with numerous smaller islands scattered around, 
are so aligned as to form a slightly bent arc off the eastern fringe of 
the Asiatic Continent. (See Fig. 1.) The dominant geographies of these 
islands are represented by relatively high mountains located in the center 
and narrow strips of plane lands lying along the coastlines. It is in thes 
coastal planes that the cores of the Japanese industrial and other economic 
al activities are deployed with swarming population. The entire area of 
Japan is approximately 320,000 km2 and the surrounding coastlines are 
14,560 km long. 

Traditionally the economy of Japan depended heavily on agriculture and 
fishery, which necessitated active reclamation works around the esturine 
lowlands as well as establishment of small fishery ports in great numbers 
at various parts of Japan. 

The growth of her economical potency came to cast floodlight on the 
importance of marine transportation, and the commercial ports came to thriv 
at numerous estury harbors. The land extension works along the coast line 
are even flourishing today, but they are aimed at creating the sites for 
modern industries. It should be emphasized that Japan has been utilizing 
the coastal areas to an utmost extent for survival as well as prosperity, 
and further that this trend is destined to persist also in the future in 
order to keep pace with her economical development. 

Unfortunately, the geographical situations as well as other unfavorabl 
natural conditions distinguish Japan as one of the most disaster-ridden 
countries in the world. The islands of Japan are pestered by the tropic- 
al cyclones or typhoons of the western Pacific which haunt her several 
times every year. They may hit her by a head-on landing or near-missing, 
leaving tremendous disasters in the wake. Worse still, seated right on the 
earthquake belt, she is also subjected to disasters caused by occational 
crustal motions and tsunamis. Most of her long coastlines are where 
formidable energies of wind waves and ocean swells are let loose, which 
would claim for frequent destruction of maritime structures, erosion of 
coastlines, and sedimentation of harbor basins. Apart from the disasters 
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?ig. 1. Map of the Japan Islands 
'ig. 2. Distribution of Epicenters and Magnitudes of Great Earthquakes (after 

H, Kawasumi) 

Fig. 3. Fig. 4 
?ig. 3. Comparison of Maximum Water Levels due to Tsunamis in 1096, 1933 and 

1960, above the Tokyo-Post datum (Approximately equivalent to M.W.L.) 
along the Sanriku Coast, 

•'ig. 4. Ordinary Typhoon Paths 
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for which the natural elements are primarily responsible, we must point ou 
the effects of artificial interferences such as debris barriers, dams for 
power generation, flood control or water supply, diversion channels, river 
mouth jetties, breakwaters, and even coastal groins, which seem all to 
combine to account for recent progress of erosion along the vaious sandy 
coasts of Japan by working on the delicately balanced equilibrium of natur 
lite Japanese engineers face a number of such exceedingly intricate problem 
today. They have been striving to overcome and effectively control these 
problems in order to preserve the valuable coasts which she cannot afford 
to lose any more. 

This paper will first introduce the general factors affecting the coa 
al problems in Japan, and proceed to discuss the patterns with which some < 
these factors were linked to produce particular coastal problems. We will 
next review the efforts and contributions made by the Japanese engineers t< 
solve such problems. Finally the coastal protection works and practices 
will be presented with some representative examples. 

FACTORS AFFSCTING THE COASTAL PROBU&IS IN JAPAN 

We may classify the factors which are considered to be related to 
coastal problems under four main categories: (1) geomorphological aspects, 
(2) meteorological and oceanographical aspects, (3) sediments, and (4) ar- 
tificial interferences. We will discuss the factors with special emphasis 
on the characteristics particular to Japan. 

Geomorphological aspects 

The islands of Japan lie along the circum-Pacific seismic zone. Fig. 
2 shows the epicenters and magnitudes of 343 great earthquakes which have 
been traced by H. Kawasumi from the records of the past 1350 years $•**   These 
earthquakes almost frequently produced the crustal motions which resulted 
in repeated elevation or subsidence of the earth levels along the coastal 
regions as well as on the sea bed. For instance it has been reported that 
the coastal areas of the Sagami bay were heaved by 1 to 2 m during the 
great Kanto earthquake in 1923 •<a)  So pronouncing are these crustal pro- 
cesses occurring along the coasts that the engineers are compelled to regar 
the geomorphological movement as one of the principal factors influencing 
the coastal processes in Japan. 

Meteorological and Oceanographical Aspects 

There lies an outer belt of earthquake zone along the offshore of the 
Pacific coasts of Japan, where great earthquakes used to deform the ocean 
bed producing the tsunamis. Beside the tsunamis which were generated at 
the nearby epicenters, some traveled a long way to hit the Japanese coasts 
from a faraway center of their birth, such as one caused by the Chilean 
earthquake in May, I960.*3' Table 1 shows the great tsunamis ever recorded 
in history. The most outstanding of them all were the Sanriku tsunami in 
1896 and 1933, and the Chilean-earthquake tsunami in 1960. They inflicted 
most formidable disasters on the Ria coasts of Sanriku, the north-eastern 
region of the Honshu island, which is exposed to the Pacific Ocean to the 
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TABLE - 1 
(1) (2) (3) 

Year Location Grade of Magnitude of Year Location Grade of Magnitude of 
Tsunami Earthquake Tsunami Earthquake 

684 E III 8*4 1771 6 III 7.4 
869 B IV 8.6 1854 D III 8.4 
887 DK III 6.5 1854 E III 8.4 
1361 E III 7.0 1896 B nr 7.6 
1498 D III 8.6 1933 B in 8.5 
1605 DE III 7.9 1944 D HI 8.3 
1611 B 17 8.1 1946 E in 8.1 
1703 C III 8.2 1952 A II 8.2 
1707 DS IV 8.4 1960 8.7 
1741 F III 6.9 

(1) See the Attached Map, 

(2) Grade 
II 
III 
IV 

Total Energy (after R. Takahashi) 
4 x I0zaerg 
16 x 1022erg 
64 x 10 ** erg 

(3) Eichter~Gutenberg*s Scale 

w <D 

d> 

if 

© 
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east. Fig* 3 compares the maximum run-up reached by these tsunamis at 
various localities. It must be noted that the patterns of the rising watei 
inside the bay areas were different between the Sanriku-earthquake tsunami 
in 1933 (of the period of approximately 12 min.) and the Chilean-earthquaki 
tsunami in 1960 (of the period of approximately 60 min.). Such difference 
is supposed to result from the relationship between the normal vibrational 
periods of the bays and those of the tsunamis invading them. 

The natural forces acting upon the coasts are represented by the me- 
teorological factors such as the violent winds generated by typhoons or 
migratory cyclones, and by the oceanographical factors such as waves and 
currents. Efforts have been made at various coastal areas of Japan to 
forecast the waves from meteorological data. On the other hand, mainly 
spurred by the recent development of harbor projects or purely for the 
purposes of coastal engineering studies, the actual measurement of wave 
has recently been accelerated shedding light to a great extent on the char- 
acteristics of the meteorological and oceanographical factors prevailing in 
the water around Japan. 

The seas around Japan must be dealt with separately for the factors 
peculiar to each of the three sectors: (1) the Pacific Ocean coasts, (2) 
the Japan Sea coasts, and (3) the sheltered bays. 

The Pacific Ocean coasts- Kxposed to the great open sea of the Pacific 
Ocean1, this sector is subjected to the influence of a typhoon during sum- 
mer to fall. The ordinary path of a typhoon varies for each month. (See 
Fig. 4.) Table 2 shows the average number of typhoons generated in the 
southwestern sea of the Pacific Ocean and the number which landed on Japan, 
per annum. It is understood from the table that Japan is attacked at least 
by 2 or 3 typhoons annually which command an appreciable domain of influenc 
with a formidable charge of destructive energy. One that carried the great 
est energy was the Muroto typhoon which caused a great storm surge in the 
Osaka bay on September 18, 1934. The typhoon No. 15 of 1959, usually calle 
the Xse-bay typhoon, is only next to the Muroto typhoon as far as the 
significance of the disasters due to a storm surge is concerned. (See Fig. 
5.) 

The most dominant waves occuring along the Pacific coasts of Japan are 
generated by the typhoons, which emanate forerunning swells for days well 
before its farthest perimeter comes to feel the coastlines* According to 
the studies made by T. Ijima, the periods of the typhoon swell recorded at 
the Japanese coasts range approximately from 12 to 14 seconds, and the 
significant wave heights from 1 to 2 m, rarely attaining 3 to 4 m. As the 
typhoon approaches the coastlines, i.e., as the decay distance is shortened 
the wave period tends to drop slightly, but only to increase sharply soon 
as the wave heights gain in magnitude.^ S. Nagai estimates the maximum 
height of the wave inside the typhoon No* 15, 1959, as 3.5 to 5,5 ra, based 
on the sliding pattern of the breakwaters in the Wakayama prefecture.^) 
S. Unoki has presented the classified diagrams showing the distribution of 
wave heights and periods occurring in the deep water inside a typhoon from 
the records of the seafaring vessels and weather ships .<6) 

The influence of a typhoon varies according to the path and the 
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TABLE.  - 2 

Statistics of Typhoon 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total 

No. of 
Typhoon 
Generated 

0.2 0.2 0.2 0.4 0.9 1.4 4.1 5.7 4.8 3.1 1.5 1.1 23.5 

g| 

o q 

if 

Mean -   -   -   -  0.02 0.11 0.31 0.76 0.82 0.33 0.03  - 2.47 

Max ----1124421- 7 

TABLE - 3 

Kecent Record of Great Storm Surges (1900 - 1959) 

Date Location Height in m 

Aug. 25, 1914 

Oct. 1, 1917 

Sep. 13, 1927 

Sep. 21, 1934 

Sep. 17, 1945 

Sep. 3, 1950 

Sep. 26, 1959 

Ariake Sea 2.0 - 2.5 

Tokyo Bay 2.3 

Ariake Sea   about 3.0 

Osaka Bay 3.1 

Kagoshima, Bay 2.0 

Osaka Bay 2.4 

Ise Bay 3.5 
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Pig. 5 (a) Fig. 5 (b) 
Fig. 5(a). Path, of Muroto Typhoon (Sept. of 1934) 
Fig. 5(b). Path of Ise-bay Typhoon (Sept. of 1959) 
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direction of the coastline exposure. The coasts west of the Tokyo area 
are thus subjected to greater influences of a typhoon than the coasts north- 
east. 

Fig. 6 shows the waves due to the typhoon No. 22, September 1955, re- 
corded outside the Kochi port by using a pressure-type wave recorder. This 
record shows the maximum wave of 6,5 m in height and 13.8 sec in period. 

During winter and spring a family of lows migrate eastward from the 
Asiatic Continent across the islands of Japan. However, since the Pacific 
coasts are located at the lee, the waves due to the migratory lows seldom 
exceed 3 to 4 m in height and 10 to 11 sec in period. 

Throughout a year, several isolated fetches occur simultaneously over 
the northwestern Pacific. The waves generated in them have a long distance 
of decay to cover before reaching our coasts. The Pacific coasts of Japan 
are constantly subjected to these long-range swells which, even in the most 
tranquil weather, attain the significant heights of approximately 0,5 m and 
periods of 9 seconds. Fig. 7 shows the cumulative probability distribution 
of the heights and periods of shallow water waves based on the visual obser- 
vations made at Tokaimura and Tomakomai along the Pacific coasts, and at 
Niigata and Kaike along the Japan Sea coasts. 

The Japan Sea coasts - The coasts facing the Japan sea are exposed"- to the 
confined fetches not exceeding 800 km in any direction. There is little in- 
fluence of a typhoon here. The feature characterizing the Japan Sea coasts 
is a long spell of violent wind waves occurring during winter due to the 
migratory lows. Only swells of relatively short periods may occur here due 
to limitation in fetches. The pronouncing pattern which distinguishes the 
Japan Sea coasts from the Pacific coasts is that a complete calm dominates 
the Japan sea coasts occationally due to absence of a fetch during June to 
August. On the other hand, during winter the sea is continually covered by 
a violent fetch after another which takes place in the wake of incessant 
passage of lows. Fig. 8 shows the probable occurrence of strong winds for 
each month in the vicinity of Niigata; Figs. 9 (a) and (b) show the proba- 
ble occurrence of waves for each month respectively at Niigata and at Tokai- 
mura (Pacific coast). 

The results of field observation show that the significant waves oc- 
curring along the Japan .Sea coasts seldom exceed 12 to 13 sec in period and 
7 m in height .c4)&(7) Based- on the maximum duration for each magnitude of win< 
velocities derived from the records at Niigata in 1957 and 1958 and after 
some assumptions for simplicity, we evaluated the greatest possible waves 
corresponding to the maximum fetch length of 800 km by utilizing the gener- 
alized forecast diagram by Sverdrup, Munk and Bretschneider. The results 
are shown in Fig. 10, which give 5 to 8 m and 11 to 13 sec for heights and 
periods of the greatest possible significant waves expected at the Niigata 
coast. We are planning to test the adequacy of this treatment by actually 
measuring the waves at the Sado Island which is located 35 km offshore of 
Niigata. 

The Sheltered bays *• This category includes the bay area such as the Tokyo 1 
the Ise bay, the Osaka bay, the Seto inland sea, and the Ariake Sea, that 
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are effectively sheltered from the ocean swells due to topographical sit- 
uations. Violent waves found in these bay areas are caused by a typhoon 
passing nearby. When a typhoon passes the westside of the bay, i.e., when 
the bay is covered by the dangerous semi-circle of a typhoon, the signifi- 
cant wave invading the bay may attain as high as or less than 3 m in heighl 
and 6 to 7 sec in periods. 

Far more serious than the waves is a storm surge occurring inside the 
bays due to wind set-up caused by a typhoon. Table 3 shows the records of 
the storm surge levels which occurred in Japan from 1900 to 1939* To quote 
K. Okuyama and S. Unoki; "The coasts along the Tokyo bay, the Osaka bay, 
the Seto inland sea and the Ariake Sea are haunted by storm surges* where 
the meteorological tide at times exceeds 2 m. The coasts of the Ise bay 
and the Kagoshima bay come next in fame for storm surges often attaining 
1 m in levels."^ The Muroto typhoon in 1934 caused the record height of 
a storm surge amounting to about 3 m in Osaka harbor* The typhoon No. 15 
in 1959 sent an extraordinary storm surge as high as 3.5 m in the Ise bay, 
the event being discussed in further details under the separate title in 
this conference. Since the coastal areas of these bays consist mostly of 
reclaimed lowlands where key industrial and agricultural establishments 
are thickly distributed, the consequent disasters are tremendous. 

Sediments 

The sediment process if as vastly important and also difficult to 
tackle as any process occurring along the beach. Back in 1953, the report 
by K. Aki, "Beach Erosion in Japan", referring to important erosing beaches 
in Japan, indicated that the cause of erosion is primarily attributed to 
deterioriation of rivers as a source of sediment supply.^ A number of 
studies have since been performed trying to solve the coastal sediment 
problems in Japan. However, none seems to have succeeded in founding a 
quantitative measure to explain the physical process of the sediment motion 
along the beach. 

Active movement of coastal sediments has produced sedimentation of 
anchorage basins and blocking of river outlets at many places in Japan* 
The important role played by eolian transport of sand should not be over- 
looked in this regard. It is estimated that roughly half of the sand which 
shoaled the basin of the Kashiwazaki port in Niigata prefecture had been 
derived from eolian transports. 

There are numerous instances where the properties of sediment material) 
such as the particle size and size distribution as well as the bottom to- 
pographies played a role as extremely important to the sediment problems as 
winds, waves, and longshore currents. At the gravel beach the attribution 
of a concrete structure is so severe that the maintenance of the protective 
establishments present an annoying problem to the engineers* 

Artificial interferences 

Considering principal causes of erosion which is now in progress at 
various coasts of Japan, we find that it is mostly attributed to disturb- 
ance of the natural processes due to an artificial interference or another. 
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The most prominent Instance is found in Niigata along the Japan Sea 
coasts. Since ancient years the Niigata city developed as an esturine 
port at the mouth of the Shinano river and is today one of the most im- 
portant ports along the Japan Sea coast. (See Fig. 11.) Formerly a tre- 
mendous amount of sediment was emptied from the mouth of the Shinano river 
which was then put in active movement along shore due to violent wind waves 
predominant during winter. As a result the river mouth was easily shifting 
its position, seriously hampering navigation through it. In order to main- 
tain the navigation channel through the river mouth a project was initiate* 
in 1896 to set up the training jetties and was completed in 1924 after re- 
peated improvements. At the same time another project was started in 1909 
to cut a flood way at a point approximately 58 km upstream of the river in 
order to free the Echigo plane from frequent flood disasters. Since the 
project was completed in 1922, the design flood discharge of 5,570 m3/sec 
was mostly diverted into the flood channel and the discharge through the 
original channel was kept below 270 mVsec approximately. These grand 
projects helped to rid the Eehigo plane of a flood disaster for ever, but 
at the same time they drastically cut the supply of sediment to the beaches 
adjoining the river mouth. 

