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REVISED WAVE FORECASTING RELATIONSHIPS

Ce L. Bretschneider*
Institute of Engineering Research
University of California
Berkeley, California

INTRODUCTION

Data on the generation and decay of wind-generated gravity waves
have been collected for several years by the University of California.
These data together with the original data by Sverdrup and }Munk have
been analyzed, and the results were presentsed in dimensionless graphs
suitable for use in wave forecasting (Bretschneider, 1951). No analysis
was made of ths effect of following or opposing winds.

The dimengsionless parameters presented by Sverdrup and Munk (1947)
(c/v, g8/U2, gF/U2, gt/U, and tU/F) are suitable; however, new curves
have been constructed which includs the new data recently available
(Fipure 1)s In order that the data on the decay of waves could be
presented in a logical manner, a concept, based on the following
observations was introduced: (a) Individual waves do not maintain
their identity in deep water, (b) a spectrum of lengths and heights
is present in both the fetch and decay areas, (c) at any particular
decay distance the significant period decreases with time, (d) the
significant period increases with decay distance in a manner different
then that assumed by Sverdrup and Munk for their decay relationships,
(e) the travel time depends upon the group velocity associated with the
period at thse end of the decay distance,

It is found that the wave height and period at the end of the decay
distance depend upon the length of the fetch and the height and period at
the end of the fetch as well as upon the decay distance. TUsing D/F as a
dimensionless parameter, decay graphs, D/gTF2 versus D/gTp2 and D/H, verst
D/HD, were constructed representing the increase of period and the decreas
in height, respectively., These curves give a unique solution for each
combination of period and height at the end of the fetch; whereas, the
decay relationships proposed by Sverdrup and Munk (1947) gave a unique
solution for the increase of wave period regardless of the wave height
at the end of the fetch,

*Now Research Engineer with Texas A & M Research Foundation, College
Station, Texas
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COASTAL ENGINEERING

WAVE PERIOD AT END OF DECAY, Tp, IN SECONDS

Fige ¢4
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REVISED WAVE FORECASTING RELATIONSHIPS

Forecasting Curves: Figure 2, forecasting curves for the genera-
tion oF waves, is prepared from Figure l. Figure 3, forecasting curves
for the decey of waves, is prepared from published decay curves (Bret-
schneider, 1951). Since Figures 2 and 3 are based on much wave date,
they may be used to make reliable wave forecasts.

The travel time of the swell is based on the average group velocity
of the significant waves at the end of decay and is given in Figure 4.

Example of the use of Figures 2 and 3

Given: U = 23,5 knots (as determined from weather map)
F 2 600 nautical miles (as measured from weather map)
t3 = 33 hours (as determined from weather map or maps)
D = 2000 nautical miles (measured from weather maps)

Enter Figure 2 at the left on U = 23,5 knots end proceed until either
ty ® 33 hours or F = 600 nautical miles is first reached, and read =
13 feet, gF = 10 seconds, = 33 hours and F 2 400 nautical miles
(this is min*)

Enter Figure 3-A at TF = 10 seconds, and proceed to decey, D = 2000
neutical miles (this gives Tp/Tp at D = 2000 nautical miles for a
significant wave period at the end of fetch (minimum fetech) of 200
nautical miles). Proceed horizontally to Figure 3-B to F_ = 400
nautical miles and read Tp/Tp = 1.28; Tp = 10 x 1,28 = 1278 sec.

To determine the wave height, Hy at the end of the decay curves,
use Figure 3-C and D, and read HD/HF = 0,25; Hp = 3.3 feet.,

From Figure 4, the travel time of the swell is tD 2 103 hours.

References

Bretschneider, C.L, (1951). The Generation and Decay of Wind Genaer-
ated Gravity Waves: Tras. Amer. Geophys. Union (In press)

Sverdrup, H. U. and Munk, W. H, (1947). Wind, sea, and swell; Theory
of relation for forecasting: Hydrographic Office, U, S. Navy,
Publ, No. 601,

*For a given wind velocity the fetch length behind which a steady state
is reached depends only upon the wind duration. For a given duration of
wind this steady state fetch depends on the wind velocity and is shorter
for weak winds than strong winds. This fetch length is called minimum
fetch, Fpine



COASTAL ENGINEERING
Chapter 2
GENERALIZED WAVE DIFFRACTION DIAGRAMS

J. W, Johnson
Agsociate Professor of Mechanical Engineering
University of California
Berkeley, California

INTRODUCTION

Wave diffraction is the phenomenon in which water waves are propa-
gated into a sheltered region formed by a breakwater or similer barrier
which interrupts a portion of a reguler weve train (Fig., 1). The prin-
ciples of diffraction have considerable practical application in connece
tion with the design of breakwaters as discussed by Dunham (1951) at the
Long Beacli Conference. The phenomenon is sanalogous to the diffraction
of light, sound, and electromagnetic waves, Two general types of
diffraction problems usually are encountered: one, the passage of waves
around the end of a semi-infinite impermeable breakwater (Putnam and
Arthur, 1948), and, second, the passage of waves through a gap in a
breskwater (Blue and Johnsor, 1949: Cerr and Stelzriede, 1951). 1Im
general, the theoreticel solubions have been found to apply with con-
servative results, that is, the predicted wave heights in the lee of a
breakwater are found to be slightly larger than the height of waves that
may be expected under actual conditions. The use of the diffraction
theory in breakwater design is made convenient when summarized in the
form of diagrams with curves of equal values of diffraction coefficients
on a coordinate system in which the origin of the system is at the tip
of a single breakwster (Figs. 2a-2b, and 3) or at the center of a gap
(Figs. 2c, and 4-8)., The diffraction coefficient in this instance is
defined as the ratio of the diffracted wave height to the incident wave
height end usually is designated by the symbol K'. The procedure in
preparing diffraction diagrams appears elgewhere (Johnson, 1950), The
purpose of this paper is to present diffraction diagrams to supplement
the material of Dunham (1951). For complete details on the application
of diffraction diagrams to typical harbor problems the reader is referred
to this latter paper.

Semi-infinite breakwater - The generalized diffraction diagram shown

in Fig, 3 can be applied to a particular breskwater problem once the
charscteristics of the design wave have been selected -~ that is, the
height, period and direction of the incident wave from which protection
is to be provided. The design wave is selected either from recorded
wave data as described by Smodgrass (1951) or by application of the
hindcesting procedure ocutlined by Arthur (1951)., As an illustration
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GENERALIZED WAVE DIFFRACTION DIAGRAMS

of the use of a diffraction diagram, Fig. 2a shows a map of a harbor
for which protection is desired for a specified reach of the shoreline
with waves approaching from the direction from which the maximum height
waves occur. For e given wave period (or length) a diegram similer to
Fig. 3 1s plotted on transparent paper to the same length scale as the
map of the harbor area., This transparent overlay then is moved over the
mep (keeping the geometric shadow parallel to the direction of travel)
until the desired degree of protection for the selected reach of the
shoreline is obtained. The location of the tip of the breakwater thus
is obtained as illustrated by the final location of the overlay shown
in Fig. 2a. It should be noted that the diffraction diagram shown in
Fig. 3 is the same diagram as discussed by Dunhem (1951) but applied

to both semi-infinite breakwaters and breakwater gaps. The material
summarized below presents diffraction diagrams also for gaps and
permits refinement to the solution of some of the problems discussed
by Dunham (1951).

Diffraction at a Breakwater Gap - The treatment of diffraction problems,
as discussed 1n the above paragraph igs concerned with waves moving past
a breakwater tip with an infinite expanse of water existing away from
the tipe. In many harbors, however, waves move through e relatively
narrow gap in a breakwater (Fig. 2c); hence, diffraction occurs at the
two sides of the gap and changes in wave height in the lee of the break-
weter will be different than if a single tip existed. Theories for this
condition also have been developed. Experimental studies have verified
the general form of the theoretical expressions for breakwater gep
openings as small es & half wave length. As long as the water depth in
the lee of the structure remeins constant the diffraction pattern is
independent of the actual depthe In natural harbors, however, this
condition of uniform depth may not always occur. Instead a shoaling
bottom usually exists = in which case the waves are not only diffracted,
but refraction also results as the waves move further to the lee of the
structure. At a considerable distance from the breakwater, it is probable
thet the refraction effects predominate over the diffraction effects.

Figs. 4-€ show generalized diegrams which give diffraction coefficients
to the lee of breakwater gaps of various widths but with normal approach
of the waves. The method of making the necessary computations of these
diffraction coefficients as well as the computations for the position of
the wave fronts (shown only in Fig. 5a) is presented elsewhere (Johnson,
1950; Carr and Stelzriede, 1951). These generalized diagrems, when used
as trensparent overlays, cen be moved over a map of an area to obtain
the most desirable protection, similar to the procedure illustrated in
Figs. 2a=2b for a single breakwater.
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GENERALIZED WAVE DIFFRACTION DIAGRAMS

GENERALIZED DIAGRAMS

For semi-infinite breakwaters the single diagram shown in Fig, 3 is
sufficient for all such breskwaters with waves approaching from any
direction within the limits indicated (also see universal diagram of
Dunham, 1951), 1In the case of breakwater gaps, however, a different
diagram is required for each combination of gap width and direction of
wave approach., A number of representative generalized diagrams for gaps
are shown in Figs. 4-6, inclusive., These diagrams pertain to gaps which
range in width from % to 5 wave lengths with the direction of wave
approach being normal to the gap. These diagrams cover a wide range
of gap openings with a sufficiently small spacing of values such that
one of the diagrams can be selected and applied with reasonable accuracy
to a specific problem, For some specific gap width it may be desirable
to obtain the diffraction pattern by interpolation between two diagrams;
however, the accuracy with which the designwave data are known usually
does not justify such & refinement., In the event though that inter-
polation is desired, Figs. 7=10 are provided which show values of
diffraction coefficients for various gap widths at various x/L distances
from the gap center line and at various y/L distances to the lee of the
gape These curves have been smoothed somewhat to eliminate the unimportant
lobes which result from the theoretical solutions as shown in Figs. 4~6.
It is to be noted that in Figs. 4-6, inclusive, the diffraction diagrams
have been terminated arbitrarily at a distance of 20 wave lengths in the
lee of a gap. It is believed that in most applications the effects of
refraction, as discussed above, would predominate by the time the waves
had traveled a distence of 20 wave lengths beyond a breskwater; there-
fore, the extension of the diffraction patterns to greater distances is
unnecessarye.

When a gap width is in excess of about five wave lengths, the
diffraction patterns at each side of the opening are more or less
independent of each other (compare Figs. 3 and 6b). In such cases
the pattern given by Fig. 3 for a semi-infinite breakwater can be
used to estimate the height and direction of waves on the leeward side
as discussed by Dunham (1951) and illustrated in Fig, 2b. For these
relatively large gap openings the direction of the incident waves with
respect to the breakwater aligmment can lie anywhere within the zone
indicated in Fig. 3 without the diffraction pattern being appreciably
affected. For relatively narrow gaps (gap openings of about 3 wave
lengths and less) the diffraction pattern can be computed easily by
the method of Carr and Stelzriede (1951) for Various values of the
angle between the incident wave and the breakwater. As an example,
Figs. 12-14 show diffraction patterns for waves approaching a break-
water gap with & width of one wave length from various directions,

11
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For wider gap openings, where oblique approaches meke computations
of diffraction patterns relatively difficult, useful approximations can
be made by drawling a line through the gap center and normal to the
incident wave direction, and then computing diffraction coefficients
a8 though the breakwater were along this line--the end of the imaginary
%ap being at the projections on this line of the true gap ends (Fig. 11).

hat this approximation gives acceptable results is demonstrated in Fig.
15 where the diffraction diagrams computed for a gap opening of 2 wave
lengths with a wave approach of 46 degrees is compared with a diagrem
which has been computed for a 90 degree approach to a gap whose width
of opening is 1,41 wave lengths., For a given gap opening with an
oblique wave approach the width of an imaginary gap for 90 degree
approach undoubtedly will be an uneven value. The preparation of a
diffraction diagram for such a gap opening is easily accomplished by
interpolation from the diagrams shown in Figs. 7-10, inclusive,.

SUMMARY

The material summarized in this paper presents generalized
diffraction diagrams to be used in the rapid solution of wave diffrac-
tion problems which occur in breekwater design. The diagrams are to
be used in conjunction with the techniques of application previously
described by Dunham (1951).
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Chapter &
CURRENTS IN THE SURF ZONE™

D. L. Inman and W. He Quinn
Scripps Institution of Oceanography
University of California
La Jolla, California

ABSTRACT

Surfece and bottom currents in the surf zone were measured at 15
equally spaced points along two straight beaches with approximately
parallel bottom contours. The measurements showed that offshore cur-
rents predominate over onshore currents at the bottom, while at the
surface there is a slight predominence in the onshore direction. With
regard to the longshore component, it was found that surface and bottom
currents have a similar velocity distribution. The variability of the
longshore component as measured by its standard deviation is equal to
or larger than the mean longshore velocity. This wide variation in
longshore currents indicates the impracticability of estimating the
mean velocity from a single observation of longshore current.

It was found that the momentum approach to the prediction of
longshore currents by Putnem, Munk and Traylor (1949) leads to useful
forecasts provided the beach friction coefficient k is permitted to
vary with the longshore velocity, V. The indicated relation is
x ~ V-3/2,

INTRODUCTION

A series of longshore current measurements was made in 1949 and
19560 along two straight beaches in the San Diego area. The purpose of
the investigation was to study quantitatively the variability of cur-
rent velocities in the surf zone, and to test the method of prediction
of longshore currents from the characteristics of the waves producing
them,

The terminology and general principles of the circulation result-
ing from wave action in and near the surf zone was discussed in a
previous paper (Shepard and Inman, 1951). The scope of the present
paper is limited to a discussion of currents inside of the breaker zone.

Two straight beaches with relatively parallel bottom contours
were sBelected for study, Torrey Pines beach north of La Jolla and
Pacific Beach to the south of La Jolla (Fig. 1). Fifteen stations

*Contribution from the Scripps Institution of Oceanography, New
Series No. 560. This work represents resesrch carried out for the
Beach Erosion Board under contract with the University of California.
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the series of observations shown in Fig. 3.
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were selected at equal intervals along an 0,8 mile stretch on each
beachs The stations were numbered "A" through "0" and were approxie-
mately 300 feet apart. Each series of observations consisted of 2
surface and 2 bottom current measurements at each station giving a
total of 30 surface and 30 bottom current measurements along the
beachs A complete series of 60 measurements required about 2 hours
and were made inside the breaker zone in water approximately 3% feet
deepe

The devices used in the investigations were of a free drifting
type, the velocity being determined by the distance of travel in a
given period of time. Bottom current magnitude and directions were
ocbtained by means of a volley ball filled with water and weighted
with sufficient mercury to give it a slight negative buoyancy. The
ball was attached to a light fishing line which was calibrated, and
conteined on a reel fixed to a short pole (Fig. 2). An observer,
standing about waist deep at a chosen station in the surf zone,
released the ball at a given signal and played out free line as the
ball was carried by the current, When an observer on shore indicated
that a period of 30 seconds had elapsed, the line was jerked taut and
the direction to the ball noted. The number of feet travelled during
the 30 second interval was observed as the line was reeled in. Direc-
tion of the current was estimated to the nearest 223° by noting the
angle that the line made with the shore line. Surface currents were
measured during the same interval by releasing a piece of kelp at
the spot where the bottom current ball was dropped. A second observer
determined the distance and direction of travel of the kelp during the
same time interval., The interval of 30 seconds was chosen as being
long enough to give a representative current and short enough to
indicate major current fluctuation and tendencies in the surf zone.

During current observations, significant breaker heights* were
obtained by an observer standing at mean water level and lining up
the top of the breaker crest with the horizon. The height of the
observer's eye above water level was read from a graduated pole.
This height was multiplied by 4/3 to give the height of the breaking
wave.

