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FOREWORD

Authority for the U. S. Army Engineer Waterways Experiment Station
to conducc Engineering Study No. 813, "Wave Force on Breakwaters,” was
contained in letters from the Office, Chief of Engﬂxeers , dated 1 December
1947 and 1k September 1048; however, the tests reported herein, which were
the first tests conducted *n connection with ES 813, were not begun until
27 June 1963 because of a shortage of personnel. The investigation was
accomplished in the Hydrsulics Division of the Waterways Experiment
Station during the period June 1963 to September 1964. Tae tests were
performed by CPT William J. Garcia, Jr., under the supervision of
Mr. R. Y. Hudson, Chief of the Water Waves Branch, and Mr. E. P.

Fortson, Jr., Chief of the Hydraulics Division. This report was pre-
pared by CPT Garcia.

Successive Directors of the Waterways Experiment Station during the
conduct of this study and the preparation and publication of this report
were COL Alex G. Sutton, Jr., CE; COL John R. Oswalt, Jr., CE; and
COL Ievi A. Brown, CE. Technical Director was Mr. J. B. Tiffany.
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NOTATIOR

= one-lf wave height
= distance above bottom cf wall
= elevation of the point of maxirum pressure above bottom of wall

= wave celerity

= water depth

= water depth iu which wavs wil: break
= water depth at well

thickness of layer of air trapped between the face of the breaking
wave and the wall

total energy of wave

]

1}

= kinetic energy of wave
= total energy of wave in deep water

potential energy of wave

H

energy flux

[}

average energy flux of wave per wave period

acceleration of gravity
wave height

wave height at breaking
wave height in deep water

]

i}

It

shock impulse

constant of vroportionalil;

length of water column in Bormnold's eguetion for maximum shock
pressure

wavelength
wavelength in deep water
2n/L
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n = an unknown exponent
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shock pressure

maxirmum shock pressure

secondary pressure

time coordimate

total duration of pressure

wave period

valocity of water upon striking wall

horizontal coordinate

vertical coordinate or vertical distance

elevation of crect of breaking wave atove bottom of wall
beach slope

elevation of water surface above the still-water level
mass density of water

2x/T

velocity potentisl




CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMEWT

Tiyt 43

Briticsh units of measurement used in this report can be converted to metric

units as follows:

Maltiply

inches
feet
pounds

pounds per
square inch

pounds per
square foot

pounds per
r~abic foot

Fahrenheit degrees

By
2.54
0.3048
0.45355227
0.070307

4.88243
16.0185

5//9

To Obtain

centimeters
meters
kilogranms

kilograms per sgquare
centimeter

kilograms per square
meter

kilograms per cubic
meter

Celsius or Kelvin
degrees*

* To obtain Celsius (C) temperature readings from Fahrenneit (F) readings.

use the following formila:
readings, use: K = (5/9)(F - 32) + 273.16.

c = (5/9)(F - 32).

xi

To obtain Kelvin (K)
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SUMMARY

Teste were conducted to gain more information concerning the shock
pressures created by water waves breaking against vertical barriers. These
wave pressures were studied using small-scale oscillatory waves in & flume
fitted with a beach slope and test well. The variation of prescure with
both time and position on the wall was determined for several wave heights,
wave periods, water depths, and beech slopes.

Great scatter in the magn® de o the shock pressure was observed for
each of the wave conditions tested. This variation in the value of the
shock pressure is believed to be caused by sligh® variations in the shape
of the incident breuking wave. Therefore, many ctests were made using the
same wave cornditions in order to more accurately determine the magnitude
of the shock pressure.

The varistion of pressure with time was found to be similar to that
reported by previous investigators. The pressure-timz variation can be
divided into two parts; namely, initial shock pressure which occurs as the
wave strikes the wall and a secondary pressure which is associated with
the rump. The shock pressure is characterized by a very intense pressure
peak of short duration and is followed by the much less intense but longer
duration secondary pressure.

The maximum shock pressure that occurred for each wave condition was
localizz2a over 8 small region of the test walli between the stiil-water
level at the wall and the elevation of the crest of the wave striking the
wall. Above the region of maximum shock pressure, the magnitude of pres-
sure decreases to zero. Below the region of maxirmm pressure, the shock
pressure also decreases but to a value of anproximately one-tentn the
magnitude of the shock pressure and it then remains fairly constant tc
the bottom of the test wall. This type of distribution of shuck pressures
on the wall was observed for all tests.

Upon analysis of the maximum shock pressures cbserved for each of
the wave conditions tested, it was found that tne shock pressure increased
with both wave height and wavelength. It was found through aimensional
analysis that pressure is proportional to the cube root of ihe wave energy.
Upon compariscn of the data collected in this experimental program with
the above relat.on etween pressure and wave energy, only fair conformity
was noted due to the small range of test data. Therefore, the range of
data was expanded by the inclusion of the shock pressure data of otner
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investigators from both model and prototype studies. Very good agreement
w3 noted over this larger range of data.

As opposed to the shock pressure, little scatter was noted in the
magnitude of the secondary pressure. It was also noted that the secondary
pressure varies regularly along the wall from s maximum at the bottom to
zero at the point of meximum rumup. This regular distribution is expected
since the secondary pressure ic caused by the rumip of the wave rather
than its impact on the wall. The secondary pressure was ccmpared with the
pressure caused by the same size wave forming a clapotis on the wall. The
clapotis pressure was almost identical with the observea pressure.

The characteristics of the wave at the point of breaking were also
studied in order to make a comparison between waves breaking on an unob-
structed beach and on a beach obstructed by a wall. Although it might be
expected that a barrier on the beach would have a great effect on the
breaking waves, the data showed the effect to be negligible. The depth
of water in which the wave would break on an unobstructed beach is slightly
greater than the depth of watar at the wall which would canse the same
wave to break and produce maximum shock pressu:es. The wave height at

breaking for both the cobstructed and the unobstructed beach was found to
be the same.

iv




AN EXPERIMENTAL STUD: OF BREAKING-WAVE PRESEURES

PART I: INTRODUCTION

Yoo WKy A

Feveas

1. This report is concerned with the pressure caused by a wave ‘ !
treaking against a plane vertical wall. Observations of such waves break-
ing sgainst vertical walls have shown that they causec a much greater pres-
sure on the wall than waves that strike the wall without breaking. There
is a great deal of theoretical and experirental knowledge concerning non-
breaking waves and the pressures causad by them. However, relatively
little is known about breaking waves or the pressure caused by such waves.
The methods now availeble to predict breaking-wave pressure are inadequate.
Therefore, this study was conducted to gain more information concerning
breaking-wave pressures and to aid in the further development of a sound
method of predicting breaking-wave pressure. Consequently, this study
deals primarily with the effects of a wave breaking against a vertical
wall, rather than the causes of the pressuce or the mechanics of treaking

weves.
2. The pressure caused by a wave striking a vertical wall without
breaking hes been the object of several theoretical and experimental in- .

vestigations. It has been found that the pr ssure caused by a nonbreaking
wave is approximately equal to the Lydrostatic pressure due to the water
on the wall at any instant of time. A brezking wave, on the other hand,
does not cause such a regular and predictable prossure. Depending upon
where the wave breaks in relation to the position of the wall, the maximum
pressure may vary from a value approximately equal to that caused by 2
nonbreaking wave to an extremely high shock pressure. Under the proper
conditions the pressure on the wall rises very rapidly as the face of the
breaker strikes the wall and then falls very rapidly. Following this
initial pressure spike, called the shock pressure, the pressure increases .
siowly to a second maximum which occurs at the time of maximum rumip. This
second maxirum is called the secondary pressure. Under certain conditions

~he magnitude of the shock pressure r - be as ruch as 50 times the
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secondary pressure, The initial shock pressure was the malin object of
investigation during this study.

3. From the standpoint of the designer, any procedurc that might bve
developed for predicting the pressi're due to breaking waves shovld inciude
only those variables which are readily obtainable in the prototype situa-
tion. Both at sea and at the site of the proposed structure, the wave
height, wavelength, and wave period can be determined. 1In addition,
measurements of the bottom siope and water depth at the site of the pro-
posed structure sre obtainable. In light of the above limitations, any
usable procedure may incorporate these variables, tut may not make use of
variables which cannot be measured in mature. Tous, in the analysis of
the data herein, wave characteristics which could be measured in the
prototype were related to the pressure which occurred.

L, Ten serics of tests .ere made in which the wave period was
varied from 1.49 sec to 1.9t sec and the wave height was varied from
1.11 in.* to 3.29 in. In order to obtain some information on the effect
of the stape of the bottom in front of thne wall, beach slopes of 1/25 and
1/10 were tested. A regular trair of oscillatory waves was used. Althcugh
a spectrum of waves is found at sea, it is believed that s regular train
of waves adequately represents the individusl waves of & spectrum. Since
this exp>rimental program covered only a small range of wave conditions,
the data obtained were supplemerted by the laboratory data of otier in-
vestigators and the limited guantity of prototype data available.

5. The laboratory equipment concisted of a wave flume with a flap-
type wave generator, a beach slope, and a te.t wall. Wave gages were used
to measure wave height, period, and celerity. A pressure transducer was
mounted in the test wali to measure the pressure caused by the wave break-
ing on the wall. The pressure was recorded at different positions on the
wall in order tc determine pressure distribution.

6. At the start of the experimental program it became apparent that
the conditions necessary to cause maxjmum shock pressure were very criti-
cal. Consequently, mich variation in the magnitude of the shock pressure

* A tatle of fuctors for converting British units of mezsurement to metric
units is presented on page xi.
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was observed for seemingly identical wave conditions. This great variation
in the shock pressure was also observed by other investigators. Consider-
ing only the highest shock pressure for each noint on the wall, the most
intense pressure was observed to occur in an area on the wall between the
still-water level and the crest of the breaking wave. Above and below
this area the pressure decreased considerably. The maximum pressare
occurring on the wall for each of the wave conditions was found to be a
function of the deepwater wave heizht and the deepwater wavelength. Upon
empirical analysis of the data from this study and the date of other in-
vestigators, the maximum shock pressire was focund to be directly prcpor-
tional to the one-third power of the deepwater wave energy. The wave
energy is a function of the wave height and wavelength. The distribution
of the initial shock pressure on the wall was also found to be a function
of the wave characteristics. The secondary pressure was found to be very
nearly equal to the pressure caused by the clapotis, or nonbreaking wave.

7. The effect of the wall on the breaking characteristics of the
wave was also observed. The breaking characteristics of the waves causing
maximum shock pressure on the wall were compared with the theoretical and
experimental breaking-wave data for the case of an unobstructed beach.

It was found that the wall had little effect on the breaking characteris-
tics of the waves. Regardless of whether or not the vertical wall wes
present, the waves tended to have the same height at breaking and tended
t0 break in the same depth of water.

8. Although tkis study was not intended to provicde all the answers
to quastions concerning the pressure caused by breaking waves, it is hoped
that the results of this study will aid in the future design of coastal
structures by providing a more rational approach to the prediction of
breaking-wave pressures, and be 2 stepping stone for further research on
the action of breaking weves on cocastal structures.
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PART II: HISTORICAL BACKGROUND

9. The problems and phenomena involved in the action of water waves
have auttracted mathematicians, scientists, and engineers slike. Many of
the =arly mathematicians such as Stokes, Airy, and Gerstner developed
mathematical theories which could be used in the analysis of waves. The
engineers then took the mathematical theories and applied them to actual
wave problems and to the design of coastal structures.

10. A regular train of waves with relatively small wave height can
be treated quite adequately with mathematical theory. However, when waves
reach shallow water and approach the breaking point, the existing mathe-~
matical theory is inadequate. It has been said that the breaking wave is
one of the most complex phenomena known to man.

11. The mathematical theories are the foundations upon which the
engineers developad design procedures for coastal structures. In cases
where the waves do not break, accurate methods have been developed for
the prediction of the pressure cauged by waves striking vertical-iace
structures such as breakwaters, jetties, and seawalls. One of the most
famous theories for the prediction of nonbreasking-wave or clapotis pres-
sures was developed by George Sa.inflcrul in 1928. Thig theory is based
on the orbital motion of the water particles of the waves. The pressure
is a function of the wvelocity with which the water particles in motion
strike the barrier. Sainflou's theory is very widely used, and since
the time it was developed there have been many modifications made to
it and similar theories have been developed by other engineers and
mathematicians.

12. The forces caused by waves which break against vertical-wall
structures are greater than the force caused by nonbreaking waves, and
the object of several investigations in the past has been a better under-
standing of this phenomenon. Some of these investigations were precipi-
tated by the more impressive breakwater failures which occurred throughout
the world. However, due to the complexity of the phenomenon of breaking
waves, no fully atisfactory theories or methods of design have as yet
been developed.




13. One of the earliest investigators of the problem of waves
breaking against vertical walls wes D. D. Gaillarda of the U. S. Army
Corps of Engineers, whose work was published in 1904k, Gaillard made
a number of meagurements cn seawalls and breakwaters situated on the
Great Lakes using spring dynamometers and flexible-diaphragm dynamom-
eters. In addition to his own measurements, Gaillard also tadulated
some of the wave-presgure measurements of other investigators. He assumed
that the pressure procduced by a wave breaking against a vertical well wacs
analogous to the pressure on the face of a plate held normal to a
stream of water. In the comparisons made in Gaillard's work, the pressure
caused by a wave breaking against a wall was very close to the pressure
calculated by considering the wave to be a stream of water. (Gaillard
himself said that the dynamometers used were not sensitive to any shock
pressure which might kave occurred. However, he considered the shock
pressure to be insignificant in tnat it had little, if any, effect on the
structure. It is believed thai{ the pressure measured by Gaillard was the
secondary pressure, whizh occurs after the instant of shock pressure and
is of a much lesser magaitude.

14, In 1920 an investigation similar to Gaillard's wac carried wut
in Japan by Isami Hiro:..3 Hiroi also made prototype pressure measurements
and it appears that he used more sensitive measuring apparatus because he
recorded pressures which seem to be in the range of shock pressures.

Hiroi also attempted to measure the energy of waves by means of a pendulum
apparatus which he called a wave motor, but no attempt was made to relate
the pressures caused by breaking waves to the wave characteristies.

15. Gaillard and Hiroi were among the first to measure the
pressure caused by breaking waves, but due to their lack of refined
equipmant they were upable to measure the shock pressures caused by
breaking waves. They did, on the other hand, recognize that breaking
waves do more damage than nonbreaking waves when they strike a wall. As
a result of this observation, they led others to study the problem more
clogsely with more sophisticated equipment. In the succeeding paragraphs
the more significant studies of the pressures caused by breaking waves
will be discussed.

[T
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dhe Pioneer Breaking-Wave Pressure Studies

1€. By far the greatest number or experiments on the effects of
breaking waves on vertical walls have been conducted in the laboratory. *
The laboratory investigation is muich easier to conduct and gives a great
amount of information since most variables can be controlled. The ex-
periments conducted on prototype structures tell what is actually happening
without resorting to extrapolation of the laboratory data. However, pro-
totype experiments are infinitely more difficult to conduct since one
mist rely on nature to provide the proper conditions.