As these projects proceeded, a beach segment approximately 6 km long 
to the west of the river mouth began to retreat and the erosion has been so 
severe that today two rows of the coastal dunes have been completely washed 
away leaving only the half of the third dune. (See Fig. 12.J The beach to 
the east of the river mouth had been progressing at the rate of 30 nr-per 
year until the jetties were installed at the river mouth. As the Jetties 
were being constructed, the rate of shoreline progression was reduced and 
later, with completion of the flood channel upstream, an appreciable retro- 
gression started over a stretch of 2 km. On the other hand, along the 
beach of Teradomari where the new flood channel empties a vast quantity of 
sediment into the sea (See Fig. 13.), the shoreline advanced remarkably. 

The Niigata area is beset by an even more delicate problem which has 
arisen from another case of artificial interference. As the production of 
subsoil natural (soluble) gas was accelerated since 1949, the earth level 
has started to give way at an increasing rate. (See Fig. 14.) Today the 
subsidence has progressed to such an extent as to paralyze the port facili- 
ties as well as intensifying the beach erosion. 

The decrease of sediment supply from the river ways also result from 
construction of dams for power generation, water supply or flood control 
or of debris barriers. Such examples are found at the Kaike coast, the 
Toyama coast (exposed to the Japan Sea), and the Toban coast (located in 
the Seto inland sea). There are coasts where the beach was eroded due to 
jetties or other shoreline barriers which acted to intercept the path of 
sediment from the source of supply. Such example is found at the Tanezaki 
coast (in Shikoku), and the East Katase coast (in Sagami bay). 

Japan is abundant in problems of harbor sedimentation which have long 
been harassing the harbor engineers. There is the well-cited example of 
Isohama (along the Pacific Ocean coasts) which was completely disabled due 
to severe sedimentation. (See fig. 15.) A similar example is found in 
Zwafune which is located approximately 45 km north of Niigata and approxi- 
mately 5 km south of the Miomote river. We should say that this fishery 
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harbor embodies the history of the Japanese engineers who fought coastal 
sediments with unswerving perseverance. Fig. 16 will aid to understand 
the background of this harbor where the design and alignment of the jet- 
ties have been repeatedly modified under the pressure of invading sedi- 
ment. 

APPROACHES TO COASTAL PROCESSES 

The factors discussed in the preceding chapter combine in nature to 
present various patterns of coastal problem. The problems are so intri- 
cately constituted that it has only been these 15 years that a field in- 
vestigation based on the scientific procedure and a laboratory experiment 
based on the results of such investigation came to prevail. We had to 
depend largely on the experiences of some limited number of engineers 
until the scientific approaches were introducedS10^ 

The meteorologists and oceanographers have long been turning out an 
immense quantity of data on waves, but they mostly counted on visual ob- 
servations until various types of instruments became available about 10 
years ago. Today, a number of wave recorders, both step-resistance and 
pressure types, have been installed in Japan. The shore-based stereo- 
photography is also used in studying the shoaling waves. 

The longshore currents are often measured by using floats or self- 
contained recorders. Fluorescent dye markers are also used both in and 
out of the surf zone. 

Though supremely important, the measurement of the longshore sedi- 
ment movement still lacks in adequate instruments. A box trap or a tube 
(or bamboo) trap is currently used in Japan, but the data which they pro- 
vide fail to give the definite basis for a quantitative treatment. In 
order to verify the sand-arresting organism of a trap, the authors carried 
out a series of instant and cumulative sampling of suspended sediment in 
the field in parallel to a laboratory model test in a two-dimensional 
flume. Though the project is still in progress, we have succeeded in es- 
tablishing a relationship between the concentration of suspended sediment 
and the efficiency of a tube trap/") 

At the present state the hydrographic sounding by lead or echo is a 
most effective and most widely used method for estimating the movement of 
sediment as well as changes in bottom topographies. The problem with the 
hydrographic survey today is to shorten the operation period, yet not to 
impair the accuracy of sounding data so that the wave conditions may not 
change during the operation. 

The uncertainty in the scale effect seriously reduces the value of 
laboratory experiment, particularly one utilizing a movable bed. The 
method used by the Japanese engineers to overcome this difficulty is to 
follow a close reference between the model and the prototype by trial-and- 
error repetition. 

A most pronouncing example of the overall coastal study in Japan is 
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Fig. 14. Relationship between the Subsidence of Bench Marks and the Production 
of Subsoil Natural Gas. 
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Fig. 15. Isohama Fishery Harbor (after M. Suzuki) 
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found in the coast of Niigata. In order to deal with the problem of ero- 
sion, a committee was created in 1946 and after 5 years of strenous field 
investigation and laboratory model experiments the results were published 
in an extensive report in 1951, In 1953, the prefectural office of Niigat* 
set out on a long-range project of investigation with by far the compre- 
hensive scope* Numerous revisions were made on the methods and instruments 
of investigation until of tolerably satisfactory arrangement was completed 
in 1957. 

The purposes of investigation at Niigata consisted in (1) exploring 
the rate and physical processes of erosion, and (2) obtaining data to be 
used as the basis for planning protection works and their modifications. 
Since the coasts facing the Japan Sea are almost completely devoid of a 
lull during winter due to violent wind waves, an investigation by a boat 
is impossible. A cableway consisting of masts and track cables was set 
up in the perpendicular direction against the shoreline which is operated 
at the station located on top of the beach dune. The cableway could carry 
the recording or sampling instruments to any shallow water position regard- 
less of the weather and sea conditions. (See fig. 17 and Plate 1.) 

The overall project of investigation is outlined below. 

A. General investigation on shallow water areas 

1. Hydrographic sounding - Once or twice per year, as far as 
the depth of 20 m and along the stretch of 20 km, by echo- 
sounding from a boat* 

2. Sampling of bottom materials - Conducted simultaneously with 
the sounding operations. 

B. Investigation of coastal establishment 

1. Investigation on deformation of a submerged breakwater due 
to wave action. 

2, Investigation on subsidence of a submerged breakwater due to 
wave action. 

C. Investigation on natural forces 

1* Direction and velocity of winds - Records from several 
stations scattered in the vicinity were collected to compare 
variability in direction and intensity of winds found inside 
a fetch of an appreciable width. 

2. Observation of shallow water waves - The directions, heights 
and periods of shallow water waves in the depth of approximate- 
ly 5 m and less ware observed to determine the deformation of 
wave characteristics due to bottom topographies and the damp- 
ing effects of a submerged breakwater. In order to determine 
the sheltering effect of the Sado Island two units of shore- 
based pressure recorders are being installed at Sado and 
Niigata in the depth of approximately 10 m. 
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D, Special installations to investigate surf-zone characteristics - 
A cableway system which, was developed to make the investigation 
activities during winter storms possible, was designed to carry 
the following units to the zones in and out of the breaking point. 

1. A self-contained current meter and a cross-blade float to 
measure current velocities and directions at an arbitrary 
level above the bottom. (See Plate 2.) 

2. Fujiki-type sampler for measuring instant concentration of 
suspended materials (See Plate 3.) and a tube trap for cumu- 
lative arresting of suspended sediment. 

3. Fujiki-type electric lead for sounding of the bottom topogra- 
phies near the surf-zone. (See Plate 4.) 

A recent technique of radioisotope was applied to the Niigata coasts 
in 1958 in order to trace the movement of bed materials. 

This arrangement of various items of investigation has succeeded in 
supplying a great deal of information on the physical processes occurring 
at the beach under erosion, as was partly discussed in the preceding 
chapter,(IZ) Our experience in Niigata has convinced us that a well-arranged 
project with refined instrumentation does really pay. 

COASTAL PROTECTION WORKS AND PRACTICES 

The design and construction of coastal protection works may vary ac- 
cording to the purposes as follows: 

1. Defense against a storm surge: 

2. Defense against a tsunami: 

3. Prevention of beach erosion: and 

4* Measures against sedimentation of a harbor basin or blocking of 
a river mouth. 

Defense against storm surges 

The bays and inlets west of the Tokyo area are dangerously exposed to 
the hazards o£ a storm surge* The key industrial centers such as Tokyo. 
Nagoya and Osaka are located in this region. Once a storm surge should 
occur at one of these area the resulting disasters would be tremendous due 
to valuable establishments and swarming population crowding the lowland. 
The serious subsidence caused by excessive exploitation of the ground water 
has reduced these industrial areas even more vulnerable to a storm surge. 

One of the most popular measures to defend a storm surge is to besiege 
a lowland with coastal dikes or sea walls. (See Fig. 18.) However, such 
procedure may not be extended to the port areas, since it may interfere 
with the function of the port facilities. With some few exceptions such 
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as found in Araagasaki, where an encircling dike completely embraces the 
port sector (See Fig. 19*) or in Osaka where a part of the downtown dis- 
trict was leveled up by filling soils, most of the ports in Japan are 
practically defenseless against a storm surge* The disasters caused by a 
storm surge due to the typhoon No, 15, 1959, are discussed by Otao and 
others in another paper of this conference. 

Measures against tsunamis 

The northeastern coasts of Japan have been frequently hit by tsunamis 
Since the height of a tsunami is even harder to forecast than that of a 
storm surge, and since the underdeveloped coasts of northeastern Japan 
cannot afford financially to own expensive defenses against a tsunami whicl 
occurs only at a low probability of, say, once in 30 years, not much pro- 
gress has been accomplished as to the measures against tsunamis. However 
there are places where the efforts have been made to build a coastal dike 
along the outskirt of the resident quarter (See Fig. 20.), or a wall right 
through the town, or a counter-tsunami grove along the shoreline/3) 

Measures against coast erosion 

Several types of protection works have been employed in Japan: (1) 
sea wall, (2) groin, (3) submerged breakwater, (4) artificial nourishment, 
and (5) their combination. We will review the protection works actually 
applied to some of the important coasts of Japan. 

Hiigata coast - The situation up to 1952 was reported by S. Kuroda at the 
18th Proceeding of International Navigation Congress and shall not be re- 
peated here.(|3> Over a stretch of 2 km adjoining the west jetty of the 
Shinano river, the beach was protected with a combination of submerged 
breakwaters, coastal groins adn sea walls. Also the shoreline area was 
nourished artificially with bed materials dredged from the navigation chan- 
nel of the river mouth. Over a stretch of 5 km lying farther west, the 
shoreline was protected with coastal jetties and sea walls* Though the 
erosion ceased in the area thus protected, the open shoreline beyond the 
protected area began to retreat recently. To the east of the river mouth, 
the shoreline was protected with groins and sea walls. (See Fig. 21.) 

The effects of these massive protection have been convincing. However 
the erosive action now began to gnaw at the shore protection works them- 
selves. Our present concern is currently directed to the methods of main- 
taining and reinforcing the protection works off and along the shoreline. 

A submerged breakwater slumped under impacts and scouring actions of 
the waves breaking overhead, resulting in an appreciable loss of the damp- 
ing efficiency. It was reinforced with 4-ton tetrapod blocks to restore 
the height to the mean sea level, but the slump has been continuing. The 
infilling rocks of the piled groin also slumped and had to be replaced. 
The base of the sea wall was scoured by violent swashes and here also the 
tetrapod blocks were applied to protect it with fair success. A labora- 
tory study was undertaken by the authors to examine the cause of the slump 
of a submerged breakwater and the scouring action at the base of a sea wall 
by using 1/20, 1/25 and 1/40 models, which turned out some useful suggestio 
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as to the measures for maintenance and reinforcement for these protection 
works .(l4^ 

Toyama coast - The coasts are subjected to continual action of storm waves 
during winter. The effects of the wave action on these coasts of submer- 
gence are even intensified due to bottom topographies which are represented 
by a steep profile falling to the depth of 5 and 10 m at the distance of 
250 and 1,000 m, respectively, from the shoreline. (See Fig. 22.) Thus the 
waves generated in the deep water reach the shoreline without any appreci- 
able loss of energy. It is also characteristic of these coasts that there 
is little supply of bed materials from the nearby rivers. Under combined 
effects of these factors, the coasts have been retreating at an enormous 
rate of 1.5 to 2.5 m/year in the east and 0.5 to 1.0 m/year in the west, 
and at some places the rate amounted to 10 to 20 m/year. 

The protection works applied here primarily consist of the sea walls 
(See Fig. 23.) and at some places they were combined with groins. The 
beaches are dominantly gravels, which, churned up by swashes, cause serious 
attrition of the concrete sea walls and tetrapods, as well as dissembling 
of the masonry structures. No definite method of maintaining the protec- 
tion works has yet been introduced. 

Kaike coast - The beach materials are mostly supplied from the Hino river 
which empties into the eastern part of the beach. A careful study revealed 
that the principal cause of erosion is attributed to recent development of 
soil conservation works in the upper reach of the river, and consequent de- 
crease of sediment discharge from the river mouth. The beach was protected 
with a group of coastal groins. (See Fig. 24 and 25.) The groin, a mound 
built of concrete blocks, was spaces 2 to 4 times the length of the groin 
which ranges from 20 to 50 m. 

Though the groin system proved effective in arresting a large portion 
of the sand drifts along the shoreline, the general trend of erosion per- 
sisted over an extensive stretch of the coast. Today, a sea wall is being 
constructed instead of groins. 

Tanezaki coast - The shoreline of Tanezaki, located at the entrance of the 
Kochi harbor, began to retreat rapidly in recent years, and the erosion 
was reported to have reached more than 100 m in about 30 years. (See Fig. 
26 and 27.) The cause of erosion is attributed to the training jetty and 
the river mouth, but the process of erosion was further aggravated by the 
great Nankai earthquake in 1946 which caused this area to subside by about 
1.2 m. The beach was then hit by several typhoons successively, and the 
shoreline retreated by 30 to 40 m in only several years after the earth- 
quake. A model experiment was carried out in order to determine an ade- 
quate alignment of the breakwaters at the entrance so that the longshore 
currents may be decelerated. A masonry sea wall and the coastal groins 
were installed to prevent further erosion. 

Toban coast - The coast faces a narrow strait of Akashi which connects the 
Osaka bay and the Seto inland sea, and partly sheltered by the Awaji Island 
from the Pacific Ocean. (See Fig. 28.) The highland behind the coast de- 
scends to the sea with a steep slope and long years of weathering reduced 

927 



COASTAL ENGINEERING 

0 SCALE 5 

AKASHI   KoBE   OSAKA 

go iQ AWAJI \jy     »o 

Fig. 28. Location Map of Toban Coast 

Fig. 29. Proposed Plan of Tomakomai Harbor 

oil 



COASTAL PROTECTION WORKS AND RELATED PROBLEMS IN JAPAN. 

it apt to collapse. The soil conservation works started early in the high- 
land, and today the debris barriers built along the Kako river alone number 
more than 40. The result was the rapid decrease in supply of materials to 
the beach. The erosion is partly attributed to the violent tidal current 
through the Akashi strait which attains as high as 4.5 knots at spring tides. 

The protection works provided here consist of a sea wall to which a 
group of relatively short groins are attached in order to damp destructive 
effects of swashes and thus prevent scouring action at the foot of the sea 
wall and offshore breakwaters (rock or block mound) was also applied to some 
places of the coast. 

Measures against sedimentation in harbors and blocking of a river mouth 

The most salient example of sedimentation is found in the Iwafune port 
which has had to undergo repeated modification of the jetties in order to 
ward of endless invasion of coastal sediments (See Fig. 16.) We abound in 
costly lessons as to the danger of sedimentation which must be expected of 
a shoreline harbor built along a sandy coast. Recently the Japanese engi*. n 
neers have ventured on a project of building a harbor basin inside the shore- 
line of the Tomakomai coast, where construction is proceeded in parallel to 
meticulous investigation* (See Fig. 29.) 