The average significant breaker height, H, for the series of
current measurements was obtained by averaging the significant waves
at each station., The significant wave period T, was obtained by tim-
ing the passage of the significant wave crests past a fixed point with
a stop watch, The angle of approach oC , between the crest of the
breaking wave and the straight beach was measured during the 1350
obgservations by the trangit aighting bar method devised by Forrest
(1950), The breaker height H, period T, and the angle of approach
for each series of observations are listed in Teble 1. *

*The asignificant wave height is the average of the highest one-third
of the waves. 26
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TABLE I
Tabulation of Field Data

A. Torrey Pinee Beech 1949
Longshore Comp t Onshore-Offshore Comp g/
H r V] s Surface Bottom Surface Botton
Date ft. | eee.| deg. Vo T X3 || v g |3 Val 0 | o4 ¥, 0 | «
239 ft/gec |
|27 Jwp, | 2.8 15 |64°N | ,027 .38 | .38 | =75 =160 .25 |¢1.361
29 3un. | 34 1498 | 027 04 | .38 | =35 -,06] .28 |- .&
‘2%3 Tom, | 3.7 4 2027 22 14 [ %40 =.25] .35 _1-1.33]
1 Jul, | 3.6 14 N | .oz W04 | .49 [#2,50 ~.28] (34 ]s1.50
9 [0 |
5 Jul, | 4.9 8 S | .027 8, | .51 [+1.35 05 51 |- 4
6 Jul, | 3.8 7 15% 1 .027 .21 43% + .51 -.331 .36 [- .61
Jul, | 3.4 15k N | .027 W55 . » .16 ~.C3] .62 [+1.00
Jul. | 2.6 81 N | .03 04 |40 | © {I— =38 21 [31.33]
12 Jul. | 3.0 9f [ 1N | .03 L0l .40 0 <.25[ . * .23 ]
Jul, | 2.7 10 N _| 035 215 [ .40 ) -31] .23 -2
14 Jul, 3.5 13| N ,035 .09 45 1-1,30 -.321 .48 [- .12
721 8
15 Jul. | 4.9 13 N .035 .21 .36 |-1.30 -6} .20 |e .83
19 Jul. [ 2.6 10 N 1 .035 50 .34 0 -26].29 [e1.78
Jul. | 4.6 | 12 N | .035 .80 | .66 |+ .98 PRI -
26 Jul. | 3.7 8 5 | .o28 .20 [ .59 0 -.36F£.92 [~ .21
15 W | 7]
B. Yorrey Pinee Beach 1950.
‘. : oy
Yeb. 5.1 12) €8 |.02r) 37 | 4 0N .20 | .63 1,15 [-.102 | 69 |-2,62]-.22 | .41 . -1.50
16 | 598 | . |
7 Mar, | 4.7 7 %s L027 | 60 | .55 ¢ 2] .45 | @0 [41.38 fe,32 | 78 |s O7[1-.21 | .39 |- .60
17 Mar, | 4.5 15 | 498 [.027] .67 | .53 [+ .50f .72 | .55 {e .45 Je.20 | .30 s 300220 T .40 [-1.65
Mar, | 4.8 12 8 1.027 [1.22 11,18 |+ ,9701.16 [1.05 lo .68 [-.11 [ .16 {-2.:4|[-.28 ., <118 |
30 Mar. | 4.2 12 S [.027] . T [e1,56F 41 [ 76 |- .13 [e.01 | 41 o [[-.27 - .30
17 | 3% ‘
21 Apr. | 2.0 12 é“i« L0271 46 | 57 |- a9 .26 | W46 0 [e07 | .47 e3.28-.00 .23 |- .12
T‘E‘my N g L P L PO S S S 2 Y S ) S S Y I 1 0 _|
18 [ P8 T
16 May 2.9 15 ;i 027 | 060 | 51 [+ 13| .52 | 40 |= 75 _[[#.08 | 425 [~ .97 =435 .40 |+ .84
25 May 1.6 659 Tor [ 1 | .33 hl,00] .30 [ .37 |» .22 [-.08 [ .13 [e1,62(-.38 .23 |- .07
L 23 ; i
_ acific Beach 1950
14]
2/, Fedb. 6.2 U 15°8 .01 W54 | b -0 }=35 { .53 |- .85
2 Mar, 3,1 16 [N T.ols | .82 [ .47 - .10l .47 .28 49 I .03 [ 66 [- 21 1-.17 [.24 [-1.83
1, Mar. | 4.5 12 (398 {.014 [ .46 4 1- .10 .51 | .89 b .30 2 .84 (- .20(e17 |71 Q4 .63
22 Mar. | 3.5 1 (4% Jou .20 [.60 [-.92].13 | .54 0 11,07 1,45 Wi i-.32 .60 B1.22
18 Apr, | 2.7 16 3PN lolg F .01 11,30 |- ,07].25 | .70 W .35 | .25 A.), 1-1.63 [-.21 | .68 |- .33
9 May 47 13 | 795 1.0M §1.54 [1.40 |- 481L20 .35 b .07 [ .22 [ .82 (4 .34 J-.57 1.07 [2.91
18 May | 2.6 1Ug{2% [.o14 [ .06 | .82 [e1.72] .00 | .64 #1.00 [ .01 | .57 L1.08 =71 | .41 [-1.39
8 N
LT N V2 30 AN P VA P O S92 0 L = O WP Y A S W A 070 0 (A T W 5
27 July [ 1.8 12 229 fols [ .09 |72 31003 .42 b .38 .16 | .50 |= .43 [-.40 | .39 l+ .43

1/The letters N (north) and 8 (south) indicete the direction of opening of the angla between the brerking wave and
The period and breakar angla of minor wave treins, when present, are listed helow the major train.
2/Poeitive values of V indicate onshore directions end negative values offshore directions,

the beach.
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STATISTICAL ANALYSIS OF OBSERVATIONS

A typical series of measurements is shown graphically in Fig. 3
in which the velocity and direction of each current observation is
represented by a vector opposite the appropriate station. In order
to treat the distribution of currents systematically, each current
vector was resolved into a longshore component and an onshore-offshore
component. The range of velocities in each component was divided into
equal classes, and the histogram of the distribution of wvelocities was
obtained by plotting the classes in feet per second as the abscissa
and the number of observations in each class as ordinate. Histogrems,
showing the velocity distribution in a longshore direction and an on-
shore-offshore direction for both surface and bottom currents for the
series of measurements shown in Fig. 3 are given in Fig. 4.

Since histogrems do not give numerical descriptions of the current
digtribution, the data were treated statistically to obtain the arith-
metic mean velocity V., the standard deviation < , and the skewness

o< 3 of the velocity distribution.

These measures are described in statistics textbooks (for example
Hoel, 1947, pp. 8-15) and defined as follows:*

h
1
Vp =¥ Z Vit (1)

i=1
h
62=N%TZ (Vg = V)2 1, (2)
171
h
X, = -1;:-33 Z (v - )%, ()
is1

where N is the number of observations (N = 30 for most series), Vi is
the class mark (value of the mid-point of the class interval) of the
1th class, £y is the number of observations in the class, and h is the
number of classes.

*N-1 was used in the denominator of equation (2) to give an unbiasged
estimate of the standard deviation in accordance with small sample
theory (Hoel, 1947, p. 129).
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The standard devietion is a meagure of the spread of the distri-
bution, and for most symmetrical distributions approximately 68% of
the observations are included between the values V., = < and V4 O .
The skewness, <Xz, serves as a measure of the symmetry of the distri-
bution. An oK, value of O is indicative of a symmetrical distribution,
while a positive wvalue indicates the distribution is skewed to the right,
and & negative value that it is skewed towards smaller or negative
values, For purpose of comparison, the mean, standard deviation, and
skewness are listed opposite each of the histograms in Fig. 4. These
three statistical measures were computed for each component of velocity
of each series of observations and are listed in Table I,

DISTRIBUTION OF CURRENTS

Fig. 4 illustrates some of the features that are typical of the
current digtribution in the surf zone. For exampls, the surface and
bottom longshore components have similar mean wvelocities, but the
distribution of velocities tends to be more symmetrical for the bottom
component. This may be because the effect of wind is less near the
bottome The negative current values for the surface and bottom long-
shore components indicate that a small percentage of currents were
moving in a direction opposite to that of the predominant current.

The bottom onshore~offshore currents had a pronounced offshore tendency,
whereas the mean velocity of the surface currents was onshore.

The nature of the distributions of the bottom longshore current
component for all series of observations are summarized in Fige. 5. In
this figure the minimum observed welocity, the standard deviation of
the velocity distribution, the maximum velocity, and the skewness of
the distributions are plotted againgt the mean bottom longshore velocity.
This diagram does not consider such important factors as wave height,
period, and angle of approach, and although the plotted points show
congiderable scatter, they nevertheless illustrate several important
features of the bottom longshore current:

(a) In almost all cases, there were currents opposed in direction
to the dominant current,

(b) The variability of the current as measured by the standard
deviation averaged % foot per second for mean welocities
below approximately & foot per second and was approximately
equal to the mean wvelocity for velocities above % foot per

second.

{(¢) The maximum observed velocity increased with increasing mean
velocity; the maximum being approximately five times greater
than the mean for mean velocities near 0.2 feet per second,
and three times greater for mean velocities near 1 foot per
second.
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(d) There is no apparent relationship between the skewness of the
velocity distribution and the mean velocity. In genmeral the
velocity distribution tends to be fairly symmetrical over
the range of mean velocities investigated.

. The relation of the means and of the standard deviations of the
surface and bottom longshore currents are given in Fig. 6. While a
linear relationship exists between these quantities, in general the
mean value of the bottom longshore current appears to be more consist-
ant in its agreement with the wave conditions generating the currents
than the surface velocity, and the spread or variability (as measured
by the standard deviation) was somewhat less for the bottom currents
than for the surface currents. For these reagons the mean bottom long-
shore current was used for comparing the observed with the predicted
currents in the following section.

The large variation in the observed longshore currents are caused
in part by the variation in wave height with time, and by the wvariation
of the cell-like circulation pattern of the nearshore current system
with distance along the besach. Since the mass transport of water is
proportional to the square of the wave height, groups of high waves
followed by groups of low waves result in fluctuations of current
velocity with time. (Shepard & Imman, 1950, Fig. 11). Also, in many
instances, a secondary wave train was present which may have contributed
to the variability,

The nearshore circulation has been shown to have a cell-like
pattern, consisting of relatively wide stretches along the beach where
water is transported shoreward by the waves, then along the shore in-
side of the breakers (by longshore ourrents) into relatively narrow
gones where the water is transported seaward by rip currents (Shepard
and Inman, 1950, Figs. 2 and 3). This circulation pattern results in
higher velocities up current; and lower or in some cases a reversal of
longshore current direction down current from the rip zones. This
effect is shown in Fig. 3 at stations G and L. Also, high waves approach-
ing with creats parallel to the beach often result in strong longshore
currents for limited distances between rip zones, although the mean
longshore current for the entire beach may be quite low,

For the ebove reasons it is advisable to measure currents at as
many different stations as possible, in order to obtain measurements
that are representative of the beach as a whole. The bias exhibited
at the 15 stations on Torrey Pines Beach for the 1950 series of
obgervations is shown in Fige. 7. The plots on this figure show the
degree of the divergence between the average current at each station
and the mean of all currents for the entire beach, For example, on
the average, the mean bottom longshore component at Station M is 60%
less than the mean for the entire beach, while the rip tendency as
measured by the bottom offshore component is 150% greater.
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diagram in Fig., 4 shows the histogram of the velocity distribution for
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Fige 6. Relation of the means and standard deviations of the surface
and bottom longshore current components. Compare the upper and lower
right-hand histograms of Fig, 5.
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Fig. 7. The bias exhibited at the 15 stations along Torrey Pines Beach.
The plots show the magnitude of the deviation of the average current at
each station for the mean of all currents for the entire beach during
the 1950 series.

Fige. 8. Relation between the beach friction coefficient k and the ob-
served longshore velocity. The mathematical relation is given by
equations (6), (7) and (8). For the Torrey Pines and Pacific Beach
observations, the mean bottom longshore component of velocity Vm, list-
ed in Tables 1B and 1C was used. .
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The variation in currents as represented by the stvandard deviation
of the distribution, O , is a measure of the accuracy of prediction
of tlie mean tottom longshore current from an individual measurement of
current. Cbviously, the greater the standard deviation or spread of
velocities, the less is the probability of accurately estimating the
mear from a single observation of current. For example, Fig, &5 shows
that mean bottom longshore currents of % foot Eer second are charecter-
ized by a stendard deviation of approximately foot per second; this
meens that out of 100 estimates based on s1ngle observetions of current
68 of the estimates should fall within 1 standard deviation either side
of the mean, or within the velocity range of zero to 1.0 foot per second.
The coefficient of variation, Cy = 100 Cf/Wh, is a useful measure in
this respect, because it gives the devistion from the mean in terms of
the percentage of the mean. For the example above, Cy = 100%, and thus
68 of the estimates should fall within plus or minus 100% of the true
mean velocity.

The coefficient of variation was computed for all bottom longshore
current distributions with mean values greater than 0,1 feet per second.
The average of all of the coefficients of variation in this case was
177%. Inspection of Fig, 5 shows that for low velocities, C, decreases
with 1ncreasing mean velocity, but tends to be constent for mean veloc-
ities of 3 % foot per second end higher, The average value of C, was 91%
for mean velocities above & foot per second.

*

It is apparent that if the estimation of the mean velocity is
based on more than one observation, the acouracy of the estimation will
be improved. The following relationship exists between the standard
deviation of a population, O , based on a large number of individual
measwements, and the standard devistion, S, based on the means of
groups of observations (Foel, 1947, p. 65):

9 _ = s (4)
YN

where N is the number of individusl measurements in each group.

If the coefficient of variation is constant over a range of mean
velocities, the average coefficient of variation can be substituted
for the stendard deviation in equation (4)s This condition is approxi-
mately fulfilled for mean velocity values exceeding 3 % foot per second.

*The coefficient of variastion loses its significance as the mean velocity,
Vps 8rproaches zero. For this reason velocities below Q.1 foot per second
were arbiirarily omitted from this computation,
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Suppose we wish to estimate the number of individual observstions, N,
that the mean must be based on so that the coefficient of wvariation
is 25%. Subgtituting 91% for < and 25% for S in equation (4) gives
a Vvalue of N equal to approximately 13 measurements.

PREDICTION OF LONGSHORE CURRENTS.

The momentum approaoh to the prediction of longshore currents
developed by Putnam, Munk, and Traylor (1949) was selected for use in
this study. It relates the mean velocity V, of the longshore currents,
to the wave height H, periocd T, angle of approach C , and slope of
the beach i, according to the relation:

4C sincX
V_-_-__;__ /____E..P___ -1 (5)
8

where
a = (2,61 HL cos ©oX )/kT

and C =/2,28 gH is the wave velocity, k is the beach friction coeffi-
cient, and g is the acceleration of gravity.

The range of longshore current velocities obtained on the model
end prototype beaches studied by Putnam, et al (1949), were individually
limited and indicated that the beach friction coefficient "k' wes rela-
tively constant for a particular beach, However, the more recent obser-
vations in the San Diego ares considered together with those of Putnem,
et al (1949), indicate that "k" is a function of current velocity and
carmot be considered a constant for a given beach. Using the tabulated
observed values of longshore current, published in Putnem, et al (1949),
the value of k was computed from equation (5) for all of their field
and laboratory observations, and also for the series obtained in 1950
at the two beaches in the San Diego area by using the mean of the bottom
longshore componente* The coefficient k is plotted as a function of the
observed velocity in Fig. 8. Inspection of this figure strengthens the
contention that the coefficient is a function of velocity; however, it
should be mentioned that since k is not determined by direct measurement,
it therefore not only reflects beach friction, but slso any errors in
measurement and any inadequacies of the theory.