17. 7he first laboratory investigation of bLreaking waves was con-
ductel by Jean I.a.rrash in France in 1937. In addition to investigating
the nature of the pressure created on a vertical wall by a breaking wave,
he also investigated the characteristics and mechanism for breaking waves
on a beach with no barrier. The aim of his investigation on breaking
waves without a barrier was to confirm the theories of breaking waves with
regard to the depth of water at breaking and to the wave height at break-
ing. Iarras also investigatel the effect of boittom roughness on the
bresking charscteristics of the wave and the energy expended by the break-
ing wave. The results of the laboratory experiments were compared with
reaults of the prototype investigations conducted by Gaillard and others.
Iarras concluded that very little scale effect was evident in the breaking
of waves on & besch with no barrier present.

18. In measuring the pressure of breaking waves, larras used sensing
equipment which was sensitive enough to record high-frequency fluctuations
of pressure. He discovered that the pressure rose very rapidly and then
dropped rapidly as the wave first hit the wall. After this initial spike
there was a longer duration pressure of lesser intensity. Iarras concluded
that the development of the pressure was strictly a hydrodynamic phenome-
non. However, no attempt was made to develop any relations from which the
pressure might be predicted and no mumerical data were presented,

19. He did, however, investigate the effect of lowering the top of
the wali to the stili-water level. In comparison of the results of the
tests conducted with the high well at which no overtopping occurred and
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with the wall lowered to the still-water level, he found that the shock
pressure was almost completely eliminated in the latter case.

20. In addition to the testing program, Iarras also developed a
mathematical theory to predict the breasking characteristics of a wave on
a beach with no barrier.

21. At the same time that larras was conducting his experiments in
the laboratory, three other investigators--A. de Rouville, P. Besson, and
P. Pe"t‘.ry5 --were conducting breaking-wave pressure experiments on actual
concrete breakwaters or the coasts of France aid Algeria. Although the
face of these breakwaters had a slight batter, they can he considered to
be vertical for the purposes of this discussion. De Rouville, Besson,
and Pétry nmeasured the pressures due to the waves breaking against the
breakwaters with piezoelectric pressure cells. These pressure cells were
mounted in fixed locations in the face of | » breakwater. The results
of their experiments were very significant since their data showed the
same type pressure pulse as that which was measured in the laboratory by
Iarras. These three men made the first measurements of the high shock
pressures as they actually occur in mature., For one particular wave
which had a he ght of 8.2 ft at breaking, they recorded a shock pressure
of 98 psi. Th. shock pressure is more than 50 times the hydrostatic
pressure of the wave c¢cn the wall. A very detailed report was made of their
findings, including some photographs of the pressure-time records. Their
study is the only p >totype investigation which has contributed any sig-
nificant data concerning the shock pressures due to breaking waves.

22. Having been inspired by the findings of de Rouville, Besson,
and Petry, Ralph A. m@om‘s of England conducted laboratory experiments
in 1938. The purpose of Bagnold's experiments was to aid in discovering
the nature of breauking waves. The laboratory tests were conducted in a
flume of such dimensions that solitary waves with a height of 10 in. could
be generated in 18 in. of water. The waves were generated with a paddle~
type generator. The wave generstor was timed so that the forward stiroke
coincided with the reflection of the crest of the wave returning from the
test wall; thus, a series of solitary waves was generated in the flume
as opposed to & train of oscillatory waves. Bagncld used a sloping
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beach to cause the waves to break at the wall.

23. His pressure measuring equipment consisted of a quartz piezo-
electric pressure gage fitted in a T-glot in the test wall in such & manner
as to enable the cell to be moved to various positions up anid down the
wall. The pressure was recorded by photographing the oscilloscope trace.
However, there was no way of triggering the camera automatically, and as
a result Bagnold made no photographs of the trace of any shock pressure
pulse.

2L, From his observation of the waves breaking against the wall,
Bagnold “heorized that the short-duration shock pressure was caused by
the compression of a thin layer of air which was trapped between the fuce
of the breaking wave and the wall. This thin layer of air was assumed to
be compressed at stch a rapid rate that it caused a pressure of very high
intensity but of short duration on the wall. However, if the layer of
air is thicker, it decreases the pressure since it gives a cushioning
effect to the face of the breaking wave.

25. Rather than attempt to draw conclusions from the maximum
pressure alone, Bagnold analyzed the paenomena with regard to the impulse
transferred to the wrll by the wave hitting it. This approach was taken
since the inpulse is only a function of the pressure variation observed
and not of the thin layer of air which he visualized.

26. Bagnold assumed that the wave striking the wall was analogous
to & soiid plunger compressing air. This plunger had a unit cross-
sectional area and an undetermined length. The density of the plunger
was assumed to be equal to the density of water. In order to cause the
impulse on the wall it was further assumed that this plunger moves at the
same velocity as the wave front striking the wall. The shock impulse
transferred to the wall by the breaking was equated to the momentum of
the above-mentioned fictitious mass ¢f fluid or plunger. Thus, the length
dimension of the mass of fluid could be easily calcuiated from the measur-
able quantities. This length is approximately one-fifth of the wave
height.

27. Bagnold compared this theory with the results of the prototype
tests conducted by de Rouville, Besson, and Pétry at Dieppe in 1935 and
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1937. 1In some instances there was close agreement. However, in about half

of the results tabulated by Bagnold there is little agreement between the
observed impulse and the momentum of the fictitious columm of fluid. It

is difficult to say whether or not there is a definite correlation since

only seven values were tabulated by Bagnold, and many other factors enter
into the prototype measurements.

3 eyt B

28. Having arrived at a method of calculating the length of the :
water column involved in the shock pressure, Bagnold coasidered the r.te
at wnich this column compresses a layer of air and the maximum pressure
produced when the water column comes to rest. In order to accomplish
this, he let the water-column plunger compress a layer of air of given
thickness with an initial pressure equal to the atmospheric pressure. It
is assumed that the laye: of air is compressed adiabetically. From a
rumber of theoretical pressure-time curves which were computed by graphical
integration, Psgnold then gave the peak pressure to be

_ 2.7p0PK

pmx D

vwhich produces results within +10 percent in any consistent units. 1In the
above eguation Prax is the maximum pressure, p is tre mass density of
the water, U is the valocity with which the wave sirikes the wall, K is
the length of the column of water and is asswumed to be equal to one~fifth
of the wave height, and D is the thickness of the entrapped layer of
air.

29. Bagnold went on to say that in a vacuum, true water-hamuer
pressures could occur. However, since under atuospheric conditions some
air will always be trapped, no direct impact between the water and the ‘
wnil can occur.

30. In comparing the values of the shock pressure he observed with
the data obtained by de Rouville, Besson, and Pétry, and applying the
norral model laws for pressure, Bagnolu noted that the laboratory pres-
sures were comparatively much higher than the prototype values. Bagnold
hypothesized that this was due to the irregularities in the surface of the
sea which were not present in ‘he laboratory and also due to the additional
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cushioning created by the presence of foam and froth in the sea water which
; ) was also absent in the laboratory.

Minikin's Egquetion

31. In 1946 R. R. }ﬁnikin,7’8 also in England, combined results of

Bagnold with his own experiences and set for‘h an equation for the maximum
shock pressure that can be expected. This equation gives the maximum
shock pressure in terms of wavelenzth, wave height, and water depth. It
is used widely today and has the following form:

4
W
= lOlog(dw + d) r

it

pmx

This equation is not dimensionally homogeneous. In the English system,
Prax is the maximum shock pressure in pcunds per square foot, pg is the
specific weight of the water in pounds per cubic foot, dw is the depth
of water at the toe of the wall in feet, @ is the water depth in desper
water in feet, and H and I are the wave height and wavelength, re-
spectively, both in feet. The equation was developed originally for a
composite type of breakwater, in which case Qw would be the depth of
water at the toe of the vertical wall and 4 would be the depth of the
water at the toe of the rubble-mound foundation.

32. The maximum pressure is assumed to act at the still-water level.
The pressure at other points on the wall is given by the equation

2
W

where p 1is the pressure at a point y distance above or below the stili-
water level, p max is the maximum shock pressure, and H is the wave
height. The hydrostatic pressure duz to rumip is adcded to the shnck pres-
sure. The hydrostatic pressure is assumed to be zero at a point H/2
above the still-water level. Althousk: Minikin's egquatior. has been modified
and tempered by perscnal experience of engineers who have used it, it is
one of the mos* widely used equations for pressure due to breaking waves.
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Further Experiments with Breaking-Wave Pressures

33. Primarily because of the work of Bagnold and the thenry that he
presented, many recent studies have been made and dirfferent equations have
been proposed. The first of thege later studies was conducted by Jouglas
F. Denny.9 Denny's study was primarily a contimuation of Ragnold's work,
but he approached the problem in a different manner and made no attempt
to either verify or disprove Bagncld's hypothesis. Denny used essentially
the same facility as Bagnold except that he replaced the sloping beach
with a berm. He stated hat this change was made because the length end
height of 2 berm were easgier to change than 2 slope and thus the breaking
cf the wave could be more easily controlled. The recording equipment
used by Denny was alsc difforent from that used by Bagnold. Denny used
a magnetic induction device to measure and record pressure. To check the
maximum pressure which had occurred he used a gage which recorded only
the maximum pressure. In addition to pressure, Denny also measured the
impulse transferred to the wall by a breaking wave. The impulse was
measured by the deflection of a heavy wall suspended on knife edges and
springs.

34. The procedure Demny used in analyzing his results differed from
the methods of the previous investigators in that he used a statistical
approacl;f. Many measurements of pressure were taken for a given wave con-
dition. The frequency of occurrence was then plotted versus the ratio of
shock pressure to wave height. A similar distribution of stock impulse
was made. The plots shown in Denny's paper indicate that the most fre-
quently occurring preesure varied from approximately one-fcurth to cne-
third of the meximum pressure whick he recorded. FHe went on to zay that
both the maximum pressure and the most frequently cccurring p:essure
appear to be directily proportional to wave height. Iowever, the varia-
tion of pressure with wave height was the only relstion presented. The
range of wave height used by Denny (7 in. to 15 in.) provides too limited
a range to afford reliable extrapolaticn ic prctotype size waves. The
system Denny used to generate the waves was the same as that used by
Bagnold. The periods of the oscillatory waves were synchronizad wiin the
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nutural ps:i10d of the wave tank. Tests were also conducted using solitary
waves.

35. The conclusions concerning the duration and intensity of the
shock pressurs were similar to those of Bagnold. Denny found that the
intensity of che shock pressure was inversely proportionsl to its dura-
tion, and the area of the pressure-time curve of the shock pressure or
shock impulse tends toward a maximum which is a fraction of the total
momentum of the wave before breaking.

36. Further laboratory experim:ntation on the pressure caused by
breaking waves was reported in 1953 by Culbertson W. Ross.lo’ll The
research conducted by Ross was done at the U. S. Army Corps of Engineers
Beach Erosion Board (now the Coastal Engineering Research Center). The
paper by Rosslo is of particular value since it is one of the very few
in which the data are presented in detail.

37. The apparatus used in Ross' experiments consicsted of a stezl
wall in which either one or two pressure cells cculd be mounted. When
two cells vwere used, they were mounted 9 in. apart horizontally. Pro-
vision was made t0 enable the pressure gages to be raised or lowered to
various positions on the wall. The sensing elements of the pressure
cells consisted ¢f a stack of four thin disks »f tocurmaline crystal. Ross
varied t..e wave height, wave period, wa‘exr depth, and beach slope. The
range of wave period reported was from 3.5 to 5.0 sec, the wave height
varied from 3.5 to 7.5 in., and the still-water depth varied from 10.7 to
14.2 in. The beach slopes used in these tests were 0.078, 0.094, C.1uk,
and 0.176. The height of the pressure cell varied within a range of ap-
preximately 4 in. along the wall.

38. 1In addition to the pressure, Ross also measured the pressu_e-
time integral of the shock pressure. He found that this integreal was
essentially constant regardless of the magnitude of the shock pressire,
thus supporting Bagnold's findings. Uposn comparison of the measured value
of the shock impulse with the total momentum of the wave, it was found
that the measured shock impulse was usually less than 10 percent of the
tctal momentum of a corresponding solitary wave. It was mentioned that
the data obtained were insufficient to draw any relation between the

12




pressure and wave characteristics. However, an approximately linear re-
lation was indicated be:ween shock pressure and wave height.

3%. Another recent and noteworthy investigation of the shock
pressura due to breaking waves was conducted by Shoshichiro Nagaila in
Japan. Extensive measurements of the pressures due to waves breaking
on composite-type breakwaters were made during his investigation. Wis
tests involved the observation of the effects of both solitary and oscil-
latory waves. However, no comparison between the pressures due to soli-
tary waves and oscillatory waves was reported.

4O. Nagai tested a variety of different breakwaters and wave con-
ditions. The slope in frent of the vertical-wall structure varied from
1/2 to 1/10. The effect of a berm in front of the wall at the top of the
slope was also studied. The wave height tested by Nagai ranged between
2.4 and 8.7 in. The wave period of the oscillatory waves varied from
1.2 to 2.0 sec.

Lkl. High-speed motion pictures were taken of the waves at impact
and related to the pressure measurements. From these motion pictures it
was determined that the fast-rising impact pressure occurs as the wave
strikes the wall, a minimum pressure occurs just after the time of maxi-
mm rumup (and momentum reversal), and the second maxirmm occurs as the
weter is falling back down the wall. Thus, it was assumed that the im-
pulse transferred to the wall is equal to the area under the first peak
of the pressure-time curve. The area under the second pear of the
pressure-time curve is assumed to be equal to the momentum gained v the
retyogressiv: wave. It was found that in most cases the ratio of impulse
to momentum change was less than one.

L2, The pressure distribution on the wall was found to have two
general shapes. The first had its maximm at or near the still-wuter
level and decreased parabolically to zero at points equidistant above
and below the maxirum. This distribution was the seme as that p-cposed
by Minikin. The second type of pressure distribution had its meximum
at the bottom of the wall and alsoc decreased parabolically to zero.

L3. Nagai Jetermined that the max.mum shock pressure was a function
of water depth at the wall, dw ;5 water depth in the horizontal bottom
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portion of the channel, d ; and the wave steepness in the horizontal
bottom portion of the channel, H/L . In terms of these variszbles, the
upper limiting value of the maximum pressures pmay was expressed in
grams per square centimeter as follows:

H

- A H
Prox = 300 (0.051 + T L

K )1/3

L4, Nagai proposed that this relation for the maximum shock pressure
be applied to prototype structures using the Froudian model r=laticns.
Upon comparison with the maximum pressure measurements of de Rouville,
Besson, and Pétry, there is favorabie agreement with Nagai's formmla in
most cases. However, in a few of the cases the value mersured in the
prototype was almost twice as great as that predicted by Negai's equation.

45, HNagai concluded that the very high shock pressure occurs only
for a small range of wave conditions. Thus, the probeability of its occur-
rence is small. He also concluded that this probability increases as the
slope in front of tne vertical wall becomes flztter.

