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ABSTRACT

This paper describes an experimental investigation of shock pressures
against breakwaters caused by breaking waves. The study only considers shocks
of a compressive type, which occur 1f the wave front is formed in such a way
that an air cushion 1s entrapped between the wave and the wall. In this case
the compression and expansion of the air cushion plays an important rdle in the
pressure variation.

Only waves preceded by non-breaking waves were used. For different combi-
nations of bottom geometry and water depth the occurrence of shock pressures of
different megnitudes was studied varying the wave height and the wave period.
For some interesting combinations of bottom geometry and wave dimensions a se-
ries of tests were made to investigate the distribution over the wall of shock
pressure and of shock impulse. The results, presented in diagrams and tables,
have been commented on and analysed with special respect to the chosen test
procedure.

INTRODUCTION

The previous research presents a very scattered view on the shock pressure
problem. Different bottom slopes from 1:50 (MITSUYASU) to 1:2 (NAGAT) have been
tested., Different test procedures have also been used: Solitary waves (e.g. BAG-
NOLD, DENNY, HAYASHI-HATTORI) and consecutive breaking waves (e.g. RUNDGREN,
MITSUYASU) have been studied. The pressures have been measured using different
methods, and sometimes the equipment, often insufficiently described in the re-
ports, have, in view of later investigations, been of a too low natural frequen-
cy. The results are often contradictory and have been presented in different
ways. This regards the characterisation of the waves as well as of the pressure,
1ts duration and distribution and the pressure impulse. Thus, 1t 1s extremely
difficult to compare the results of different authors or to formulate distinct
tendencies for the relations between the shock pressure characteristics, the
wave characterigtics and the boundary geometries.

For the designing engineers, there are still several deficiencies of know-
ledge. - In spite of the work by CARR (1954), very little 1s known about the
occurence of shock pressures. Which combinations of wave period and wave height
are, for different combinations of bottom slope and water depth, expected to
give shock and which are not. — Apart from a few tests by ROSS (1955) breaking
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SHOCK PRESSURES 955

waveg preceded by nonbreaking waves have not been systematically investigated.
Since such waves are likely to occur in nature and since solitary waves usually
g1ve higher pressures than corresponding consecutive breaking waves, this type
of wave - the breaking wave preceeded by nonbreaking waves — should be of in-
terest.

Not much 1s known about the probable and possible horizontal distribution
of shock pressures. In spite of the systematic work of NAGAI (1960) more 1n-
formation 1s needed on the simultaneous vertical pressure distribution against
a wall. Contradictory results have been published on this subject.

The main purpose of this investigation has been to f11l in some of these
deficiencies of knowledge.

TEST INSTALLATIONS

The tests were carried out in a2 flume which 1s 1.2 m wide, 0.8 m deep and
which has a total length of 19 m, 13.5 m of which a horizontal bottom, see
Fig. 1. A flap-type wave generator was hinged at the bottom of the deeper part
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Fig. 1. Test Insgtallations

of the flume. This wave generator can produce regular waves of different pe-
riods and amplitudes, the maximum period being about 1.67 s.

At the opposite end of the flume, 14.9 m from the wave generator, a plane
test wall was placed on a built-in bottom. This wall consisted of a 15 mm
thick steel plate, which was screwed onto a system of 10 vertical buttresses
made of concrete and with flanges of steel. The test wall could oppose the
waves with 1ts front vertical or sloping 30° to the vertical. Two of the butt—
resses uere designed in such a way that the pressure gauges could be installed
between them. 100 x 100 x 15 mm mounting plates into which the pressure gauges
were fitted, could be screwed onto the flanges of the buttresses with their
surfaces flush with the front plate. The centerline of the vertical row of
gauges situated 122 mm to the right of the center line of the flume. Since the
pressure gauges could not be placed closer than with their centers 100 mm apart
1t was made possible to place the set of three gauges at different levels. Thus
the vertical pressure distribution could be studied more in detail by repeating
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the test runs for the different levels of the pressure gauge set. During the in-
vestigation the set of gauges was placed at levels with the center of the lowest
gauge 2.2 cmy, 4.0 cm, 5.7 cm and 9.0 cm above the bottom of the wall.

In a similar way 1t was made possible to investigate the horizontal pressure
distribution on an arbitrary level. On this level pressure gauges could, besides
the one placed 122 mm to the right of the centerline of the flume, be placed
143 mm and 388 mm or alternatively 266 mm and 511 mm to the left of the center—
line of the flume.

The gauges were mounted so that the sensitive membranes were flush with the
wall, The fissures around the gauge mountings were carefully tightened with plas-
tic material in order to prevent compressed air of the entrapped air cushion to
escape that way.

The buttresses, their flanges and the mounting piates for the gauges were
calculated to have natural frequencies of at least 107 Hz. Any disturbances re-
sulting from oscillations of the test wall or from shock waves reflected within
the construction elements were not observed.

The built-in bottoms on which the test wall was placed were of different
types. The ones with the slope 1:3 were designed to correspond to the rubble
mound of an average composite-type breakwater. In the previous research regar-—
ding composite-type breakwaters (e.g. NAGAI, 1960), usually the horizontal width
of the top of the mound in front of the wsll, a, equals the water depth in front
of the wall d,. Thus, to facilitate comparisons, the width was chosen a 15.0 cm,
the same as the most used water depth. In order to get results for values of
the ratio d,/a larger than 1, tests were also made on a mound with a horizontal
width a of 7.5 cm. In that way attempts could be made to reproduce the larger
tests with a linear scale of 1:2, The mound with a = 15.0 cm had a height of
36.9 cm above the bottom of the flume while the one with 8 = 7.5 cm had a height
of 39.1 cm.