*The 1949 Torrey Pines Beach data (Table I A) was not used in this
computation because of the inaccuracy in the measurement of the breaker
angles The transit-sighting bar method was not adopted for this purpose
until the 1950 season,
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The relation between the beach friction coefficient and the long-
shore current velocity was obtained separately for the field data, the
laboratory data, and the combined data by the method of least squares.
Assuming a relationship of the form k = bW, the following were obtained:

For field data

k= 0,020 v-181 (6)
For laboratory data

ks 0,029 y-1-54 (7)
For all data

k= 0,024 v-1+51 (8)

The closeg agreement beotween the above equations suggests that
k = 0,024 V‘3/2 can be used as a good approximation for both laboratory
and field observations. Since the type of bottom material represented
in the equations (see Fig. 8) ranged from 1/4 inch pea gravel through
sand to smooth concrete, the type of bottom apparently is not =as
important as the velocity in determining the value of k.

Substituting the value of k = 0,02¢ v=3/2 into equation (5) gives
the following relationship for the computed mean longshore velocity:

2
1
1 g 1
Ve (Tx t Y) "= ()
where
x = (10843 Hi cos oX)/T
and y = C sin o<

As an aid in computing longshore currents, equation (9) is
reproduced in the form of an alignment chert in Fige. 9. This chart
gives the mean longshore current in feet per second, when the breaker
height in feet, the period in seconds, the beach slope in per oent
and the angle of breaker approach in degrees are known.

Using equation (8), the longshore current velocity V. was computed
for all of the field data listed in Putnam, et al (1949), and for the
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Fig. 9. Aligmment chart for the computation of longshore current.
Procedure: (1) lay straight edge from appropriate T to H and deter-
mine intersection with turming line; (2) turn straight edge about
intersection to i, and determine intersection with H scale; (3) deter-
mine intersection on second turning line between H and X scals;

(4) align intersections of H scale and second turning line and read
velocity.

1950 observations at Torrey Pines and Pacific Beaches,

The relative
error in percent, E = 100 °"°°

s botween the calculated and the

mean observed velocity was then computed for each series of observa-
tions, and the values of E classified. From the classified valuss of
E the standard deviation of the errors (or standard error) <. g ¥as
obtained by a relationship similar to equation (2).

O_ was computed for (a) field data having an obsgerved mean long-
ghore cuPrent velocity ebove 0.1 feet per second, and (b) field data
having a mean velocity above % foot per second. The standard error
for these two cases was 54% and 41%, respectively.
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In the previous section on the variability of longshore currents
it was found that the average coefficient of variation, Cy» for case
(b) was 91%. The average coefficient of variation is not directly
comparable with the standard error. However, the question can be
asked, "How many individual measurements of current, N, must the mean
velocity be based on in order that the average coefficient of wvariation
be equal to the standard error obtained by computing the velocity from
equation (9)?" By letting  equal 91% and S equal 41% in equation
(4) we find that N equals approximately 5 observations., Thus the errors
in predicting mean currents above % foot per second from equation (9)
are comparabls to the error of estimating the mean welocity from the
mean of approximately 5 measurements,

Comparison of the wvalues of the coeffioient of variation and the
standard error suggest that the number of measurements, N, must be
greater than 5 for mean longshore velocities below % foot per second,
if the two errors are to be oomparable. Also, to avoid station bias
(see Fig. 7), the measurements should be obtained from many different
stations scattered along the beach.
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Chapter 4
HYCRODYNAMICAL EVALUATION OF STORMS ON IAKE ERIE

Garbis H. Keulegan
Physicist, National Hydraulics Laboratory

National Bwreau of Standards, Washington, D. C.

ABSTRACT

The wind velocities observed over cities on the southern coast of
lake Erie during storms are modified, according to recently given meteoro-
logical theories, to obtain the wind velocities coexisting over the sur=-
face of the lake water. On the basis of these reduced velocities and the
associated wind tides of the lake, the coefficient of wind stress of wind
action on the water of the lake is determined. Due attention is given to
the fact that the form of the lake affects the relation between the wind
stress and the associated wind tide. The coefficient of stress arrived
at for the larger wind velocities is in substantial agreement with the
values which Neumann determined for the Gulf of Bethnia. The matter of
sea roughness is discussed briefly.

TREATMENT OF THE OBSERVED WIND VELOCITIES.

The determination of the coefficient of wind stress from a knowledge
of total wind tides may be made with reference to the wind velocity at a
standard height above the water surface of the lake. During severe storms,
however, the winds are rarely measured over the lake, and the desired
values of the wind velocities must be deduced from those observed over the
cities on the borders of the lake. The data relating to storm effects on
lake Erie treated here are taken from the hydrographic charts prepared by
the United States lake Survey, These charts give the changes of water
Jevel at the lake extremities and also the movement and direction of wind
for a few cities on the southern coast of the lake; namely, Toledo, Cleve~
land, Erie, and Buffalo. Where the wind data were lacking, the desired
information was obtained from the Weather Bureau.

Three steps are involved in reducing the city wind velocities to the
lake wind velocities. These will be discussed briefly. Now in the four
cities mentioned above, the anemometer heights are not the same. Again,
during the last-half century in a given city, the anemometer heights have
been changed from time to time. Therefore, the first step in the reduc-
tions is to change the values of all the observed wind velocities to the
comparable velocities which would exist at a height of 145 feet above the
ground level of the city. Let Uq be the wind velocity at the anemometer
height 24 and U the wind velocity at the standard height z, . The
Prandtl rule of velocities [1], -

u . z (1)
Uy 5.75 log <, °
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where Uy is the shear velocity VT/p , and €, the effective rough-
ness of the cities, yields the desired relation

Ua _ z Za (2)
U: = loq—e—:/log = -

In examining the distribution of the wind velocity over the cities, the
question of the reference level from which heights are measured is import~
ant. It seems reasonable, in the absence of any special investigation of
the matter, to suppose that if K is the average height of the city
buildings, the reference level lies at a distance K/2 above the ground.
As regards the effective roughness of the cities, one may follow Prandtl
and put €, = K/30. The average height of buildings in an American
city may be estimated to be 30 feet. Accordingly, the height 2 may be
measured from a level 15 feet above the ground level of the city and the
city roughness €, may be taken as one foot. Owing to the logarithmic
law of the distribution of velocities, the uncertainties in the values of
the effective roughnesses are not serious.

Examination of the charts shows that the intensity of wind is very
seldom constant along the southern coast of the lake at a given time of
a storm period. Hence for the determination of the average effective wind
a correlative relation must be assumed. In the writing of the relation
two principles may be considered. First, owing to the shape of the lake,
wind tides are related not to the absolute value of wind force but to the
component of it resolved along the lake axis. Second, the forces being
nearly proportional to the squares of the wind velocities, the averaging
may be done by taking squares. In this process, however, the wind veloc-
ities of the cities on the border of the lake must be weighted. The
method adopted is as follows. The total lake expanse is divided into
three parts of equal extent. It is assumed that the winds at Toledo and
Buffalo apply individually to the corresponding extreme parts. The middle
part is divided further into two portions, the winds of Cleveland and Erie
applying to these. On this basis the averaged effected wind is

U: =5 {U: cos (Bg - o) + U:Cos (6y-)

(3)
+ -“,:Uf cos (6. -a) + % Ug cos (B¢ -Ot)] .

Here, ©g , ©1 , ©¢ , and Og are the directions of the winds
observed at the cities Buffalo, Toledo, Cleveland, and Erie., The quanti-
ties Ug , Ug , U. , Ug are the wind velocities which should pre-
vail over these cities 165 feet above the ground. The direction of the
lake axis is given by o , The evaluation on the basis of eq 3 con-
stitutes the second step in the reduction of wind velocities.

If U, be the velocity of wind over the lake at a height of 25 feet
above the water surface, the third and the final step of the reduction is
the use of relations to derive U, from the values of Ujp determined by
the formula, eq 3. The relation between U, and Uz is influenced by
the sea roughness €, and the city roughness €, , and also by the
magnitude of U, , as will be seen presently.
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At this point the analysis of Rossby regarding the movement of air
in the layer of frictional influence is very essential [2]. In this
theory the layer is divided into two parts; the lower boundary layer and
the upper layer. In the boundary layer the directions of wind velocity
and stress vector are coincident. The angle between the wind in the layer
and the gradient wind, $s , does not change with elevation since the
deflective force arising from the earth's rotation may be neglected. The
distribution of the wind velocities is given by the rule of Prandtl, eq 1.
The height of this layer will be denoted by H and the velocity of the
wind at this level by Uy . In the upper layer the directions of wind
velocity and stress vector are no longer coincident. The angle between
the direction of the wind in the layer and of the gradient wind changes
with the elevation and tends to zero when heights are increased. Accord-
ing to Rossby the total height of the layer of frictional influence is
about 13 times the height of the boundary layer.

Let H, be the height of the boundary layer over the water of the
lake and Hg, that over the city on the lake borders. Let Uy, and Uy
be the limiting values of the wind velocities in these layers., As U,
is the velocity of the wind prevailing at a height 2, over the lake and
Uz is the velocity of the wind prevailing at a height 2z, over the
city, the application of the law of velocities from eq 1 gives

4 Za
U uwfloge . leg )
> Unz . H. (L)

H, He
fog g log e
This may be written as

U = M U, , (5)
where
Z, Z2
M = Y log & . lagg| 6
Uz ‘ogﬂ_u " log Ha ©
E. €2
For the evaluation of M as a function of €, ,and U, the
results,

H = 35ix Io'z-:rl'!sin bs » f=2QsinA, (O

Un = Ug (cos ¢, - == sin b)), (8)
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and

\oq N = 1.694 cot 755 - log sin 955_ +1.441, N= Ug/fe, €))]

from the analysis of Rossby are sufficient. Here L) is the angular
speed of the earth's rotation, and A the latitude. Using these rela-
tions, M can be evaluated as a function of the gradient wind Ug once
the roughnesses, €, and €, are specified. In this it must be
supposed that the gradient wind has the same intensity and the same
direction over the lake and over a city on the border of the lake.
Through the same relations W2 may be expressed as a function of Ug .
Hence M may be expressed as a function of Uz . Taking 2, and zZ,
as 25 and 150 feet, respectively, and €, as 1 foot, a set of M values
was computed for a set of assumed sea roughnesses. These are given in
table 1. Table 1

The effect of sea roughness on the relation between
the wind velocities over lake and over city.

€,cn | 1.0 0.6 | 03 | oa | om
U
mi/;r‘ M= U, /U,

5 0.965 1,015 1.060 1.120 1.215
10 0.982 1,026 1.075 1.139 1.242
20 1.005 1,045 1.095 1.166 1.278
30 1.018 1.058 1.110 1.180 1.301
40 1.028 1.067 1.120 1.190 1.314

50 1.035 1,074 1.126 1,195 1,321

60 1.0L40 1.078 1.132 1.199 1.32%5

It is seen from the table that for a given wind velocity U, the value
of M changes appreciably with the roughness of the sea. In the absence
of previous information as to what should be the sea roughness of lake
Erie for the ranges of the wind intensities attained during severe storms,
this roughness may be assumed provisionally and later tested. The value
we have selected is €, = 0.3 em. The corresponding M values may
be read from table 1, and the formula to compute the effective wind veloc-
ity over the lake, from eq 3 and eq 9, is

e 2
ul = Mg‘ [U; cos (Bg - o) + Uy cos (O - o) )

+—'-2U,: cos (.- ) + %U: cos (es-a)] .
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The storms passing over lake Erie may be divided into Westerlies and
Fasterlies. It is with the Westerlies that the greater wind tides are
observed, Some nineteen important storms of this type are considered for
this investigation. The hourly wind data for all these storms were treat-
ed according to the relationg given by equations 2 and 10.

SUMMARY OF DATA ON WINDS AND WIND TIDES OF IAKE ERIZ STORMS

The curves of the wind intensity U 2 (= U|2) and of the total wind
tides AH of the storm of December 31, 1911, shown in figure 1, are
typical of all the storms used in the present study. Taking the presenta-
tion in figwe 1 as an example, it may be seen that the entire manifesta-
tion of the storm may be broken into three epochs: the epoch of maturing
storm, the epoch of relative steadiness, and the epoch of recession. The
hydrodynamical behavior of the waters in the lake during these epochs is
expected to show marked differences. 1In the initial epoch the wind must
blow for some length of time before the response of the water to the
action of the wind is completed. The reason for this condition is that
any manifestation of wind tide must be associated with the flow of water
from one end of the lake to the other. The action of the wind must estab-
lish a layer of drift current, the thickness of which must increase with
time, either under the action of molecular viscosity or turbulent viscosity
or both. As the water is being collected at the leeward end of the lake,
a returning gravity current is created which likewise increases in inten-
sity with time, The second epoch represents that steady condition in
which the transport of water through the body of the drift current is
counterbalanced by the transport of water in the returning gravity current
that is maintained by the unchanging surface gradient of the lake waters.
The third epoch is associated with decreasing wind intensity. With the
strength of the wind reduced, the wind stress can not maintain the adverse
gradient of the surface waters, with the result that a surge of water is
produced. This is a wave motion with a period equal to the seich period
of the lake. In some charts of the lake Survey these seiches are clearly
seen during the time of the falling storm. In the extreme epochs the
inertia effects are very pronounced; in the intermediate epoch such effects
are reduced considerably in value.

The water-level changes of the intermediate cpoch have a direct
bearing on the relation betwecn wind velocity and wind stress., Referring
once more to figure 1, the reference time is the instant of maximum wind
tice. In the case of every storm considered, the reference time is ob-
tained by taking the average of the times when the deflections at the
individual ends of the lake are the largest. Quite often the maximum
elevation of water at Buffalo occurs earlier than the maximum subsidence
at Toledo. Total wind ti<e is the magnitude of the relative displacement
of the water at the lake ends. The average value of the wind tice over a
duration of four hours and around the reference time is taken as the total
wind tide of the intermediate epoch. The average value of U? over a
duration of five hours and immediately preceding the reference time is
taken as the corresponding wind value. The observed total wind tides have
been corrected for the barometric pressures.
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The wind velocities and wind tides thus determined from every storm
record are entered in table 2 with the dates of the storms indicated.

Table 2
Wind tides of Lake Erie during westerly gales.
No. Date AH U
feet |Miles per hr.
1 Nov. 21, 1900 13.12 50.5
2 Oct. 20, 1905 6.68 31.4
3 | Oct. 20, 1906 9.75 38.3
b Jan. 20, 1907 12,04 L48.1
5 | Dec. 7, 1909 10,51 40,1
6 Dec. 31, 1911 9.53 38.9
7 Jan. 31, 191} 7.95 3L.7
8 | Dec. 9, 1917 10,17 43.2
9% | Dec. 9, 1917 L.56 33.1
10 Dec. 10, 1907 7.62 34.3
11 Dec. 18, 1921 12,30 L5.1
12 Dec. 8, 1927 13.24 h7.L
13 Dec. 9, 1927 L.13 27.2
U | Dec. 9, 1927 3.LL 26.1
15% | Dec., 9, 1927 1.73 22.1
15 Apr. 11, 1927 13.31 51.3
17 | Jan. 22, 1939 9.40 38.8
18 Sept. 25, 1941 9.06 35.7
19 Jan. 2, 1942 12.53 Lo.L
20 | Jan. 3, 1942 2.38 19.5
21 Nov. 22, 1946 8.36 3.2
22 | Mar. 25, 19L7 8.3L 35.7

In some of the charts the storms show two peaks with an extended flat
region between the peaks. The total tides of such regions are also
included in the data of table 2 and are identified with asterisks. The
graphic representation of the same data is given in figure 2.
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COASTAL ENGINEERING
WIND STRESS COEFFICIENTS OF THE LAKE ERILE STORMS

The wind-stress coefficient X 1is defined-by the relation,

Ts = Xpa U% (1)

where Ts is the wind siress, pPgq the density of air, and U the velocity
of wind at some standard height above the water surface. In the present
study the standard height selected is 25 feet, A change in the standard
height implies a change in the value of the coefficient of stress. If

is the stress coefficient based on the wind observed at the standard
height Zz, , and ’ that based on the wind observed at the standard
height z/ , the coefficients are related by

...!... - .!—- = 5"75 [log 'Z‘ - log 'Z_:] . (12)

x 7Y

a relation that is easily deduced by the application of the Pranditl law
of velocities. If U 1is measured in centimeters per second, p, in
grams per centimeter cubed, Tg 1is in dynes per square centimeter. If
U is mcasured in feet per second, Pa in pounds per cubic feet,
s is in poundals per square foot.