46. In 1958 Lennart Rundgren13 reported on research conducted in
Sweden on both breaking and nonbreaking waves. He went into great detail
in the case of nonbreaking waves, btut the preseatation concerning breaking
waves was less extensive. Using different wave conditions and a beach
slope of l/b.h, and varying the water depth, he investigated the character
of the breaking-wave pressures and the conditions under which they occur.
Rundgren comparea the brerlr*ng-wave parameters vhich he observed for waves
breaking on vertical wal h those predicted by Munk's solitary-
wave ’cheory.l8 He concluw.. that the w1l had an effect on the break-
ing characteristics cf the wave. The depth of water necessary at the wall
to cause high shock pressure was significantly less than that in which
the wave would break on an unobstructed beach slope. The breaking depth
on the unobstructed beach slope was that depth predicted by Munk's
theory.l8 Rundgren made .im:ltaneous pressure measurements a- six 4if-
ferent elevations cn the test wall and found that the peik pressures iid
not guite occur simultanecusly. The peak pressure first occurred at the

iowest point and then successively occurred at higher pcints up the wall.
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The rate at whicn the pressurv peak moved up the wall varied from test to
test.

47, Rundgren corpared his tesi results with those of other inves-
tigators 2nd concluded that the following relation oetween shock pressure
and wave stieepness was applicable:

igi: =c) In (Ho/Lo) * 7,
where Prax is the maximum shock pressure, pg I s the specific weight of
the water, H0 and Lo are ti.-- deepwater wave height and wavelength,
respectively, and 3 and c2 are two undetermined constants.

48. Rundgren stated that in lus pressure measurements some error
is probably involved due to the close proxirit; of the natural frequency
of the pressure cells used and the frequency of the shock pressure. How-
ever, iii spite of this error, he alsc concluded that his tests and those
of others point to an approximately linear relation between shock pres-
sure and ware height.

ko, Also in 1958 two Japanese investigators, Taizo Hayashi and
Masataro Hattori,lh reported the results of their laboratory studies on
breaking-wave pressure on & vertical wall. The main concern of Hayasihl
and Hattori was not the initial shock pressure, but the longer duration
secondary pressure following the shock pressure. They assumed that the
secondary pressure was directly proportional to the velocity head of the
water striking the test wall. The alm of the investigation was to deter-
mine the constant of proportionality. A preliminary theoretical investi-
getion was made starting from the existing theory of the dynamic pressure
caused by a jet striking a plate. It was thus determined that the pressure
was propcrtional to the velocity in the foliowing manner:

B _of

g

Pg

where Py is the pressure caused on the wall by the wave, excluding the
initial shock pressure; pg 1is the specific weight of the water; U is the
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velocity of the water at irpact on the wall; and g is the acceleration
of gravity.

50. The testing program consisted of making five simultaneous pres-
sure measurements at different elevations on the vertical test wall. A
sciitary wave was used in order to eliminate the effects of the previous
waves in a train of oscillatory waves. Beach slopes of 0.0k, 0.069. and
0.088 were used in addition to variocus water depths and wave dimensions.
The velocity of the water at impact was determined from motion pictures
of the breaking wave. No firm conclusions were drawn concerning either
the secondary pressure or the initial shock pressure, but Hayzshi and
Hattori did publish their data in tabular form. A few of their shock

pressure measurerents are included in the graphs presented later herein.

Studies of the Total Force due to Breaking Waves

51. There have been many studies of the pressure caused by breaking
waves, but relatively few concerned the totel force of breaking waves. The
two most noteworthy studies of the total force due to breaking waves were
conducted in 1954 by John H. Carrl’ end in 1961 by J. J. Leendertse.®

2. Both Carr and Ieendertse used the same type of equipment. A
three-copponent force balance was used to measure the force and momentum
of a breaking wave. In Carr's experiments the still-water depth was fixed
at 2 ft; however, the water depth ot the toe of the wall was adjustable so
that the waves could be made to break directly on the structure. The beach
slopes used ir this study were 1/3, 1/10, and 1/30. The wave conditions
were also varied. The effect of inclining the barrier to an angle of
30 deg shoreward from vertical was studied along with the vertical basrrier.

53. Carr presented a mumber of dimensioniess plots of force, moment,
and impulse versus despwater wave steepness for aifferent conditions.
Utilizing these plots, Carr concluded that the forces ottained were in
excess of the forces calculated by the Minikin mathod. He also found that
incliniag the barrier 30 deg shoreward from the vertical tends to halve the
forces whics would occur on a vertical barrier.

5L, 1In addition tc fcrce measurements, Carr also made some pressure
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measurements using a barium titanate pi~zoelectric pressure cell. The
results of these tests were not reportcd; however, it was stated that

the measurements were similar to those revorted by other investigators.
Stroboscopic photography was employed to gain more information concerning
tie kinematics of breaking waves, but no data from the photographs were
presented.

55. The impulse measurements by Carr showed that the imulse of
the short-duration transient force does not exceed about 10 percent of the
total impulse cf the force on the wall from the time of wave contact to the
time of momentum reversal. Carr assumed that momentum reversal occurred
at the second maximum of the force-time curve. This point was determined
by analogy from the essentially simusoidal force-time curve due to a
clapotis. 1In the case of the clapotis, the maximum force occurs when the
flow has been brought to rest, or at the instunt of momentum reversal.

S6. Leendertse's study was similar to Carr's; however, he considered
only a beach slope of 1/10. The waves used by Ileendertse varied in height
from 0.2 to C.6 ft. Ieendertse's data were presented in & manner similar
to the way in which Carr preseated nis data. There is close agreement
betweer. the results of the two studies. Ieendertse went one step turther
and presented a method of analyzing breakwaters for the effects of hreak-
ing waves. The method of analysis was based on the results of his study.

Sumnary of Historical Background

57. The present study was based largely on investigations conducted
by previocus authors. Both their dats and their methods of aralysis were
used as a basis for comparison with the results obtained from this experi-
mental program. In the preceding sections of this Part short surmaries of
some of the more significant investigations were presented in order tc
familiarize the reader with what has been done and to point out scme of
the accomplishments and shortcomings of these investigations. A wealth
of information has been gathered concerning the pressure due to waves
breaking on vertical-well structures, but for the most part much of it hac
never been put tcgether. By using the results and some of the data of
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others who have studied the problem, it is believed that a more comprehen-

sive study could be made,
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PAFT TIX: EXPERIMENTAL EQUIPMENT AND PROCEDURF.

58. This Part describes the experimental portion of this study in
general terms. A detailed discussion of the experimental equipment and
procedure along with a discussion of the accuracy of the equipment is
presented in Appendix A.

59. The experimental portion of this study was conducted in 2 wave
flume approximately 1 ft wide (fig. 1). The waves were caused to break on

AFLAP.TYPE WAVE GENERATCR oS
-
on

4 2 T on 8- s.0n
U - e —————y TESY maLs,
V4

i
‘e P t‘&k wAVE RODS ——o] r
W

9.2 sty

1y

o

Fig. 1. Diagram of wave flume

the vertical test wall by the use of a beach slope fitted in front of the
wall. The test wall was constructed of aluminum plate and fitted with a
pressure transducer. Photographs of the front and back of the test wall
are shown in fig. 2.

60. The variation of pressure with time was recorded by an oscil-
lograph capable of accurately recording the high-frequency pressure varia-
tions. The pressure cell was movable in the vertical direction on the
test wall so that pressure could be measured at various locations. No
arrangerent was made for more than one pressure cell; thus, no simultaneous
pressure measurements at different points on the wall were obtained. How-
ever, based on the work of other investigators, it was assumed that the
shock pressure acts on all points on the wall at the same time.

61. Tne wave heights were recorded at three locations in the flume
using resistance-type wave height gages. Two gages were placed in the
portion of the flume with the horizontal bottom. The third gage was placed
close to the test wall to measure the wave height at breaking. The wave
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AGeights were recorded on an oscillograph.

62. The sizes of the waves used in this study were dictated by the
size of the flume and the capabilities cf the wave generator. Due to the
limited depth of the flume, the meximum wave height in the flume was
epproximately 3-1/2 in. Although there was no lower limit or minimum
wave height, the smallest practical wave height was about 1 in. The
longest period whicr. the wave generator was capable of producing was 2 sec.
The wave generator was capable of producing waves of very short period
(less than 1 sec); however, for periods below about 1-1/2 sec the uni-
formity of the waves within a train became difficult to control., The
water depth was determined by the height and period of the waves used
since the water depth at the wall could only be changed by changing the
water depth in the flume. The height of the beach slope above the flume
bottom at the test wall was fixed. Two different beach slopes were used.
One beach had a slope of 1/25 and was used for the first seven series of
tests. The otter beach had a slope of 1/10 and was used for the remain-
ing three series of tests.

® 63. The actual wave dimensions used were chosen in order to give a
representative spread of the effects of wave heighi, period, and steep-
ness. A summary of the data, including wave dimensions, is given in
table 1.

6Lk. It was immediately apparent that there would be much scatter
of the shock pressure values. Therefors, in order tr increase the proba-
bility of recording the highest pressure which might be expected, many
tests with identical conditions were conducted. The variations in the

shock pressure measurements are discussed in detail in Part IV.
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PART IV: DISCUSSION AND ANALYSIS OF THE DATA

A Detailed Discussion of the Data of One Test Series

65. The experimental program consisted of ten series of tests, each
series involving different wave and flume cheracteristics. During each
test run of a series, the wave characteristics were kept constant and the
position of the pressure cell on the test wall was varied. In order to
facilitate the presentation of the data, the diszcussion will begin with
the single test run, and will then contimie with a discussion of the data
for a group of identical test runs. The discission will then continue
with a close examination of the first test series. Then all of the test
series will be combined and compared with the first test series. It is
believed that this type of presentation of the data will help the reader
follow the testing program more easily, and enable him o see how each
test fits into the whole progranm.

66. An experimental test series was begun by setting a water depth,
beach slope, and wave period. The wave height was varied so as to obtain
maximim shock pressure on - .e test wall due tc the impact of one of the
first four breaking waves, preferably the first or second breaking wave.
The pressure was measured at a point near the still-water surface. The
cnoice of this point was based on the findings of previous investigators.
Once the wave causing the highest cliock pressure was found, it was assumed
that this wave would cause the highest pressures on all points along the
wail. This means that s wave of a different height but of the same period
and in the same water depth, etc., will not cause a shock pressure at any
point in the wail which is higher than the pressure at that same point
caused by the wave causing raximim shock pressure.

67. The work of previous investigators has shown that the distribu-
tion of the shock pressure is not regular along the wall in the vertical
direction. Therefore, one ¢f the aims of this investigation was to deter-
mine the shape of the distribution of the shock pressure on the wall. To
accemplish this aim, the pressure cell was moved in 0.25~in. increments

up and down the vest wall. Since only one pressure ceil was used, it was
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assumed that the shock pressure acts simultaneously at all points on the

wall. This assimption is not exactly true as has been found by Rundgren;
nowever, for practical purposes it is believed to be & valid assumption.
68. To aid in the ajscussion of the variations and patterns of the
test data from any oi.e test series, test series 1 will be used. Let us
begin the discuesion with the results of any one single test run, which
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consisted of measuring the wave characteristics and the pressure caused . ) I
by the first four consz2cutive waves which break against the test wall, '
Due to the energy used in putting the water in motion, since the wavez were
started in stili water, the first few waves generated by the wave machine
did not break or. the test wail. These waves wer? reflected, forming
clapotis-type action on the test wall. The mumber of nonbreaking waves

preceding the tr.in of breaking waves was found tc be dependent on the
characteristics of the wave and the flume. These characteristics include
the wave pericd and height, the water depth, the beach slope, and the water
depth at the toe of the test wall.

€9. The first four breaking waves appeared to the eye to be quite
uniform in their characterislics. They all seemed to break at the same
point and sent spray as high as 5 ft in the air as they struck the wall.
After the fourth breaking wave, the water in the vicinity of the test wall
became very disturbed due to splash and reflections of the previous waves.

70. For test series 1, the still-wmter depth in the uniform-depth
portion of the flume was 10.50 in., while the stili-water depth at the test
wall (which was loceted on top of the beach slope) was 3.18 in. The slope
of the flume bottom (the beach slope) in front of the test wail was 1/25.
The average wave conditions for test series 1 were as follows: wave
period, 1.93 sec; wave height in uniform-depth portior of flume, 2.30 in.;
wavelength in uniform-depth portion of flume, 11k.2 in.; weve height at
breaking (6.0 in. from face of test wall), 3.15 in. 'fhe deepwater wave
height and wavelength were calculated by use of the first-order approxi-
mation of oscillavory-wave theory as described in Aprendix B. The deep-
water wave height was 2.21 in.., and the deepwater wavelength was 229.1 in.
* 71. The pressure-tim2 diagram for any point on the test wall was
found to be similar to the diagrarm shown in fig. 3. The pressure rises ’ i
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Fig. 3. Typical pressure-time curve

very rapidly to a maximum as il.e face of the wave strikes the wall and then
fails quickly. This initial spike in the pressure-time curve is called the
shock pressure, and its duration can be measured in milliseconds. Follow-
ing tae initisl spike of the pressure-time curve, there is a second rise
in pressure and finally the pressure returns to zero ~.s the wave recedes.
The value of tne second maximum of {he pressure-time diagram is called the
secondary pressure and has a much longe: duration than the shock pressure.
The duration of the secondary pressure from the end of the shock pressure
to the final return to zerc of the pressure at the still-water level is
upproximately two-tenths of the wave period. In fig. 3, showing a sketch
of a typical pressure-tiue curve, the verious elements have been labeled.
Fig. L shows a sequence of eight moticn-picture frames which show the
action of the wave on the wall that causes this type of pressure pulse.
These motion pictures were taken at a film speed of 64 frames per second.
72. Within any single test rur the magnitude of the shock pressure
varied considerably while the ragnitude of the secondary pressure remained
approrimately the same for each or the four waves. To illustrate this, the

following are the values of the shock pressure and the average value of
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the secondary pressure for the test run of test series 1 in which the
highest shock pressure was reccrded. The average secondary pressure was
0.10 psi while the shock pressures caused by each of the first touxr
breaking waves were 1.08, L4L.08, 2.15, end 1.20 psi, respectively. These
measurements were taken at a point 3.75 in. above the foot of the test
vall or approximately 1/2 in. above the still-water level.

73. The variation in the :wmgnitude of the shock pressure is evidert
in these values. They are typical of the spread of most of the shock
pPressure measurements Tor any single test, especially in the zone of mexi-
mun pressure. Abhove and below the zone of maximum pressure where the
value of the shock pressure decreased considerably, there was much less
variation in the magnitude of the shock pressure.

74. In addition to variation of the shock pressure caused by each
of the waves in any cingle test run, there was also considerable variation
in the shcck pressure from test to test for any given point on the test
wall. Due to this wvariation, mumerous mrasurements were made at each
point on the test wall. For example, there were ten test runs made with
the pressure cell located 3.75 in. above the bottom of the tes:t wall f{or
test series 1. The values of the shock pressure caused by the first four
breaking waves for these ten tests are shown below.

Shock Pressure, n.i,for the
Success:ve Breaking khaves Indicated

Test Ho. First Second Third Fourth
1 1.18 0.70 0.91 No record
2 1.10 1.71 0.76 0.71
3 1.12 2.47 0.L40 0.36
L 1.08 L.08 2.15 1.20
5 1.36 1.81 0.46 0.85
6 1.08 2.51 0.72 0.55
7 1.03 2.06 0.2 0.82
8 1.58 0.80 0.79 0.83
S 1.37 1.58 0.54 0.L8

10 1.ko .71 0.61 0.60

75. Here again the variation from test to test is representative of
all of tne data of all the tests for any point c¢x the wall. It was also
observed that there was less variaticn in the shock pressure from test to

test in the regions on the test wall where tre magnitude of the shock
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pressure was mu~h less. As mentioned previously, the greatest variations
in the magnitude of the shock pressure occurred in the area of maximum
pressure. The secondary pressure did not exhibit great scatter as in the
case of the shock pressure.