The training of a river mouth is a problem which has been annoying the 
engineers everywhere in Japan. No definite measure has yet been established 
and the training work is carried on usually by trial-and-error prcedures. 
In some of the particular cases, the laboratory study proved very useful, 
but much remain to be enlightened in the future. 
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CHAPTER 54 

A BRIEF OUTLINE OF THE ISE-WAN TYPHOON 

Hiroji Otao 

Vice president, Transportation Technical Research Institute, 
Ministry of Transportation 

INTRODUCTION 

During the ten years from 1947 to 1956, typhoons with a maximum velo- 
city of more than 34 knots have attacked Japan at an average of 26.8 times 
a year, inflicting damages amounting to 240 thousand million yen on the 
average each year (1946-1955) . However, depending on the course and scale 
of the typhoon and the season of the year, except for damages to vessels, 
in some cases, the advantages outweigh the disadvantages as the abundant 
ram fall resulting from a typhoon is beneficial to agriculture and 
hydraulic power generation widely developed throughout the country. In the 
past, damages from typhoons consisted of storm and flood disasters with the 
flooding of inland waterways and landslides in mountainous districts due to 
heavy precipitation. However, lately, with the rapid progress of modern 
industries, cities with ports and harbors are expanding with the develop- 
ment of large industrial zones along coastal areas where raw materials can 
be obtained from foreign countries at low cost of transportation, and vast 
areas of land for the establishment of industrial plants can be acquired 
without encountering serious obstacles through land reclamation along the 
shores. These circumstances have called for the necessity of protecting 
the coastal areas from the direct attack of high tides and wind waves 
generated by typhoon. (See Table 1) 

Table 1 
National Funds Invested for Land Conservation 

Tear 1946   1951   1956   1960    note 
Item 
River Conservation, (hundred 
Sand Arrestation 3,433  4,397  8,225  7,242 million yen) 

Forestry Conservation 315   551   920  1,062 

Coast Protection      3   341   722   904 breakwaters not included 

The coastal area around the Ise Bay with its large capacity of acco- 
mmodating a huge population is a typical example of amazing urbanization of 
a rural district with the rapid development of large industrial plants 

*Editors Note: Chapters 54 to 58, inclusive, form a group of papers 
on storm surge and damage caused by Typhoon No. 15, 1959, and were 
prepared by members of the Committee on Coastal Engineering, 
Japan Society of Civil Engineering, Tokyo, Japan. 
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Fig. 1-1    The course of the Ise-Wan Typhoon 

932 



A BRIEF OUTLINE OF THE ISE-WAN TYPHOON 

following World War II. An extensive development program had been drafted, 
a part of which had already been carried out, when suddenly the area was 
severely hit by Typhoon No. 15, with the death toll rising to 4600, and 
damages ancounting to 500 thousand million yen, in an unprecedented disas- 
ter, to the great shock of the entire nation. Almost all of the industrial 
zones throughout the country may be said to be subject to similar disasters. 
Nevertheless, in view of the geographical features of the country, the 
special characteristics of Japanese industries, and the over-crowded 
population, we have no alternative but to promote the development of 
coastal areas, and construction of ports and harbors, and the reclamation 
of new lands. 

Under these circumstances, Typhoon No. 15 of 1959 was especially 
named the Ise-Wan Typhoon, and various circles concerned are seriously 
engaged in collecting and analyzing data of the typhoon in order to establish 
scientific measures for the protection of the coastal areas from typhoons 
in the future. Further progress in the field of coastal engineering is a 
matter of deep concern to the entire nation, and will serve much towards the 
general welfare of the people. 

THE TYPHOON ON THE OCEAN 

The low atmospheric pressure of 1008 mb on Sept. 21, 1959 was called 
Typhoon No. 15 from 9:00 hours, on Sept. 22. The tropical low atmospheric 
pressure rapidly developed into a violent storm only two days after it had 
been spotted in the southern seas, with a center pressure of 892 mb, maximum 
wind velocity of 75 m/s, and a 300 km radius at 15:00 hours, Sept. 23. 
Storm warnings were issued and the nation was on the alert as to the direc- 
tion the typhoon was headed for. Information on the typhoon was broadcast 
every hour and the following announcement was made at 11:15 hours, Sept. 26, 
"Typhoon No. 15 is moving northward 350 km south of the Murotomisaki in 
Shikoku at a speed of 30 km/h. The typhoon is expected to pass the Kii 
Channel or hit some part of the Tokaido district tonight". Watching the 
course of the typhoon which changed from time to time, vessels sought 
refuge in safe waters, and the inhabitants in coastal areas prepared for 
early evacuation. 

At 18:13 hours, the typhoon hit the mainland 16 km west of the Shiono- 
nisaki with an instant maximum velocity of 60 m/s and a low atmospheric 
pressure of 929.5 mb at the center, the third lowest pressure recorded on 
land. Lately, with the aid of airplanes, we have been able to obtain 
accurate figures from observation of typhoons on the ocean, but in regard 
to observations on land, the figures obtained have always been quite 
accurate and may be relied upon for numerical comparison. Since 1900, 60 
typhoons have hit the country with the atmospheric pressure at the center 
under 975 mb, but the typhoon Muroto (911.9 mbj Sept. 21, 1934) and the 
Typhoon Makurazaki (916.6 mbj Sept. 17, 1945) have been the only two with 
a low pressure under 930 mb. A typhoon which is a tropical low atmospheric 
pressure whirling counterclockwise, absorbing the moisture oXTer the Pacific 
Ocean, often loses its strength as the eye expands during the travel over 
the eea. However, in this particular case, as the typhoon approached the 
country in full force, strong winds accompanied by violent waves and high 
tide would attack areas to the right of the course of the typhoon, while 
heavy rains would lash areas to the left of the course, bringing heavy 
destruction and serious casualties in both areas. According to the 
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Meteorological Agency, the deviation of high tide exceeding 1 meter due tc 
typhoons was reported in 14 cases in the years 1945-1948. In areas to the 
right of the typhoon, such deviation was observed in coasts 200 km from 
the center, while on the left side, it was only observed within 50 km fron 
the center. 

THE TYPHOON OVER IAND AREAS 

The course of the typhoon is shown in Fig. 1-1. Betraying any favor- 
able forecasts, the typhoon crossed the steep mountainous districts of 
the Kii Peninsula without any signs of a sudden loss of energy, and passed 
the Nagoya district about 30 km west of the city heading north at a speed 
of 70 km/h into Japan Sea. 

Records at the Nagoya Meteorological Observatory registered the lowes 
atmospheric pressure of 958 nib at 21:30 hours and a maximum velocity (aver 
age of ten minutes) of 36.5 m/s, and an instant maximum velocity of 46 m/s 
at 22:00 hours. The maximum wind velocity of 36.5 m/s broke the past re- 
cord of 32.9 m/s (Sept. 12, 1934). The most violent winds were recorded c 
coasts 40-100 km apart from the path of the center of the typhoon, and an 
instant maximum velocity of more than 60 m/s were recorded in a district a 
the mouth of Ise Bay. Along these coasts, steel tower, huge tress several 
hundred years old, and numerous houses were overthrown by high winds. 

Due to the geographical features of the district, the maximum rainfal 
also was observed to the right of the course of the typhoon. In the town 
of Rumano on the coast, a heavy precipitation of 400.5 mm by far broke 
the past record of 321.4 mm/day. In mountain districts the rainfall reach 
approximately 900 mm. The heavy rains caused landslides earth-flows, and 
submergence and inundation of farmlands and inland districts suffered heav 
damages as well as coastal districts as will be mentioned later. 

Wireless communication with the Kumanonada and Ise Bay district was 
cut off, as the typhoon passed the district on Saturday night and the powe 
source of all apparatus was inundated. With communication lines out of 
order and the electric lights put out, the portable radio was the sole mea 
of receiving communication, leaving the areas in complete isolation. Only 
the victims themselves were aware of the dreadfull disaster that had turne 
a vast area of land into a sea of muddy water, until helicopters flew over 
the district the following morning. (Fig. 1-2 , 3) 

COASTAL DAMAGES 

Though the coasts along the Ise Bay, especially the Nagoya district 
is subject to the effect of meteorological high tides due to the 
geographical features of the area, the district has been apared of heavy 
damages from typhoons in the past. In the Gsaka Bay, records of high 
tides have been registered 77 times in the past 60 years, while in the 
Ise Bay it has only been registered 14 times in 90 years. In a rare case, 
Typhoon No. 13 (950 mbj Sept 16, 1953), threatened to hit the district, 
but fortunately the center crossed the Ise Bay at low tide with the Port o 
Nagoya on the left side of its course so that though the maximum meteorolo 
gical high tide registered 1.0-1.5 m, the area suffered comparatively 
slight damages. 

However, the powerful Ise-Wan Typhoon, with various unfavorable eleme 
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directly hit the defenseless area with an amazing force under extremely 
detrimental circumstances. 

A record high tide of 3.55 m was registered in the Port of Nagojra. 
Meteorological high tide over 2 m (excluding "Tsunami1* caused by earth- 
quakes) have been recorded only six times during the fifty five years from 
1950 to 1955 (table 2), showing that the high tide caused by the Ise-Wan 
Typhoon was a very extraordinary case. 

Table 2 
Meteorological High Tide Caused by Typhoons 

August 25, 1914  Ariake Kai 2.0-2.5 m 
October 1, 1917   Tokyo Bay 2.3 m 
September 16, 1927 &riake Kai About 3.0 m 
September 21, 1934 Ssaka Bay 3.1 m      Typhoon Muroto 
September 17, 1945 Kagoshima Bay   2 m     Typhoon Makurasaki 
September 3, 1950 Osaka Bay 2.4 m     Typhoon Jane 

High tides accompanied by violent winds and waves brought heavy 
damages to large vessels which evacuated to safety outside of the port as 
well as small crafts moored in the port. About 200 boats (including 26 
large vessels) ran aground, 340 boats (including 10 large vessels) were 
sunk, 3000 boats were washed away, and 6500 boats (including 28 large 
vessels) were wrecked,Lbringing the total tonnage destroyed to 130,000 torn 
Authorities concerned are studying measures to provide for the safe 
evacuation of vessels in each port in times of typhoon. 

Fishery harbours and pearl oyster beds cultivated in the inlets and 
harbours facing the kumano-nada also suffered heavy destruction. Structure 
were torn down, materials were washed away, and the pearl oysters were des< 
troyed as the bottom soil was transferred to a considerable extent, and 
the sea water became extremely muddy. 

In the Port of Nagoya, a total of 300,000 tons of imported lauan logs, 
each weighing 6-7 tons with a diameter of 1-1.5 meters were washed out of 
the timber basin by a rushing current of sea water, and going wild about 
the port, destructed houses and facilities causing many deaths and injuriei 
The timber basin will be moved to the western part of the port at the 
earliest possible date. 

The electric power generating plant and oil tanks constructed on 
reclaimed land were inundated, and the 1,500,000 citizins were deprived 
of electric power and gasoline for several day. Plans are under study to 
construct a high stable sea-wall to protect these facilities. Other indus 
rial plants are also planning to instal electric motors and other key 
machinery on elevated positions to provide for early reopening of opera- 
tions in event the plants may be inundated. Damages on seawalls and port 
and harbor facilities will be referred to in Chgpt&r 55. 

SCALE OF HIGH TIDE 

The extraordinary high tide observed along the coast showed a wide 
local variation offering an interesting subject of study especially in re- 
lation to the existing emperical formula for the computation of high tide. 
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(in the case of Nagoyaj H- 1.6743 *p + 0.16554 W cos0 j Miyazaki). 
The maximum tidal levels as shown in Fig. 1-4 were obtained from the 
records of tidal gauges at more than 30 stations, an extensive investi- 
gatipn of tide traces, and computations by the empirical formula. 

In the Port of Nagoya, the highest record of tidal levels for the 
past 50 years was +2.97 m T.P. (1921) (T.P.s mean water level in Tokyo 
Bay). However, the maximum tidal level caused by the Ise Wan typhoon 
registered +3.90 m T.P., 93 cm above the past record, exceeding the mean 
high water spring in the port by 2.70 m. The extraordinary high tide 
was recorded at 23:15 hours on Sept. 26, when the tides were halfway 
between low water level and high water level at neap tide. As the 
astronomical tidal level would be 0.35 m, the meteorological tide due to 
the typhoon may be estimated to be 3.55 m. (Fig. 1-5) 

This record high of 3.55 m may be considered to be the result of the 
conbined forces of several phenomena. Continuous strong winds from the 
sea swept the surface waters toward the shorej the sea surface rose with the 
passing of low atmospheric pressurejher own oscillation of the water in the 
bay might have occured with the surging of violent wind wavesj the trans- 
lation velocity of the typhoon equivalent to the propagation velocity of 
long period waves in the bay proceeding a resonant phenomenon? etc. 

The piers in the port were constructed so that the top of the pier 
would stand about +3.00 m T.P., and the top of the coastal embankments 
and sea-walls were about 4.00-6.00 m T.P., As high tides accompanied by 
waves of about 2 meters rushed against the coastal area bringing an 
extraordinary high tidal level in the bay, overflowing and overtopping of 
a tremendous amount of water, dashing currents, and overtopping waves 
separated by strong winds smashing areas far behind the embankment must 
have prevailed during the dreadful night storm. 

Coastal embankments in the bay, and river embankments around the 
mouth of the river were disrupted, inundating 80,000 ha of low land. (Fig. 
1-6) Embankments were destructed at every point where the overtopping wave 
are assumed to have exceeded 0.5 m. 

Reports on waves will be omitted as they will be given in Part 3. 

CONCLUSION OBTAINED FROM THE DISASTERS 
OF THE ISE-WAN TYPHOON 

Areas affected by the Ise-Wan typhoon extended over the entire country 
even as far as the Kyushu district. Approximately 1,600,000 people were 
afflicted and 200,000 ha of cultivated land were inundated. However, 
it must be repeated that the heavy destruction and serious casualties 
occured in coastal areas particulaly along the Ise Bay. 

People who have lived in regions subject to the constant threat of 
storms and floods for generations have learned to protect their lives and 
possessions by constructing embankments around their community and storing 
food and seeds to raise new crops in small boats, all of which have proved 
to be quite helpful in cases of emergency. 

In coasts subject to the frequent attack of high tide, fishermen 
build a special type of dwelling on elevated land sheltered by trees, and 
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they are always ready to take refuge in tall public buildings. Few lives 
were lost even in the case of the Ise-Wan typhoon in such regions well- 
prepared for any emergency. 

However, the coastal regions around the City of Nagoya developed from 
deltas formed at the mouth of a large river, where, from as far back as th< 
17th century, people began to drain the low lands building dikes farther 
and farther into the sea. (Fig. 1-7) Through a well-developed system of 
irrigation, the vast areas of land thus gained has become one of largest 
rice-producing centers in Japan. 

With the march of times, the rice fields which hat always been as low 
as the mean water level were turned into large industrial zones, attractin] 
a large population. 

Table 3 
Population and Area of the City of Nagoya 

1879 1957 
Population  167,400 1,429,000 

Area        1,334  hectares 25,085  hectares 

However, they neglected to take appropriate measures and invest 
sufficient funds for facilities to protect this low area fron the attack 
of high tides. Moreover, 200,000 m/day of underground water was pumped ou 
of about 1000 wells for industrial and irrigational purposes, resulting in 
a ground subsidence of more than 10 cm in the past ten years. Especially 
along the coasts, due to the earthquakes, the groxmd level was 50 cm on th 
average, and at some points 1.00 m, below the pre-war level. It may also 
be pointed out that necessary repairs on the old seawalls which had settled 
considerably had been neglected to a certain extent from the general lack 
consideration for the maintenance and repairs of existing facilities on th 
part of the authorities concerned. Moreover, the inhabitants were not ful 
aware of the great danger of living in this low area urapreparel for any 
disaster that might befall them some day. 

As they had been enjoying the benefits of modern city conveniences 
such as transportation and communication facilities, and power snd water s 
pplies, the confusion was beyond words once the area was inundated and lef 
in a primitive undeveloped state. They faced great difficulty in transpor 
ing, storing, and distributing relief goods and materials for rehabilitati 
as well as in determining methods of commencing reconstruction works. 

Under bad weather conditions, two months passed before temporary 
repair works were completed elevating the inundated trunk highway, repair- 
ing the embankment extending 35 km, which was disrupted at 220 points, and 
draining the inundated area with the help of pump dredgers. Hardships 
encountered remain fresh in the minds of all concerned as it was a long ta 
before the abundant electric power supply was available in the devastated 
area, and the remains of old abandoned dikes lying far inland from the 
coast proved to be quite useful in the course of reconstruction works. 
Plans to prevent disasters from spreading over large areas, and other con- 
clusions obtained from valuable experiences will be included in the re- 
habilitation program. 
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There is a Japanese proverb which says, "Disasters come around when 
they have been forgotten1". According to the probability chart based on 
the records of maximum high tidal levels in the Port of Nagoya for the 
past 40 years, a high tidal level of +2.42 ra T.P. will occur once in 20 
years, a level of +3.00 m once in 300 years, and a level of +3.10 m only one 
in 500 years, but these figures merely represent the probability on paper. 

A large number of the tidal gauges, wind meters and wave meters did 
not operate during the typhoon. However, in the case of the tidal gauge 
station in the Port of Nagoya, fortunately the recording appartus was 
installed on a high site, and the cap of the well was light enough to 
allow the pole of the buoy to stand 50 cm above the well with the rising of 
the tide, valuable records were registered until the surging began to 
withdraw. 