The intermediate step in evaluating the stress Tg from the total
wind tide AH is a relation derived by solving the differential equation
of wind tide subject to the condition of constanti volume of water in the
lake. Let M be the average depth of water in the section at X  when
the water of the lake is not disturbed. Let h denote the displacement
of the water surface at X when the wind is acting. 4 simple dynamic
consideration, after neglecting the small inertia effects of the flow,
leads to

dh - Ts + To

-— = - 1
dx Pq(H +h) (13)
where Tg and T, are the stresses at the surface and at the bottom,
respectively, 0 is the density of water, and g is the constant of
gravitational acceleration. The origin of X may be placed at the wind-
ward end of the lake. As the volume of water in the lake is not changed,
the condition of continuity is given by

L
/ Bhdx = O, (1)
[+

where B is the width of the lake surface and L  is the length of the
lake axis.
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In natural lakes the mean depth of section H and the surface width
B both vary with % . For these cases the mechanics of solution of
eq 13 subject to the condition of eq 1k is_greatly simplified when X
is expressed in terms of L, and h and H in terms of Ho, the overall
mean depth of the lake; B 1is expressed in terms of B , the average
width of the lake surface.

In solving the differential equation of wind tide in the case of a
particular lake, H/He and B/B are expressed first as functions of
x/L . Dispensing at this time with the details of the computations that
were made for lake Erie, we shall be content to give the final result.
This result is

Ts+ To L AH AH\Z
e @ — = 0.86 —_— -— 0‘|34 el 1
pgH,  Ho T4, (50) > (15)

which is a relation between the wind stress and wind tide as affected by
the shape and the dimensions of the lake., The mean depth g, may be
taken as 58 feet and the length L as 272 miles. Writing

T, = Ty , (16)
and introducing T4 from eq 11, we have
_ 0.867[ _ é_'j].é_t‘_.f_ cgHe (17
X | + n l 0.16 Ho Ho Pa -UE

At the present we are in the dark as regards the magnitude of stresses at
the lake bottom. It will be supposed tentatively that the stress at the
bottom is about one tenth as large as the surface stress. Thus pulting
n = 0.1,

H

which is the final form of the formula to evaluate the coefficient of
stress when the total wind tide corresponding to a wind velocity is known.
The formula applies to lake Erie only and for winds moving from west to
east,

Applying the above formula, eq 18, to the data of wind tides given
in table 2, a set of values of the coefficient of stress are obtained,
and these are shown in table 3, The same data are plotted as full circles
in figure 3. There are plotted also in the same figure as open circles
the values of the stress coefficients which Neumann obtains in an examina-
tion of the Pelman observations from the Gulf of Bothnia {3]. The ori-
ginal values given by Neumann were reduced to apply to a standard height
of 25 feet above the water surface using the relation in eq 12.
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Table 3
Coefficient of wind stress of lake Erie gales
No. X‘ws U No. | xx10® U
miles/hour miles/hour

1 2,13 50.5 12 2.4b L7l
2 2.87 31.L 13 2.35 27.2
3 2.78 38.3 pY ] 2.15 26.1
L 2.17 L8.1 15 1.53 22.1
5 2.73 40.1 16 2.88 51.3
6 2.63 38.9 17 2.6l 38.8
7 2.7 3h.7 18 2.96 35.7
8 2.23 L3.2 19 3.22 Lol
9 1.78 33.1 20 2.68 19.5
10 2.71 3L.3 21 2.99 34.2
11 2.52 Ls.1 22 2.77 35.7

Examination of figure 3 reveals that in the region of higher wind
velocities the coefficient of stress is practically independent of the
wind velocity. Furthermore the coefficients of wind stress for the two
areas are of like value. The average of the individual determinations
equals 0.0025L in the case of lake Erie and 0.00236 in the case of the
Gulf of Bothnia. Now this comparison is for the high wind velocities.
Significantly, the Gulf of Bothnia data for the small wind velocities show
that the stress coefficient decreases with increasing wind velocities.

THE ROUGHNESS OF SEA

We shall adopt for the determination of the roughness of sea the pro-
cedure employed by Neumann. Writing eq 11 in the form,
1
LL - 3
g, - X
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substituting in eq 1, changing z to Z, , and €, to €, ,

Z
L 575 log -é—:' , (29)

3

which relates the sea roughness €, to the standard elevation 2Z; and

the coefficient of stress . In the present case since is deter-
mined from wind velocities which should prevail at a height of 25 feet
above the water surface, then Z, = 672 cm. As mentioned above, the

average value of the coefficient of stress of lake Erie for the wind
velocities met in storms is 0.00254. This yields for the roughness of the
sea the value €, = 0.27 cm., It will be remembered that in the computa-
tions needed to reduce the city wind velocities to the lake velocities,
through the relation eq 10, the sea roughness had to be assumed provision-
ally to determine M appearing in the same equation. The assumed value
was €, = 0.3 cm and this selection now appears to be satisfactory.

There is drawn a curve through the plotted points in figure 3. This
curve may be utilized to determine the roughness of sea as a function of
wind velocity for inland waters. The determinations by means of the for-
mula, eq 19, putting Z, = 672 cm are shown in the form of a curve in
figure L. The roughness of the sea decreases with increasing wind velocity.
The decrease in the value of roughness is very slow for very strong winds.
As the problem of sea roughness is yet an unsettled question, the state-
ments above must be considered cautiously until confirmed by further ob-
servational data.
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Chapter 6
WAVE-PRODUCED MOTION OF MOORED SHIPS

Robert T. Knapp
Professor of Hydraulic Engineering
California Institute of Technology

Pasadena, ‘California

SCOPE OF PAPER

This paper presents a brief description of some ship motion measure-
ments made in Los Angeles Harbor in conjunction with the model study of
inner mole at that location. It also includes the description of the bat~
tery of recording instruments which was developed as the result of the
difficulties encountered in making the ship motion measurements by con-
ventional means,

NEED FOR INFORMATION CONCERNING
MOTION OF MOORED SHIPS

Knowledge of the characteristics of motion of moored ships is of
considerable importance to several phases of harbor engineering. For
example, it is a very important factor in general harbor design. It is
becoming well recognized that wave motion and the resulting ship motion
vary quite widely in different parts of a given harbor. Also the maxi-
mum acceptable motion of a moored ship depends upon the type of ship~to=
shore operation that has to be carried out, For example, passenger and
light cargo loading and unloading can be carried on successfully even
though ship motions of relatively large amplitude are present. On the
other hand, major operations at outfitting and repair docks and the oper-
ation of drydock gates require that ship motion be very small, Unfor-
tunately, little quantitative information exists concerning either the
meximum acceptable ship motions for the different types of harbor opera-
tion or the magnitude and other characteristics of the wave motion which
will produce a given ship motion under a specified system of mooring.

The quantitative knowledge of ship motion is also of importance to
the detailed design of all waterfront structures involving ship mooring
since the maximum loading applied to such structures by the ship will
commonly be as a result of the ship motion produced by wave action,

COMPONENTS OF SHIP MOTION

A moored ship generally has a very complicated pattern of motion, A
convenient set of axes for analyszing this motion consists of a horizontal
axis parallel to the pier or other mooring, a similar axis perpendicular
to the pier, and a vertical axis, all passing through the center of gra-
vity of the ship. When the various components of this motion are ex-
amined critically, it is found that they are not all of equal signifi-
cance, Of the three linear components, the longitudinal and lateral are
the most important since the vertical or "heaving® motion is nearly al-
ways of much smaller smplitude than the other two, Of the three angular
motions, piteh seems to be the least important for the moored ship; where-
as, roll and yaw may both cause considerable trouble. Pitching and heav-
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ing are primarily induced by the vertical components of the wave motion.
The other ship motions are the result of the horizontal water motion. It
thus becomes obvious that the horizontal water motion is the fundamental
cause of the significant components of motion of moored ships., The reason
for this is that major ship motion is induced only by waves whose length
is at least a large fraction of the ship length, The amplitude of the
horizontal water motion of such waves is much greater than that of the
vertical; hence, the horizontal motion of the moored ship is much greater
than the vertical,

Unfortunately, the conventional method of measuring wave activity is
by use of a water stage or wave height recorder. This measures only the
vertical component and period of the wave motion. For long period waves
this is a particularly insensitive method of measuring horizontal water
motion, An added disadvantage is that the amplitude of the short period
“wind chop" waves may be much greater than that of the long period waves
that cause the ship motion, Thus, unless the wave height recorder is
properly damped, its records may be meaningless. The wave height record-
er suffers from still another disadvantage, A single instrument gives no
information concerning the direction of travel of the waves., Due to the
complicated nature of the wave patterns existing under natural conditions,
it is often extremely difficult to determine the direction of wave travel
from the simultaneous records of three wave height recorders spaced in a
triangular pattern. However, if ship motion is to be correlated with
water motion, it is necessary to know the direction of the horizontal
motion of the water,

SUMMARY OF PROBLEM

To summarize the problem, it consists of two parts, The first part
is to determine the linear and angular components of motion of moored
ships and to eévaluate the maximum amplitudes of the different components
that can be tolerated for various types of harbor activities, The second
part is to determine the magnitude and direction of the horizontal water
motions and to correlate these measurements with the resulting ship motion
for various types of ships under various mooring conditions., The harbor
designer already has at his disposal at least two methods of predicting
in considerable detail the horizontal water motion over an entire area of
a proposed harbor, Many large harbors are designed with the help of
model studies, If undistorted scale models are used, reliable measure-
ments can be obtained of the horizontal water motion in various parts of
the harbor, Furthermore, methods have been developed and are being im-
proved constantly for the calculation of the wave pattern within harbors
due to the wave energy entering through the breskwater openings., The
missing links in the chain of design are the correlation of water motion
with ship motion and the values of the allowable ship motion for the dif-
ferent operations.

SHIP MOTION OBSERVATIONS

Observations of ship movements at outfitting piers were made in the
spring of 194k as a part of the model study of the inner mole for the
Naval Operating Base at Terminal Island in Los Angeles Harbor. The
measurements were made as follows: large rectangular targets were fasten-
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ed to the bow and stern of the ship to be studied. These targets were
subdivided into numbered squares which were in turn subdivided into four
labelled quarters. Two surveyors levels were mounted in fixed positions
on the pier, one for each target. Determination of ship motion was made
hourly. The two targets were read simultaneously at very short intervals
until enough data had been obtained for the calculation of the amplitudes
and periods of the lateral, longitudinal, and vertical motions of the
ship, These three components were obtained from the original data through
the use of a plotting board and movable templates. This method proved to
have a satisfactory accuracy and be much faster than direct calculation.

These observations were continued over a period of about three months
and included nine different ships whose displacements varied between
10,000 and 14,500 tons., Most of the measurements were of little value
because the ship motion was too small to cause any difficulty in the
operation. However, on two ships, Tanker A and Troop Ship B, the measur-
ing period included some moderately high activity. Fig. 1 shows the ob-
served ship motion during these two sets of measurements together with
the wave height measurements as recorded by a float type wave height re-
corder operating in a stilling well.

GENERAL CHARACTERISTICS OF SHIP MOTION

At the top of Fig. 1 will be found a sketch showing the method of
mooring used for each ship, This figure requires detailed study. The
first thing to be noticed is that the wave height recorder shows two
types of waves, the normal 10-to-15 sec wind waves, and a long wave hav-
ing a period of approximately three minutes, The maximum observed wave
heights for the three minute waves is just slightly over ,2 of 1 ft,
whereas the maximum height of the l5-sec waves was over 1 ft. During
much of the time the record indicates zero wave height., This does not
mean that there were no waves in the harbor, but simply that the wave
height records were not sufficiently accurate to detect a small ampli-
tude wave., The determination of the heights of the 1l5-sec waves was
complicated by the presence of wind chop, It proved to be very difficult
to get a satisfactory damping of the stilling well which would make it
possible to see the 1l5-sec waves and at the same time eliminate the
motion due to wind chop, Thus about o3 £t was the lowest 15-s8ec wave
that could be detected. It proved possible to measure heights of the
3-min waves somewhat more accurately, but here .05 ft was about the mini-
mum, These facts explain the ship motion shown on the record during
times in which no wave motion is indicated.

If the measurements of the vertical ship motion are next examined,
it will be seen that they correlate quite closely with both the period
and the amplitude of the 15-sec waves., (In this connection it should be
noted that throughout the diagram the word "amplitude" is used to mean
the double amplitude or total excursion of the ship.)

The transverse and longitudinal motions are in striking contrast to
the vertical., Both of these horizontal motions show large amplitudes and
long periods. Their periods are seen to average between 100 and 150 sec,
which is a reasonagble correlation with the so-called 3~minute waves,
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It may be concluded tentatively from these measurements that medium
and large~sized ships move vertically with the same amplitude and period
as the wave, provided that the wavelength is about equal to the ship
length, or greater. It also may be concluded that the horizontal motion
of such ships does not follow that of a short period wave, at least for
wave heights of under 1 1/2 ft, but it does respond to the long-period
waves,

HEIGHT OF WAVE PRODUCING DAMAGE

Fige 2 is a record of the four days, April 23, 2L, 26, 27, 19LL, dur-
ing which time there were periodsof damage to ships and piers., The damage
was all traceable to the horizontal motion of the ship. It will be ob-
served that the periods of damage correlate well with those of the high
amplitude 3-min. waves, Thus a similar record indicated that damage was
present whenever the 3-min waves had a height of 42 of a ft or over,

Rough calculations indicated that in the depth of the water existing at
the plers, a 3-min wave with a o2 ft wave height would have a horizontal
water oscillation of approximately 8 to 10 ft. This agrees very well with
the observed longitudinal and transverse motions of the ship in spite of
the fact that a relatively elaborate system of mooring had been used in
an endeavor to minimize the motion,

Unfortunately, little can be said concerning the maximum tolerable
movement at the outfitting piers. This is principally because at the
time these measurements were taken, no means had been established for
getting a reliable estimate of the effect of the motion on the work.
There is one bit of evidence in that there was no complaint concerning
the effect of the surge on April 23 and 2L, whereas on April 26 the surge
did interfere with the work., Thus it might be concluded that the hori-
zontal motion of three to five feet, with a period of approximately 3 min,
is about the upper limit of tolerance for general work.