76. Careful examination of the preceding tabulation reveals that
there is less variation in the value of the shock pressure between tests
for any given wave than between waves for any given test. In cther words,
there were more generally consistent results between the pressures re-
corded for a given wave for all the tests than between the four waves of
8 single test. From the talulation it can also be seen that the prescures
due to the first and second breaking waves of each train were generally
higher than the pressures due to the third and fourth waves. Similar
results were observed on all the tests. This observation ieads one to the
conclusion that each of the waves in the itrain was significantly differ-
ent even though they looked the same, apd there was greater similarity
between the wave trains producedl in each test than between the wsves in
any one train.

77. The variation in the data of each of the test series can be
more easily seen when presented grsphically. In order to illustrate the
variation in pressure between the successive waves of a train the arith-
metic mean of the shock pressure for each wave of the train was nlotted.
Fig. 5 shows the results of these ¢ mputations for test series 1. In this
figure are four plets of the mean shock pressure. The mmbers 1, 2, 3,
and 4 on the curves refer to the number of the breaking wrre. It can be
seen that there is great variatica between each of the successive waves
of the train in the area from 3 to 5 in. above the bottom of the wall.
This is the region of maximum pressures, the area where greatest variaiion
was always noted. Below 3 in. and above 5 in. the curves tend to merge
together. In the area above and below the area of maximum pressures threre
was great consistency both between each of the waves from test to test and
between the sur .essive waves of a single test.

78. Similar results were also noted in the other test series in
which waves of different characteristics were tested. The mean shock

pressures for each of the waves in the train were alsc plotted for the
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other series. These plots are shown in figs. 6 through 1k. The notation
on these plots is the same as that for fig. 5.

79. A detailed examination of the variation in the secondary pres-
sure was not conducteé since the secondary pressure showed little saria-
tion. The little variation in the secondary pressure fell within the
limits of accuracy of the pressure cell. It was therefore .oncluded that
the secondary pressure is rot greatly affected by small changes in wave
shape and prcbabtly can be accurately predicted. A more detailed discus-
sion of the secondary pressure is presented in paragraphs 111-116.
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80. In test series 1, pressure measurements were taken at 0.25-in.

increments vertically along the wall. The lowest position of the center
of tiie pressure cell was 0.25 in. above the bottom, with the edge of the
3 0.50-in.-diam sensing element of the pressure cell at the bottom of the

test wall. The uppermost measurement was made 7 in. abcve the bottom of
the test wall. At epproximately this point, both the shock pressure and

the secondary pressu-e became too small to measure. The pressure distri-

bution thus observed was similar to that observed by earlier investigators.
The maximum pressure occurred near the still-water level, in this case at
a small distance above the still-water level. Above this point >f maxi-
num pressure, the shock pressure decreansed approximately parabolically

to zero. Below the point of maximum shock pressure, the shock pressure
decreased to a lesser value and then was fairly uniform to the base of

the wall. The general shape of the pressure distribution was similar

to the distribution of the mean shock pressure shown in fig. 5. However,
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when the maxirmum pressures observed were plotted, the cusp at the point
of maximum pressure became more pronounced. In considering the maximum
pressures on the test wall, the maximum pressure cobserved at a point on
the wall was noted regardless cf which wave in the train caused it. Thus,
the resulting distribution curves of maxirrum shock pressure represent

the maximum of all shock pressures recorded. In this particular test
series the higher shock pressure generally was caused by the second break-
ing wave of the train.

8i. This particular method of plotting maxirum pressure was chosen
due to the great variation in their magnitudes. The aim of the test series
was to measure the maximum pressures caused by a wave of given character-
istics. It soon became evident thet huge mumbers of tests would have
to be conducted to arrive at an absolute raxirum pressure or even a
maximim pressure which could be computed statistically. Therefore, in
order to come as close to the goal as possible and yet keep the experi-
mental program within the limitations of time and facilities, a relatively
small amount of data was taken for each wave condition. Although the data
of one test series in themselves do not provide any alusolutes, when they
are combined with the data cf the other test series, and the corresronding
data of other investigators, useful resulis and general trends can be
developed.

8. The complete shock pressure data from test series 1 are pre-
sented in table 2. The left-hand colunm of the table gives the elevation
of the pressure measurement measured in inches above the bottom of the
wall. The pressure data shown are the values cof shock pressure measured
in pounds per square inch above atmospheric pressure, for the first
through the fourth breaking waves of the train. Tables 3 through 11 show
the data frem the other nine test series. Similar results were observed
in these tests.

83. The maximmum shock pressures observed in test series 1 were
plotted (s0lid curve fig. 15). It can be seen that the higher shock pres-
sure cccurs in the area in which the face of the breaking wave strikes the
wall. The elevations of the crest and the trough of the bresking wave are

also shown in the figure. The breaker crest and trcugh elevations were

3k




measured at a point 6 in. from the face of the wall. However, these !

elevations are very close to those of the crest, as the wave strikes the *
wall, and the maxirmum drawdown. It is inpossible to measure the breaking-
wave height accurately at a point clcse to the wall dve to the runup cf
the wave and the splash. Also shown In fig. 15 is the still-water leveil.
It was observed that, although tke higher shock pressures occurred between
the crest and the trough of the breakin-~ wave, a shock pressure developed
below the point of maximum drawdown as low as the bottom elevation cf the
wall.

84. The prescures observed in this experirental program were com-
pared with corresponding pressures predicted by Minikin's equations.7’8
Minikin's equations were used as a basis of comparison since they are
widely used in the United States for the prediction of shiock pressures
on vertical walls due to breaking waves. Minikin's equation for maximu:
shock pressure is given in paragraph 31. The maxirmm pressure is assumed
to act at the still-water level. The equation for tne pressure at sther
points on the test wall is also given by Minikin (see paragraph 32).
Computations were made for the waves used in test series 1, and they are
plotted i fig. 15 together with the observed data. For this one test
series, the pressures predicted by Minikin's method compare favorably with
the observed shock pressures. The main differences lie in the sssvmption
that the maxirmm pressure acts at the still-water “.cvel and the assumption
that tnere is no shock pressure develcped below H/? below the stili-
water level. The cther two curves in fig. 15 are discussed in subsequent
paragraphs.

A Comparison of the Resul's of All Test Serizs

85. It is believed that the results of the first test series have
been discussed in sufficient detail to relate those data to the data ub-
tained in the succeeding test series. The results of all of the test
series will be related to each other in an attempt tc determine common
factors and trends. The data will be discussed first relatirg the obser-

vations, then applying these observations to what is already known or

35




hypothesized about the shock pressures caused by Lieaking waves.

86. In order to more easily compare the results of each of the test
1 series, separate plots of th. maximum shock pressure aisiribution for each
test series were made. These plots are similar to fig. 15, and are shown
in figs. 16 through 4. As in fig. 15, the shock pressure predicted by
Minikin's method is also presented on each of the latter figures in order
to facilitate comparison for each wave cendition.

87. In crder to gain some knowledge of the effect of the slope of

the beach in front of the barrier, the beach slope in the iast three

E series of tests was changed from I/25 to 1/10. Test series 1 through 7,
which were conducted with the 1/25 beach slope, will be discussed first.
In general, the results of test series 2 through 7 were similar to those
of test series 1. The shape of the pressure distribution and the location
and magnituce of the maximmum pressure were similar to those obtained in

the f'irst series of tests. The pressure distribution for each of the

series wis similar in shape with the maxirmm pressure occurring atove the
still-wuter level and near the cievation of the crest of the breaking
wave. In general, tie larger waves, both in height and wavelangth, tended
to produce higher pressures at all points on the test wail. The one
marked exception te the similarity of the test data was test series 5.
This series was conducted using a relatively short-period wave (1.38 sec)
and a great deel of disturbance was noted at the wall due to reflections
and splash. The shock pressure distribution for this test series bore
little similarity to those of the other seric... However, upon examination

of fig. 9 for the variaticn of che mean shock pressure for test series 5,

it can be seen that the mean shock pressure for the first breaking wave
did conform tc the disiribution found in the other tests.

: 88. Sirce considerable similarity was noted ii. the distribuiion of
F maxiram shock pressures on the wall for each of the series of tests thus
far aiscussed, an expressioun for this commca shape was sought. The para-
1 bolic distribution prorosed by Minikin quite closely approximates the
actusl distribution of meximum shock pressures. The data from this inves-
tigaticn indicate that the distribution of pressures on the wall is deter-

1 mined by the characteristics of the waves at breaking. The wave height

36
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at breaking is a functicn of both wave and beach characterisiics.

McCowanla found that the breasking height of a solitary wave is proportional
to tne breaking depth. Since the breaking depth or depth of water at the
wall is more easily measured than the breaking height, Minikin's pressure

distritution was modified to the following:

2
et

This relation fits the portion of the pressure distributicn above the point
of maximum shock pressure very well. However, below the point of maximum

snock pressure, it was found that the expression

SN}
W
more clcsely epproximated the observed shape. The symbol y in the above
equations represents the distance above or below the point of maximum pres-
sure at which pressure p will occur. It was also observed that below the
point where p = O.lpmax s the magnitude of the shock pressure was approxi-
mately constant. Therefore, below p = O.lpmax the shock pressure p was
assumed to be constant and equal to O.lpmax . In order to more clearly
see how this empirical approximation of the shape of the shock pressure dis-
tribution compares with the cbserved pressure distribution, the approximate
distribution has been plotted in figs. 15 througn 18, 20, 21, and 24 and is
shown by the dashed line marked "approximate envelope of observed pressure.”
89. A beach slope of 1/10 was used in test series 8, 9, and 10.
The variations in the shock pressure in these three series of tests between
individual tests of a suries and betweesn the indiviaual waves proved to be
similar to the scatter observed in the first seven series of tests with
the 1/25 beach slope. The change in beach slope had little or no effect
on the scatter of the pressure data. The marked Aifference between the
1/10 and 1/25 beach slope tests was the shape of the maximum pressure dis-
cribution on the wall, especizlly in test series 8 and 9. Tn both of these
series, the shock pressure increased tc & mexirum ¢t a peint clightly telow

the elevation of the crest of the breaking wave and then remained




approximately constant at that value to the bottom of the wall. These
maxirmum shock pressure distributions were plotted just like those pre~
sented for the previous series of tests and are shown in figs. 22 and 23.
The shock pressure distribution recorded for test series 10 on the other
hand was very similar to those measured for the tests with the 1/25 beach
slope. Here the pressure increu<ed to a maximum bclow the crest of the
breaking wav2 and then decreased sharply to & lesser vrlue which remained
constant to the bottom of the wall., In order to compare the shape of

the series 10 pressure distribution with the distribution measured in

the first seven series of tests, an approximate envelope was also plotted
in fig. 24k, This envelope is the same as that found previously btut w..h
one exception--rather than assuming the shock pressure to be constant

at o‘lpm » the shock pressure was assumed to be constant at O.?pmx .
The parabolic distribution above and below the maximum pressure shown by
the dasned line is the same as before. The magnitudes of the maximum
shock pressures for test series 8, 9, and 10 were approximately the same
as that observed in test series 1 through 7 considering the size of the
vaves. Based on this limited ccmpariscen, the effect of changing the
beach slope on the magnitude of the maximum shock pressure was not evident.

Discussion and Analys.s of the Maximum Shock Pressure

90. Now that the individual results of each test series have been
examined in detaii, let us consider the testing program as a whole. We
are interested i 2analyzing the data with the aim of finding a method of
predicting the maximum shock pressure. An approximate relation has been
established for the shape of the shock pressure distribution on the wall
in terms of the maximum shock pressure. Therefore, with a relation for
the value of the maximum shock pressure, one would then be able to calcu-
late the pressure at any point on the wall. Since only the ideal case
‘o, been corsidered here (the wall was rigid, smooth, impervious, and high
enocugh so that no overtopping occurred, and the beach slope was smooth and
flat), the maximum shock pressure can be essumed to te a function of the
wave characteristics alone. From the date already presented, it was seen
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that the slope of the beach had no observable effect on the shock pressure
for the two slopes cvonsidered. Therefore, the shock pressure was assumed
to be independent of the slope of the beach in front of the wall. Since
the water depth was chosen so that a wave of a given size broke on the
wall so as to cause the highest shock pressure, the water depth at the wall
can also be eliminated as a pertinent variable. The primary characteris-
tics of the wave are its deepwater wavelength and its deepwater wave
height. The deepwater wavelength and period can be used interchangeably
since they are functions of each other and of gravity. All of the other
characteristics of the wave such as celerity, energy, and the wave .ieight
and wavelength in any other depth of water can be expressed in terms of
the deepwater wave height and wavelength. The other pertinent variables
are the acceleration of gravity, g , and the density of the water, p .
In this study the product pg , which is the specific weight, will be
used instzad of the two separate parameters.

91. In the past, mos" investigators have said toat the wave height
hns the greatest influence on the shock pressur.. They have attempted
to show tlat the maximum shock pressure is directly proportional to the
wave height. This conclusion seems reasonzble, and all data thus far col-
lecteri have shown that waves with greater amplitude generally cause higher
shock pressures. Upon examination of the maximun shock pressure values
recorded in this study and the maxima shock pressure data of other invec-
tigators, it can be seen that the variation between pressure and wave
height is generally linear. In order to show this more clearly, the maxi-
mum shock pressure is plotted versus wave height in fig. 25. Both oscil-
latory- and solitary-wave data are included in this figure. The line
labeled Prox = ¥H is the rela:ion between shock pressure and wave height
which most authors propcose. In general, the shock pressures conform
clcsely to the relation Prax = ¥H in the region of model data, i.e. for
relatively small wave heights. However, the prototype data available fall
well below the line. Although those prototype data plctted may not be the
maximum shock pressures possible, neither zre any of the other vaziues
since there is nc method now known of calculating the absoluts maximum

shock pressure. Therefore, in delermining a relation for tie maximum
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Fig. 25. Meximum snockh pressure
versus wave height
shock pressure it =mst Le based solely on the data which have been re-
corded thus far. Since these data cover many thousands of tests made over
the past 2° years, it is believed that the maximum pressure possible is
not very muackh greater than those pressures vhich have beern recorded.

2. Upon comparison of the data re-orded in this study and those
by Ross, it was determined that wave height wes not the only wave charac-
teristic which is important in the determination of the shock pressure
value. Upon careful study of vhese data it was evident that the wave-
length or period may also play an important role in determining the magni-
tude of th2 shock pressure. Therefore, a plot was made of shock pressire
versus wave period. In order to eliminate the effects of wave height th-

maximum shock pressure was divided by the product of the specific weight
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Fig. 26. Ratio of maximm shock pressure to dsep-
water wave neight versus wave period

and the deepwater wave height. This ratio of maximum shock pressure head

to deepwater wave height was then plotted versus the wave period (fig. 26).