A typhoon of a larger scale than the Ise-Wan Typhoon may strike any 
part of .the country in the future. In order to establish an efficient 
program to prevent disaster, based on fundamental investigations, with 
due consideration for the economic problems involved, various research and 
investigation works have been undertaken through the cooperation of all 
authorities concerned. Hydraulic experiment are under way on the characte- 
ristics of high tides and wind waves generated by typhoons particularly 
along the coasts of Tokyo Bay and the Osaka Bay which are most likely to be 
hit by a typhoon. We are also studying an accurate method of forecasting 
typhoons with the aid of a radar, Robbot Tide Gauge of the Water Pressure 
type, and an electronic computer, effective measures to be taken when 
attacked by typhoons, and plans after rehabilitation. 

In closing, I would like to say that, at the present stage, to present 
disasters from typhoons, we have no alternative but to establish an appro- 
priate and extensive program from the social, economical, scientific, and 
engineering point of view, based on an accurate knowledge of the typhoon 
itself and the subsequent natural phenomena, as well as a thorough under- 
standing of the various conditions concerning the regions subject to the 
attack of typhoons in the future. 

( Note:    Immediately following the heavy destruction caused by the Ise 
Wan Typhoon, a committee was formed of 15 members from the authorities 
concerned, headed by the Director General of the Sience and Technics 
Agency, named "The Temporary Committee on the Prevention of Typhoon 
Disasters"1. The committee carried out an extensive investigation on the 
characteristics of the typhoon and the actual condition of the damages 
inflicted, and a detailed study on measures to be taken in the future to 
prevent similar damages, the result of which has been submitted to the 
government quarters. This paper has been based on the experience of the 
author as he participated in the investigation and discussions as a member 
of the committee.) 
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CHAPTER 55 

INVESTIGATION OF DESTROYED STRUCTURES AND 
THE RECONSTRUCTION PROGRAM; ISE-WAN TYPHOON 

Senri Tsuruta 

Director, Harbour Hydraulics Division, Transportation, 
Technical Research Institute, 
Ministry of Transportation 

INTRODUCTION 

The powerful Ise-wan Typhoon destroyed coastal defence works along 
the Bays of Ise, Chita, and Atsumi, over nearly the entire length of the 
coastline, and also inflicted considerable damage on breakwaters, piers, 
and other harbour facilities. 

The destruction observed in various structures show a close resem- 
blance, and the ground leading to such destruction may be classified into 
several categories, indicating that these coastal structures possessed 
a common weakness against the destruction force of nature. This common 
weakness presents a particuler problem in planning and carrying out 
reconstruction works in the future. 

FACTORS LEADING TO DESTRUCTION 

1. Insufficient resistance against scouring 

The destruction of coastal embankments and seawalls may be said to 
have resulted from the scouring on the crown and back slope by the over- 
flow of high tides and downfall of overtopping waves. Structures with 
the crown and back slope covered with concrete slabs remained undamaged, 
while the majority of those which were not covered were destroyed. 

An example of destruction from scouring on the crown may be clearly 
observed in the seawalls in the southern part of the City of Tokoname. 
The cross sections and crown heights of the seawalls varied considerably 
as shown in Fig. 2-1, as they had been constructed at different times by 
different authorities. Wall A, a simple stone revetment was completely 
broken down. Wall C where the crown had not been completely covered was 
destroyed as shown in Fig. 2-2, and wall B, completely covered with con- 
crete slabs remained undamaged. And the over-all collapse of the dike 
protecting the reclaimed lands of KSei Shinden in the City of Handa was 
also due to the unfinished pavement on the crown (Fig. 2-3,A).    Thick 
bushes of bamboos or miscanthuses often planted on the crown and back 
slopes to prevent the back-filling from being scoured were not quite ef- 
fective under such strong overtopping as observed in the storm surge. 

2. Decrease in crown height of embankment in an inlet or a river mouth 

An embankment along the coast of an inlet or a river Binbankment is 
generally of an inferior structure with a lower crown height as compared 
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Fig. 2-1  Gross sections of sea walls 
at Tokoname City 

Fig. 2-2  C-collapsed from line of juncture due to scouring of back- 
filling as the back slope was not covered with concrete slabs. 
B-seen in foreground. 

Fig. 2-3  Cross section of dike 
(Handa City) 

Fig. 2-4. Total collapse of structure due to scouring of back slope by 
overflowing of sea water as pavement of crown was unfinished. 
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to coastal embankments, as they have not been designed to withstand the 
direct attack of wind waves generated by a typhoon. Moreover a sudden 
fall of the cross section is often found at junctions with coastal embank- 
ments. Sribankments with different cross sections were destroyed at the 
junctions without exception. As a storm surge has a tendency to rise 
higher in an inlet on the sea coast, the crown height of an embankment 
should be desiged to possess sufficient height against the surge. 

3.  Weakness observed at a flood gate or a sluice-way 

A flood gate or a sluice-way is exposed to severe wave action due 
to deep scouring in the front of the structure. Moreover structures of 
different weight tend to settle unevenly when constructed on soft ground. 
A rupture in the embankment at toe location of the pump atation is consi- 
dered to have lead to the collapse of the right bank of the River Shonai, 
inundating the southern part of the City of Nagoya. Similar damages at 
flood gates and sluice-way were observed in various locations. 

4-.  Lack of reinforcement of embankments against severe wave acjion 

In the disaster following the Ise-wan Typhoon, there are only a few 
cases in which coastal embankments or sea walls were destroyed by the 
scouring of sea water overflowing the crown height with the rising of the 
tidal level. In most cases, the structures are considered to have been 
smashed by severe wind waves accompanying the storm tide. Destruction in 
the coastal embankments along the village of Tobishima in the County of 
Ama occured at the same site as in the case of the storm surge of Sept. 
26, 1921. In both cases, the damage was caused by an unusually severe 
wave action as there had been a gut, that is, the water depth in front of 
the wall had increased considerably. Generally speaking, parts of embank- 
ments with obstacles in the front waters, or parts sheltered by a stretch 
of reclaimed land were spared of serious damage (Fig. 2-5). Therefore, 
steps must be taken to extend the wall height or reinforce the structure, 
particularly in waters where the concentration of waves or strong wave 
strokes are expected, to prevent similar disasters in the future. 
Furthermore, it must be noted that unusually severe wave actions occur 
along erosive coasts. 

5.  Settling or leak of filling 

It is a very effective measure to cover the crown and back slope with 
concrete slabs in order to protect the back-filling against scouring by 
the overflow of high tide and the downfall of overtopping waves. Hit the 
filling is apt to settle or leak through gaps in the foundation and front 
stone works, leaving the interior in a hollow state and the structure will 
be in a dangerous condition against the attack of smashing waves (Fig.2-6), 
The settling or leak of the filling may be avoided and the structures will 
possess a strong resistance against scouring if a large quantity of loam 
or clay is available for the filling and the construction works are 
carried out with the utmost care. But in many cases, sand is the only 
material available when long embankments must be constructed on the coast 
in a short period of time. Therefore it would be advisable in such cases 
to consider the following measures: to make inspection holes in the crown 
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Fig. 2-5  Wall behind power trans-   Fig. 2-6  Wall smashed by waves 
mitting tower remained in a as interior was in a hollow 

little damage.  ( Port of Nagoya)     state from settling of sand 
filling. (Yokkaichi City) 

Fig. 2-7  Completely covered struct  Fig. 2-8  Right side of the wall 
ture collapsed from settling of 
sand filling for a length of 
over 100m as partition wall was 
lacking. (Port of Nagashlma) 

was saved by partition wall. 
(Yokkaichi City) 
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pavement at certain intervals for the replacement of the filling when 
necessary; to construct partition walls mentioned in the following para- 
graph; and to prevent the leak of the aand filling through the stone works 
by providing a complete cut-off and applying a mortar mixture in laying 
the stones. 

6. Chain reaction of collapse due to lack of partition walls 

In coastal embankments protecting low areas, especially dikes enclos- 
ing reclaimed land, disruption in one section will provoke numerous breaks 
along the entire length of the structure in a short period of time as 
dashing current of sea water will penetrate through the interior from 
the opening and wash out the sand filling, while strong waves will hit 
the surface of the structure from the exterior. Examples of such destmci- 
tion over a distance of several hundred meters were to be found in many 
location (Fig. 2-7), as in embankments enclosing the reclaimed areas of 
Nabeta near Nagoya and Kinuura and Hekinan facing the Chita Bay. If the 
embankment had been provided with partition walls at intervals of twenty 
to thirty meters, destruction would not have extended over such length of 
the embankment (Fig. 2-8). 

7. Inadequate design and method of construction 

When the crown and back slopes of embankments were destroyed and the 
filling scoured as mentioned above, the parapet and front wall collapsed 
without exception from the line of junction. A wall of the conventional 
type supported in position by the back-filling will be easily turned over 
by slight wave force when the back-filling has been washed away. There- 
fore it would be advisable to adopt self-supporting structuressuch as a 
buttressed wall, and the parapet should be constructed so as to form one 
solid body with the front wall with re-entrant curves up to a height of 
two meters to repel attacking waves offshore. 

THE RESTORATION PROGRAM 

As the reconstruction of structures damaged by storm surges caused 
by the Typhoon must be undertaken immediately, involving an enormous 
amount of funds, the Government summoned authorities in various fields 
to determine various standards for structures to be constructed. 

1.  Fundamental principle 

(a) Every restoration plan for coastal areas, rivers, ports and har- 
bours, fishery ports, drained and reclaimed lands, roads, etc. is to be 
drafted as a division of an over-all rehabilitation program,with due con- 
sideration for mutual relations and the geographical features of the dis- 
trict. Definite plans in one field which are to be carried out immediate- 
ly may be closely related to plans in other fields to be undertaken in 
the future. The former plan will be modified if necessary when the latter 
plan takes definite shape. In carrying out the first plan, steps must be 
taken to prevent double investment of funds when applying modifications 
in the future. 
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(b) Field investigations and laboratory experiments should be under- 
taken at once to study various problems from an engineering point of view. 
Problems to be studied include the effect of the breakwater in reducing 
wave forces and storm surges; the influence of the breakwater over the 
vicinity; the characteristics of waves invading rivers and inlets; and 
the uprush of the storm surge. 

2. Tide and waves 

ELans for reconstruction will be based on the Ise-wan Typhoon in. 
regard to the deviation of the tidal level and characteristics of attack- 
ing waves. The mean higher high water level in the typhoon season will 
be adopted as the astronomical tidal level. 

3. The crown height of the embankment 

The crown height of an embankment will be determined from various 
conditions of the hinterland, the types of structure, and the functions 
of the ports and harbours and fishery ports. 

In districts lower than the sealevel, or relatively low and flat 
areas with a dense population, the embankments will be designed to prevent 
any overflowing of sea water due to storm tide and waves of the scale 
considered in the program. Hence the standard crown height will be 
obtained from the total height of the maximum deviation of the tidal level, 
and wave height occured during the Ise-wan Typhoon, and the mean higher 
high water level in the typhoon season. 

In isolated districts of high ground level with a relatively scarce 
population, overtopping of waves in times of storm surges will be tole- 
rated to some extent depending on the actual condition of the district. 
But the embankments must be of sufficient height to prevent the over- 
flowing of sea water and wave energy. 

In the wharf and pier zones in ports and harbours as well as fishery 
ports, and industrial zones on the coast, the wall height should be 
limited to a height which will not interfere with loading and unloading 
of cargo and the productive activities of the industrial plants. 

4. The structure of the embankment 

An embankment in a certain district should be of a uniform structure, 
but it may be difficult to apply this principle in cases when a new 
embankment must be jointed to an existing embankment, or when the charac- 
teristics of the natural features, soil conditions, difficulty in acquir- 
ing the necessary land, and different purposes of construction call for 
a different type of structure. In such cases, the two different types 
of structures must be joined go as to prevent any failure from the 
joining points 

Even when the embankment is constructed to avoid the overtopping of 
waves from the tidal level and waves adopted in the program, the crown 
and back slope should be covered with concrete slabs to protect the face 
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and toe from scouring. 

Special attention will be required in designing and constructing 
the structure so that voids will not appear within the covering of the 
body, and structural weakness will not be found in the patapet wall. 
If the soil condition is likely to cause subsidence of the structure 
in the future, appropriate measures should be taken in advance. 

The body should be of a self-supporting structure as far as possible. 
Partition walls at intervals of about 30m would serve to prevent a fail- 
ure in one section from affecting other sections of the embankment. 

With a restoration program based on the above-mentioned standards 
for various engineering projects,"reconstruction works are now in full 
swing to provide against the typhoon season in. the coming year. We are 
also confronted with problems related to the timber basin and driftwood 
which greatly increased damage during the disaster, and the construction 
of earthquake-proof structures in a country frequently attacked by earth- 
quakes as well as typhoons, Thus engineers in various fields are entrustec 
with the responsiblily of protecting the country and its people against 
the powerful force of nature. 
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CHAPTER 56 

WAVES ON THE PACIFIC COAST AND ON THE COAST 
OF ISE BAY CAUSED BY THE ISE-WAN TYPHOON 

Takeshi Ijima, Dr. Eng., ShSji Sato" and Hisashi Aono 

Harbor Hydraulics Division, Transportation 
Technical Research Institute, 
Ministry of Transportation 

SYNOPSIS 

General aspects of wave characteristics on the Pacific Coast of the 
main land and on the coast of Ise Bay caused by the Ise-wan Typhoon are 
studied on the bases of the observed wave data, calculated wave heights 
by the authors' method of forecasting shallow water wave and the results 
of the field inspection of damages by the typhoon. 

WAVES ON THE PACIFIC COAST 

1.  Waves on the Pacific Coast 

During this typhoon, wave observations were carried out at four 
harbors, namely KBchi, Naarai, Shimizu and Ishinomaki as shown in 
Fig. 3-1, by means of underwater pressure-type wave meters which were 
installed 6~10 meters deep, lest they should be affected by local 
condition. Fig. 3-3 shows the time change of height and period of signi- 
ficant wave, and velocity and direction of wind at each place. At the 
harbors of Hachinohe and Kuji waves were measured by visual observation 
of wave staffs in the daytime only. As the results of observation, 
maximum significant waves by the typhoon and the time of observation at 
above mentioned points are shown m Table 3-1. 

Table 3-1 
Maximum Significant Waves 

on the Pacific Coast 

Stations Heights Periods 
in Meters in Seconds 

Hachinohe 2.7 12.5 
Kuji     3.3 13.0 
Ishinomaki 4..0 11.0 
Naarai   2.9~3.0 10.5^13.' 
Shimizu   4.2 17.0 
KSchi    6.5 H.4. 

Appearance Remarks 
Times 

9 a.m. 27th Wind Waves(Staff) 
8 a.m. 27th Wind Waves(Staff) 
6 a.m. 27th Wind Waves(Wave Meter) 

13.0 8 a.m.-^2 p.m. 26th Wind Waves(Wave Meter) 
1 a.m. 27th Wind Waves (Wave Meter) 
8 p.m. 26th Swells   (Wave Meter) 

2.  Waves on the Kumano-Nada 

It is considered that the greatest waves on record attacked the 
coast of the Kumano-Nada, by the reasons that this coast situated in the 
dangerous semicircle of this typhoon and that its coast line was almost 
parallel to this course 0—80 kilometers apart from the center of the 
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Typhoon. Geographically the coast north of Kinoraoto is sunken rias coast 
and its bottom profile is steeper than l/lO within the depth of -10-»'-20 
meters. Accordingly, wave characteristics is so varied along the coast 
that the accurate estimation of wave distribution is very difficult. 
So the wave heights along the coast were estimated mainly from the 
inspection of damages of seawalls and breakwaters etc. and from the 
topogrphical features of the coast, the results being shown in Fig. 3-2. 

It may be possible to estimate offshore wave characteristics which 
were not affected by coastal configuration, but the accuracy is obscure 
for such a large typhoon as this. The estimation from the observed wave 
data on the Pacific Coast caused by past typhoons and inspection of the 
degree of damages of coastal structures caused by this typhoon is that 
the significant wave height and period were 10~12 meters and 14~l6 
sec, respectively, and the most prevailing wave direction was S~SSW. 