INSTRUMENT DEVELOPMENT

The manual measurements deseribed in the previous paragraphs were
tedious, expensive, and not too satisfactory., Four men, two instrument
men and two recorders, were required to take the simultaneous readings of
the motion of the targets., For continuous readings, this meant a crew of
12 men for the three shifts, Despite this large crew, it was physically
impossible to take enough readings to obtain the complete history of the
ship movement. The work was also very discouraging to the crew because
most of the time the ship motion was triviel. On the other hand, it was
necessary to take the measurements continuously since the surge occurred
without warning and often lasted only a few hours, which was too short a
time to organize a crew and start taking measurements after the surge was
first noted, Because of this situation, it was recommended in the report
on the Terminal Island study that an effort be made to develop a battery
of recording instruments which could operate with only infrequent service,
The Bureau of Yards and Docks approved this recommendation and entered
into a contract for the development of such a battery of instruments,
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COMPONENTS OF INSTRUMENT BATTERY

As the result of the experience gained in the study just described,
it was decided that the primary effort in the development of a ship
motion meter should be to obtain measurements of the longitudinal and
lateral motion of a ship with respect to the pier. The measurement of
roll and yaw was considered to be desirable as a secondary objective, It
was decided not to attempt to measure pitch., The close correlation be-
tween the vertical water motion of the waves and that of the ship found
in the previous study indicated that a satisfactory solution would be to
record the vertical water motion, but to omit attempting to measure the
vertical motion of the ship. The set of measurements considered to be of
equal importance to the determination of the horizontal component of the
ship motion was that of obtaining the magnitude and direction of the
horizontal water motion., Since the correlation of ship and water motions
is one of the most important features of this type of study, it was de-
clded that all of the measurements should be recorded gimultaneously on a
single record, The battery finally developed to meet these objectives
consists of a ship motion meter which measures directly the longitudinal
and lateral motions; an auxiliary attachment to this meter, which indi~
cates roll and yaw; a bottom pressure recorder, which measures the verti-
cal amplitude of the waves and surges and effectively eliminates the
fluctuations due to wind chop; a current meter, which indicates magnitude
and direction of the horizontal water motion; and a multiple element re-
cording galvanometer,

Ship Motion Meter, Fig. 3 is a sketch showing the general scheme of
the Ship Motion Meter, The meter itself is installed on the pier in a
convenient location, either above or below the dock, It is connected to
the ship by a very light cable (1/16-in dia.). An effort is made to lo-
cate the point of attachment to the side of the ship on a horizontal line
running through the center of gravity of the ship and normal to the
longitudinal axise The line may be secured to the ship either by welding
on a lug or by use of a small powerful permsnent magnet, This latter
method proved quite satisfactory since the force required to operate the
instrument is very smsll. Fige. b shows three views of this instrument,
The instrument consists basically of four potentiometers that are operated
by the motion of the cablees The output of the linear potentiometer veries
directly with the changing length of line connecting the instrument to
the ship. The other three potentiometers are operated by the changing
angle which the cable makes with the pier. The potentiometer cards are
wound to give outputs proportional to the trigometric functions of the
angle, Two of the potentiometers, one sine and one cosine, move with the
horizontal angle that the line mekes with the normal to the pier., Ane
other cosine potentiometer measures the vertical angle that the line
makes with this normal. The outputs of these four potentiometers are
interconnected so as to give two outputs, one of which varies linearly
with the longitudinal motion of the ship and the other varies linearly
with the lateral motion,

The roll and yaw indicator is shown in Fig. 5. When this unit is
used, it must be mounted on the ship in place of the simpler cable attach-
ment. It consists of two more potentiometers, but in this case the out-
put varies directly with the angle rather than with the trigonometric
function. Fige. 6 shows a schematic diagram of the roll and yaw installae
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tion, It is seen that the roll potentiometer is operated by a simple
pendulum, The yaw indicator requires an additional potentiometer to be
installed in the ship motion meter. This is also wound so that its out-
put is directly proportional to the angle. The two yaw potentiometers,
the one on the ship and the ocne on the pier, are connected electrically
so that the output is proportional to the difference between the two
angles, The output of the ship yaw potentiometer is proportional to the
angle between the instrument line and the ship, which is the sum of the
angle between the instrument line and the pier and the yaw angle of the
ship with respect to the pier. The output of the pier yaw potentiometer
is proportional to the angle of the instrument line with the pier., Thus
when this is subtracted from the ship potentiometer output, the remaining
output is proportional to the ship yaw angle.

Bottom Pressure Recorder. The Bottom Pressure Recorder is seen in
Fig. 7. The reason for designing a new instrument, rather than employing
one of the existing wave height recorders, was basically to obtain an in-
strument whose electrical output would be the same type as that from the
other instruments of the battery so that the same recorder could be used,
Furthermore, a relatively high sensitivity was desired so that low ampli-
tude, long period waves could be recorded, while at the same time the in-
strument was required to be undamaged by operation in water of widely
varying depthe The instrument is very simple, both in principle and in
operation, Fig. 7 shows a sectional diagram of the instrument. It will
be seen that it consists essentially of an air chamber, on one end of
which is a flexible metal bellows open on the inside to the air chamber
and surrounded by the water on the outside. This bellows is restrained
from moving in response to the pressure fluctuations in the water by a
rod which is connected to a wire-wound uncemented strain gage. The out-
put of this strain gage is thus directly proportional to the pressure
difference between the air chamber and the water. The air chamber is in
two parts, the upper, or working chamber, and the lower, or depth compen-
sating chamber., The upper chamber has a constant volume, but the bottom
of the lower chamber is a very flexible rubber diaphragm which is directly
in contact with the water. There is a single connection between the two
chambers through a pressure-equalizing valve., This is a solenoid valve
which is normally held tightly closed by spring pressure and is opened
only when the solenoid is energized. It will be seen that when the e-
qualizing valve is open, the pressure in the working chamber will be that
of the surrounding water., During installation of the instrument in a new
location, the equalizing valve is held open while the instrument is being
lowered to its operating location., The valve is then closed and the in-
strument immediately begins to function, indicating the difference in
pressure between the working air chamber and the surrounding water as the
latter fluctuates due to the passage of the waves,

Horizontal Current Meter. The current meter, together with its
leveling tripod, shown in Fige 3, is designed to give a record of the
magnitude and direction of the horizontal water motion. Since the re-
cord is continuous, it also indicates the perlod of the oscillations.
The actuating element of the meter consists of a sphere suspended below
the case by means of a rod, The rod is pivoted within the case. The
freedom of motion required for operation is obtained by means of a flex-
ible rubber unit which also acts as a seal, The force of the water mov-
ing past the ball tends to cause the upper end of the rod to rotate in-
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side the case, This rotation is prevented by a battery of three wire-
wound, unbonded strain gages similar to the one used in the Bottom Pres-
sure Recorder. These gages are connected electrically so that their com-
bined output is proportional to the horizontal force on the ball inde-
pendent of the direction from which this force is applied, Interposed
between the rods and the set of strain gages is a 360° wire-wound po-
tentiometer. A rigid disc carrying a special ring contact is fastened to
the rod, The diameter of the ring contact is that of the potentiometer
winding, and as the rod starts to move under the influence of the water
force the ring makes contact with the potentiometer at one point on the
circle., Since this point is determined by the direction from which the
water force comes, the potentiometer output is proportionsl to the direc~
tion of the water motion. The instrument operates completely filled with
oil and the case is provided with a small rubber bellows which equalizes
the pressure with that of the surrounding water. Thus the instrument is
capable of operating at any depth without modification., Fig. 9 is a dia-
grammatic sketch of the internal construction of the current meter, Since
it was proposed to install this meter on the natural harbor bottom, a
special mounting tripod was designed to support it, It is desirable to
have the ball hang vertically below the meter so that the readings of the
meter will be proportional to the horizontal water motion., Therefore, a
leveling device was incorporated in the tripod head. Furthermore, if the
meter is lowered in open water, it is necessary to know the orientation
of it with respect to the cardinal directions. Therefore, an aircraft
type transmitting compass was installed on the tripod in addition to the
leveling mechanism, The installation was completed by the addition of

an electrically operated level indicator,

The Recording Galvenometer., Although several excellent multiple-
element recording osclllographs are available commercially, they are all
designed primarily for use in investigating relatively high speed phe-
nomena, Although it is possible to reduce the film speed considerably,
it is difficult to accomplish the very large reduction that would be re-
quired to obtain a three-week continuous record without reloading, which
was the goal established for this application. Also it was felt desir-
able to use 35 mm film in place of the much wider recording material nor-
mally employed in the standard oscillographs. Therefore, a special re-
cording galvanometer was constructed utilizing a standard 9-element gal-
vanometer block from one of the commercial oscillographs. Fig. 10 shows
two views of the completed instrument and Fig. 11 a diagram of the in-
ternal arrangements, The timing unit gives a two~minute timing line on
the film, This film is standard, unperforated, dye-backed microfile film
which permits daylight loading and unloading and operates for three weeks
on a 100=-ft spool,

OPERATION OF THE INSTRUMENT BATTERY

The instruments described were completed and operated individually
and as a battery for sufficient time to demonstrate their satisfactory
performance, Unfortunately, however, it had not yet been possible to in-
augurate a program of study with them, either to determine the limits of
tolerable motion for various harbor activities or to ascertain the corre-
lation between ship and water motion for various systems of mooring.
These are both extremely important steps and it is hoped that this work
can be continued along these lines,
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WAVE-PRODUCED MOTION OF MOORED SHIPS
ADDITIONAL INFORMATION NEEDED

There is still another step that needs to be taken to complete the
information necessary for the design of waterfront structures to which
ships are moored, This is to determine the forces produced on waterfront
structures by the motion of moored ships. A program of direct measure-
ment does not seem to be indicated for this step, or at least not until a
great deal more informstion is available concerning the correlation of
water and ship motion., The basic reason for this statement is that there
are so many variables that affect the actual forces between the pier and
the ship that it would require a very large and lengthy program of field
measurements to cover enough different cases to make such empirical in-
formation useful and reliable, On the other hand, it mgy not be neces-
sary to determine these forces by direct meassurements after a thorough
understanding has been obtained concerning the ship motion produced by
given waves, When this information is available, it should be possible
to calculate the resulting forces with reasonably good sccuracy and by
methods which would take into account the geometric and dynamic charac-
teristics of the ship as well as the system of mooring and the wave char-
acteristics at the location of the given structure,
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Chapter 6
CHANGES IN SRKA LEVEL DETERAIVED FROM TIDE OBSERVATIONS

e Ae Marmer

Asst. Chief, Division of Tides and Currents
Ue Se Coast and Geodetiec Survey, Weshington, De C.

Heights on land as well as depths in the sea are measured with refer-
encs to the surface of the sea or sea level., But the level of the sea is
constantly changing under the influence of the rise and fall of the tide
and of varving meteorological conditions, For that reason use is made of
an average level called mean sea level, this datum being derived from tide
obsorvations,

The concept of mean sea level is very simplee The surface of the sea
is at all times disturbed by one omuse or another and mean seas level at
any point is simply defined as the average or mean level of the sea a% that
points This concept of mean sea level, by implication, makes 1lts deter-
mination appear a simple matters For 2ll we need do to determine mean sea
level at any place is, apparently, merely to measure the changing level of
the sea at that place for some time and derive the average value, Bubt
when we are actually confronted by the necessity for a preciss determina-
tion, the problem is found to be not quite so simple.

To begin with, it must be noted that in determining mean sea level
at any point, we are determining not a scale reading on an instrument with
a fixed zero, bubt the location of a horizontal plane on the earth. For
measuring the changing level of the sea we make use of a tide staff, which
is merely a rod or staff graduated in feet and decimals, fixed in a verti=
cal positions How far below the surface of the see the gero of this staff
is placed is wholly arbitrarys This means that the tide staff reading has
meaninz only when related to some fixed 'point on land. Ordinarily the tide
staff is fixed to the face of a pile or wharf, but to make sure the tide
staff can always be maintained at a fixed elevation, it must be referenced
to a number of adequate bench marks on shore. This is an extremely impor-
tant matter which in the past has not been carefully observed.

The most effective method for measuring the changing lewel of the sea
is throush the use of an automatic tide gage which makes a continuous record
of the rise and fall of the surface of the seas, From this record we can
determine the height of the sea at each hour of the day and from these
hourly heights we can derive the average height of sea level for a day, a
month, & year, or for as long a perliod as may be desired.

The guestion that immediately arises is, for how long a period of time
must we average the changing level of the sea to arrive at a determination
of mean sea lovel? Since the tide is the predominating cause of the fluc~
tuation of the surface of the sea, and since the primary period of the tide
is a day, it is obvious that if we average the hourly heights of the tide
over the veriod of a day we will eliminste the tide and derive a first
approximation to sea level.
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Daily sea level, Galveston,
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On investigation it is found that .ses level at any place changes from
day to daye In Figure 1 there are shown the dally sea levels at Galveston
for the two months of May and October 1949, The heights are referred to
the tide staff at the tide station. For May the change in sea level from
day to day was penerally less than a tenth of a foot, though at times it
was several tenths of a foots During this month sea level cn the 17th was
1% feet higher than on the 10th,

In Ootober weather oonditions were not as uniform as during May and
groater variations in sea level from day to day ocourred. For example, on
the 6th, sea level was 2 feet lower than on the 4th. And during this month,
gen level on the last day was nearly 4 feet lower than on the 4th,

Sea level thus varies considerably from day to day, and a determination
of sea level from one day of observations, even in calm weather, can give
only a very rough aporoximation to mean sea level, Clearly, therefore, to
determine mean sea level with any pretense to precision, a longer series
of obgervations is necescary, snd a month sugrests itself as a possibly
desiratle rericd,

In Firure 2 are chown the morthly heights of sea level at Galveston
as measured on the tide staff for each of the four years 1947 to 1950,
Each monthly height represents the averare of come 700 hourly heights, arnd
as might be expected, see level from month to month differs less tharn from
day to daye. Generally the differences from one month to another are one
or two~tenths of a foot, thouprh occasionelly they may be as much as a foot.
¥ithin a year the lowest and highest monthly values of sea level may differ
by more than a foot.

A glance at these diagrams shows that sea level at Calveston for
these four years wes renerally low in the winter months and high in the
fall months, with a secondary maximum in spring and & secondary minimum
in July., If we take the everuge of the sea level heiphts for corresponding
months of the four years,we derive the curve shown in the lower left of
Firure 2, This strongly suprests a seasonal varistior in sea level. In
the lower right of Figure 2 is shown the average monthly heights of sea
level at Galveston for the 20 year period 1909-1928 and this is seen to
aprroximate closely the curve derived from the four years 1947-1950.

Now a seasonal variation im sea level is a oharacteristic feature of
the sea everywhere, but it has distinetive looal, or perhaps more accurate-
ly, regional characteristicss In Figure 3 is shown the ourves of seasonal
veriation of sea level at eight stations on our Gulf oocast, based on
verious years of observations. The horizontal line on each diagram repre-
sents the heipght of mean sea level at each station for the period of obser-
vations indicateds FEach place hag its characteristic ourve of varistion,
but places reletively near each other show muoh the same pattern, Thus,
Key West, Cedar Keys and Pensacola resemble eaoh other; likewise Eugene
Island and Galveston, Rookport and Port Isabel,

It is of interest to note how the pattern from a single minimum and
a single maximum, ohanges gradvally from the eastern end of the Gulf to
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the dcuble maxime end minima. At Key West there is bvarely an inklinz of
this; at Pensacola there is a berinninp, but at Eugene Island, west of the
Missiesipni River it is well develoured and continues to the western end,

If ve examine the seasonal varletior of sea level on the Atlantic
coast of the United States, shown in Figure 4, we find agein distinctive
patterns which are charecteristic for relatively lar<e areas., Thus New
York, Atlantic City and Baltimore show mucl. the same pattern with a single
meximum and ninimum, Charleston, Mayport and Miami Beacl, on the other
hand have also a secordary maximum and & secondary mimimum,

In Ficure 5 are shown the seasonal varietions in sea level on our
Pacific coaste Amain, distinetive regional retterns, differing in the
different regions. The seascral varistion in sea level is thus a charace
terictio feature of sea level throughout the world,

In view of the seasonal wvaristion in sea level, it follcws that a
single month will not determine mean sea level accurately. A year immedi-
ately sugrests itself as a desirable pericd, for within a year, the seasonal
variation in sea level is eliminated and the effects of wind and weather
likewise tend to balance out,

In Ficure 6 are shown the yearly valves of sea level at a number of
our Atlantic coast stations, Eech yearly height, represented by a small
cirecle is the averapge of nearly 9,000 consecutive hcurly heightss

Disregarding for the present the dashed-line curve associated with
the diazram for each staticn, it is seen that sea level varies from year
to year, generally by something like geveral hundredths of a foot but
occasicnally it may be as much as 0,2 foot. Furthermore, in the past 20
yesrs there arpears to have been & proeressive rise in sea level, In the
20 year pericd from 1930 to 1950, the yearly sea level alcng the Atlantic
coast for 1948 was about half a foot higher than the yearly sea level in
1920,

The fluctuations from year to year are in large part due to the dis-
turbing effects of wird and weather; but if we smooth out these fluctua-
tions - as is done by the dash-lire curves « it is seen that there has
been a steady progressive rise in sea level aleng the Atlantic coast
which hae averaged 0,02 foot per year.