It can be seen tha', the shock pressure increases with wave period.

basic of fig. 26, it was determined that the maximum shock pressure is
also a function of some positive pnwer of the wave period, or deepwater

wavelength. Therefore, those relations that inciude & negative power of

the wavelength do not truly represent the shock pressure phencmenon.

wave steepness is an expression which includes a negative power of the

wavelength.
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93. In this analysis, therefore, a relation will be sought that
Zives the maxiraim shock pressure &s a function of positive powers of both
the wave height and thne wavelength. A general function for the maximum
shock pressure can te written in the following form in terms of the

i ittt S+ Mt e

© bl fdlst ™ e BB s L

parameters already discussed:

LR

Ppax = ¥1(H oL, 5P8)
The subscript "o" denotes deepwater characteristics. The deepwater chai-
acteristics of the wave will be used here since the wave height and wave-
length vary with water depth. Therefore, the deepwater characteristics
ace the only sound basis of comparison. The wave characteristics for
any cther depth of water can bLe easily found in terms of the deepwater
characteristics. Due to the limitations of the experimental apparatus,
il was impcssible to generate deepwater waves for this study. Waves in
the cacidal region were used; tha deepwater characteristics of these
waves were conputed using their measured characteristics in water cf
finite depth and the first-order approximstion of the oscillatory-wave
thecry as discussed in Appendix B.

g4k, By performing a dimensional analysis on the above function
for maximum shock pressure, one can write

Prax _ , [Zo
ogHo 2 Ho

The function JQ(LQ/HO) can be assumed to have the form (LO/HO)n , where
n is a constant exponent.

95. Let us now include another relation wnich is made up of both
the wave height and the wavelength--namely, the wave energy. The wave
energy Eo is giv'n by tue exprescion

E, = 3 oEkcE,

This is the total deepwater wave energy per wavelength. It is composed of
haif kinetic energy due to the mot’on cf ihe water particies and half
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poterial energy due to the elevation of the water particles above the

still-water level. BSolving for the wavelergth in terms of wave energy,
one obtains

Substituting the above expression intc the relation for meximmm shock
pressure, ore has

P E
mex § -2
cgl "2 pr3°
How by using the previous assumption that
n
L L
°1- =2
A At
the relation
n
.PE.?‘.. =k Fo
PeH o>

can be obtained, where kl and k2 are constants of proportionality.
Solving for Poax alone, one then has

- l-n .1-3n
Prax = kz("g) Hi Ef;
Since the wave energ” Eo is a function of bothu wave height and wave-
length, let us assign a value to the constan. n Yy setting the exponent

of the wave height Ho equal to zero. The wave height Bo is & redun-
dant variable since it is included in the expression for the wave energy.

Therefore  since (1-3n) = 0 , n = 1/3 , which vnen substituted in the
above equetion yields
Prax ~ k2("3)2/3 Ecl>/3

How if pg 1is assumed constant since there is only two percent difference

48
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between the specific weight of see water and that of fresh water, ore can

“rite

1/
Poax = 3 (Bﬁl‘o) ?

This relation satisfies the requirement stated earlier that the pressure
mast be a function of positive powers of both the wave height and the
wavelength. 7o show kow this relation compares with cbserved data, the
data from thic study as well as the data collected by other investigators
are plotted Iin fig. 27. The line in fig. 27 labeled

By = 50(08)?/3 £/3

is the curve enveloping ail of the data availsble., The consiant k2 which
is egual to 50 here was found empirically from the plotted data in fig. 27.
The wave encrgy for sach of the points in this figure was calculated from
the equation

1
Eozgpgaﬁl'o

96. The date included in fig. 27 are the values of meximum shock
pressure for each of the ten series of tests of this study and the higher
shock pressure values published by the other investigators listed om the
figure. In examining this figure, one must realize that due to the scatier
of the data and the perfect conditions which mst exist in order to gener-
ale high shock pressures, there are many other dats points for which the
shock pressures are much less. These points have not been included since
the purpuce of this study wvas to exsxmire only the highest pressures and
to attempt to devise & methbod of predicting the maximm shock pressure.

The data in fig. 27 include only osciliatory-wmve data. On the plot of
meximmm shock pressure versus wave height in fig. 25, both oscillatory~ and
solitary-wave data were irnciuded. The golitary-wave data were not included
in fig. 27 because there is no satisfactory method of comparing the energy
of an oegcillatory wave in deep water with the energy of a solitary wave.
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97. Tms fer, both the general shape of the zhock pressure distri-
bution ard the msgnitude of the meximum shock vressure have been discussed.
The max-wum shock pressure has been found to cbey the relation

/n
Py = 56(pg)™ 3 Ei/ 3

The shape of the pressure distribution ha3i been found te follow tue

relation
2
2
P=3 (1 - _..)

above the point of maximm pressure and
2
_ 4
‘,""'panx(l d

below the point of maximum presupre. Below the point vhere p = 0.lpm
with the 1/25 beach slope oz P = O.2p  with the 1/10 slope, the pres-
sure was generally constani. However, nothing has been said yet concern~
ing tne iocation of the maxirum shock pressure, other than that it gener-
aily occurs between the still-wmter level and the elevation of the breaker
erest. Tn order to predict the elevation of the shock pressure for given
wave conditions, the ratio beiween the elevation of the maximmm shock
pressure above the bottom of the well, me.x , and the still-water depth
at the wall, % s WBS emamined. This ratio was then compared with the
wave steepness, Ho/Lo . The comperisou was mede with the wave steepress
since all previous studies of breaking-wave characteristics point out that
the breaking depth and breaking height of a wave are functions of the wave
steepness. The resulting plot of the ratio bpmm/dw versus the deep-
water wave steepness HO/LO is shown in fig. 28. The data for each of
the ten serles of testr are displayed in this figure. It can be seen that
there is s definite relation between the elevation of the point of maxi-
mm shock pressure, the stili-water depth at the wall, and the deepwater
wave steepness. In addition, it is seesn that the slope of the beach in
front of the wall is also an important factor in determining the location
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Fig. 23. location of maximm shock pressure relative to the water depth

at the wall versus deepwater wave cteepness

of the maximumm shock pressure. Due to the lack of extensive data, it was
assumed that the ratio mex/d" cozld te represented as a power of the
deepwater wave steepness Ho/I'o » Therefore, this relation could be
representdvithastraightlineonalog—logplotasshominﬁg.28.
The upper line is for the 1/25 beach slope, and the lower line is for the
1/10 beach slope. These lines were calculated by the method of least

squares.

98. Ir order to compare *he proposed method of c2lculating the
shock pressure on a wall caused ° ” breaking waves, the predicted pressure
distribution hes been depicted in figs. 15 through 24 by the curves
labeled "predicted pressure.” For each wave condition the maximum shock

Pressure was calculated from the equation

Dy = 50(e)%/3 £Y/3

The location of the point of maximum shock Pressure was taken from the
curves in fig. 28. The shock pressure at other points on the wall was
calculated using the pressure distribution discissed previously. Based
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on the data availabl~, it is telieved that this method ¢of calcnlating the
maximum shock pressure is more valid and accurate than any method thus far
proposed by other investigstors.

99. However, one must realize that there are only limited data
and virtually no theoretical knowledge concerning this phenomanon. There-
fore, by necessity, only a first approximation to the solution of the
problem is proposed here.

100. “itus far, this discussion lms been concermed with only the
mwgnitude of the shock pressure, but it must be remsmbered that both the
magnitude and time characteristics of the load determine the response of
any given structure subjected to the loading. Depending upon the dynamic
characteristics of the structure, a given pressure pulse may either have
very little effect or be very detrimental.

101. Generally speaking, heavy massive structures such as monolithic
concrete breakwaters would be affected very little, if any, when subjected
to & very short-duraticn pressure pulse. On the other hand, a light
flexible structure such as a sheet steel pile wall might suffer greater
damage from a short-dnration pressure pulse than it would from a static
load of the szame ragnitude. Therefore, an attempt was made to measuve
the duration of' the shock pressure from the oscillograph record of pres-
sure. It was found that the duration of the shock pressure varied as
greatly as its magnitude. It was also noted that the higher pressures
are generally associated with shorter Jurations; and conversely, the lower
shock pressures are agsociated with longer durations. Thig causes the
shock immmZgse to be fairly constant for a given wave size. The shock
impulse is defined to be the integral of the shock pressure with respect
to time from immediately before thre start of the shock pressure pulse to
the time when the pressure has decreased to the magmituce of the secondary
pressure. Due to the small range of wave periods tested in this study it
was impossible to draw any conclusions concerning the variation of the
shock pressure duration with tt . wave period. The shock pressure durations
measured in this study varied from spproximately 0.002 40 0.C2 sec. This
variation exhibited no pattern with respect to wsve pericd.

l02. The data of two other studies cortaining shock irpulse records
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A Comparison of the Results of Other Investigators

103. The results of other investigators have beon briefly discussed
vherever their data h.ve been included to supplement the data from this
study. In this section the data and theories of the other investigatcrs
will be treated more thoroughly with primary emphasis on the comparison
of their results. It is emphasized, however, that one mst use caution in
comparing the data cf cther investigators since each uses different equip-
ment and each presents his date and r~sults in a different manner. In
addition, a detailed analysis of the work of some authors is exceedingly
dgifficult, if not impossible, since the data presented are far from com-
plete and often only those which support their theory or conclusion are
inclnded.

10k. Bagnold was one of the first to mske a careful and detailed
study of shock pressures caused by bresking waves. Based on the results
of his experiments, Bagnold concluded that such pressurcs are caused by
compression of a layer of air trapped between the face of the wave and the
wall. Bagnoid states that this layer of air is compressed at a faster
rate than il can escape, causing a rapid increase in pressure in the air
layer. In order for the highest shock pressure to occur, the layer of air
must be thin. If the wave breaks some distance in iront of the wall, or if
the weter surface is distiurbed, a comparatively thick layer of air will be
trapped. A thick layer of air acts like a cushion, and nc shock pressure
or a lesser shock pressure is observed. Bagnold used solitary waves in
still water to eliminate disturbances from previous waves. Bagnold's
theory appears ressonable; however, there are s few contradictions which
are evident. First, the observation was made that shock pressures occur
in disvurbed wiler after a few waves have broken on the wali just as
readily as they occur in still water. This cobservation was also made
by Ross who measured pressures for long trains of oscillatory waves.
Secondly, shock pressures have been observed at the base of the wall below
the point of maxirum drawdown. Shock pressures at the very base of the
wall were observed in the present study. This means that either the com-
pressed air is forced down to the bottom of the wall or some other
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phenomenon causes the shock pressure. Metion pictures were taken during
this study at a fiim speed of 64 frames per second in order to see if air
pockets could te detected. In these plctures it was impossible to see
any trapped pocket of air. Al:zhough these motion pictures & not preclude
the existence of air pockets, they do point cut that the observation of
such a layer of air, if in existence, 1s nearly impossible. A sequence
of eight consecutive frames of these motion pictures is shown in fig. L.

105. The other investigators who used solitary waves vere Hayashi
and fdattori, and Denny. Hayashi and Hattori were primarily interested
in the secondary pressure. They recorded the shock pressures but did
not discuss them. The greatest shtock pressure recorded by Hoyashi and
Hattori has been included in the plot of shock pressure vers:s wave heighi
in fig. 25.

106. Demny's work was a contimuation of Bagnold's. He studied both
solitary waves and osciliatory waves. The highest pressures recorded for
his three wave heights are ploited in fig. 25. These points include both
the solitary- and oscillatory-wsve drta. The points of Denny's data
plotted in fig. 27 for shock pressure versus wave energy are for oscil-
latory waves. The period of the oscillatory waves studied by Denny was the
sane 88 the natural period of his wave flume, which on the besis of the
data given can be calemlated to be approximately 11 sec. The waves used by
Denny are the largest which have been used in any model study. Therefore,
hy including Denny's data the range of wave sizeg can be extended almost
into the region of prototype size waves.

107. The other model study of note which was included in the data
presented is the one conducted by Ross in whick oscillatory waves were
used. The range of wave gizes was intermediate between the small waves
studied in this experimental program and the large waves which Derny used
in his experiments. Ross ~onducted a large mumber of tests which included
the measurement of both shock pressure and shock impulse along with com-
plete information of wave parameters. It can be gseen from fig. 27 that
the results of Ross' study closely fit the indicated relation between
shock pressure and deepwabter weve energy. The five Ross dats points in-
cluded in fig. 27 are the highest shock pressures recorded by him. As in

56




[ T e e R b

A

the case of all of the studies which have been conducted, there was great
scatter in his data and many records were made of lesser pressures. A

few of the shock impulse measurements of Rors are also included in fig. 29.
Ross also noted that the shock impulse remained fairly constant even
though there was great scatter in the magnitude of ths shock pressare.

108. Iased on their results, botb Denny and Ro s concluded that
there was & definite relation between shocv pressure and wave height, and
that the shock pressure is direcZly proportional to the wave height.

109. Results of two other model studies are also included in
figs. 25 and 27. They are the studies conducted Ly Hagai and the one cone
ducted by Rundgren. The shock pressures observed in both of these studies
were much lower than those observed by other investigators.

110. De Rouville, Besson, and Pétry conducted the only prototype
study in which shock pressures were mca-ured. The highest shock pressure
data recorded by them have been plotted in fig. 27. These data are sig-
nificant since they show thuat shock pressures are not solely a laboratory
phenomenon and that they occur on full-scrle breakwaters. It was assumed
that the pressures measured by de Rouville, Besson, and Pétry were close
to the maximm. They used three prescure cells set at fixed elevations
and thus did not record a complete pressure distribution. This assumption
is consicdered valid since their data fit in well with the model data of
other studies, including this one. They also fit ressonably well the pro-
posed relation betwzen shock pressure ani wave energy. As was the case
with all other studies, there were many measurements of lescs intense shock
pressures than those presented due to the fact that almost ideal conditions
zmust exist in order fox high shock pressures to occur.

A Discussion of the Secondary Pressure

111. In the begimning of this Part the secondary pressure was
discussed briefly. It was pointed out taat there was little variation
in the secondary pressure for any one set of conditions. Due to the
pressure scale used on the oscillograph in order w0 record thke shock pres-
sures, the variations in the secondary pressure were less than the errors
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introduced in reading the oscillograph record.