WAVES ON THE COAST OF ISE BAY 

1. Effect of Swell 

In this typhoon actual wave records were taken outside the harbors 
of Nagoya and Fukue. According to these data, at Nagoya height and 
period of swell were 10~15 centimeters and 7.3~9.0 sec. at 2 p.m. 26th 
of- September and at Fukue were 15 centimeters and 16.5 sec. at 5 a.m. 
26th. On the other hand, according to the refraction diagram for the 
swell of 16 sec. and S- 5°— E, propagating through the Irako Channel, 
refraction coefficient is less than 0.02 on the coast from Yokkaichi to 
the Kiso River. So it may be unnecessary to consider the effect of swell 
and it is enough to consider waves generated only in the Bay. 

2. Wind on the Bay during the Typhoon 

Fig. 3-4 shows, as examples, wind distributions observed on the 
coast during this typhoon, in whxch arrow and number are wind direction 
and wind velocity and dotted line is the equi-wind velocity line. In 
addition, tide level obtained by tide gauges and equi-tidal lines esti- 
mated are shown, for which the datum is the mean water level of Tokyo Bay. 
In Fig. 3-5 and Fig. 3-6 time change of wind velocity and direction at 
the north, middle and south coasts of the Bay are shown. From these 
figures, wind characteristics by this typhoon are considered to be as 
follows. 

(1) Wind velocity increases gradually from the south coast of the 
Bay to the north coast in advance of this typhoon and when it reaches the 
maximum on the north coast it begins to decrease on the south, that is, 
the maximum wind velocity on the south coast occurs 1.0—1.5 hours earlier 
than on the north. 

(2) After wind velocity comes up more than 15 m/sec, wind direction 
on the Bay is E~ESE, subsequently changes to SE~-S with the advance of 
the typhoon, and finally it becomes SW. 

(3) Wind velocity on the west coast is larger than on the east coast 
except near Fukue and wind on the west coast may be considered nearly 
equal to the wind on the sea surface. 
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Fig. 3-1 Stations of Wave Observations. 

GOKASHO (2 6) 

YOSIZU (2 8) 

NAGASIMA   (2 5) 

HIKIMOTO 

OWASE (2 

KINOMOTO 
12 

Fig. 3-2 Distribution of Predominant Significant Waves 
on the Kumano-Nada Coast. Arrows show Wave Direction. 
Numbers in Brackets are the Estimated Maximum Storm 
Tide Level above the Mean Water Level of Tokyo Bay. 
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We can not disregard wind distribution in examining wave charact- 
eristics in sheltered bays, even if their fetches are relatively short 
distance of 50~60 kilometers like as Ise Bay, especially in the case 
of irregular configuration and depth. Moreover, the change of depth 
with storm tide is as important as the change of wind. From the above 
considerations it is expected that waves on the west coast are larger 
than on the south coast, and that waves on the north coast become more 
larger with the progress of a typhoon than in stationary uniform wind 
velocity distribution. 

3. Wave Distribution from Observed Data and 
Investigation of Damages of Coastal Structures 

On the coast of the bay, during this typhoon wave records were taken 
at two stations off Nagoya Harbor and off Fukue Harbor. 

Off Nagoya Harbor significant wave heights and periods were 2.0~2.4 
meters and 5.6-^6.5 sec, respectively, from 6 p.m. till 11 p.m. 26th. 
Off Fukue Harbor the maximum significant wave caused at 7 p.m. and its 
height and period were 1.7 meters and 5.2 sec. as shown in Fig. 3-15. 
Direction of the maximum significant wave were estimated to be E~<ENE. 

The distributxon of'predominant wave height and wave direction 
estimated from the investigation of damages of the coastal structures, ie. 
seawalls, breakwaters, groins etc., after this typhoon is shown in Fig. 
3-7. Although wave data shown in Fig. 3-7 were estimated mainly from 
the natural conditions at that time according to the authors' opinion, 
they are available together with calculated results which are described 
below, to examine wave characteristics. 

4. Waves Estimated by Authors' Graphical 
Calculation Method 

Wave characteristics are estimated by the graphical calculation 
method as shown in appendix. Selecting 9 points on the coast of the 
Bay shown in Fig. 3-8, waves on the fetches in Fig. 3-8 are calculated 
in order to find the periodical change of wave height and period at 8 
meters deep below the sea level datum. In order to eliminate subject- 
ivities in calculations, distributions of wind and tide are assumed as 
follows: 

(1) Ise Bay is seperated from open sea by Irako Channel and divided 
from Atsumi Bay by Nakayama and Morozaki Channels. 

(2) Wind velocities and wind directions are determined from every 
hour distributions as shown in Fig. 3-4, because observed1 winds on the 
coast would give better results than estimated winds on the sea surface 
based on the winds on the coast and other meteorological conditions of 
this typhoon. 

(3) The wind velocities on the leeward and windward-ends of the 
fetch are taken as fetch components of winds on the coast as shown in Fig. 
3-4. And the wind velocity on the fetch varies linearly from leeward to 
windward. 

(4) Space and time change of depth on the fetch are given by the 
tide at the stations shown in Fig. 3-4 and the sea chart. 
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>>SE 107    THE   NAGOYA  METEOROLOGICAL 
OBSERVATORY 

OEI65   NAGOYA   HARBOUR 

I7h 26 th 

NA60YA   HAPBOUR 

F.fl   3-4   |a) 

(a)    5 p.m. 26th 

Flfl     1-4 (b) 

(b)    7 p.m. 26th 

bSSE 231  T« N 

ISZIO  THE  NAGOYA   METEOROLOGICAL OBSERVATORY 

ASZ24   NAGOYA  HARBOUR 

(c) 9 p.m. 26th (d) 11 p.m. 26th 

Fig. 3-4. Distribution of Wind and Tide on the Ise Bay 
during the Typhoon. 
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_____ NAGOYA   HARBOUR 

THE NAGOYA   MCTIOROLOGICAL 
OBSERVATORY 
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Fig. 3-5 Time Change of Wind   Fig. 3-6 Time Change of Wind Direction 
Velocity at Representative      at Representative Points during 
Points during the Typhoon.      the Typhoon. 

Fig. 3-7 Distribution of Predominant Significant Waves on the 
Ise Bay. 
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OFF KISO   RIVER 

Fig. 3-8 Points of the Ise 
Bay on which Waves were 
Graphically Calculated. 
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Waves at Off Nagoya No. 1 for 
Variable Fetches. 

50 (km) 

t'20h55m 

H •068m T'SO5*0 

t *2ll>26m 

H -I35m  1=42"° 
I • 2 1 h 5 lm 

H -2l5m T=5NMC 

t •22'M0m 

H«283m T^O8*0 

t «22ll24m 

H=3l7m T" 
|.22l>37m 

H•344m T = 
I *23hIOm 

H .323m T' 

•64" 

=69" 

.67s* 

t =24hl7m 

H • 272m T-62MC 

t =2h07m 

H =l90m T=59a 

Fig.  >9   Graphical Calculation of Significant Waves 
in the Direction of SSSW at Off Nagoya No.l. 
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By the wind field diagram which indicates space and time changes of 
wind velocity and depth on the fetch, wave heights, wave periods and 
travel times are calculated using H-t-F-Cg diagram. Fig. 3-9 shows the 
wind field diagram of SSW direction at No. 1 off Nagoya, as an example. 
Time change of wave height of S, SSSW and SSW directions thus obtained at 
No. 1 off Nagoya is shown in Fig. 3-10. It is considered that the enve- 
lope of these curves gives time change of predominant wave heights. Time 
changes of predominant wave height at every point of the coast of the bay 
are shown in Fig. 3-11. Fig. 3-12 shows local characteristics of maximum 
significant waves, plotting the names of stations on the horizontal axis 
and maximum significant wave heights and periods and times of occurence 
on the vertical axis. The time of occurence of the maximum absolute wind 
and of the maximum component velocity on the fetch on which the maximum 
significant wave height occurs are plotted. 

It is understood that wave characteristics on the coast of Ise Bay 
are as follow. 

The maximum significant wave height and period increases gradually 
from Matsuzaka on the south coast to Yokkaichi on the north coast, where 
it attains the maximum value, and then decrease from Yokkaichi to the 
north and the east coasts. The minimum value occurs at Nagoya No. 2. 
In general wave heights and periods on the east coast are about 80 % and 
90 % of the values on the west coast, respectively. The maximum wave on 
the north coast appears about 3 hours later than on the south coast. The 
maximum wind velocity at Nagoya occurs about 2.5 hours later than at Tsu, 
and the maximum wave heights at both of above two points appear about 1~ 
2 hours later than the maximum wind velocity. Although wind is blowing 
from ESE near Xokkaichi and the maximum wind velocity occurs at 8 p.m., 
the maximum wave height occurs about 10 p.m. and the direction is SSE. 
Also, according to the results of actual inspection it is evident that 
waves from SSE direction destroyed structures on the coast near Yokkaichi. 
It is evident that the most predominant wave can not be decided only by 
the maximum wind velocity and its direction, 

5.  Distribution of Wave around Nagoya Harbor 

In the previous section, we considered general distribution of waves 
in Ise Bay, but they should be considered as offshore waves because they 
are waves at the point of 8 meters deep. In actual the waves in front of 
seawalls placed near the shoreline gives most important problem. Waves 
at these places have considerable local variation on accout of variation 
of water depth, therefore waves should be calculated in details for each 
place. As an example, results of calculations of wave distribution around 
Nagoya Harbor by the above mentioned method are shown here. Fig. 3-13 
indictes the points of wave calculation, in which arrows are predominant 
directions of waves to them. Fig. 3-14. is the wind field diagram of point 
G, and results of calculation for this point are shown in Table 3-2. 

From Table 3-2, the wave is highest at the Point A, west side of 
Nagoya Harbor, where the maximum wave height exceeds 2 meters, and wave 
height decreases gradually to the east. (At the Point E, however, wave 
height comes up to 2 meters because of great water depth.) And at the 
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*lg. 3-11 Time Change of Predominant Significant 
Wave Height on the Ise Bay. 
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* 30 Fig. 3-13 Points of Wave 
Calculation of the Coast 
near Nagoya, 

Fig* 3-12 Local Distributions of Maximum 
Significant Waves in 8 Meters Deep  of 
Sea Chart and Maximum Wind Velocity 
along the Coastline of the Ise Bay, 
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Fig. 3-14 Graphical Calculation of Significant 
Waves at Point C of Nagoya. 

26th 
II      13     15      17     19     21     23     I       3 

TIME   (hour) 2?,h 

Fig. 3-15 Observed and Calculated Values of Significant 
Waves, and Tide and Wind at Konakayama, Fukue. Full 
Line is Observed and Dotted Line is Calculated. 
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Table 3-2 
Maximum Significant Waves 
around the Port Nagoya 

Points Directions Heights Periods       Appearance 
in Meters  in Seconds     Times 

A S 2.20 5.8       8 min. 10 p.m. 26th 
B S 1.90 5.4 59 min. 9 p.m. 26th 
C SSSW 1.65 4.5       9 min. 10 p.m. 26th 
D SSSW 1.65 4.6       6 min. 10 p.m. 26th 
E SSW 2.05 5.3 22 min. 11 p.m. 26th 
F SSW—SW 1.85 5.0 20 min. 11 p.m. 26th 
G SW 1.50 4.5 45 min. 0 a.m. 27th 
H SW-^WSW 1.40 4.1 23 min. 0 a.m. 27th 

west side the highest wave and the maximum wind occurred simultaneously, 
but at the east side the highest wave occurs 1—2 hours later than the 
maximum wind. This phenomenon might be explained as follows. Since the 
bottom slope at the west side is very gentle, wave height decreases 
abruptly by the effect of bottom friction. As shown in the previous 
section the highest wave off Nagoya Harbor gets in this zone later than 
the maximum storm tide, and then lose its height by bottom friction. 
On the other hand, the maximum wind and the maximum level of storm tide 
occure simultaneously. Therefore in that time the bottom friction is not 
so effective because of great water depth. At the east side, water depth 
being not so small as the west side, the wave height is governed by wind 
more than by the increase of water depth by storm tide. Moreover, at that 
place, the time when component wind velocity of predominant wave direction 
comes up to the maximum is later than that of maximum storm tide, and the 
maximum height occurs later than the maximum component wind velocity. In 
this way, at the place of gentle slope like at the Points A, B, C and D, 
the maximum storm tide and maximum wave height occur at the same time, and 
the coastal structure is exposed to danger. This is the reason why the 
degree of seawall damages near the Ibi River and the Kiso River is larger 
than the east coast from Yokosuka to Tokoname. The difference of degree 
of damages between the north coast and the south coast of Yokkaichi would 
be made clear by the same description. 

CONCLUSIONS 

The authors described the general characteristics of waves on the 
coast of the Ise Bay during the Ise-wan typhoon. It is summerized as 
follows. 

(1) During Ise-wan Typhoon offshore waves seem to be the maximum on 
the coast of Kumano-Nada, wave height being 10~12 meters, period being 
14~-16 seconds, and the prevailing wave direction being S~-SSW. 

(2) It is considered that the prevailing significant wave height is 
the maximum of about 4 meters on the north-west coast and the minimum of 
about 2 meters near the coast of Nagoya Harbor. In general, wave height 
on the east coast is about 80 % of the west coast. 

(3) The maximum wave height on the north coast is considered to 
occur later than on the south coast and 1-^-2 hours later than the maximum 
wind velocity. 
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(4.) The time of occurence of the maximum wave height is considered 
to be dependent on the bottom slope and water depth, because waves near 
the shoreline are strongly affected by the bottom friction. Where the 
sea is very shallow, the maximum wave height would appear at the time of 
maximum sea level by the storm tide rather than at the time of maximum 
wind velocity. 

(5) As shown in the appendix, it is considered that the results of 
graphical calculation in shallow water waves agree with the observed data. 
This method would be able to explain the characteristics of waves in 
moving fetches in shallow water. 

APPENDIX 

GRAPHICAL METHOD OF FORECASTING WIND WAVES IN SHALLOW WATER 

1) Forecasting of Wind Waves in Shallow Water 

At present two main methods exist for shallow water wave forecasting, 
(a) the method of Thijsse and (b) the method of Bretschneider. The 
Thijsse's method is used only to forecast wind waves in the case of 
constant depth and constant wind speed. The Bretschneider's method is 
used to forecast wind waves in the case of a bottom of variable depth 
and constant wind speed, but when the depth varies with time calculation 
is very difficult. 

During the time of this typhoon, the wind speed and the depth in 
Ise Bay varied with space and time, so that it is impossible to use those 
methods. Then, in order to forecast waves in such case, we extended 
Wilson's graphical approach in deep water into shallow water. This method 
comes from the concept that waves generated on the windward end of fetch 
progress with group velocity, and that the group velocity and wave height 
vary continuously with wind speed and water depth, accordingly the change 
of wind speed and water depth do not give discontinuous change to wave 
characteristics. 

In deep water waves, the law for decay of waves by decrease of wind 
speed is not given, so that it is impossible to calculate graphically 
the decay of waves in the case of abrupt decrease of wind speed. While, 
in shallow water waves, it is possible to calculate waves graphically in 
the case of decrease of wind speed and water depth, because the law for 
the decay of waves by bottom friction is given by Bretschneider and the 
law for the development of waves by wind is given by the relationship 
between gH/u2and gF/U2 in deep water. 

2) H-t-F-Cg Diagram 

Fig. 3-16 is the diagram for calculation of shallow water waves. 
On the diagram the horizontal axis is fetch and group velocity, and the 
vertical axis is wave height and travel time. The relations between 
wave height and fetch (wave height curves), fetch and time (propagation 
curves) and group velocity and time (group velocity curves) were shown in 
this diagram, and also the relation between group velocity and wave period 
is shown. The figures on the curves show wind speed and water depth, for 
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example, 30(20) corresponds to wind speed of 30 m/sec  and water depth of 
20 meters. 

Wave heights were calculated from the curve by Bretschneider showing 
the relation between gH/U2 and gF/U2in shallow water of constant depth 
and the periods were given from the relation of gH/U^and gT/27tu by S.M.B. 

Thus, wave height and group velocity curves are drawn for each wind 
speed and fetch^c The travel time t when waves progress over fetch F is 
obtained by t= /dF/Cg. Moreover, on the righthand side of this diagram 
the wave heights for infinite fetch are shown for each water and wind 
speed. 

3)  Comparsion with the Observed Values 

In order to confirm the reliability of this graphical method, the 
values obtained by the graphical method were compared with the observed 
waves out of Fukue Harbor during Ise-wan Typhoon. The wave heights and 
periods of significant waves obtained from the records of wave meter were 
shown in Fig. 3-15 together with tide, wind direction and wind speed at 
the same point. The maximum value of significant waves occurred at 7 p.m. 
26th and its wave height was 1.7 meters and period was 5.2 seconds. The 
direction of this wave was considered to be about ENE as assumed from the 
direction of wind and features of neighboring land. 