The fluctuations in sea level from year to year are not confined to
the Atlentic coast. In Fipure T are shown the results from our Pacific
ooast tide staticns. The fluctuations from vear to year are of abcut the
same character as on the Atlantio coast, but the ovrogressive risge in sea
level in the nast two decades ie only about 1/% that on the Atlantic
coasgt.

For the coast of Alaska our obserwvaticns do nct cover many years.
But they are very interesting in their indiceticns, for here sea level is
falling. In Figure 8§ the data for four staticns are shown. At Ketchiken,
which is the southernmost tidal station in Alaska, it arpears that sea level
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observations at that place, reference to bemoh
marks. In 1944 the tide station was reestab-
lished and we find that in the intervening pennd
of about 35 years, sea level there fell about 2—
feet.

In Figure 9 are shown the yearly sea levels
at four stations on the Gulf coast. At Key West
the features are much the same as on the Atlantic
coast - little change until 1930 and a rise since
that time of about 0,02 foot per year. At Cedar Keys there was an inter-
ruption in the observations between 1925 and 1939, but the 10 years from
1915-1926 indicate little change in sea lewvel, while from 1939 the rise
1s at a rate somewhat greater than at Key West. At Pemsacola the rise in
gsea level is at a more rapid rate in recent years, the change appearing
to have occurred about 1940.

Fige 9. Yearly sea
level, Gulf ooast

For Galveston the results are especially interesting since a contin-
wous series of 40 years is available. During this time sea level has
changed by almost exactly ome foot, but the results clearly indicate a
change in rate of rise between 1937 and 1938, From 1909 to 1937 the rise
was at the rate of about 0,016 foot per year, while since that year the
rigse is at the rate of about 0.06 foot per year or more then 3 times the
previous rate.

It is convenient to speak of the rise or fall of sea level because
the observations are made on a tide staff fixed to the land., But obvi-
ously, to say that sea level has risen with respect to a fixed point on
the shore, is only another way of saying that the fixed point has sube
sided with respect to sea level., To determine which is the active agent
and which the passive is another problem. If the coast is the aotive
agent, the subsidence is absolute; if sea level is the active agemt, the
subsidence 1s relative; but in either case there is a lowering of the
coast relative to sea level, What we have been trying to show is that
tide observations are furnishing data which permit quantitative determi-
nations of changes in the relative elevation of land to sea.

ne other matter should perhaps be mentioned. The tide rises and
falls from sea level. If at any place sea level is changing it means
also that the datums of high water and low water are changing by the
same amount as sea level.
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Chapter 7
SALINILY PROBLEMS

He Be Simmons
Chief, nstuaries Section, Waterways Lxperiment Statioa,
Corps of kngineers, Vicksburg, Mississippi

INTHRODUCTION

The basic sources of salt-water pollution a,e the ocean, industry,
ana the soil. lhe ocean is responsiole for tne intrusion of salt water
into rivers, canals, and lakes, and for infiltratiou of sea water into
aquifiers which are tapped oy wells. Industry causes salt-water pol-
lution by aivchar ing the brine of wmines, oil wells, tanueries, and
other ludustrial wastes into rivers and lakes. “he soil is a source of
salt-water pollution because of Lne run-off from chloride-bearing soils
anc tne solution of soluble rocks. The most coumon and inporianl source
of salt-water pollution is t.ie ocean, and is the only source considered
in tnis paper.

NAIURs F SALIGILY PROBLEMS

the types of salinity problems encountered are too nuamerous to per-
nit coversge in & single paper; however, the most iaporvant are those
pertaining to pollution of municipal, industrial, and irrigation water
supplies, and to shoaling of navigation channels and harbors because of
precipitation of suspended or dissolved solids which would otherwise
pass out to sea. The subsequent partvs of this paper define the above
problems in more detail, describes methods which have been proposed or
adopted for the solution of similar problems, and describes certain
hydraulic model investigations of salinity problems. A selected bibli-
ograpny is included which presents references to the most important
literature available to the writer. References listed in the bibli-
ography can be obtained on loan frowm the Research Center Library,
Waterways Experiment Stavion, Vicksburg, Mississippi.

Pollution of water supplies

Salt water does not constitute a healtn hazard, but its taste in
arinking water is very objectionable. Tne USPH "Treasury Standard!
therefore limits the amount of chlorides to 250 parts per million, which
is the approximate concermration at which consumers will begin to com~,
plain of salty taste., Hany industries require water of very low salinity,
the maximum allowable in certain products being 10 to 15 parts per million
of chlorides.,

Proolems relative to pollution of irrigation water supplies are
generally similar to those of municipal and industrial supplies; how-
ever, the demand for irrigation water and the toleraole lumits of salinity
vary with the season of the year and the crops to be irrigated. The
results of a study of the Pecos hiver Basin by the National Resources
Planning Board indicated that: (a) for salinities up to 3000 parts per
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million total salts little injury to crops was evident; (b) between
3000 and 600v parts per million growth was limited to salt-tolerant
crops; (c) between 6000 and 10,000 parts per million salt-tolerant
crops will grow but seldom thrive well; and (d) above 10,000 parts per
million plant growth was limited to some grasses and shrubs.l*

The results of a study made by the Louisiana State Department of
Conservation to determine iLolerable limits of salinity in irrigation
water for rice indicate that the allowable li.it ranged from 560 to
2900 parts per million total salts, depending upon the stage of growth
of the crops.? In the Sacramento-San Joaquin Delta in California, the
tolerable limit was established as approximately 330 parts per million
chlorides. Crops irrigated in this area consist primarily of asparagus,
potatoes, sugar-beets, corn, beans, and other truck crops, and consider-
able acreage in fruit orchards. It is therefore evident ilhat a toler-
able limit of salinity for all irrigation supplies can not be established.
The crop to be irrigated, the characteristics of the soil, the amount of
irrigation water necessary, and the stage of growth of the crop all
affect the saliaity that may ve used without harmful effects. Only a
tnorough stuay of local conditicns, and experinental determination of
allowable linits of salinity for all stages of growth of the crop to be
irrigated, will indicate whether or not the watler available is suitaole
for irrigation purposes.

Shoaling in rivers and harbors

A large part of the silt carried by some rivers is in the form of
collodigl or semi-collodial suspension or in solution. 4n important
property of these particles of solids is thal they exhibit no tendency
to ball together and form deposits on the river beds, for the reason
that each particle is charged with a negative electric potential. This
potential being the same in all particles, the latter repel eacn other
and a complete state of dispersion .revails so long as the water is
fresh. Contact with salt water, however, causes a base-excuange
reaction, whereby the eleciric potential is neutralized and a process of
clotiing, technically known as coagulation or flocculation, resulis. At
first the flocs or lumps of coagulated material are quite small; however,
as more and more particles are attached the lumps attain sufficient size
and weignt to sink to the bottom, thus effecting deposits on the river
beds. Shoaling from this source appears to be most ssrious in the tidal
sections of rivers drainisg from the Appalachian Mountains and discharg-
ing into the aAtlantic Ocean and the eastern portion of the Gulf of
Mexico.

MANMER OF SALINITY INIRUSION

Intrusion of salt water from the ocean may occur as flow through
open channels or by infiltration into ground water supplies. ln many
coastal areas the source of municipal ana other water supplies consists
of wells. In some cases such wells have been driven indiscriminately,
and are being pumped at a rate greater than that at which the acyuifier

*See references at end of chapter
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is being replinished with fresl water. Under these conditions salt
water may be drawn into the water-bearing strata and cause contamination
of the entire supply. Occasionally, the ground water supplies of
coastal areas may become polluted because of surface flooding by sea
water. Many wells in New England were contaminated in this manner 'as a
result of the 1943 hurricane; however, the contamination was only
temporary, and continued pumﬁing of the wells soon reduced their
salinities to normel levels.,

The upstream movement of salt water in open channels is attriou-
table to the greater density of salt water as compared to that of fresh
water, lhe nature and extent of such intrusion in a specific channel is
dependent upon the range of tide and salinity of the sea water at the
mouth of the estuary, the physical and hydraulic characteristics of the
estuary proper, and the volume of fresh water being discharged into the
estuary from the fresh-water section upstream. <The manner of intrusion
may vary frow the well-defined wedge which is typical of the lower
Mississippi hiver to the saliunity front which may be found in San Francisco
Bay and Delaware Bay and Kiver; likewise, any modification petween these
two extremes is possible if the proper physical and hydraulic conditions
exist in an estuary.

The well-defined salu-water wedge, such as exists 1a the lower
Mississippi River, is illustratea by Fige 1. ‘ihie range of tide at the
moutn of the Mississippi hiver is so small that there is no reversal of
flow in the river because of tidal action; therefore, the position of
the wedge is governed almost entirely by the volume of fresh water flow.
Flow within the salt-water wedge is always upstream because of its
greater density, while flow in the fresh or semi-fresh water stratas
above is always downstream. [he interface between the salt and fresh
water is fairly well defined, and along this interface the fresh water
continually erodes the salt wedge. The amount of such erosion upstream
from a given point is always equal to the upstream discharge of salt
water at that point so lon: as the position of the wedge remains stable,
or until the fresh water discharge changes, If the fresh-water flow
decreases, the weage slowly moves upstream; conversely, if the fresh-
water flow increases, the wedge is forcea downstream to a new position.
As an example of the magnitude of intrusion in the lower lississippi
River, salt water is found 135 miles upstream from the mouth {entrance
to Southwest Pass) following prolonged periods of low river discharge.
On the other hand, the wedge is pushed entirely out of the river during
periods of extremely high river discharge.

Salinity intrusion in Delaware and San Francisco Bays appears to
be in the form of a salinity front rather than a salt-water
Wedge, and is illustrated by Fig. 2. OSalinities decrease progressively
as distance frou the ocean increases, and there 1s bubt little difference
between surface and bottom salinity at any given point in the estuary.
The salinity front advances ana retreats with both tidal fluctuation
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Fige 1. This shows schematically the distribution of flow in an estue-
ary having a well defined salt-water wedge (similar to lower Missis-
sippl River). Flow in the wedge is always upstream, and flow in the
fresh-water strata is always downstream. The thickness of the inter-
facial layer varies with the fresh-water discharge.
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Fige 2. This shows schematically the distribution of salinity in an
estuary in which mixing caused by tidal turbulence does not permit
formation of a well defined salt-water wedge (similar to San Francisco
and Delaware Bays). The salt-water front advances and retreats with

tidal action, but there is little difference in salinity from surface
to bottonm.
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and change in fresh-water discharge, but the relation beilween surface
and botiom salinity at all points in the estuary does not change
appreciably.

Salinity intrusion in the Savannah River, Georgia, and the Cooper
hiver in South Carolina wmight be classified as falling between the two
extremes descrived avove and is illustrated by Fig. 3. There is a
definive salt-water wedge in these latier rivers; however, the direction
of flow within the wedge reverses wilh change in direction of the tidal
currents, and the transition layer between the salt water and fresh
water is much thicker than that found in the lower MHississippi River.
Tne advance and retreat of the salt-water wedge with tidal fluctuation
in tne Savannah and Cooper Livers covers appreciable distances, and the
upstream penetration of the wedge varies with the volume of fresh water
being aischarged into the estuary. <The shape of the wedge at high-vater
slack, or al maximwn penetration because of tidal fluctuation, is some=-
what different froam tnat at low-water slack, the wedge having an
apprecliably steeper front and a lesser range of salinity distribution
from surface to vottom than is found at low-water slack.,

It 1s tne opinion of the writer that the different types of salinity
intrusion descrived awove can be attributed to the pnysical auu hydraulic
charactzristics of the estuaries involved. ‘Lhe lower nississippi hkiver
occuvies a chaanel which is relalively narrow as compared to depth, there
is bubt lictle tidal range at the mouth of the river, and the fresh-
water discharce is relatively lor_e as compared to tidal discharge. un
the other hen., vhe deep-water channels of Delaware and San Francisco
vayss are relavively narrow as compared to the total width of the estuaries
(or the estuaries are relatively wide as compared to depth), the ranges of
tide at the .nouths of these estuaries are sufficient to produce reversals
of flow wilh accompanying tidal currents of appreciable magnitude, and
the fresh-water inflows are guite small as compared to tidal discharges.
Puysical and hydraulic conditions in these latter estuaries therefore
contribute to the mixing of the salt and fresh waters, and since most
of the fresh water enters the estuary at the upstream end, the salinity
front type of intrusion exists rather than the wedge type. Conditions
in the lower lississippi River are such that but litlle mixing of the
salt and fresh water takes place, and therefore salinity intrusion is
in the form of a well-defined wedge. The other two rivers described,
the Savannah and the Cooper, are similar in some respects to the lower
Mississippi River and in other respecls to Deleware and San Francisco
Bays; therefore, the type of salinivy intrusion in the Savannah and
Cooper Liver have some of the characteristics of the former and some
of the latter. The channels of the Savannah and Cooper Rivers are
relatively narrow as compared to depth, the volumes of fresh water dis-
charged into these estuaries are small as compared to tidal discharges,
but the tidal ranges and accompanying tidal currents are sufficiently
great 1o produce considerable mixing of the salt and fresh water. It is
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therefore the opinion of the writer thav while the greater density of

tiie salt water as compared to that of the fresn is the basic cause of
salinity antrusion in all open channels, the type of intrusion to be

found in a given channel is so modified by local physical and hydraulic
conditions tanat but little similarity exists between salinity intrusion in
any two estuaries. Salinity antrusion in each estuary should be considered
and studied as an individual problem, and the reasoning applied with success
1o one estuary will probably fail completely when applied to another.

CUNTROUL OF SaLINTLY INTRUSION

It has been poinved out that most salinity problems are unique in
nature which would therefore require that each such problem be studied
indiviaqually. For this reason it is believed that no set rules or
methods for the solution of sali..ity problems cun be developed. Experi=-
ence and sound judgement on the part of the engineer concerned with a
specific groblem are required to determine the exact nature of the problem,
what factors are of greatest significarnce, and what solutiouns are feasible
and economical., Some of the attempts that have been made to remedy salt-
water problems, and some of the proposals that have been made but have
not yet been attempted, are described below.