112. The pressure fcllowing the initial shock pressure is caused
by a condition of the motion of the water at the wall during rumup and by
the static head of water on the wall during rumip. The secondary pressure
is the second maximum observed on the pressure-~time diagram, and it occurs
at the point of maximum runup. At the time of maxirum runup the static
head is the greatest on the wall and {the water particles have zero veloc-
ity. During descent of the rurup, the pressure decreases to zero as the
water level falls to below the level of the pressure cell. Essentially,
this phenomenon is the same as the clapotis. The clapotis _s caused by
a2 nonbreaking wave that is reflected from a wall. The clapotis pressure
is also caused by a combination of static head and velocity of the water
particles. Since there is a great similarity between the clapotis and
the motion of the breaking wave on the wall after impact, a comparison
between the measured secondary pressure and the theoretical clapotis pres-
sure was made. The clapotis pressure was calculated by £‘>a\.inf1.<m'xs:l method.
In making the clapotis pressure calculations it was assumed that there
was no beach slope in the flume. Therefor:, the water depth and wave
cimensions at the wall were assumed to be the same as those in the section
of thne flume with Lhe horizontal bottom. Once the calculation was made,
the clapotis pressure was assumed to act oniy as far down as the top of
the beach slope. In other words, the bottom of the clapotis pressure
diagram w5 cut off at the top of the beach slope or actual bottom of the
test wall. Upon ccaparing the secondary pressure with the clapotis pres-
sure it was found that they nearly coincide in most cases. The diagrams
showing this comparison for each of the test series are figs. 30 through
39. There iz a large amount of scatter in the secondary pressures {rom
test series 1 shown in fig. 30. This scatter is due to the fact that a
50-psia pressure cell was used in this series of tests and the megnitude
of the secondary pressure was ocutside the accuracy limits of the pressure
cell. The otner nine series of tests were condmcted with a 1i5-psia pres-
sure cell, and mor: consistent data were recorded. On the basis of this
comparison it is believed that present methods for calculating clapotis
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pressure can be used with good accuracy in calculating the secondary pres-
cure due to breaking weves.

113. The total pressure duration, which is measured from the time of
impact to the time when the pressure returns to zero, and the total im-
pulse, which is the invegral of the pressure over the total duration of
the pressure, have also been includec for each test series in figs. 30
through 39. Essentially, the total pressure duration is a measure of the
time during which the wave is in ccantact with the wall at each point on
the wall.

11k. In order +o show how the total duration varics with the wave
period, a plot of the ratio of pressure duration at the still-water level
and vave period versus wave steepness is stown in fig. 4O. It can be seen
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Fig. 40. Duration of pressure on wall at the still-water level
relative {0 the wave poriod versus deepwater wave steepness
from this diagram that the Jduration of the pressure with respect to wave
period increases with increasing wave steepness. The wavelength and period
are functions of each other. Therefore, this plot shows that the total
duration of the pressure on the wall increases with increasing wave height.
115. The impulse -hown in figs. 30 through 39 for each of the test

series is the totel impuise and includes the shock impulse, However,
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since the shock impulse is only about 10 percent of the total impulse, the
data shown in these figures are nearly equal to the product of the second-
ary pressure and total pressure duration.

116. The tctal duration and impulse data were included pramarily to
show that the total impulse and pressure duration are not the szame at all
points on the wall and to show that the total impulse is more dependent
upon the secondary pressure and its duratica than on the shock pressure.

The Effect of a Wali on the Breaking Cuaracteristics of the Wave

117. Studies have been conducted, both theoretical and experimental,
on the breaking characteristics of waves or beaches. However, no previous
studies have considered the presence of a barrier on the heach such as the
test wall in this study. An analysis of the characteristics of the waves
breaking against the test wall was made to determine if the data and
methods now avaiiable to predict breaking characteristics of waves on un-
obstructed beaches could also be applied to waves on obstructed beaches.

If relations between waves causing paximum shock pressure ind waves break-
ing on unobstructed beaches couid be derived, cne would then be able to
predict whon shock pressures would occur using data now available.

118. There have been relatively few prototype studies concerning
breaking waves; however, the studies conducted have contributed consider-
ably to the knovwledge of breaking-wave pressures. Most of the experimental
and theoretical works involving full-scale tests were conducted as a result
of the need for useful surf forecasts for amphibious operations during
World War II. The U. S. Navy Rydrographic Officel! published & volume
in 1944 dealing with the methods of forecasting breakers and surf. That
study wec mosily empirical and combined the data from the breaking-wave
studies, both model and prototype, which ha. been corducted up to that
time., From these data, cumes vere plotted that relate the wave 1eights
at breaking and the water depthc it breaking to the deepwater wav: steep-
ness. Also as part of the effort to produce accurate methods of Zore-
casting breakers and suvrf, !»!a.u:k:"8 investigated the application of sclitary-
wave theory to breaking-wave problems.
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119. The results of both of these studies are reproduced in figs. 4l
and U2 to compare them witn the data from the present study. Fig. 41 is a
plot of the ratio of wave height at breaking to wave height in deep water,
HB/Ho , versus the deepwater wave steepness, ¥ Q/I'o . The ratio HB/Ho is
called the relative height ~f the breaking wave. On fig. 4l it can be
seen that the results of Munk's study and those of the U. S. Favy Hydro-
grephic Office agree closely. Also shown in fig. Ll are the data re-
corded in this study. Considering th: fact that there are only ten data
points from uls study, hardly enough to form strong conclusions, there
is very little difference between the breaking Leight of a wave on an ob-
structed beach and the breaking height on an unobstructed beach. This
observation leads one ‘i‘.ﬂ the conclusion that, when an obstruction such as
& vertical wall is present on the beach, the wave reflected from the wall
has very little, if any, effect on the incident wave. On an unobstructed
beach there is little or no reflected wave due to the long rumup on the
beach; thus, each breaker is essentially independent of previous waves.

It is noted that there is considerzble scatter in the data from which the
curve of the Navy Hydrographic Office and the curve of Mank were drawn.
The spread of thore data would include 21l of the data points from the
present study.

120. Information concerning the breaking depth is also important
in breakwater design. Altrough the present study is primarily concerned
with shock pressures, if the deptn at which a given wave will break to
produce maxirmum shock pressure can be predicted, then the possibility of
a breakwater's being subjected to such pressure will be known. The dia-
gram shown in fig. 42 is similar to fig. 41; however, the water depth at
breaking rather than the breaker height is plotied. Two of the curves
shown in fig. 42 are from studies by the U. S. Havy Hydrographic Office
and the work of Mink, as rmarked. These curves are plots of the breaking
depth relative to the deepwater wave height, 4/f_ , verrus the decpwater
wav2 steepness, H o/]’..O s and are plotted from data of waves breaking on
unobstructed beaches of various slopes and have been derived in a ma.ner
similar to the methods used for the breaking height shown in fig. 41. The
da*a from the present study. which are also plotted in fig. L2, are not
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plotted against the same ordinate variable as the two curves mentioned
above. The data points from the present study represent the still-vater
depth at the wall relative to the deepwater wave height, 4 1./“0 , versus
the deepwater wave steepness, H o/Lo . The water depth at the wall, 4_,
was used to piot the date from this study rather than the breaking denth,
dB » Since the depth at the wall is the more significant vaviable when
spesking of shock pressures on the wall; also, dB can be more easily
measured.

121. Th: wvater depth at the wall is different and is less than the
actual breasking depth since the wave mpst break a small distance in front
of the wall in order to iipact on the wall and cause maximum shock pres-
sures. The point of breaking is down the beach slope from the wall and
therefore in deeper water. The line through the 1/25 beach slope data
points in fig. 42 was drawn tc show the trend of data more clearly. The
line was calculated by the method of least squares.

122. In fig. %Xz, as in fig. 41, the curve of the U. S. Navy .ydro-
graphic Office was drawn from data which exhibitel much scatter. The
curve after Munk on fig. L2 was drawn using his breaking-height curve
(fig. 41) and the relation 4, = 1.28113 which Munk propcsed. This re-
lation between the breaking depth and breaking height of a wave is based
on the solitary-wave theory, and is discussed in Ayppendix B.

123, It is also of interest to look at other parameters of the
breaking wnve such as the elevation of the crest sbove the bottom. The
breaking height is the vertical distance from the breaker crest io the
preceding trough. The elevation of the crest of the breaker in this case
is measured vertically from breal-. crest to the base of the test wall.
Figs. 42 and 4k are plots of the data from this study relating the breaker
crest 2levation to the deepwater wave height and the still-water depth at
the wall. Fig. 43 shows the relation between the relative clevation of
the breaker crest, yk/ﬂo , versus the deepwater wave steepness, H o/Lo .
1%t can be seen ihat the crest elevation of the br.aker behaves in a menner
similsy ‘o the breaker height. The flatter waves tend to peak up more
noticeably when they break, whereas the steeper waves increase very little
in wave height over the deepwater wauves and their crest elevation is much
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less than that of a flatier wave of the same deepwater height. On fig. 43
there are two points for the 1/10 beach slcpe which fals considerably
below the other data points. In examining these waves closely it wa-
observed that their wavelength was considerably songer than the herizontal
length of the beach slope. On the basis «<f these two Lests, it appesars
that the short bteach slope acts somewhat like a berm. By the time the
wave begins to be affected by the more shallow water on the slope, it

has reached the wall. It is believed that this causes the crest of the
wave at bresking to be lower and tne breaker height to be smaller since
the wave does nct build up gradually as it would on & longer slope. The
wave is still in the state of transformation when it breaks. In both of
these tests the wavelength in the flume was approximately 50 percent
greater than the length of the beach slope.

124, Pig. b4 is a combipation of fig. 42, whick shows the water
depth at the wall necessary tc cause shock pressures, and fig. 43 which
shows the breaker crest elevation. Fig. Lb is also based on the data from
the present study, and it shows that the ratio batween the bresker :rest
elevation and the water depth at the wall, VB/QW , is constant for all
deepwater wave steepnesscs vhen conditions are such that the wave breaks
or. 1he wall and causes maximum shock pressures.,

125. Xn conclusion, it is emphasized that all the breaking-wave
data which are based on the experimental portion of this study pertain only
to conditions which produce maximum shock pressures. No attempt was made
to make any comparison with waves breaking against a wall which do not
cause shock pressures, and no data are presented for such cases. The only
comparison of dreaking characteristics is with data which have been gath~
ered by other investigators who studied breaking waves on unobstructed
beaches. It is believed, however, that mch more information is needed
concerning the characteristics of waves breaking on walls. Mcre conclusive
information concerning the effect of the wall on the breaking character-
istics of the waves, as compared to the breaking characteristics on an
unobstructed beach, would alsc be of great value.
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PART V: SUMMARY AND CORCLUTICHNS

126. The vurpose cf this study was to aid in the development of a
more reliable and sound method for designing brealwaters whicn will be
subjected to the action of breaking waves. This aim was accomplished by
the use of an experimental investigation and by consoclidaiing the data
of other investigators. The other studies have heretofore been generally
unrelated, and very little attempt was made by any of the investigators
to make use of work which had been done preriously.

127. In addition to information concerning snock pressures due to
breaking waves, the secondary pressurc and the breaking-wave character-
istics were also considered in the analysis. This study considered only
the ideal case of a smooth, rigid vertical wall which was high encugh to
preclude overtopping, whereas in reality, very few breakwaters are built
with exactly this configuration. However, increased knowledge of the
simple case will lead to more accurate methods of analyzing the more com-
plex structures.

128. It is believed that the most important finding of this study
is that the maximum shock pressure has been shown to be proportional to
the one-third power of the deepwater wave energy, in the first approxima-
tion, over the entire range of data now available from laboratory and
prototype tests. However, the shock pressure exh.-iis wide scatter for
seemingly identical conditions. In addition, relations were developed
for the distribution of the shock pressure on the test wall. These rela-
tions were derived from the data generated in the lsboratory during this
study, but other investigators have observed similar distributions of
shock pressures on walls. Although the shock impulse is an important pa-
rameter in breakwater design, insufficient data are avallable to make
any conclusions othzr- than that the shock impulse also tends to increass
with increasing wave energy and is about 10 percent of the total impulse
transferred to the wall. The shock irmpulse was also found to be fairly
constant for given conditions; the higher pressures are associated with
the shorter durations and vice versa.

129. The secondary pressure was also studied, and it was found that
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the secondary pressure is nearly equal to the clapotis pressure. The
secondary pressure was fairly constant for sim:lar wave conditions and did
not exhibit the degree of scatter that was observed for shock pressures.

130. The final major consideration of this study was the effect of
the wall on the breaking characteristics of the wave, The breaking
characteristics of a wvave breaking against a wall so as to cause maximm
pressure were compared with the characteristics of a wave which is allowed
to break on an vnobstructed beach. It was found, for the limited range
of data availabie, that there was little difference between a wave break-
ing on a beach obstructed by a wall and a wave breaking on an unocbstructed
beach. Tms the information now available concerning breaking waves on
unobstructed beaches can be used to analyze waves which break against
vertical walls.

131. This study provides a start for the development of more ac-
curate methods of designing breakwaters which mist withstand the action of
breaking waves. However, there is much to be .one to obtain a complete
understending of the effects of breaking waves. More laboratory ard
thecretical investigations are needed to aetermine the effects nf other
varisbles vhich were neglected in this investigation. Prototype tests
are also needed to confirm the validity of laboratory results and to in-
vestigate those variables which cannot be reproduced in the laboratory.
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Shock Pressure Data, Test Leries 5

for the Successive
reaking Waves Indicated

Shock Pressure (in psi)
First Second Third

stance Above
b, in.

Fottom of Wall

1
i

¥= 2,17 in.

L = 78.56 in.
T 2 1.38 sec
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Tarle &
Shock Pressure Data, Te t Series 7
H = 2.9C in. H = 3.03 in. 4 =10.% in.
fff i‘osi’ ;‘2; L = 140.2 in. 4, = "j"‘ in.
= 4 z = 1/25
Shock Pressure (in psi) Shock Pressure (in psi)
Distance Above for the Successive Disiance Arove for the Successive
ttom of Wall Breaking Waves Indicated Bottom of Wall Breaking Waves Indlcated
b, in, First Second Third Fourth t, in. First Second Third Fourth
- 2.50 0.23  0.62 0.37 0.21 5.25 - 2.24  0.16  0.16
: 0.23 (.50 0.32  0.20 0.20 2.0 1.70 0.16
.22  0.41 0.37  0.20 0.22  1.72 L.66 0.1
R H
3.00 0.21  0.50 0.3  0.20 o2 ‘?'gz Nt S
0.21  0.:0 0.7 0.9 021 3.31 207 2.6
0.21  0.L6 0.81  0.17 L el e o
0.20 2.71 2.3  0.19 §
2.25 0.22  0.47 ©C.5  0.R 0.21 202 2.7%% 0.5
0.21  0.45 ©.56  0.17 0.20 2.3« .03 0.17
5
0.21 0.55 ©€.50 ¢C.2¢ 5.50 0.20  L.08 2.89 .10
3.50 0.21  0.51 0©0.Lé 0.17 G.20  5..1 2.6 0.1€
o0.21 0.50 0.5 0.17 .20 €..0 2,90 0.13
0.20 0.51 0.3 .17 .20 2,30 1.8  ¢.2€
0.21 0.0 0.4 J1E 0.20  1.50 2.1%  0.20
2.75 0.21 0.76 0.0 0.17 c.20 .26 158 0.3k
- e c.20 1.82  1.62 2.18
: 0.21 0.75 O.L€ 0.17 0.20 1.85  L.20 o
0.20 0.66 0,51 0.18 . e B Ve
E 0.21 0.7 C.57  0.16 5,75 0.16 1.80 1.Lé .12
: 1 12 . 1
i 4.00 0.20 0.2 & 0.7 P e 0.2
E 0.20 0.75 0.68 0.18 o se k2 . e '
: i 0.18 1.7 o0, 0.20 i
! 0.20 0.53 0.56 ©.18 . e
i 0.20 0.61 ».70  6.17 0.19 .60 1.9 0.2¢
3 g . ‘ . .18 1.5 1.0  0.20
i L,25 0.22 0.7 1.06 0.18 0.20  3.k8 0.08 0.3
: 0.2  1.26 1.11 0.2 £.10  2.16 0.72 .28
P =3 §
o 166 ror ome | G 0T o3 o 020 |
3 0.21 0.97 0.8 0.0 0-16  1.63 0.6 0.2 '
g’fé }g? é‘},i gig ©.17  1.13 ©.65 0.8
i o= wesy el . 0.1 2.0 ¢.70 L1k
.30 0.1 1.05 1.7 0.1 6.25 0.15 1.2 0.23 -
. 0.22 1.1 1.L0  0.1E - ; -
£ . 0.15 0.90 0.50  0.17
0.22 1.11 1.58 o0.1¢ 13 S ezE o€
£ 0.22 0.98 1.20 0.18 9.13 0.0 026 o.l
J: 0.1z  0.L9 0.2€  0.17
-7 0.2 1.2 2.02 (.26 6.5¢ 0.12 0.k 0.2 €37
g 0.22  1.27 1.17 ©.18 < : .
.11 0.23 0.1 0.
9.22 2.20 1.5¢ C.18 o1l osr oas oz
: 0.21 1.15 1.6  0.27 b Ll Peds il
E 5.00 - 1.08 0L 2.8
g 0.20 1.6k 0.8 0.
3 0.22 1.71 3.29 .21
3 0.22  0.95 =.05 .2l
. 0.21 2.33 2.87 28
3 0.21  1.59 190 0.2
5
; J
|
b t
i
: ]