It seems to be caused by the change of wind direction to SE (winds 
blowing from land) at 7 p.m. that wave height decreased suddenlyrat the 
same time. We made the wind field diagram of ENE direction as shown in 
Fig. 3-9. 

The results of calculation of the waves were shown in Fig. 3-15. 
Though the calculated periods are somewhat smaller than the observed 
values, the changes of wave heights and periods and the appearance time 
of maximum values estimated by calculatxon agree fairly well with those 
by observation. 
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CHAPTER 57 

THE DAMAGES OF COASTAL DIKES AND RIVER LEVEES 
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Tsutorau Kishi 
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The coasts of Ise Bay and Atsumi Bay were damaged by two big storm 
surges during the recent seven years, one was the Ise Bay Typhoon in 
1959 and the other the Typhoon No.13 in 1953.  In this report the 
aspect of storm surge due to the Typhoon No.13 and the restoration 
design of the coastal-dikes are described.  Then the feature of 
damages of the coastal-dikes by the Ise Bay Typhoon are compared with 
the former and the restoration plans are explained. 

STORu SURGES DUE TO THE TYPHOON N0.13, 1953 AND RESTORATION OF THE 
COASTAL-DIKES 

General aspect of storm surges 

The Typhoon No.13 landed on the Japan island on the 25th of Sept. 
1953 at the southern point of RLi peninsula at 15 o'clock, passed 
through Toba which located near the inlet of Ise Bay at 18 o'clock 
and advanced northeast with the velocity of 56 km/hour.  Crossing 
the Atsumi Bay, it passed through Okazaki City at 19 o'clock.  This 
Typhoon was different from the Ise Bay Typhoon in its course.  The 
former moved from the inlet of Ise Bay to the Atsumi Bay, and the 
coast of Atsumi Bay was heavily damaged.  As Nagoya district is 
located on left side of the course of the typhoon No.13, the damages 
were comparatively small. 

In Fig. It. 2 the records of the wind directions, wind velocities 
and atmospheric pressures at several places are shown.  In Fig.Ii.2-a 
those on right side of its course, and in Fig.lw2-b, those on left 
Side on its course are indicated.  On the right side of its course 
the wind directions at the maximum xri.nd speed were SE - ESE, while on 
the left side- of its course were' E - UNN. 

In Fig.lu3, deviations from the astronomical tide at each place 
within the bay are shown, and we see that its maximum value of 1.6 m 
was recorded at Toba at 18 o'clock, and l.U m - 1.5 m at other places. 

As shown in Fig.ij.2 the lowest atmospheric pressure was about 
970 mb. xjhich occurred about O.li m statical rise of sea surfaces. 
Judging from Fig.lw3, we can estimate that in the first place the 
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sea-water flew into the Ise Bay through inlet due to the strong wind of 
SS, and 1 or 2 hours later it flew into Atsumi Bay from the Ise Bay. 
Furthermore we find out that during about 8 hours from 13 (approached 
time of typhoon) to 21 o'clock, the total volume of water in Ise Bay 
and the Atsumi Bay both considerably increased as comparing with the 
volume before the typhoon reached. It is clear that much sea-water 
flew in through Irako. So the volume of inflow from open sea must be 
an important factor for the storm tide in the bay differing from the 
one in the closed basin. 

HLg.lul Outline map of Ise, Atsumi and Chita Bay. 
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Plg.it. 2 Weather condition at each place on 
the occasion of the Typhoon No.13. 
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Such a phenomenon also occurred in the attack of the Ise Bay Typhoon, 
Fig.ii.ij. shows the total volume of inflow into the bay which was 
calculated by using the simultaneous deviations of water level from the 
astronomical tide at several points in the attack of Ise Bay Typhoon, 
Prom this figure, we find out that there already was extraordinary flow 
into the bay at 9 o'clock.  So it is considered that at this time there 
was extraordinary inflow due to the wind set up near the entrance of 
the bay and that the inflow was transported in the shape of long wave 
due to the disturbance near the typhoon center. After this initial 
time, the inflow increased exponentially up to its maximum value of lj£o 
million tons (cumulative volume) which occurred at 21 o'clock, 
Elg.U.5 indicated the change of SE, SSE and SW components of wind force 
observed at Irako Weather Station near the bay entrance. Then it is 
considered that the water flew into the bay from open sea by the SSE - 
SE component of wind force because the bay opens towards SSE - SE. 

«N_ 

1600 
mo 
1200 
1000 
800 
600 
400 
200 

0 
-200 
-400 

-- 
i—i .... 

~> SE COMPONENT 
— JSE    , 
— MA/. 

-- 
— 1 

/ — 

N 

1 
1 

A V" 1 
1 

1 <—' 1—< "-J \A Vy t 

L > IN 
^ ^' 

— 

/ 
—. •" •*». y "•». — ' 

/2 24        3H0UR 
27 

/5       18      21 
SEPT.26,/959 

f-i-g.ij-,? Wind force at Irako on the occasion 
of the Typhoon No.13. 

Revised design on coastal-dikes 

In Japan, the design specification on coastal-dikes was not 
determined at that time, and the design methods had been discussed 
among the engineers and related agencies.      In 19S>3> as the studies on 
wind waves generated in shallow waters had not yet been developed into 
practice, the Ministry of Construction,  Japan, made temporarily a plan 
to culculate the wave height by ilolitor's experimental formula and to 
estimate the wave period by SIB method, making a comparative study of 
past experimental formula and observational results by T.H.Saville, 
while the liinistry was making studies on the wind waves. 

The wave run-up on coastal-dikes of which slope are vertical to 1 
on 1 was determined by Plg.it,6,      These curves were proposed by the 
Public Works Research Institute, Ministry of Construction, combining 
experimental results of wave run-up with the highest wave theory in 
shallow waters. 
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Pig.lt.6 Wave run-up as a function of structure depth 
and wave steepness. 

As the heights of dikes determined by RLg.lj.,6 are not always 
sufficient to prevent wave overtopping in the strong wind, it is also 
necessary to cover the back slope of dikes with solid material, 
Making comparative study of the design method mentioned above and 
the aspect of damages of coastal-dikes, we conducted the revised 
design. 

Erom the records of tidal levels, we found out that the highest 
tidal level along the coast of Ise Bay was about 2.5 m above T.P, 
(T.P. is the mean tidal level of Tokyo Bay), and at the inner part 
of Atsumi Bay it was slightly higher, for example, the tidal level 
at 1'iaeshiba was T.P. 2.80 m.  The highest tidal level appeared at 
18 - 20 o'clock. 

To estimate the waves in bay at the time of Typhoon, we investigated 
the relationships between the wind velocity of E - iiSE and the wind 
duration from wind records shown in K.g.ii.2, and those were tabulated 
in Table 1.  The longest fetch in the Ise Bay and Atsumi Bay is about 
60 km, and the wind speed is 20 - 25 m/s, so the minimum duration is 
calculated at 3.5 - U.O hrs by S.M.B. method.  Erom Table 1, it is 
considered that the waves at the time of Typhoon No.13 reached at 
stational condition at the wind velocity of 25 m/s. 

Next, we made some investigations on the causes of the damages on 
coastal-dikes of the Hazu coast. 

There were two types of coastal-dikes in this district.  The first 
type with height of T.P. h.92 m was covered with the concrete having 
thickness of about 10 cm up to the back slope. The second type was made 
of soil and had the height of T.P. U.00 m, and it was covered with turf. 
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Table - ii.l The relation between wind velocity 
of E - ESE direction and duration 
on the occasion of the Typhoon 
No .13 at Irako and Tsu. 

Duration 
(hr) 

Mean velocity of wind (m/s) 

Irako Tsu 

1.0 

2.0 

3.0 

U.O 

5.0 

6.0 

26.1 

25.8 

25.3 

2lu5 

23.6 

22.5 

23.3 

23.1 

22.8 

22.2 

21.5 

18.6 

For the first type, although its back berm was scoured, its 
whole body was left, The second type was destroyed by scouring. 
It is clear that in the case of second type the waves got over it 
due to insufficient dike height and it is considered that the 
covering of first type of dikes was also insufficient.  At Hazu coast, 
the fetch in ESE was 20 km, and it is estimated that the wave height 
was H = 1.6 m, and the period was T = 5.0 sec. Because the water 
depth at the time of maximum tides was h = k»k m, we can see from 
Fig.U.6 that the height of wave run-up to coastal dike become He = 2.0m. 
As the tidal level is T.P. 2.70 m, the height of run-up is T.P. 2|.70 m. 
This height is lower than that of first type of coastal-dike and 
higher than that of second type. 

So we can explain the causes of failure as follows: 

a) The back slope of first type of coastal-dike was scoured but 
its body did not break down. 

t>) The soil of second type of coastal-dike was scoured by wave 
overtopping. 

From the similar calculation over about 200 km of coast line along 
the Ise Bay and Atsumi Bay, and the investigation on causes of damages, 
we obtained the following conclusions. 

1) When the dike height is lower than the height of wave run-up as 
shown in Fig.U.6 and the back slope has no solid covering, the damages 
of dikes are inevitable. 

2) When the dike height is as much as the height of run-up as shown 
in Fig.ii.6, the thickness of concrete covering of back slope should be 
more than 10 cm. 
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3) The coastal-dike of which the foundation of front slope was 
scoured was rare,  We suppose that this is due to the large rise of 
tidal level and the deep water depth.  So it is sufficient to use the 
same depth of foundation as original in making restoration design. 

Based upon the results of investigation on causes of damages 
mentioned above, the restoration design of coastal-dikes for the 
Typhoon No.13 was conducted as follows: 

The design tidal level was taken to be the sum of "the mean high 
tidal level of new and full moon" and "the maximum deviation from 
astronomical tide due to Typhoon No.13". 

The design waves were calculated by maximum fetch at each place and 
wind velocity V = 2$ m/s of Typhoon No.13, because of the change in wind 
direction due to the course of typhoon. 

The heights of restoration coastal-dikes designed in such a steps 
are compared with that of original coastal-dike and are shown in 
Fig.U.7. 

K.g.U.7 The height of restoration coastal-dike and established one. 

DAHAGES OF COASTAL-DIKES AND RIVER LEVEES DUB TO THE ISE BAY 
TYPHOON AND THEIR COUNTER ELAN 

The height and structure of restoration coastal-dikes for Typhoon 
No.13 were designed under the lines mentioned above, and the field works 
had been conducted according to it.  But just because the Ise Bay 
Typhoon had come before completion of field work, the heavy damage was 
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brought about again.  The scale of Ise Bay Typhoon was larger than the 
Typhoon II0.I3 and the third big one of the Typhoons which attacked Japan 
at past.  Moreover, because the center of typhoon passed across the 
west side of the bay and advanced paralell to longer axis of Ise Bay, 
a very large deviation from astronomical tide in the inner parts of the 
Ise Bay and Chita Bay (at the time of Typhoon No.13, the deviation in 
this area was comparatively small) took place, and high waves occurred 
due to a very strong wind.  In ELg.U.8 the heights of coastal-dikes 
at each area before disaster and the highest tidal lovel are indicated. 
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Hg.U.8   The height of coastal-dike and the highest water level at 
each place before the disaster due to Ise Bay Typhoon. 

Damages of coastal-dikes and the counter plan 

The coastal-dikes which located at the coast of Ise Bay,  Chita Bay 
and Atsumi Bay almost belong to the type of embankment as shown in 
K-g.lu°.      The front slopes are covered with stone, concrete etc., 
while the crests and back slopes are mostly covered with clay and turf, 
and it is comparatively rare to use concrete and stones as the covering 
of crest and back slope. 

At the first stage of the restoration plan to Typhoon Nol3, the 
height of coastal-dike was build up to the design height.      In many 
IDlaces the concrete coverings of crest and back slope are still left 
as the second stage of construction works for financial difficulty. 
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Based upon the disaster investigations on several storm surges in 
the past, it was indicated that in the case of coastal-dikes of which 
the crest and the back slope are not covered with solid materials such 
as concrete, the dike bodies were easily scoured by wave overtopping 
and spray, and the whole body of coastal-dikes was to break down easily 
as the result. The prime cause of this disaster also consisted in the 
scouring of dike body by wave overtopping and spray. 

Table k.2  The general condition of established coastal dike, 
and the highest tidal level and wave height at 
each place on the occasion of Ise Bay Typhoon. 

Name of coast Crest 
height 

Front 
slope Condition of covering 

Highest 
tidal level 
estimated 

Wave 
height 
estima 
-ted 

Koeishinden 
T.P. 
k.9 m 1:3 

front slope stone 
crest     no cover 
back slope concrete 

T.P. 
3.0 m 2.0 m 

Nanyo 5.5 ~ 
5.75 

1:2.5 

1:3 

front slope stone 
crest     turf 
back slope turf 

3.9 1.8 

Ama 5.5 - 
6.0 

1:3 
front slope stone & c 
crest     turf 
back slope turf 

oncrete 
3.9 1.8 

Nagashima 6.0 — 
6.5 

1:3 
front slope stone 
crest     turf & co 
back slope block 

ncrete 3.5 2.0 

Jonan 5.5 1:U 
front slope stone 
crest     no cover 
back slope no cover 

3.5 2.0 

Tomidahama $.$ 1:2 
front slope step type 
crest     no cover 
back slope no cover 

concrete 
3.3 2.6 

Ishihara 
5.0 

1:1 
front slope stone 
crest     concrete 
back slope stone 

3.0 3.U 

Isozu 6.$ 1:1.5 
front slope concrete 
crest     concrete 
back slope concrete 

3.0 3.1* 

In Table U.2, the dimensions of coastal-dikes along each coast(see 
Fig.lwl), the highest tidal level at the time of Ise Bay Typhoon, the 
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estimated waves, etc. are indicated.  From this table, we see that 
the difference between the crest height and the highest tidal level is 
about 1.5 -2.5 m except Nagashima coast. On the other hand, since the 
wave height is 1.8 - 3.1| m, it is supposed that there was considerable 
wave overtopping at each place during the strongest time of storm 
surge when we considered the wave run-up. 

FRONT SLOPE 
(I ON 03-I ON 3 SLOPE 
COVERED WITH CONCRETE 
OR STONE) 

CREST AND BACK SLOPE 
(MOSTLY COVERED WITH CLAY AND 

TURF, RECENTLY CONSTRUCTED ONE 
WITH CONCRETE, BITUMEN, BLOCK 
/WD SO ON )> 

*77777777777777T77T7777777Tf7T77r 
-CONCRETE BLOCK FOUNDATION 

K-g.U.9   Typical cross section of coastal dike with 
embankment type. 

There are Nagashima and Jonan coastal-dikes at the left and right 
sides of Nagara River respectively.      Their cross sections are almost 
tht S %   Qtill H?eir heiShts are different in about 1 m.    Since 
*ne snape of sea bottom in front of coastal-dikes are almost coincided 
with each other, it can be supposed that the tidal levels and waves are 
almost the same.    Nevertheless Jonan coastal-dike were broken down 
almost over the whole area as shown in photo.l+.l-a, while Nagashima 
coastal-dike were broken down only 200 m of the 1.5 km length as shown 
in photo.ij.l-b, although the dike body was scoured considerably by wave 
overtopping and situated in a dangerous condition.    This is an example 
to show the difference of damages due to the difference of dike heights. 
As shown in Table k»2, the tidal level near this coast is T.P. 3.5 m 
T .w *?*&& is 2 m*    Under the condition that slope is 1 : 3. water 
depth at the toe of coastal-dikes is k - 5 m, and steepness is about 
u.0i>, wave run-up become about 1.5 times of wave height.    Calculating 
the maximum height of wave creat from these values mentioned above, we 
obtain T.P. 6.5 m.    Therefore, we suppose that although the Jonan 
coastal-dike was always attacked by wave overtopping, the rate of wave 
overtopping at Nagashima coastal dike was very small, and the coastal- 
u     rvS4.0nly attacked bv some extent of spray.    This is an example to 

show that if the height of coastal dikes is taken the maximum creat 
height of significant wave, there will be a considerable strength of 
the coastal-dike to resist the waves without any covering on the dike 
crest and the back slope. 
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(a) Nagashima coastal dike 

*%3* >1'*9*' "*r* 
(b) Jonan coastal dike 

Photo.It.1 The damages of coastal dikes near the mouth 
of Hagara River. 

In photo k»2}  the views of house damages behind the coastal-dikes 
of Ishihara coast situated at the left side of Suzuka River are shown. 
We can see that although a considerable rate of waves had invaded 
explicitly over the coastal-dikes, they were damaged only a part and the 
original shape was almost remained.  The sections of coastal-dikes are 
indicated in Pig.U.10,and their crests and back slopes are solidly cover- 
ed. 
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Similar to the foregoing example we obtain the maximum height of wave 
crest of T.P.  7.7.  m from the calculations.      On the other hand, as the 
crest height is T.P. U.j? m, it is natural that the houses behind coastal- 
dikes were damaged due to the wave overtopping as shown in photo, lj.,2. 
Mareover, from this example we know the fact that if the crest and the 
back slope of coastal-dikes are solidly covered, the strength to resist 
wave overtopping will be considerably increased. 