LOCKS aND GUARD LOCKS

Locks are usually constructea to facilitate navigation by making
it possivle to transfer a ship from one level to another. However, in
the transit of a ship from a ocody of salt water to a oody of fresh water,
or in the opposite direction, salt water passing through the locks during
a shap transit can cause pollution of the fresh water body. It is some-
times desirable, therefore, Lo design and construct the lock in such a
manner that 1ts chambers may be flushed with fresh water before the gates
separating tne lock chambers and tne frecsn-water pool are opened. ‘this
process reduces bthe salanivy of tnc water in tne lock chamber, thus
reducing tne source of poliution to the body of fresn water. l'his method
has been used with success in operation of the locks of the Lake
washington Ship Canal, seattle, nashlngton,5 and has been proposed for the
solution of similar proolems in otng? locations, notable of which is
tne proposed hew Jersey Sniy Canal.” The design of such locks usually
incorporates a aeep sump adjacent to the entrance of the lock into the
fresn water pool, the purpose of which is to collect, by virtue of its
greater density, the salt water chat succeeds in passing through the
locks in spite of all precautions, A siphon located in the botiom of
this sump returns the salt water collected therein to the salt water
pool below the locks. This method can be made guite effective if a
sufficient quantity of fresh water for flushing the locks is available.
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Guard locks are usually constructed to prevent free flow through
an open channel, and for this reason they provide an excellent means
for preventing the movement of density currents. The use of guard
locks, however, is usually liaited to waterways iu which flow is
principally tidal, since, in the case of a waterway having an appreci-
able fresh water run off, the lock would impede drainage of flood
waters. Notable examples of existing guard locks are the Great Bridge
Lock in the Atlantic Intracoastal wWaterway about 12 miles south of
Norfolk, Virginia,’ and the Calcasieu and Mermentau Salt-water Guard
Locks 1n tne Gulf Intracoastal water.ay in southwestern Louisiana.8

BARRIER DAWMS

A large number of barrier dams have been proposed for the control
of salinity intrusion; however, only a few such suructures have actually
been built. wsarrier dams in open channels are of two general types:
(a) a dam whaich effects a partial closure of a channel, thus concentra-
ting the fresh-water flow into a relatively small cross section and
increasiag its effeciiveness in combating salinity intrusion; and (b) a
dam whicn effecls a complete closure of a channel, thus creating a
fresh-water pool at an elevation equal to or slightly treater than the
salt-water pool downstream from the basin. aither of these types may be
supplemented by locks for navigation or auxiliary openings for passage
of large fresn-water flows. Iixamples of the former are the barriers
proposed for control of salt-water intrusion in the lower Mississippi
River,9 and examples of the latier are the Goolwa Barrage across the lower
Goolwa fhiver un AustralialO and the bar:iier across the Santa Ynez River at
Camp Cooke, California.ll

Several types of movable barriers have been designed for the control
of salinity intrusion, and a few of these .ave been constructed and
operateds A movable tidal gate was constructed across the Miami River
Cana., liami, Florida, and operated for some time to prevent salt-water
intrusion into the canal.l? One-way gates to prevent intrusion of salt
water al high tide, at the same time permitting drainage of fresh water
at low tide, have been used successfully in a number of cases. 5uch
gates are usually relatively small and are installed in highway and
railroad culverts; however, fairly large gates of this type have been
utilized also. &n example of the larger gates of this type is that used
in Skagit County, washington, which controls drainage from and prevents
salt water intrusion into an area of about &U0U acres of highly pro-
ductive farm land.l3

REDUCTION UF SHOALING IN TIDAL WATERWAYS

The problem of flocculation of suspended or dissolved solids by
salt water is further complicated by the effecus of density currents on
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bottom velocities in estuaries. It has been poinied out that salt

water tends to move upstream because of 1ts greater density, sometimes
underneath the fresh water and sometimes mixed with the fresh water in
various degrees, and the net effort of this upstrsam movement is that
bottom velocities in most estuaries are stronger during flood tide than
during ebb tide. Surface velocities, on the other hand, are usually
considerably stronger during ebb tide than during flood, since it appears
that most of the fresh water run-off is carried to sea in the upper
stracas, especially if the estuary is one .n which litlle mixing of the
fresh and salt water occurs. The iiportance of such effect on the
vertical distrioution of currents in an estuary is obvious, since it is
exbremely difficult for a deposit of material, once formed on the river
bed, to be removea by natural forces and carried out to se. if the bottom
currents moving upstream are normally predominant over the downstream
currents. In fact, there is evidence that material flocculated in the
lower reaches of some estuaries is tuence progressively moved upstream
by the predominant bottom currents to form shoals in the upper reaches

of the estuary.

The usual plans adopted to reduce shoaling in tidal estuaries
consist of proper channel alignment, the construction of training works
to obtain good flow conditions in the navigation channel, removal of
obslructions to the free run of the tide, elimination of channel bifur-
cation when possiole to eliminate cross flows and eddy action, construc-
tion of jetties wnere revuired vo concentrate flow, etc. It has also
been proposed on numerous occasions that the construction of reservoirs
in the fresn-water section upstream from the head of an estuary, the
revetment of banks to eliudinate bank caving and scour, and the dredging
of sedimentation basins, either in the estuary proper or in the fresh
water section upstream, might be effeclive in reducing the suspended load
entering the estuary and therefore reduce the amount of solids available
for flocculation by salt water, Sedimentation basins located in the fresh
water section would probably be ineffective in reducing the suspended load,
however, and the cost of constructing reservoirs and bank revetment is
usually so great as to be prohibitive. Also, there is some evidence that
suspended material in appreciable guantities can pass through one or more
reservoirs without being deposited, only to be flocculated on coming into
contact with the salt water of an estuary and contributing to shoaling of
the navigation channels therein.

MODEL STUDIAZS OF SALINITY PROBLEMS

Hydraulic models have been used quite successfully during recent
years for studies of salinity intrusion problems in open channels and
in locks. Both theory and experience have shown that so long as gravity
is the controlling force in the formation and movement of density
currents, which is the case except in rare instances, models should be
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designed 1n accordance with Froude's model laws of similitude, and the
salinity scale, model o prototype, should be unity. 7The reliability of
a salinivy scale of unity for model studies of salinity intrusion in open
channels was recently confirmed by the results of an exhaustive study
conducted by the National Bureau of Standards under the direction of

Dr. Garbis He Keulegan.

O'Brien and Cherno, ian 193k, published the results of a study to
determine a model law for use in the design of hydraulic models for the
study of salinity problems.l“ The design criterion arrived at by Messrs,

O'srien and Cherno was: 2.5.5 o.5
Lr - Dr r
(1)

This equation was based on the assumption that inercie and frictaon were
the controlling forces in movemeni of salinity currents, gravity being
considered only iasofar as the initial velocity was concerned. This
condition exists only ii a relatively small volume of salv water is
released into & large body of fresn water as, for example, a slug of
salt water enterzag ¢ fresh watcer pool as a result of lock operation,
anu is therefore limited in scope.

It is usually necessary to reproduce saliniby currents in eslusry
models for two reasons. First, some industries usuall, draw cooling
wabter directly fron estuaries, anu any change in saliaity, caused by
changes in channel dimensions or other :wdifications of che estuary, .oy
increase salinaties to or oeyona tne danger point. becona, as stated
previousl;r, the action of salinity or aensity currents is such that the
vertical uistrioulicn of currents in any cross section traverseu vy a
salt-water wed,e is appreciably differenl than would be the case ir all
fresh water or all salt water was moving in the cross section. lhe
upper portion of Fig. 4 shows a plot of surfece ana bottom current
velocities obtained .n a moael of Savannah Harbor, Georgia, with only
fresh water in the aodel. 41he lower .ortion shows a plot of velocities
at the same points witn salu wat~r in the model ocean and fresh waler
being discharg.d into the upstream end of the model estuary. These plots
reveal the greal differences between surface.and bottom velocities at an
identical point for the two conditions wmentioned. I'ne lower plot
approximates very closely the velocity distribution found in the proto-
type for tidal and fresh-water flow conditions similar to vhose resro-
duced in the model at the time these measurements werc obtained.

It is obvious that the movement of sediment in Savannah Harbcor is
affected gppreciaoly by density currents, especially in that reach of
the harbor in which these measurements were made. [he observations
obtained witn salt water in the model ocean show an appreciable flood
or upsiream velocity on the bottom in this critical reach, but the ebb
or downstream velocit] is zero. The net effect of this difference in
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bottom velocity is that material deposited in the narbor because of
flocculation or other causes may be moved upstream to form shoals in
tne navigation cnannel, but it can not be moved downstream and out to
sea except during times of exitremely high fresih water flows. It
therefore follows that nost of the material accumulated in critical
reacnes oy this peculiar flow phenomena must be removed by dredging to
maintain the desired channel depths,

In 1944~1945 a model study of salinity intrusion in the Calcasieu
River, which is located in southwest Louisiana, was made by the Waterways
Experiment Station, ana this study may be used to illustrate the advanuages
of using hydraulic models in such investigations.l? The problem involved
was whether or not a proposed deepening of the Calcasieu River Ship
channel, between the Gulf of Mexico and the Port of Lake Charles, la.,
from 30 to 34 ft at MGL would further aggravate an already serious
salinity intrusion problem in the Calcasieu River and the Gulf Intra-
coastal waterway east of the Calcasieu River. Water drawn from these
streams, especially from the Intracoastal \iaterway east of the Calcasieu
kiver, is usea for irrigating large areds used for rice cultivation.

One of the initial steps in planning the model study was the
obtaining of sufficient and reliable hydraulic and salinity data upon
which the adjustment of the model could be based. [idal heights were
obtained by automatic tide-recording gages in the Calcasieu River,
Calcasieu Lake, and in the Intracoastal waterway east and west of the
Calcasieu River. Measurements of current velocity and salinity were made
at six selected stations in the area to be reproduced. Fresh water
discharges in the Calcasieu hiver and all tributaries were made daily
for the duration of all tidal, velocity, and salinity observations. These
data provided an accurate basis for adjustment of hydraulic phenomena and
verification of salinity intrusion for the then-existing 30-ft channel.

A comprehensive studay of salinity inlrusion in the Calcasieu niver
area by means of a hydraulic model required that the model be so designed
and constructed that both tidal and salinity currents be reproduced
accurately throughout the problem area. Therefore, the model reproduced
a portion of the Gulf of Mexico, Calcasieu Pass and Calcasieu Lake, 10
miles of the Lake Charles Deep water Chanunel to the west of the Calcasieu,
10 miles of the Gulf Invracoastal Watverway to the east of the Calcasieu,
the (alcasieu hiver in its natural state to a point aboul 5 miles above
Lake Charles, and the remaining tidal portions of the Calcasieu hiver,
houston kiver, and English sayou above this point in the form of a
labyrinth., Fig. 5.

The model was of the fixed-bed type, all channel and overbank areas
being molded in concrete. It was constructed to linear scale ratios, model
to prototype, of 1:1000 horizontally and 1:50 vertically. The salinity
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scale used in the model was 1:1. Observed orototype tides were
reproduced in the simulated Gulf of Mexico by means of an electro-
meclhiznical tide reproducing apparatus, and the roughness values of the
model bed and channels were so adjusted that the observed rise and fall
of the tides, and the resulting strength and directions of tidal
currents, were reproauced tiroughout the model. "he fresh-water inflows,
representing the fresh-wabter aischarges of the Calcasieu and houston
kivers, were introduced into the upstream end of the .odel by means of
Van Leer weirs,

The water in the model gulf was maintained at the observea proto-
type salinity oy the addition of common salt. <1The salt was added to the
water-supply sump 1n the required quantities, and was dissolved by a
circulating pump. Since the water which produced the rise and fall of
tne tide i1n the model circulated through this sump, the water in the
model gulf was maintained at its correct saliuity at all times.

Operation of the model for the verification test, and for tests of
the various channel conditions for which information was desired, was
begun with the river system filled with fresh water and the gulf filled
with salt water, the two bodies of water being separated by a movable
block located at the lower end of Calcasieu Lake. The tide control
mechanism was then started and the block was removed, the fresh-water
inflow weirs having been adjusted to reproduce the desired iaflow for
tnat particular test,

It is obvious that conditions in any tidal stream in nature repre-
sent an adjustment between the forces of fresn-water flow and those of
tidal flow. It can be readily understood, therefore, that these forces
in the model must be allowed to adjust themselves before a state of
stabilization is reached. In the model, where factors affecting the
adjustment between these forces are controlled, as they are not in the
prototype, such a state of stabilization is characterized by the
repetition of the action of the salt-water wedge during successive cycles
of operation. Wwhen the position of the wedge becomes stable, or the
advance and retreat of the wedge with tidal action is constant, the
wedge may then be considered to have penetrated as far into the river as
it will for the conditions reproduced.

For verification of the Calcasieu River model, the conditions of
tidal action, fresh-water inflow, and gulf salinity were reproduced in
the model in accordance with prototype data obtained during the field
survey of the prototype previously mentioned. after the model was
operated through the stabilization period, salinity samples were obltained
at all stations and depths corresponding to the stations and depths at
which prototype measurements were obiained. The results obtained from
the model were then compared to data obtained in the prototype for similar
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SALINITY MEASUREMENTS -~ VERIFICATION TEST

TABLE I

Salinity values are expressed in parts per million

and represent average of all samples obtained during one tidal cycle

Salinity Depth Average Salinity for one Tidal Cycle
Station Sample Taken Model Prototype
1 0.0 2,360 3,280
1 -15.0 5,625 5,29
1 -30.0 14,790 12,670
2 0.0 500 430
2 -14.0 500 430
2 -28.0 12,340 9,740
3 0.0 Loo 330
3 -16.0 500 418
3 -31.0 14,520 7,150
L 0.0 5 T3
in -15.0 80 Th
4 -30.0 85 76
5 0.0 400 320
5 -6.0 400 319
5 -12.0 400 322
6 0.0 700 657
6 -14.0 700 669
6 -27.0 2,000 1,968
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conditions (table 1), and it was found that salinities in the model
checked those obtainea in the prototype with a remarkable degree of
accuracy. The verification test was repeated several times to 1nsure
that identical and consistent results would be obtained.

After the verification of the model had been establisheu, extensive
salinity measurements werc obtained for a series of fresh water river
discharges and a series of eastward and westward flows in the Gulf
Intracoastal Waterway. These various test conditions were selected with
a view toward obtaining salinity data for any combination of flow which
might be expected to occur in the prototype. Sufficient data were
obtained during each test to serve as a basis for comparison of the
results of later tests made after deepening the project channel. Aafter
all tests of the existing channel had been completed, the model channel
was deepened to the new project and the series of tests was repeated.

It was found that deepening the channel had very little effect on salinities
in the Calcasieu River or in the Gulf Intracoastal waterway east of the
Calcasieu. Slight locel differences were noted, usually occurring at
middepth of the channel; nowever, there was no apparent overall change

in salinities.

Following a thorough analysis of the results of all model tests, it
was concludea that the proposed chanrel deepening would have no adverse
effects on salinity intrusion in the Calcasieu kiver and the Intra-
coastal waterway east of the Calcasieu. Since salinity intrusion for
the 30-ft channel caused a serious problem at certain tiues, it was
further concluded that a guard lock in the waterway should be constructed
to alleviate this condition. A guard lock was constructed in the Intra-
coastal waterway near olack Jayou, and it is the understanding of the
writer that this lock has been very successful in preventing contamina-
tion of irrigation water therein by the intrusion of salt water from the
Calcasieu River.

CONCLUDING REMARKS

This paper nas covered only the general aspects of salinity problems
and possible solutions, and was prepared to stimulate the thinking of
other engineers in this respect rather than to show how salinityr problems
should be solved. The people of this country, especially the engineers,
are constantly devoting more and more thought to water conservation and
proper use of water, and it is the writer's opinion that salinity
problems will receive more attention and study as inland sources of water
are gradually developed to the fullest extent possible. The day may soon
arrive when we, like the Dutch, will find it necessary or profitable to
reclain marginal land from Lhe sea oy the exclusion of salt water, and
in doing so it is inevitable that new and startling engineering solutions
will be developed.
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SUMMARY

4 major concern to engineers engaged in the design of timber har-
bor structures is protection against marine borers. These pests can
severely damage these structures in a relatively short time. Attack
is concentrated on submerged timbers in the area between the mudline
and the water surface. The intensity of attack is dependent on a
number of environmmental conditions. The most destructive and widely
distributed borers are the Teredinidae and the Limnoria. Some forms
of borers exist in all oceans. This paper describes the manner in
which the horers destroy timber. It summarizes information gathered
by various investigators on the conditions which have bearing on the
presence of borers and the factors governing rate of destruction.
Several methods of protecting timber structures from infestation are
described and the costs compared.