Shook Pressure Data, Test Series &

K = 2.76 in. H, = 2.55 in. d = 10.0C in.
= 11h,0 4 A = 2.63 in.
r I e L, = 229.1 in, %, = 2.3 in
T .03 se: z = 1/10
Shock Pressure (in rsi) Shock Pressure (in psi)
Distance Above fcr the Successive Distance Above for the Successive
Bottor of wall Breaking Waves Indicated Bettor of wall Bresking Waves Irdicated
b, in. rirst Second <Tnird Fourth b, in. First Second 1h.rd Fcurth
C.5¢ ohz 33 2230 2,90 .75 2.4, 1€ 2,07 1.
z.b2 130 1.53 5,60 2.5° 1.C7  1.68 C.5-
z.38 .48 2,08 i.22 2.68 1.1z 1.67 0.75
; z.43 1.3 2.3 1.19 2.95 .20 2.1k 247
1.00 2.75 AU I 1 .26 3,30 2.67  0.98 .23 2.7
i 2.f0 L.l 108 0,07 2.50  0.87 1.2 0,88
§ 2.0 l.e2 1.8 1013 2.09  0.87 .10 c.83
.70 PR N AN | 2.8 2.41 0.86 2.00 0.70
.30 Z.02 0 1k3 0 1el 0.8 2.73 1.6 ok7  0.72 .£2
- 1.3¢ 121 1.7 2.20 0.83 2.67 057
2.7z 1.20 1,57 1.13 1.3 0.k3 0.9  0.53
2,86 1.22 0 1.l 5,08 .50 0.k .2 .55
2.8 1.335 .28 1.17 3.53 2.6 2.25 0.52 0.4z
3.00 Z.ebh I.0g 2.75 0.L7 0.23 .27 0.28
2.Lz 1,82  1l.bko 1,21 0.58 0.4 .26 5.32
; 2.53 2.8 1,07 2.2z 2.Lg £.33  0.35 c.25
; 2.0, Z.61 143 L.7h o 1.23 8.52 0.3z o.2 -
z.cs Lo 8 1.2 2.75 .37 0.2k 0,27 S.A
2.0 1.35 145 2.33 0.3¢ 0.22 .22 C.31
ol 1. 2.1 - 247 o.24  o.2L 0.35
.08 i.L7 1.0 LT .
3.5 LAY x ! L.00 5.10 0.11 Q.12 C.20
2.73 1,32 2.7% 1.07 ;
: = &L 126 2.2 1.34 0.1 0.13 0.2 0.15
: ; . C.2¢ s.12 0.13 2.16
! z.2% 2,47 1.6 2.7 0.9
.25 Ao B - k.55 5.08  0.07 ©0.05 0.0%
2',—; l.er  2oAn 1.1 0.07 £.05 0.05 0.08
. 7 2 = ‘
: 2.7 1.2 1.f 1.32 5.0 207 2.05 .08
E .2 1.7 1.% .91
5 2.1° 1.7C 2.1 1.3¢
3,08 i.71 z.i7 1.¢2
E 3.18 .72 Z..5 1.22
3,13 2.21 ey ILE
2,23 1,66 7,12 b
3 z.e7 L& z.s 1.5k
.58 1.k 1,31 1A
: 20 1k zabk o S
Z.88 1.8 1.e5 1.35
3 L i.37 1.8 1.
h
é:
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1.59 in,
100,58 in,
1.9z sec
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nhock Pressure Data, Test Series 9

Ho =1.50 in,
Lo = 22€.7 an.

d = 9,30 in.
4, =1.92 in.
z = 1/10

Shock Pressure {in psi)

Sheck Pressure (In psi)

Distance Above for the Successive Distance Above for the Succeasive
Bottor of Wall Breaking Waves Indicated Bottom of Wail _ Breaking Waves Indicg}ed
b, in. First Second Third Fourth b, in. First Second Third Fourth
2% 2.10 2.8 1,22 1.38 2.00 1.8 1.07 0.48 0.31
1.97 1.90  0.55 .23 2,10 1.29 0.55 0.35
2.01 .61 1.10 1.L6 1.89 1.h0 042 0.30
y 1.91 .82 2.93 1.52 1.75 1.52 0.38 0.48
.50 2,10 1.7 0.7 1.4 1.68 1.55 0.63 0.ko
2.23 1.86 1,43 1.27 2.25 0.59 0.68  0.20 0.20
2.13 1.77  1.50 1.26 0.38 0.56 0.20 0.16
2.7z 1.79 0.8 1.35 0.65 0.b1  0.16 0.20
075 2,60 1.82 0.75  1.23 8'5§ g‘ﬁg o-3 g'ig
2,48 1.6k 156 1.23 -2 ' : )
2,49 1,72 1.6L 1.42 2.50 0 3% 0.51 0.10 0.10
z.23 .63 1.1 1.33 0.27 0.21  0.09 0.08
2.25 i.B 124 1.52 0.27 0.30  0.10 0.12
S 2.65  1.30  1.23  1.L8 0.25 0.33 0.09 0.10
2.45 1.3 .63 1.5% 2.75 0.13 0.1 0.5 0.07
z.39 1,72 1.62 1.32 0.11 0,12  0.05 0.10
2.2¢ 170 172 1.29 0.08 0.08 0.06 0.06
2.35 1.67  1.h3 1.00 0.05 0.08 .06 0.06
1.25 2.3 1.80 2.3 L.lb 3,00 0.0% 0.07  0.06 .06
2,k 1.9 2.70 1.27 0.05 0.05 0.5 2.05
2.32 1.91 .22 1.20 0.05 - 0.05 0.05
o8 . 2. .
2"5L : Zﬁ 5 g f ;’g 3.50 0.04 0.05 0.0 0.04
. = * . 0.05 .05 0.05 0.05
1,50 2.3 1.50  1.87 1.30
2.8 1.7 2.96 1L
2.77 1.8 156 i.53
2.48 1.83 1.8 1.1
2.5 193 1.8 1.2k
1.75 3.08 1,77 .20 0.78
2.58 1,97 1.63 1.29
2.%0 1.8 0.BE 5.9C
2.73 1.68  1.31 0.58
2.62 1,90 1.31 1,27
2.7¢ .65 1.79 0.99

-
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APPENDIX A: DETAILED EXPLANATION OF EXFELRIMENTAL
PROCLNURE AN EQUIPMENT

1. The experimental portica of this study was conducted in a wave
flume measuring 12 in. wide ty 17 in. deep by 61 ft long from the wave
generator to the test wall, The wave generatcr was of the flap type,
hinged at the bottom. It was f.*ted with a variable-stroke mechanism and a
variable~speed drive so that a variety of wave heights and wave periods
could be generated. A diagram of the wave flume is shown in fig. 1 of the
main text.

2. In order to cause the wave to break at the wall, a beach slope
constructed of Plexizlas was fitted in the fIlume immediately in front of
the test r1all, The beach siope was welghted to eliminate any movement
which might be caused by tue different pressures asbove and Lelow the slope
due to the action of the waves. "he top of the beach siope was taped to
the sides of the flume and vo t!'e test wall to prevent any fiow arowrd the
slope between its sides and the sides of the flume and the wall. The test
wall was also teped to the sides of the flume to prevent any flow from
going around it, A waterproof rubberized-cloth tape was used to accomplish
the desired degree of sesling.

3. The test wall was built from 1/2-in. aluminum piate. It con-
sisted of two plates feastened together with angle braces. Between the
two plates there was a 'T" slot so that a pressure cell could be fitted in
and could be moved vertically along the wall. By using spacer blocks
above and below the pressure cell mount, the pressure cell could be moved
in the vertical :‘rection in 0.25-in. increments., Thus, a distribution of
the pressure oa the test wall could be measwred. The wall was clamped at
"he top to the top rails of the flume and braced at the botiom with braces
which were also clamped to the top rails of the flume. Photographs of
the teszt wall are shown in figs. 2z and 2b of the main text.

Lk, The jressure transducers were comercially available unbonded
strain gages (Tyre 4-312) made by the Consolidated Electrodynamics Ccrpora-
tion. The sensing element of the pressure transducer conzists of a full

wheatstone bridge circuit of unbonded strain gages. The pressure-sensitive
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face of the cell consists of a stainless steel diaphragm. Pressure against
this diesphragm produces a displacement of the sensing element which changes
the resistance of the active arms of the bridge circuit and causes an elecs
trical output proportional to the applied pressure.

5. Two different pressure transducers were used, a 50-psia and a
15-psia. Absolute pressure cells were used in preference to gage pressure
cells since the absolute cells are partially evacuated and hermetically
sealed, and they could be completely immersed in water without fear of
damage to the cell., The guge pressure ctclls, on the other hand, must be
vented to the atmusphere. Since many of the pressire measurements were
taken with the tranzducer completely underwater, the gage pressure cell
would bhave been seriously damaged if water had accidentally gotten into
the air vent.

6. The use of the 15-psia transducer involved lcading it to ap-
proximately 62 percent beyond i%s rated capacity. The pressure limit for
the transducer is twice the rated range. It was thought that the 15-psia
pressuve cell could reliably reproduce pressures up to approximately
75 percent of the rated range. This figure is based on the experience
of the Measurements and Testing Sect n of the U, S. Arny Engineer Water-
ways .Ixperiment Station.

7. The cells were calibrated with a deadweight tester which is con-
sidered to be a second-degree standard. The 15-psia transducer was cali-
brated to ayproximately 65 percent over the rate range {10.00-psi gage
pressure; and was found to be linear for the range calibrated, from O- to
10.00-psi gage pressure,

8. The transducers have a compeasated temperature range of from
-65 F to +250 F according to the mamufacturer's specifications.

9. PFor the first series of tests the pressure cell with a capacity
of 50 psia was used. For the succeeding tests the 15-psia pressure cell
was used in order to get higher sensitivity and accuracy Ior the measure-
ment of the lower pressures. The natural frequency of the 50-psia cell
was 11.000 cps, and that of the 15-psia cell was 5,000 cps. Linear re-
sponse can be expected for frequencies up to approximately 10 percent of
the natural frequency of the pressurz cell.

A2
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10. The recording equipment for the pressure record consisted of a

Cerrier Amplifier, Type 1-118, und Recording Oscillograph, Type 5-12k,
both mamufactured by the Consolidated Electrodynamics Corporation. The

oscillograph was fitted with a Type 7-319 galvanometer, also made by the
Consolidated Electrodynamics Corporation. The frequency characteristics

of the galvanometer are such that it will give flat response with :5 per-

cent to frequencies up to 350 cps. The Type 1-118 Carrier amplification

system consisted of & 3000-cps oscillator for power to the bridge circuit
of the pressure transducer, and control and conditioning circuitry.

oscillograph used a light beam and light-sensitive paper to make the
record.,

The

The light beam was focused on a mirror mcunted o the movable

pole piece of the galvanometer. ¥rom this mirror, the light beam was

then reflected to the light-sensitive paper on which the record was made.
11. The large majority of the pressure records were run at a paper
speed of 2 in., per sec. Selected records were run at 8 or 32 in. per

sec in order to magnify the time scule so that more detailed examination
could be msie.

12,

The wave characteristics were measured with resistance-type
wave gages.

These gages consisted of a strip of prirced circuit board
1/% in. wide by 1/16 in. thick by approximately 12 ii1. long, and plated
on both sides with chrome in order to get better coupling between tue
rod and the water, The wave characteristics were recorded using univer-
sal amplifiers, Model BL-520, and a portable 6-channel oscillograph,
Model BL-276, both manufactured by the Brush Elecircnics Company. The
output of the wage gages was fed into the ampiifiers through bridge
circuits and Brush strain gage input boxes, Model BL-350.

13. The wave gages were fitted to Lory point gages wiih verniers

which could be read to 0.0l in. Witk this arrangement the wave gages

could be easily and accurately calibrated by raising them out of or

lowering them into the w:ter with the point gages. Due to drift in the

gain of the amplifiers and the nuaiinearity of the wave rod amplification
system, the wave gages were calibrated every third ox fourth test run,

which iras approximately every 45 min. Calibration curves were plotted

for eech calibration of the wave gages in order to assure accurate results.
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The Brush oscillograph was run at a paper spe=d of 10 mm jer sec in order
to obtain the required definitinon for readine the wave record. A timing
circuit provided a l-sec timing pulse which was fed into both oscillo-
t.che recording the pressure and the wave records to tie the two records
together and to provide a more accurate measure of the paper speed.

14, The two separc*e recording systems for the wave and pressure
records wcre used for the first five of the ten test series. In the last
five test series, both the pressure and wave records were rer.rded cn the
Consolidated Eiectrodynamics Corporation recording oscillograph. The
change was made due to improved circuitry which had been developed and
which enabled the wave records to be recorded on ihe same oscillograph as
the pressure records. The problem involved was that the wave rods were

grounded since the wave flume was in electrical contact with natural

ground through the metal supports and water pipes. The wave rods were

also grounded since they were submerged in the flume. The Carrier ampli- !

fier system providing the input to the cscillograph recording the pres-

sure accepted only signals which were abuve ground. :
15. The new system involved bypassing the amplifier and feeding the

signal from the wave rods directly into the oscillograph. This was done

with ecircuitry between the wave rods and oscillograph. This additional

circuitry provided a power supply for the wave rods, balancing .nd sensi-
tivity controls, s four-diode rectifier, and filtering elements.
16. This latter recording system was a gre'.t inprovement over the

earlier one which involved two separate records. The trace of the wave

5N

record was magnified approximately three times, and greater linearity could
be achieved. The light-beam oscillograph records a straight trace rather
than a curved trace as is recorded by the pen of the Brush oscillograph.
17. The greatest source of error involvel in the wave measurewents

was due to the meniscus effects. This error was partial’y overcome in the
calibration of the wave gages by calibrating ‘the crest and trough portions
of the wave rod in the same direction that the crest and trough draw the

g meniscus. A constant meniscus never forms due Lo the motion of the water.
The crest of the wave tends to depress the meniscus since the water travels

up the rod as the crest approaches. The trough tends to draw up the
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meniscus since the water is t. .n travelling down the rod as the trough
approaches.