VF 

Photo.II.2 The damage of the houses behind 
Ishihara coastal dike. 

KLg.lwlO Typical cross section of Ishihara coastal dike. 

But where the dwelling houses are crowded near the back side of coastal- 
dikes, it is necessary to increase the height of coastal-dikes so that 
the dwelling houses can be protected from the damages due to the wave 
overtopping. 

It makes the storm surge wild and the waves weak that the water 
depth is shallow in the inner parts of Ise Bay and Chita Bay. 
Therefore, the coastal-dikes in this region can not be destroyed easily 
by the wave pressure.  In the southern area from lokkaichi City, the 
fetch and water depth are considerably large,so that the wave height 
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is as much as k m in some places. In this region, the coastal dikes 
were considered to be destroyed by the wave pressure directly. 

In photo Iu3j the aspect of damages of coastal-dikes at Isozu coast 
which located at the right side of Suzuka River is shown.  These 
coastal-dikes were constructed after the disaster suffered from Typhoon 
No.13 in 19S3. 

The cross section of the dike is shown in Fig.U.H. 

Photo.U.3 The damage of Isozu coastal dike. 

Fig.U.U Typical cross section of Isozu coastal dike. 

The front slope is 1 : l.fj and the front slope, crest, and back slope 
are all covered with the concrete.  The design water level was T.P. 
2.9 m, the design wave height was about 2 m and the crest height was 
5.5 m.  For the Ise Bay Typhoon, the tidal level was T.P. 3m, the 
wave height was 3.U m, and the latter was considerably higher than 
designed wave height. 
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The reasons why the whole body of coastal-dike destroyed can presumably 
be interpreted as follows.  Some voids were formed in the parts of 
joints by wave pressure.  Consequently a large quantity of soil flew 
out through the void and at last the dike body was broken down. 

The water depth in front of coastal-dike is 3.It m, and the ratio of 
water depth to wave height is about 1.2, so it is just in a condition 
for wave breaking, then we may say that there existed considerably 
large pressure exerted on the dike body. 

The damage aspect of coastal-dike in Koeishinden at Handa, located 
at the inner part of Chita Bay, is shown in photo.k»h»      The covering 
of these crest was not yet constructed. 

Photo.U.U The damage of Koeishinden 
coastal dike at Handa. 

The aspect of the overturning of parapet is also seen in this 
photograph, and this phenomenon was seen everywhere in this disaster. 
The front surface of the usual coastal dikes in this district is 
constructed from two parts, one of which is a flat concrete slab 
and the other is a heavy concrete parapet. 
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Such a heavy parapet will be easily overturned by wave pressure, if the 
dike soil near the crest flows out due to wave overtopping.    In 
Koeishinden the parapets were supported by wood piles, but these piles 
were not so effective to support them against the latteral force. 

The overturning of parapet could be also seen everywhere in the inner 
part of Ise Bay (photo.U.5).  The tidal level in the Ise Bay Typhoon 
was fairly higher than the designed level, so the wave energy was 
concentrated about the parapet.  This might be a reason of many 
overturning in the region. 

Photo.k.$   The overturning of parapet in the 
coastal dike at the left side of 
Nikko River. 

The other aspects of damages of coastal-dike are as follows. 

(a) The foundation of back slope was scoured by the wave overtopping. 
(b) As the dike soil contained sea water and had the tendency of 
sliding, the foundation swelled forward and lastly the whole of back 
slope was slidden down.  These examples were also seen numerously in 
this disaster. 

Until now, the studies on wave pressure are mostly conducted about 
the breakwaters and we had no suitable formulas for the coastal-dikes. 
Therefore, the coastal-dike has been designed only based upon the 
experience and no mechanical calculation conducted.  Now, at the 
Public Works Research Institute, Ministry of Construction, the relations 
between front slopes and wave pressures are being investigated 
experimentally. 

The restoration design of coastal dike which were destroyed by 
the Ise Bay Typhoon was conducted as follows: 

The design tidal level was taken to be the sura of mean high tidal 
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level at the typhoon season and "the maximum deviation from astronomi- 
cal tide due to the Ise Bay Typhoon". 

The wave height was calculated by Bretschneider's method in 
considering the friction of sea bottom, using the direction and 
velocity of wind at each place in the time of the Ise Bay Typhoon. 
The height of coastal-dike was determined by adding the design tidal 
level to the run-up height of design wave. 

The cross sections of coastal-dikes were so-called the type of 
embankment as shown in Fig.U.12, and were determined by taking 
consideration of the aspect of damages mentioned above.  In designing 
of that we specially stressed subjects as follows: 
(i) Parapet was lightened as much as possible, and reinforced bar 
inserted so that it could resist both the wave pressure and earth 
pressure. 

PHWLrtS^ 

RUBBLE 
3.5**- 
2.5®- 

TPOO17^. 

CONCRETE SHEET PILE L=3.0 

Fig.i|.12 Typical cross section of restoration coastal dike. 

(ii) The covering of front slope was connected to the foundation block 
by reinforced bar in order to resist the uplift pressure of sea water, 
(iii) Sheet piles were driven in at the toe of foundation blocks in 
order to protect from creating the hole at the down part of the 
covering of front slope due to penetrating water, 
(iv) In brder to commence the covering of crest and back slope soon 
after banking, the condensation of dike soil was accelerated by 
vibrofloatation method. 
(v) Sheet piles were driven in at the foundation of back slope in order 
bo stop the outflow of penetrating water and to protect the outflow 
of dike soil. 
(vi) The foundation of back slope was constructed not to contact with 
directly channels behind coastal-dike in order to increase the 
transverse resistance of the foundation. 
(vii) Porous concrete was used at the lower part of covering of back 
slope in order to decrease the uplift pressure due to penetrating 
water. 

Damages of river levees and their counter plan 

The phenomenon that storm surge went upstream in a river was seen 

981 



COASTAL ENGINEERING 

at each river which flew into the Bay. For example, we'll take up the 
case of Kiso River which flows into the inner part of Ise Bay as shown 
in Fig.i;.13. 

 CREST OF LEFT BANK 
 CREST OF RIGHT BANK 

0 MIERLML. 
LEFT BANK 

*-*—I—I * LEFT BANK 
9 WATER LEVEL, 

RIGHT BANK 
9 ME LEVEL, 

RIGHT BANK 

0   2  4   6   8/0 12 14 16 /8 20 22 24 Km 
DfSTANCE FROM ESTUARY 

Fig.U.13 The water level rising of Kiso River on the 
occasion of Ise Bay Typhoon. 

As storm surges invade into the river, it is seen that water level 
tends to rise up.  Judging from observational results, this fact is 
also recognized at Nagara, Ibi, and Shin River. It seems that the 
rate of water level rising in river mainly concerns with the wind 
shearing force.  To investigate this point in the KLso River, 
plotting the relationships as shown in Plg.ij.-lii between the 
difference of water levels recorded at Yokomakura and Sendohxra, and 
the square of wind velocity at Kuwana, a very good correlation is 
recognized.  Therefore, it will be effective means for estimating 
storm surges in rivers, if this relationships are studied furthermore. 
The flow direction of the upper reach of Kiso River is about SSE and 
it just coincided with the wind direction, so that such effect due to 
the wind shearing force is seemed to appear distinctly. 
So it is supposed that in such a case that the directions of river and 
wind are very different, the phenomenon mentioned above does not always 
appear. In addition, it is considered that the effect of run off from 
upper stream was very slight, as the rain fall before the time of the 
highest tidal level was a very small quantity in Kiso River. 

In designing the height and structure of river levees at an 
estuary and in the downstream reach, the effect of waves has been 
scarcely taken in consideration by this time. In Ise Bay Typhoon, we 
saw many examples of the x*iver levees at an estuary and in the 
downstream reaches which were destroyed by wave force or wave 
overtopping. 
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ELg.li.lU The relation between the difference of water 
levels observed at Yokomakura and Sendohira, 
and the square of wind velocity. 
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Photo.U.6   The damage of the levee at the right 
side of lahagi River. 

The waves in rivers are different from those generated at coast. 
In rivers the water depths are small, and the river course crooks,  so 
the waves are in general smaller than those generated at coast.    1-fost 
waves always invade into the estuary without the reduction of wave 
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heights, and the waves especially in narrow estuaries propagate along 
the levees. Therefore it is considered that large waves scarcely 
strike the coastal-dikes perpendicularly. 

The differnce between the constructions of river levees and 
coastal-dikes is the covering works. In general, the front slopes of 
river levees are covered with stone or concrete up to the design high 
water level, and the front slopes above design high water level are 
covered with turf. The causes of disaster of river levees at the time 
of Ise Bay Typhoon can be divided into two groups, one of which is the 
wave actions and another is the overflow (including wave overtopping). 
Photo.It.6 shows the aspect of damage of the right side walls at the 
places of 0 - 2 km upstream from the mouth of lahagi River. The upper 
part of front face and back slope were covered with turf, As a wave 
direction and the line of dikes were not strictly in parallel but at 
a slight angle in the middle of typhoon, the front slope covered with 
turf was broken down by wave force, 

Jig. ij.. 7 shows the aspect of damages of levee at the left side of 
Nabeta riiver. At this place, the height of dike was increased by the 
concrete parapet wall. 

The parapet wall has the openings (1.2 m in width) for passage 
at regular intervals, and at the time of storn surges, the opening 
was designed to close with a flush board. But as the openings were 
not closed actually at the time of storm surge, the sea water over- 
flew through the openings and the back slopes of dikes were scoured, 
and at last the whole of levees xrere broken down. 

Photo.h» 7 The damage of the levee at the left 
side Nabeta ItLver. 
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In addition, there were other examples of destruction. The slope 
surface of dikes were destroyed by water seepage as seen often in the 
flood. At the mouth of a river, we also saw many places where the 
connecting points between coastal-dikes and river levees were damaged. 
The fact that the height of river levee is smaller than coastal-dikes 
discontinuously at the connection point, or the different structures 
of dikes and surface covering, might be a reason for the damages. 

Referring the aspect of damages of river levees mentioned above, 
it is necessary to determine the heights and structures of the dikes 
in rivers, from the stand points of wave heights and wave forces 
which will be occured in storms. When the waves invade into the 
rivers, wave run-up may not be considered because there is no impact 
of waves upon walls if the waves direction and the river levee are in 
parallel each other, but when the wave direction and the line of river 
levees     are not in parallel, a fairly wave run-up can be expected 
due to the impact of waves upon the walls. 

The height of waves propagating from various directions of offshore 
to the river mouth, can be determined by the fetch and refractions in 
the same condition of wind. 

When the waves propagated from the entrance of Bay to the direction 
of A as shown in Elg.U.l5, the heights of waves invading into the river 
are large, because the fetch is large and there is no effect of re- 
fraction due to the topography of the sea bottom. However, because 
the wave direction and the river levees are in parallel each other and 
there exists no impact of waves, it will be good enough to consider 
only the height of wave crest. 'When the waves travel to the direction 
of B, the fetch is smaller than that in the case of A, and there is the 
effect of refraction. So the height of waves entering the river is 
smaller than that of A. However, because the waves impact on river 
levees skewly, the run-up of waves will occur. 

Fig.U.15> The relation between 
incident direction of 
wave and river course. 

OPEN SEA 
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Therefore in such a case, as a criterion for determing the levee 
height, we must take the higher one after comparing the height of 
wave run-up and the height of wave crest in the case of A.  That 
is, more the wave direction are inclined with the river levee, less 
the wave height itself is, but more vivid the phenomenon of wave 
run-up is. Therefore it is necessary to make comparison and invest- 
igation for various cases in determing the reasonable height of walls. 

As the waves invading into rivers are affected by the friction of 
river bed, in proportion to the distance from the river mouth, the 
wave height will be decreased in general, but when the propagating 
direction of waves coincides with the wind direction, the wave height 
is not always decreased. Therefore, considering the wave height, 
the wave direction, the direction of river course, the water depth, 
the river width, and the wind condition, etc., we must determine to 
what extent the waves should be considered. Moreover, when the 
river course is tortuous, the river width changes abruptly, or large 
bars existed, the convergence, divergence and refractions of waves 
and the considerable change of wave height will be expected. We 
can get the same conclusions about the indentation of sea dikes, and 
there were many examples showing the damages at this part at the 
time of Ise Bay Typhoon. 

The designs of height and structure of the levees in the rivers 
KLso, Nagara, Suzuka, Xahagi and Toyo, were established based upon 
the procedures mentioned above, and to make more clear the key points 
in the design, the large scale hydraulic model tests are carried on 
at the Public Works Research Institute, liinistry of Construction, 
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INTRODUCTION 

Wind drift is generally considered as the predominant factor of the 
storm surge along the sea coast. Authors noticed the fact that the duration 
of the wind blow of any direction is not long even at a big typhoon, while 
the storm surges more than 2 m are sometimes observed in the interiors of 
Osaka-, Ise-, and Tokyo-bay, and they have studied on another factor which 
might cause such water rise. 

A hump of water caused by a low atomospheric pressure transmits in the 
manner of a long wave and is deformed under the topographical effect when 
it comes into a bay. Authors are intending to show that the build-up of 
water due to topographical effect is sometimes larger than that occurring 
by wind drift. 

In this paper, the calculation was carried on neglecting the effect of 
wind drift and its result was compared with the observed value. 

TOPOGRAPHICAL DATA OF THE ISE-BAY AND OBSERVED 
HEIGHTS OF THE METEOROLOGICAL TIDE BY THIS TYPHOON 

Contour lines of the bottom of the Ise-bay are shown in the Fig. 5-1, 
in which the water depth under the datum level (D.L.) is indicated in meter 
Considering the pattern of these contours and of wave crests shown in the 
refraction diagram, the axis of this bay and vertical sections orthogonal 
to it are determined as shown in the Fig. 5-1 with chain-lines. The moving 
direction of this typhoon in this area was about N25°E as shown also in the 
same figure. 

Sectional area : A , width of the bay : B , and mean water depth : H0 
(jsAo/Be) relating to the distance from the inlet of the bay are given to- 
gether in Fig. 5-2. 

To make the calculation simple, we may assume H0 to be constant (H0 == 
2.5 m) from No. 2 to No. 4 section and decrease linearly from No. 4 toward 
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the inner. 

Precise observations of the height of the stoxm surge could not be co 
lected, but only the approximate values are shown in Fig. 5-3 at present, 
in which £ is the maximum deviation from the astronomical tidal stage. 
The deviation at Nagoya harbor (£^3.5 m) is the largest one ever recorded 
in Japan. 

BUILD TO OP A LONG WAVE DUE TO GRADUAL VARIATIONS 
OP SECTIONAL AREA OF THE BAY 

For the change of heights of a long wave in the variable section, thei 
is a well-known formula (Green's law). (See, for instance, Lamb : Hydrody- 
namics 6th ed., p. 274, for detailed derivation.) 

</<* «(B2*H,/B2H)4 

where <£ : the wave-height of a long wave, 
B : the width of the channel, 
H : the water depth before reaching of waves, 

and the subscript * refer to the value in the initial section. 

In our calculations, the static water depth (H) may be taken as folio* 
considering that the time variations of the astronomical tide are generally 
much slower than those of the storm surge. 

H s H0 + h 
where H0 : the water depth under the datum level, 

h : the height of the astronomical tide above the datum level. 

Ho and h in each station are shown in the Table 5-1, respectively. 

The ratio <?/<* and B*H*/Bll computed from the Fig. 5-2, 5-3 and the 
Table 5-1, are plotted in a log-log diagram. (Pig. 5-4) In this figure, 
we see that the Green's law is applicable for the region between No. 5 and 
No. 8 section (at the inner part of tnis bay). While, between No. 2 and Ho 
5 (at the inlet and middle part of the bay), ^ / £ * seems to be proportiona 
to (B*H*/B2H)^, and the increment of height in this region is greater than 
that predicted by the Green's formula. 

These results may be interpreted as follows. In the inner part of thi 
bay, the configuration of the coast forms some typical wedge-shape. Due to 
the comparatively small surface area of this region, the wind effect may be 
secondary and the effect of the configuration of the coast may be so primar 
in this inner region that tne Green's law will be applicable. While in the 
outer part of the bay, the surface area is much larger than the inner part 
and the wind effect may be more dominant and the increase of tidal height 
will be larger than that predicted only by the effect of the bay configura- 
tion. 
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M*Sor* Wb 

roWCAICHl 

Fig. 5-1 

The configuration of the Ise-bay 

Fig. 5-2 

Sectional area, width and mean water- 
depth at each section. 