INTRODUCTION

Marine borers have been defined as "marine invertebrates which
drill into and consequently damage timber and other materials in salt
water' - (Us S. Navy, 1950a). Marine borers are responsible for many
millions of dollars of dama_e to harbor structures annually. These
damages amounted to $100,000,000 in 1949. The Bureau of Yards and
Docks, U. S. Navy, has reported cases where green piling up to 16 in.
in dismeter was severed in six months and treated timber was replaced
in less than two years. 4An article by Long (1951) relates the story
of 2 crew in a fishing hoat which tied up to a pier in San Franecisco
Bgy during lunch hour and returned after lunch to find no sign of ei-
ther the boat or the pier. Later evidence disclosed that a wave
caused by a passing ship had collapsed the pier and both boat and pier
floated awagy on the tide. Roth were found the next day, still lashed
together. Another example of the destructive effect of marine borers
relates to the Navy piers on Guantanamo Bay, Cuba. The piers, con-
structed during World Jar II, were of creosoted timber piling--(U.S.
Navy, 195la). The rate of destruction of one of these structures was
obtained from an account of several surveys. Originally the minimum
allowable pile diameter was 12 inches. A survey in the spring of 1949
showed that the minimum cross-section of the 13 outboard bents
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average only 37 percent of the original section. By November 1949
these same bents showed only 17 percent of the original section., By
February 1950, only 9 percent remained and observers concluded that
because of honey=-combing in the interiors of the piling probably only
50 percent of tris 9 percent could be considered eflective.

In the past few years the increased cost of the production and
protection of timber has resulted in a cecnsiderable decrease in the
use of wood for harbor structures. Nevertheless, there are many sit-
uations where the use of concrete is not justifiable, particularly in
structures of rather temporary nature, as the case may be in defense
installations. Therefore, continued study of the action of marine
borers is certainly justified.

PRINCIPAL TYPES OF RORERS

Virtually all investigators agree that marine borers most da-—
maging to harbor structures are (1) mollusks, of which the Teredo
and its immediate relutives are the most destructive and widely dis-
tributed, and (2) crustaceans, of which the Limnoria is the most de-
structive and widely distributed., Arother mollusk of importance is
the Martesiaj; other crustaceans are the Chelura and Sphaeroma.

MANNZR OF ATTACK

Borers of the molluskan and the crustacean groups attack the wood
by different methods., Mollusks enter through very small holes bored
when young and grow to size inside, This destruction can only be de-
tected by cutting the wood or by careful inspection of the surface.
The crustaceans, on the other hand, destroy the surface of the wood;
thus attack is readily visible from the surface. The manner of attack
of both groups is sketched on Fig. 1.

The Teredo usually enters the wood as larvae by boring holes as
small as 0.008 in. in diameter which increase to about 0.03 in, --
(Chellis, 19L8). After a larva enters, it starts to grow. DNormally
the adult size is of the order of 3 to 6 in. in length with a diameter
approximately that of a lead pencil; but occasional specimens have
been reported in excess of 3 ft. in length, boring holes 3/L in. in
diameter or larger. The Teredo navalis is shown on Fige. 2. The head
is equipped with two small shells similar to clam shells. The burrowing
is performed by the back and forth motion of these shells, The tail
part consists of two pallets, attached to a muscular collar, which in
turn is attached to the wall of the burrow over the entrance. The
shells and body grow in diameter as -the burrow is made longer. The
animal can seal the burrow entrance at will with the pallets and is
thus able to withstand for some time unfavorable external conditions.
With favorable conditions a single animel can bore as much as 14 in.
per year--(U., S. Navy, 1950a). The average rate for the larger an-
imals in San Francisco Bay is shown on fig. 3. The life span of a
Teredo does not often exceed one year.
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The Limnoria is a relatively small lobster-like enimal 1/8 to
1/l in. in length and one-third to one-hezlf as brozd; about the size
of a grain of rice. A Limnoria is shown on Fig. L. It has horny
boring mandibles, two sets of antennae, ond seven sets of legs with
sharp hooked claws. The mandibles are large denticulated organs which
cut into the wood ond crush it. The body is firmly held in position
by the legs and claw-like feet. The Burrows are .025 to .50 in. in
diameter. A large number of Limnoria reduce the surface of the wood
to a network of burrows. To the cosual observer the surface has the
appearance of a Sponge. Limnoria are the primary cause of the char-
acteristic hour-glass shape of piling shown in Fig. 1. In contrast
with the Teredo which must locate wood on which to settle while in
the larval stage, Limnoria are able to swim short distances throughout
their life and therefore cen change habitat at any time. It is repor-
ted that tliey can burrow into soft woods such es pine to a depth of
about onc inch per year--(Chellis, 19L8).

AREL OF »TTACK

The main area of attack of the borers extends f{rom the mudline
to the high water line. Previously many engineers thought that Limnoria
attack was greatest at the surface and Teredo greatest at the mudline,
However, one of the earliest results of the Navy research program was
to show that such is not necessarily the case. In Floride, attack by
hoth Teredo and Limnoria was on tre average three times more intense
near the mudline than at the surface, although at two locations in
water of high salinity the greatest attack was at the surface. The
observers conc¢luded that buoyancy was probably responsible; the area
of attack bheing hipher in denser water., Tre San Francisco Bay Marine
Pilins Commnittee found that borer action is greater in deep than in
shallow water; Teredo attack being greatest towards the mudline and
Limnoria attack greatest between tide levels—-(Hill and Kofoid, 1927).

ENVIRONMELTAL INFLURNCES

Salinity, temperaturs, abundance of food, current action, pol-
lution, dissolved oxygen, hydrogen-ion concentration, and the amount
of dissolved hydrogen sulfide all may have some bearing on the presence
and the amount of activity of marine bhorers. Investigators have [found
that the first three are the most importunt. Varlous sttempts have
been mcde to relate intensity of attack with these factors. Geographic
ranges have bheen difficult to establish since places which are rela-
tively safe from sttack at one time may suffer severe attack ot another,
A report on marine bhorer activity in 56 important horbers was compiled
by the U, 8. Navy--(1951b). Particular species sometimes are pre-
dominant in an area. Absense of borers in an area is no assurance -
that future attacks will not occur., A4lso borer populations may changze
rapidly over a period of a few years., or example, along the lNorth
Atlentic coast of the United States from 1939 to 19L1, the horer pop-
ulation was estimated at 100 times what it was a few years earlier--
(Chellis, 19L8).
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Salinity--Changes in salinity as small as 10 parts per 1000 may
have a marked effect on borer activity. Ocean salinity is ahout 30
to 35 parts of salt per 1000. Teredo navalis activity decreases rap-
idly in sslinities of less than 9 parts per 1000 and the threshold of
lethal salinity has been placed at about 5 parts per 1000. Limnoria
seem to require hipher salinities; about 30 parts per 1000 for full
activity; there is a decided retardation in salinities of 12 to 16
parts per 1000; and 6.5 to 10 psrts per 1000 appears to be lethal,

Temperature--The breeding period of the Tercdo is influencecd to
a great degree by the temperature of the water. ror the free swiming
larvae to survive the water must be warm. Jarm water is also a stime
ulus for the parent to expel the egr or lerva as the case may be.
Therefore, it follows that the breedin,; season is much longer in the
southern coasts of the United States than in the north, In reneral,
the breeding season and the period of heaviest attack for Teredo
navalis include the summer and autumn months of the year. Temper-
ature has very little erlect on Teredo after it has embedded itself
in the wood and it will continue to attack unless the temperature
falls to sli htly above freezing, when it lies dormant,

Investigators have found that Limnoria is not affected to the
same extent as the Teredo by temperature. Limnoria is constantly pre-
sent in recions as Tar north as Kodiak, salaska, In San Francisco Bay
breeding occurs when the temperature is as low as L6°F. At Kodizk the
water temperatures are considerably below L6 degrees Fahrenheit. As
for Teredo, attack will continue until water temperature decreases to
a point just above freezing.

Food--The Teredo gets its mein supply of food from plankton. It
requires proteins for growth and receives this diet from plankton;
however, energy for the horing process is provided principally by the
carbohydrates of the wood. This energy can be supplied from the pro-
tein material of the plankton but much less efficiently since nitro-
genous products must be eliminated in the process-(Hill and Xofoid,
1927). More recent studies--(U. S. Navy, 1950a) show that this early
conclusion was essentially correct. In laboratory studies where the
Teredo were left in the wood but deprived of plankton, they showed
very little change after 7 days. However, when removed from the wood
and placed in a plunkton-rich emvironmment, only one snimal in an ex-
tensive series of tests survived more than 7 days. Chemical tests in
this series showed that the wood was used to sustain carbohydrate
metabolism. The important fact is that the Teredo cannot live on
plankton alone. Consequently, the impregnation of wood is a rational
method of introducing toxins into the animal's system. In contrast,
the Limnoria derives all its food from the timber it attacks and does
not require plankton.

Pollution and Sewaze--Heavy pollution in many cases seems to pre-
vent action by marine borers. Yet numerous wooden sewer outlets have
been completely destroyed by Teredo. Investigations by the Marine
Laboratory, University of Miami, indicate that domestic sewage is
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beneficial rather than harmful to marine borers. It is the opinion
of many of the investigators that it is industrial waste rather than
domestic sewage that provides conditions unfavorable [or borers.

Dissolved Gases and Hydrogen-ion Concentration--Marine horers
seem to be adaptable to wide variation in the amount of dissolved
oxygen and dissolved hydrogen sulfide, and in the hydrogen-ion con=-
centration of the sea water. The amount of dissolved oxygen in nor-
mal sea water is of the order of 5.5 cc per liter., The San Francisco
Bay Marine Piling Committee found that the average hydrogen sulfide
content in San Francisco Bay was .13 cc per liter and the meximum was
o142 cc per liter. The hydrogen-ion concentration is a measure of
acidity or alkalinity. Normal sea water is slightly on the alkaline
side and has a pH value of 7.5 to 8.5. At the present time sufficient
information is not available to establish specific lethal values for
these factors,

Current Action-~-Experiments conducted by the Marine Laboretory,
University of Miami, to determine the effect of current velocity upon
the attachment and growth of several borers, including Teredo and
Limnoria, indicated that currents of the order of two knots seemed to
preclude attack in Florida waters. Fig, 5, obtained from data collec-
ted by the University of Miami, indicates the effect of current action
on intensity of borer attack.

FROTECTIVE MrASURES

There are many schemes for protecting piles from marine borer
attacke The choice of method depends to a great extent upon the
availability of protective materials, their cost, and the economic
life of the structure to be protected. Care in application of pro=-
tective measures is vital. Minute openings offer entrances for many
of the most destructive types of borers. This paper describes three
methods which have been in recent use in the United States; these are
(1) creosote pressure treatment, (2) gunnite jackets, and (3) preceast
concrete jackets.

CREOSOTE FRESSURE TREATMENT

Inventors have been busy for years endeavoring to find ways and
means of protecting wood against decay and marine borers, It was not
until 1838, when John Bethel patented the "full Cell Process", that
real progress in wood preservation in this country began. This process
effects a deep penetration of the preservative; the depth being de-
pendent upon a number of factors, chief of which are the kind of wood,
character of growth, its condition as to seasoning, the method of
treatment, and the preservative used. Non-pressure processes are not
recommended for piles to be used in salt water as the depth of penetra-
tion, even under the most favorable conditions, is extremely small.
Bither green or seasoned timber can be treated by the pressure process.
Green timber is often seasoned by means of live steam before treatment.
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Of the aveilable preservatives, creosote remains the most de-
pendable means of reducing marine borer attacks. Creosote is produced
by high temperature carbonization of bitumincus coal; to increase
fluidity, coal tar or petroleum are often added. These admixtures
are not toxic to marine borers, therefore their use is not recom-
mended where borers are present.

Although the amount of creosote and the depth of penetration very
considerably, depending on the character and the density of the tim-
ber, the American Wood Preservers Association specify the following for
Southern Pine and Pacific Coast Douglas Fir subject to borer attack.

Retention . Penetration
1b per cu ft (inches)
(minimum)
Southern Pine 16 to 2k L
Douglas Fir 12 3/, 7/8, and 1

for 12, 1k, and

16 1b retentions
for full cell pro-
cess,

Although the AWPA allows the use of either the full-cell or empty-
cell processes, the full-cell process is preferred, because it not only
coats the wood cells but fills the void spaces between them; the empty
cell process only coats the cells. By filling the voids the full cell
process assures the complete coating of the cells and provides a greater
reservoir zgainst leaching,

It will be noted that the protective coating for Douglas Fir is
quite thin, hence extreme care is required against damage to the sur-
face by abrasion., Whenever possible all bolt holes and notches should
be cut prior to treatment.

Creosote treatment does not result in complete resistance to
borer attack but the progress in creosoted piles is at a much slower
rate, In Carribean waters an average life of 8 to 10 years is all
that can be expected; in San Pedro Harbor from 20 to 30 years; in
San Francisco Bay, 15 to 25 years on the San Francisco side and 20 to
30 years elsewhere,

GUNITE JACKETS

Gunite or pressure-applied concrete has been used successfully
on wood piles for some years. The gunite jacket is applied before
driving, over that portion of the pile which is exposed to attack by
marine borers. The jacket protects the pile from decay, rust, erosion,
and fire. It is extended a few feet below the anticivated depth of
scour, The average thickness of jackets is 2 inches; a cross section
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is shown on Fig, 6, The steel reinforcement usually consists of
galvanized electrically-welded fabric of No, 12 gauge (.1055 in. di-
ameter), 2 x 2 in., mesh., The mesh is placed approximately one inch
from the surface of the pile., In order to prevent injury to the pro-
tective jacket, the top 3 to 5 It at the butt end is left uncoated
until after driving. Fig, 7 shows gunite being placed on a wood pile.
On the average, it takes approximately one week to apply the jacket
and. cure it,

PRECAST CONCRETE JACKETS

There are several forms of precast concrete jackeis; they differ
only in detail, & precast concrete jacket developed hy the Board of
State Harbor Commissioners for the Port of San Francisco is described
herein. The jacket consists of a circular inner face and a square
outer face with beveled corners, The inside diameter of the jacket
is 16 in, and the thickness of concrete L in., The green wood pile
is driven butt down and cut off square at a predetermined elevation--
usually about two feet below the elevation of the decks The jacket is
placed over the pile and lowered or driven into the hottom material.
It is supported on the timber pile by two 3/l in. bolts which pass
through the jacket (see i'ig. 8). The precast jacket is extended a few
feet below the anticipated depth of scour. The space between the pile
and the jacket is sealed by grouting through a tremie pipe to 20 feet
below the top of the jacket., The remaining space between the jacket
and the pile is dewatered and filled with concrete.

COSTS

Comparative costs for creosotin:, guniting, and precast jackets
will vary depending on local sources of material, labor, contractors!
equipment, and experience. Assuming that materials, labor, #nd equip-
ment are readily available, the cost will depend largely on the length
of the pile and the portion which requires protection. Because of the
numerous factors involved, each job must be estimated in detail on its
own merits. Since the increase in cost of timber in recent years hes
been disproportinate to the increase in cost of concrete, and because
of the scarcity of long timber piles, there are many situstions in
which the concrete pile compares favorably in cost with protected
timber piles.

Unit Costs--In San Francisco creosoted Douglas Fir piles 100 ft
in length cost about $2.05 per lineal foot exclusive of drivinz.
Likewise, untreated 