18. Three wave rods were used in measiiug the wave characteris-
tics. Two were located in the coustant-depth section of the wave flume,
and the third was located 6 in. in front of the test wall., The distance
between the two wave gages in the constant-depth portion of the flume was
89.8 in. The wave rod closest to the wall was positioned € in. from the
wall as a compromise between being toc close and thus being affected by
the runup on the wall, and being too far away and thus not being abic to
accurately measure the elevations cf the crest snd trough of the wave as
it broke.

19. The wave period and celerity were measured from the wave :2cord.
The wave peri.d wo: <2icula.~d by measuring the period of the first f.aree
fuli~size wives and taking the average. The celerity measurement was ade
by taking the average travel time of the first three full-size waves o'
the train between the wave rcd clesest to the generator and the micddle
wave rod. Since the two wave rods were a known distance apart, the ce-~
lerity was equal to this distance divided by the travel time between the

two wave rods. The wavelength was calculated from the relation
L=cT

where L 1is the wavelength, ¢ 1is the celerity, and T is the wave
period. The wavelength calculated in the above manner agreed very

closely with the rirst-approximation theoretical wavelength calculated
from the formula

L=§-tanhéé§

where the symbols L and T are as defined above, g is the accelera-
tion of gravity, and d 1is the depth of water corresponding vo the
wavelength., In this case d was the stiil-water level depth in the
uniform~depth section of the wave flume. The value for the wavelength

used in all succeeding calculations is the value from thz wave records
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calculated using the equation L = T .

2C. The wave height was measured in the constant-depth portion of
the flume at the first wave rod from the generator. The height of the
breaking wave was measured at the third wave rod, 6 in. from the test wall.
The second wave rod was used only for the celerity measurements. The
wave heigits both at breaking and in the constant-depth section of the
flume wer: determined from the average of ihe first fouwr uniform waves
of the truin.

21, PFor use in the analysis of the data the overall average values
for the wavelength, wave height, period, and celerity of each test series
were used. The mumber of values averaged was approximately one-half of
the number of test runs mede in =ach series. Both wave and pressure
records were takxen for each test run, but measurements of the wave char-
acteristics were made on only every other record. Measurements of all the
pressure records were made.

22, Each test run consisted of recording the pressure on the wall
and the wave characteristics of the first four breaking waves, These first
four waves were always quite uniform in appearance and usually caused
shock pressures of approximately the same intensity on the wall., The dis-
turbance of the water due to the first four breaking waves and their re-
flections from the wall caused the breaking characteristics f the suc-
ceeding waves to change. Therefore, the shock pressures of the succeeding
waves varied zreatly and in some cases did not occur. In each of the
test runs the wave generator paddle was started from the most forward
position. It was found from experience that a2 more uniform trair of waves
could be generated if the irain was precedec by a trough. Before each
test run the water in the flume was allowed o calm completely, the water
depth in the flume was checked, and the zero positions of the record
traces were checked and adjusted, if necessary. Maximm effort was made
to generate uniform trains of waves from one test run to the next.

23. In order to cause the maximm shock pressure on the wall, a
system of trial and error was used., The still-water depth, b~th at the
wall and in the section of the flume witk & horizorntal bottom, and the

wave period were set. The wave height was adjusted so that the wave
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appeared to oreak on the wall., The wave height was then adjusted further
by checking the pressure record and determining the wave height which
created the highest shock pressures. Once this wave height was established,
the only change which was made from one run to the next within a series was
the position of the pressure transducer on the wull.

24, It is believed that a discussion of the errors involved in the
pressure and wave measurements is both desirable and necessary. The errors
in the wave measurements arose from a mmber of factors in both the gener-
ating equipment and the recording equipment. Although the stroke and
speed of the wave machine did not change once it was set, the wave height
and wavelength tended to vary because of friction of the water on the bot-
tom and sides of the flume and the small amount of play necessarily present
in the wave generator. Considering the maximum variations of the individ-
ual waves in a single wave train from the average values of that train,
it was found that the wave height varied approximately 8 percent, the wave
period 2 percent, and the celerity of the wave 3 percent. The variation
in the height of lue wave at breaking wes approximately 15 percent. The
variation of the average values of wave height, wavelength, and period of
single wave trains or test runs from the average of all the test runs of
a series was generally less than the variastions within a wave train. The
maximum percentege differences between the averag: of all the test runs
of a series and any single test run were as foilows: wave beights,

4.3 percent; wave period, 1.0 percent; and wavelength, 3.7 percent.

25. These variations in the wave measurementz combine the effects
of nopuniformity produced by the becttom and side friction in the flume,
the play and variations in the operation of the wave generator, the mis-
alignment of the sides and bottom of the flume, and changes in the
viscosity of the water due to temperature change. Iin eddition, errors
due to the recording system were also included; these generally included
the meniscus effect on the wr e rod, changes in the amplification cf the
signal from the wave roi, the pen friction, and the errors introduced in
measuring the ouscillograph records due tc the finite width of the trace

and grid lines.

26. The percentage differences between the measured wavelength
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(calculated from the product of wave period and celerity) and the theoreti-
cal wavelength in the uniform-depth portion of the flume which was calcu-
lated from the relation

L= g%i tanh ?{_‘1
were 6.7 percent for one of the ten series and below 2.5 percent for the
other nine test seriee.

27. In measuring the pressure records, the calibration of the pres-
sure cell was assumed to be linear, The actual variation from a straight
line was a maximum of 1.5 percent for pressures above 0.50 psig. Below
0.50-psig pressure the maximm error was induced by the limitations of the
record since the width of the record trace was approximately 0.02 in,

This error due to the width of the trace could be as much as 10 percent in
lower pressure ranges of the secondary pressure., A larger deflection to
pressure ratio would reduce this error, but - 7. was not possible in .l _.se

experiments because of the much higher shock pressures.
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APPENDIX B: DISCUSSICN OF WAVE THEORIES

Theory of Small-Amplitude Waves

1. Many mathematical wave theories have been developed for the
prediction of wave form and water particle motion. In the analysis of the
data in this study, the first-order approximation or small-amplitude wave
theory was used. In most coastal engineering problems such as this one,
the small-amplitude wave theory yields sufficiently accurate results.

2. The basic assumptions of the small-amplitude theory are small
wave height and small steepness; that is, the wave height is small com-
pared to the wavelength. In addition, it is assumed that the velocity
of the water particles is small. These assumptions are equivalent to
neglecting all terms of the wave problem higher than the first degree, or
to making the problem linear.

3. With the above assumptions in mind, one can formlate the prob-
lems of wave motion in two dimensions. Let x be the horizontal coordi-
nate and y the vertical coordinate. Assuming an incompressible fluid,
the velocity potential ¢ will satisfy the equation

2 2
é-g-{-é—g:o
ox oy

At the bottom, which is assumed to be horizontal, the velocity normal to
the boundary is zero, thus giving rise to the boundary condition

%:0 at y = «d

where d is the water depth from the free surface to the bottom. The
boundary condition at the free surface, assuming zero pressure, can be
derived from the Bernoulii equation. The free-surface condition, at
y=3=0, is
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Since it has been assumed that the wave steepness is small, it follows
that the normal to the surface approximately coincides with the vertical;
thus,

(%),

Eliminating 7 from the two above relations, the free-surface condition

becomes

%%

+ggy£=0

The Laplacian 02¢ = 0 can now be solved with the boundary condition for
@ . It is found that

d = ga cosh m (y + d)
]

oo e cos (mx - ot)

satisfies the Laplacian. 1In the above equation a = H/2 , half the wave
height: o = 2x/T , a function of the wave period; and m = 21/L , a func-
tion of the wavelength. The surface elevation can be found to be of the

- form

n = a sin (m - ot)

It can be shown that ¢ and m satisfy the relation 02 = gm tanh md

or, in terms of wavelength and period,

T2 = 252 coth gzg
g L

s Lk, It is also useful to calculate the wave 2nergy and energy flux.
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The potential energy of the wave per unit width is

! L
Ep=pffgydxdy
0 0

The potential energy, in terms of the wave height and wavelength, can be :
found, upon integration of the above egquatio~, to be

B ST e E e AR 1

The kinetic energy of a wave per unit width can be calculated from the
relation

wonfl [ (@)]

The kinetic energy is found to be equal to the potential energy; thus,

the total wave energy is

5. The energy flux F per unit width across a surface perpendicular
to a wave traveling in the x direction is given by

14T =0
reof ([ E-Ha)e
t -d H
The average flux Favg per wave period T can be fcund to be
i
_ p%ﬁ . & 2md E
Ewg_ 2(1"QM1&M> .
b
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In the above equation c¢ = g/m , and it is the wave celerity, In water of
infinite depth, d - = ,
avg

6. Thus, one can obtain a relation between the wave energy in deep
water, Eo » and the wave energy, E , in any depun of water, d , by eguat-

ing the energy flux which remains constant.

°$‘€Lo._;___p%ﬁ._1_l+ 204
I 7 sinh 2md

From this a relation between the w.ve characteristics in deep water and
in water of depth d .an be obtained:

B‘ELO= #1L (1+—-—i2‘“-d——)

sinh 2md

Tow applying the relations between wave period, wavelength, and water depth

2]
T" = % coth ?E.
g L
and
2nl,
P - —2
g

in deep water, the following usefui equation can be obtained

2nd
H cosh 7
o 12
() 2xd . 2nd 2nd \ 7/
(T + sinh I cosh —L—)
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Thus, the deepwater wave cliaracteristics can be calculated from the wave
characteristics in water of depth d . The above formulas were used to

cslculate the deepwater wave characleristics in this study. Fig. Bl shows
a plot of H/H versus ¢/L .

23
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Fig. Bl. Variation of wave height with water depth

Theory of Solitary Waves

7. The solitary-wave theory has often been used in predicting the
characteristics of waves as they approach the breaking zone or surf zone
on a sloping beach. Although this theory was not developed for this
purpose, it has been found more effective than the oscillatory-wave
theories. In the breaker zone, the assumptions of the first-order approxi-
mation of the oscillatory-wave solution do not nold, and Stokes' higher
order theories become unmanageable.

8. The first approximation of the solitary wave is based upon the
assumption that the velocity potential has a linear form. From the linear
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velocity potential Boussinesq obtained a relation for the wave profile

n=H sech2 x [
2 dj

where x 1is meusured from the center of the intumescence, Also in the

first approximation, he found the celerity to be

c=Jg (d + H)

The total energy of a solitary wave is given by the relation

8 Ha>
E=3r8 |73
The total energy of a solitary wave consisted of half potential and half
kinetic energy as does that of the oszillatory wave.
9. McCowan, in higher approximation, fourd the relation between
breaker height and the depth =zt breaking t-~ be

tan (1 radian) = 0.7813...

o od”

NOf -

for a solitary wave. This reiation was based upcon the assumption that
the water particle velocity is equal to the wave celerity at the very
crest of the wave,

10, Munk utilized Boussinesq's first approximation and McCowsan's
relation between depth and wave height at breaking, along with the energy
flux deepwater oscillatory wave, in order to develop a relation for the
breaking height of a wave. The energy flux of a wave at breaking is
equal to its deepwater energy flux. The relation between the wave height

at breaking and the wave height and wavelength in deep water is given as

_1/3
.
3.3 ( )

B6

follows:
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Munk recommended that this relation be used for waves with deepwater
steepness of less than 0.006.

1i. In the solitary-wave theory as in the oscillatory-wave theory,
it is assumed that the first approximation gives sufficiently accurate
results for coastal engineering problems which do not involve the orbital

motion of the water particles (such as sedirent transport problems).
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> 'esi S Were cenducted to gam more information concerning the shock pressures created b
wiater waves breaking ageinst vertical barriers. These wave pressures were s»ud:.ed

The variation of pressure wiin botn time and positicn on the wall wes determined fo:
several wave helgh ts, wave periods, water depths, 2nd beach slopes. Grezt scatter in
the menitude of the shiock pressure was observed for each of the wave conditions
tested. T:is variatio:n in the value of ihe shock pressure is believe 1 16 be faused by
slight variations in tze shape of the incident breaking vave. Therefore, many tests
were made using the same wave conditions i1 order to more accurately determine the
ragnitige of the shocx pressure. ¥he veriiticn of pressure with time was foune to be
similar ‘¢ that reported ty provific investizstors. The pressure-time variation can
be divided into two parts; nareld. initial shock pressure wiich occurs as the wmve
strakes tne well and & secendar; pressure which is wnssociated with the rumup. The
shock pressure is characterized by a very intense pressure peak of short duration and
is ;ollw'ecz by the rush less intense btut longer curation secondary pressure. The maxi-
mi shock pressure that occurred Jo- ewch wave condition was localized over a small re-
gion 0" t.e test wall between the si'll-water level at the wall and the elevation of
the crest of th2 wave strizing the well, Abcve the region of moxi
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g reximum shock pressurz,
the magnitude of pressure

,:
sho"}' pr2ssure 2lsc decrexges bul to & value of approxirmately cone-tent. the ragnitude

of the shoch pressure and 3t ihen rexains fairly constant to the bottom of the test
wall. Mis ty;pe of disirirution ¢f shocl pressures on the wull was cbserved for all
AY

.Contimed?

using srall-scale ﬂscil..at‘.ry waves in a flume fitted with a teach slope and test wall,

crea.es to zero. Below the regicn of meximum pressure, ihg
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tests. Upon analysis of the maxirum shock pressures observed for each of the wave cun:1
| aitions tested, it was found that the shock rressure increased with both wave height
and wevelength. It ims feaund through dimensional analysis that pressure is propor-
tional to the cube root of the wave energy. Upon comparison of tre data ccllected

in this experirmental program with ti.e above relatlion between pres.ure and wave energy,
only fair conformity was noted due to the small range of test dats. Tnerefore, the
range of data was expanded by the inclusion of “.e shock pressure lata of cther in-
vestigators from toth rodel 2nd Osrototype studies. Very good agre-ment was noted
over this larger range of deta. As opposed to the shock pressure, little scatter was
noted in the magnitude of' tne seconixry pressure. It was 2lsc nc ed that the seconi-
ary pressure varies regulsrly along the wsll from a maximpr: at the boticm to zero at
the point of rexirmm runup. 7This regular distribution is expected cince the second-
ary precsure is causged by the r vup of the wave rather than its iwmpact on the wall.
Tr.e secondary pressure was compared wilh the pressure caused by the same size wave
forming & clapotis on trhe wali. The clapotis pressure was almost identical with the
otserved pressure. The charac. _ristics of tre wave 2t the point cf brezking were alsc
studied in crder to rake 2 corparison hotween waves breaking on an urobstructed beac:
and or a beach cbstructea by a wall. Although it might be expected that a barrier on
the beach would have a great effect on tne breaking waves, the data showed the effect
to be negligible, The depth of water in which the wave would break on an uncbstructed
beach is slightiy greater than the depth of wzter at ithe wall which would cause the
same wave to break ané procduce reximur shock pressures, The wave height at breaking
for both the obstructed and the unobstrictel beach was found to be the s2me.
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