0 10 10 30 
Dist. -frwn the Inlet of -the 8oy (in Km) 

Fig. 5-3 

40 50 

Observed heights of the storm surge along the coast of the Ise-bay 
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THE MASS TRANSPORTATION BY THE STORM SURGE 

The long waves with finite amplitude, as already mentioned, always ac- 
company the substantial mass transportation. The particle velocity and the 
relative and absolute propagation speed of the long waves are given theoret- 
ically as follows. (See, for Instance, Lamb : Hydrodynamics 6th ed., P. 278 
- 279.)              

« » 2 |V?(H0tS )    -  VfH,}, 
10 = V?CHo t 5 )  
a - w + w = 5v^(Hot?; - 2/^H7 

where  u : the particle velocity due to long waves, 
cv,CLi  the relative and absolute propagation velocity, respectively, 
Ho s the undisturbed water depth, and 
<q : the elevation above H due to the wave. 

These values are calculated by using topographical and observed data an 
are shown in the Table 5-1. 

According to these calculations, the particle velocity of long wave is 
about 1.0 m/sec in the inlet or middle region of the bay, while in the innet 
part it reaches 3-4 m/sec. 

It must be noticed that when the undisturbed depth is small and the 
wave height is comparatively large, the particle velocity of a long wave is 
often equivalent to the relative propagation velocity and so we can't neglec 
the former. 

The substantial mass transport due to particle transitions (uA) are 
shown in the Table 5-1, and the Fig. 5-5. In the Fig. 5-5, we see that the 
transported mass increases gradually from the inlet to No. 3 section and 
decrease almost linearly from No. 3 to No. 5 section. A sudden decrease is 
observed at the mouth of the Ibi or Kiso River. We must notice that, in out 
analysis, the crest of the long wave is just rooting and so t^/d-t z= ,  then 
the discharge must be constant theoretically. Therefore, these change of 
discharge must be paradoxical, but the reason for this discrepancy may be a* 
follows. 

(1) Energy dissipations by the bottom friction are not considered 
in this analysis. 

(2) Sectional area of the bay are treated, for simplicity, as the 
rectangular and so the change of sectional area according to 
the variation of free surface (i.e. the intrusion discharge 
running over the shore) are not considered. 

(3) Like above, the intrusion going up the river is not treated 
in this considerations. 

These factors will contribute for the tidal discharge to decrease. 
Even by these rather rough first approximation, the substantial velocity 
with the storm surge is decidedly supposed to be so large that we cannot 
neglect the dynamic behaviour of the storm surge. 
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Table 5-1 

No. of Section 1 2 3 4 5 6 7 8 9 

The name of places 
on the section 

The Tip of 
Chita Pen. 

Matau- 
zaka Tsu Sirako Xokkaichi 

Kasumi- 
Ga-ura Asahi 

Xkada- 
gawa 

Nagoya 
Hab. 

Cumulative Diet, 
from the lto.1 Sect, 

in Km 
0 9 17 26 37 41 46 "53 58 

Sectional Area 
under the Datun 

in Km 
554 836 741 428 262 225 63 23 — 

Width of the Sect, 
in Km 

29 04 32 30 25 16 17 9 8 — 

Mean Depth under the 
Datun ; H    A /B, 

in m 
19.1 26.1 247 174 164 13.2 7.0 2.8 — 

Hight of the Astron. 
Tide over the Datum: 

h,      in m 
15 1.6 1.6 1.6 1.7 1.7 1.7 1.7 1.7 

Max, Deviat. of the 
Meteor, tide : 

in a 
1.6 

<* 
1.7 2.0 2.3 28 Z.7 32 34 355 

8 (h + h) 
in m/sec 

143 16.5 16.1 13.7 13.3 f2.l 92 

10.8 

66 

fielative Propag.Velo. 
•    g(H • h +    ) 
in m/sec 

i 

I4fi 17.0 16.7 14.5 143 I3.( 8.8 

Absolute Fropag.Velo, 
• u + 
in m/sec 

15.8 18.0 17.9 16.1 16.3 151 14.0 13.2 

Particle   Telo. 
u 

in m/sec 1.0 1.0 1.2 1.6 20 2.0 3.2 4.4 

Transport. Discharge 
Q 

in 10   m /sec 
62.7 94.0 1018 85.1 66.9 60.0 343 27.6 
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REFRACTION OF THE LONG 4AVE IN THE ISE-BAY 

Regarding the storm surge as the long wave, we can draw the refraction 
diagram and investigate the convergence or divergence of wave-energy and 
other characters. 

The Fig. 5-6 is the refraction diagram in the Ise-Bay assuming the 
straight crest at the inlet (No. 1 section), and using the Arthur-Munk- 
Issacs' method. From this figure, the energy of storm surge seems to con- 
centrate near Tsu and Tokoname and expands near Sirako and Matsuzaka, 
(These trends approximately correspond to the actual damage.) 

The time required for the surge crest to propagate from the inlet (the 
tip of the Chita Peninsula) to the Nagoya harbor, is about 100 minutes by 
our calculations. The comparison with the occurred phenomena could not be 
done because of the lack of observation. 
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CHAPTER 59 

A SYSTEM OF RADIO-LOCATION USED IN THE DELTA AREA 

R.H.J.  Morra 
Hydraulic Division of the Delta Works, 
Rijkswaterstaat, The Hague. 

INTRODUCTION 

In the South-Western part of the Netherlands the Delta pro- 
ject is being carried out consisting inter alia of k  main dams 
closing k  large inlets (fig.1). Through the four tidal inlets to 
be closed about 1800 million cubic metres of water run into the 
Delta area during flood tide and flow out again during ebb tide. 
This means about 7000 million cubic metres daily. 

The bottom of the inlets and the sea-bottom consist of 
fine sand (dcQ = .100 - .300 mm), which is in constant movement. 
During the past centuries considerable changes in the bottom 
contour have taken place. Yearly many millions of cubic metres 
of sand are moved by the water. The bottom is a very complicated 
system of gullies and sandbanks which has evolved down the 
centuries and is ever changing. It is evident that the dams under 
construction will out off the tidal flow into and out of the 
area and that this will result in a considerable change in the 
sand movement. 

The underwater estuary extending as far as 20-25 km sea- 
wards from the dams will probably have to adapt itself rather 
suddenly, i.e., within a few decennia. This can be dangerous 
for the Western extremities of the islands. The whole combinat- 
ion of phenomena concerned has to be studied and watched very 
carefully. 

Basic information concerning the sand movement and its 
consequences is given by soundings. 

A long term of frequent and accurate soundings with very 
good repeatability is required for the entire coastal area of 
the estuary. However, the meteorological conditions for sounding 
are such that good conditions only obtain on about 20 days a 
year, because good visibility and a quiet sea must occur 
simultaneously. Moreover, there is a serious shortage of land- 
marks and at distances seawards of less than 10 km from the 
shore visual location is impossible. The only solution is to 
make the location independent of visibility. For these reasons 
it was decided that a system of radio-location should be devised. 
We were advised by an independent expert to adopt the Decca 
survey system. 

With such a system it is possible to make frequent soundings 
with very good repeatability and with a reasonably low number of 
launches, because many more suitable days (and nights) become 
available. This system of radio-location is called the Delta 
chain. The system is also used for special purposes (velocity 
and sandtransportmeasurements). 
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A SYSTEM OF RADIO-LOCATION USED IN THE DELTA AREA 

Fig. 1.   Plan, of the Delta project. 

Fig. 2 .   Shows the way in which the hyperboles 
are generated.   The thin lines are the signals 
from master and slave, along the thick lines the 
phase differences are constant in time. 
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COASTAL ENGINEERING 

Fig. 3.   Lay out of the Delta chain.   1 in 10 of the 
O-hynerboles is ahown. 
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Fig. 4.   Diagram showing principle 
of phase comparison in a receiver. 
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A SYSTEM OF RADIO-LOCATION USED IN THE DELTA AREA 

THE DELTA CHAIN. 

PRINCIPLES. 
The Delta chain consists of 3 radio-transmitting stations, 

viz., a master, a "red" slave and a "blue" slave. 
The master and one slave generate a stable stationary wave 

pattern. The master transmits a continuous radio signal, which 
is picked up by the slave and this signal is retransmitted in 
phase with the master but at a frequency different from that of 
the master signal, so that a receiver can distinguish between the 
two signals. For the sake of clarity the master and slave signals 
are shown in Fig.2 as having the same frequency. The hyperbolic 
lines are the geometric loci where the phase-difference is a 
constant with time. 

The master and the other slave cooperate in a similar way, 
producing another set of hyperbolic lines. 

The locations of the stations and the patterns generated are 
given in fig.3« Of each pattern 1 in 10 of the hyperbolic lines, 
where the phase-difference is zero degrees, is shown. 
The area between two zero-hyperbolics is called a lane. The 
stations are so located that maximum accuracy is obtained near 
the main dams while the hyperbolic lines can be used as guides 
for taking soundings. With a suitable receiver and a chart with 
both patterns on it location in terms of hyperbolic coordinates 
becomes possible. 
Measurement by the receiver is fundamentally a matter of phase 
comparison, the signals of the master being compared with those 
of each of the slaves. 
The signals received are amplified and brought up to the same 
frequency, set by set, before being compared as shown in fig.4. 
The results of phase comparison are shown on dials (decometers). 
one for each pattern. One revolution of the hand is 1 lane (360 
degrees). The scale is calibrated in hundredths. The accuracy 
with which it can be read is 0.002 of a lane; 2k  red lanes and 
30 blue lanes form   a zone. A second hand on the decometer 
indicates the lane number in a zone and a letter indicates the 
zone number. 

The decometer only gives a direct indication of the parts 
of a lane involved. Lane number and zone number have to be set 
by hand before starting. 

Because of the rather small lane width a means of lane 
identification is fitted. So far the Delta chain is the only 
survey chain fitted with lane identification. 

Every minute normal transmitting is interrupted for 0.2 
seconds by another combination of frequencies as shown in fig.5« 
In a similar way as shown in fig.k  the right lane number is 
shown on a lane identification meter suitable for both patterns. 
Only the zone number need be known now, but these zones have a 
width of 10 km'or more and are very easy to determine in some 
other way. 
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A SYSTEM OF RADIO-LOCATION USED IN THE DELTA AREA 

DATA 

The following technical data could be completed and arrived at 
by counting the lanes, after installing the transmitting stations. 

14017-5 cycles 
84105-1 cycles 

1121^0.1 cycles 
70087.5 cycles 

basic frequency f = 
frequency: master 6f » 
frequency: red slave 8f = 
frequency: purple slave 9f = 

comparison frequencies:'red pattern 24f = 336420 cycles 
comparison frequencies: blue pattern 30f = 420525 cycles 

propagation speeds of radio waves in the Delta area 
over sea      Vs = 299674965 a/sec 
over polderland Vp = 29950424-7 in/sec 
over dry land  Vi = 299437793 m/sec 
over dunes     V^ = 299300000 m/sec 

number of red lanes 
number of blue lanes 

129.028 
172.757 

lane width on red base line 445.19 m 
lane width on blue base line 356.17 m 

length of the base line, red pattern 
length of the base line, blue pattern 
angle between base lines 111°41•16".46 

57441.94 m 
61531.05 m 

These data could be determined so closely because very 
accurate terrestrial data were available. 

The patterns could be calculated with the above mentioned 
data. This was done by means of an electronic computor. The 
coordinates of 300,000 points have been calculated and charts 
have been drawn to a scale of 1:10,000 showing the patterns 
calculated. 

EXPERIENCE AND ACCURACY 

The chain became operational in January 1959. about 10 
months after building and fitting started; a trial period also 
being included. 

Besides the three transmitting stations a monitor was fitted 
up in Zijpe (fig.3) having two receivers and a recorder. 
From here the two slaves are set and corrected in such a way that 
the readings correspond with the calculated decca-coordinates at 
the monitoring station. Normally a discrepancy of plus or minus 
0.01 lane is accepted without correcting the patterns. In special 
cases this tolerance is halved. (0.01 of a lane means 4.45 m on 
the red base line and 3*56 m on the purple base line). 

So far about 10 launches have been equiped with receivers, 
similar to the monitoring equipment. Two launches have been 
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COASTAL ENGINEERING 

fitted with a track-plotter for the rare occasions on which 
lanes cannot be used for sounding, with these any direction 
across the patterns can be followed and recorded. 

In 1959 a sounding programme was carried out. With k 
launches 11,000 km of developed length was sounded in one season. 
This whole area is shown in figure 6 and covers about 300,000 
acres. 

It is very economical to make soundings with the delta 
chain. The work can be done four times quicker than by the 
visual method. Speaking generally it can be said that the 
repeatability of the patterns is very satisfactory, up to a few 
metres. 

The fixed corrections (local differences between real and 
calculated patterns) have not yet been established, because the 
receivers are being modified to produce the very accurate results 
required. An observation programme for estimating the fixed 
corrections is being prepared and will be carried out after 
these modifications have been made. The impression is that the 
maximum fixed corrections will embrace 0.01 lane. 

There will be differences between the readings and the 
calculated coordinates at any spot in the pattern areas. Besides 
the fixed corrections these differences, expressed in terms of 
parts of a lane, can be divided up into systematic and random 
errors. They originate in the equipment, and are due to the 
atmosphere and local conditions. 

SYSTEMATIC ERRORS. 

The transmitting equipment is controlled and adjusted by 
operators at the transmitting and monitoring stations. The 
errors in the patterns can be eliminated afterwards from the 
records of the monitoring station. 
Th^e receivers need a warming-up period of about one hour. A drift 
of several hundredths of a lane occurs during that hour. They 
have great stability within a few thousandths of a lane after the 
warming-up period. The setting can be checked by means of an 
internal signal and adjusted if necessary. 

It is not possible to check and adjust a receiver for 
correct readings direct. So a long-term drift cannot be detected 
by means of absolute comparison. This point will be discussed 
later. 
Atmospheric circumstances such as variations in temperature, 
humidity of air and soil can influence the propagation speed. 
The consequence is an increase or decrease in the number of lanes. 
Local effects can be of atmospheric origin. A sudden change in 
propagation speed occurs as the radio waves cross the boundary 
between land and water, upsetting the pattern locally. 

Metal objects (bridges, big ships) can cause errors. 
Fixed errors have already been mentioned. 
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A SYSTEM OF RADIO-LOCATION USED IN THE DELTA AREA 

RANDOM ERRORS. 

The transmitting equipment (see under systematic errors). 
The receivers are stable within 0.003 lane after the warming- 

up period. 
Atmospheric conditions are the main cause of random errors. 

Static electricity, heavy rain, or glazed frost on the insulators 
of the aerials can give rise to instability in the whole area or 
locally. As a rule this instability amounts to 0.02 of a lane 
and does not make reading impossible. The greatest instability 
ever noticed was about 0.1 of a lane, making reading impossible, 
but this very seldom occurs and so far has not lasted for more 
than about one hour. 

Another effect causing instability up to plus and minus 0.05 
of a lane is due to fluctuations in what is called the sky wave 
reflected by the Kennedy-Heaviside layers especially during a 
period of 1£ hours before and after sunrise and sunset. 
The patterns are also less stable during the night than they are 
in the day-time. 

These effects vary from place to place and from time to time 
hence a standard correction cannot be made. 

This year a second monitor was fitted up in The Hague for 
research and checking purposes and some questions have arisen. 
Are the propagation speeds in the delta area variable from time 
to time? (The answer seems to be "no" or very nearly so because 
of the favourable conditions regarding the conductivity.. No tidal 
effect is noticed). Do the small movements of the patterns recorded 
at the monitor in Zijpe apply to the whole area or are they local? 
(The answer seems to be; For nearly all of them apply to the 
entire area; with the exception of sky-wave effects and local 
static, they can be corrected by using the monitor records). 

The monitoring receivers and those in the launches can 
also be checked for correctness of reading. Since direct -checking 
is not possible, as has already been stated, a relative comparison 
must be made, especially to detect any long-term drift. 

CONCLUSIONS 

Some interim conclusions can be made. 
Fixed corrections and land-water effects will cause a 

difference up to 0.02 of a lane between actual and calculated 
patterns. 

Under normal conditions an accuracy of 0.01 of a lane is 
attainable. It is anticipated that for special purposes an 
accuracy of 0.005 of a lane can be achieved, using a series of 
observations. 

It is clear that the chain will need careful and continuous 
watching because of the great number of factors influencing its 
accuracy. 

The chain will be a great help in the Delta works. 
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