Tests were also made with the wall standing on bottoms with slopes corre-
sponding to natural ones and without horizontal planes on the top. It was first
intended to use only the slope 1:10 but, since the results showed important
differences to the results for the slope 1:3 tests were also made with bottom
slopes of 1:6 and 1:25. The built-in bottoms with natural slopes had a height
of 37.2 cm above the bottom of the flume, which 1s nearly the same as the
heights of the rubble mound mentioned above.

RECORDING BQUIPMENT

Wave dimensiong. — The heights and the periods of the waves were measured by a
resistive water level gauge placed 8.5 m from the test wall. The resistance
variations were recorded with the help of an ABEM coil galvanometer recorder
which had a paper speed of 2.5 or 5.0 cm/s.

Behaviour of waveg. - The action of the waves 1mmediately in front of the wall
could be photographed through the glass wall of the flume. The camera was a
Paillard Bolex 16 mm Movie Camera, used with a speed of 54 pictures/s. 5 test
runs were photographed for each combination of wave height, period and boundary
geometry for which the pressure distribution was investigated. All other waves
were watched through the glass wall of the flume and their behaviour was noted.
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The oscilloscope sweep was started by a trigger mechanism when the pressure
reached a certain height.

The pressure recording equipment was calibrated statically with compressed
air pressures, after about 200 test runs or when the electrical conditions were
changed significantly. The pressure of the air was measured with a mercury mano-
meter. The calibration diagrams showed very small variations from one calibration
to enother.

TEST PROCEDURE

When a breaking wave hits a vertical wall spray i1s thrown upwards into the
air and the water in front of the wall i1s mixed with air bubbles. The disturban-
ces caused by the downfall of the spray and by bubbles from the preceding wave
are not reproduced in a correct way in model tests. Furthermore, these distur-
bances would goften the shock pressure. Congequently 1s was found more interes—
ting and necessary to study the shock pressures caused by breaking waves pre-
ceded by non-breaking waves. Such a combination i1s likely to occur in a proto-
type.

Thus, the following procedure for the tests was chosen. Before each test
run, the wave generator was put in a certain position. The test run was not
started until the water surface in the flume was calm. When the wave generator
started the beginning of a wave train travelled towards the test wall. As a
rule, the 4th wave of this wave train was studied, but occasionally, especially
when the wave period was short, 1t proved necessary to study the 5th, the 6th
or even the 9th wave. In a few cases, for the shoal with a = 7.5 cm, the 3rd
wave was studied.

For each combination of bottom geometry, water depth and wave period
dafferent values of the wave generator amplitude were tested. This amplitude
was decreased until the studied wave became so small that 1t could not break
against the test wall but only produced clapotis. On the other gide, the ampli-
tude could not be increased too much owing to three reasons:

1. The studied wave became go high that 1t broke too far from the test
wall to produce any shock pressure.

2, The wave preceding the studied wave broke or otherwise produced too
much dasturbance.

3. The top of the studied wave broke when passing the wave gauge.

In the case of 2 and 3 no upper limit for the occurrence of shock pressures
could be determind.

For the 1:25 shoal some tests were carried out with 2 series of consecutive
breaking waves.

TEST PROGRAM

The influence of wave height and wave period on the occurence and magnitude
of shock pressures was 1nvestigated using several combinations of bottom geometry
and water depth. The combinations which have been studied are indicated in
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Table 1. The geometry characteristics are defined in Fig, 4.

the lowest pressure gauge was normally situated
5.7 cm above the bottom of the wall. It was at-
h temted to make model scale studies at a scale
difference of 1:2 by studying tests with a =
= 15.0 cmy d1 = 15.0 cm and a2 = 7.5 cm, dy =
= 7.5 cm respectively. Thus, in the tests with
a = 7.5 cm the gauges were moved to more compa-—
Fig. 4. Defanitions of rable positions, with the center of the lowest
geometry charac— gauge 2.2 cm above the bottom of the wall.
teristics.
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.LIE\:: During these investigations, the center of
d

I a a d, cm
[

on 5.0 7.5 11.0 15.0
1:3 15 Q x x
1:3 7,5 Q x x
1:6 o] ¢} x x x
12107 0 170 17 7771 7% x | x
1:25 Q Q x x x L x
1:3 15 30 x| x

Table 1. Investigations of occurrence of shock pressures.

Some dangerous or otherwise interesting combinations of wave period and
wave height were selected, see Table 2. For each of these combinations 25 tests

Series I a /1 d, T H

cm ° cm 8 em
A 1:3 15 9 15.0 1.40 19.40
B 1:3 15 0 15.0 140 20.30
c 1:3 15 Q0 15.0 1.64 13.30
D 1:3 15 Q0 11.0 1.30 16.60
E 1:3 7,5 Q0 15.0 1.50 20.50
F 1:10 9 Q 11.0 1.50 11.80
G 1:3 15 30 15.0 1.40 19.90
H 1:3 15 30 15.0 1.40 21.00

Table 2. Investigations of pressure and impulse distributions.

with i1dentical conditions were made for each position of the gauges and the
pressure and impulse distraibutions were evaluated statistically. Since, in the
tests wath the nonvertical wall, the dispersion of the resultis was comparatively
small, 1t was decided upon to make 10 runs only for each gauge position.
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The extent of the test program was worked out continuously with regard to
the results.

INTERPRETATION OF RESULTS.

Wave daimensions. — The wave form registered on the galvanometer recorder paper
made 1t possible to measure wave heights and wave periods. The wave lengths
were calculated with the formula

2
L=-§E—ta.nh 2nd (1)

Fig. 5 shows how the height (H) and period (T) of a particular wave were de-
fined and measured on the registration.

o
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Fag. 5. Definitions of wave characteristics.

The wave dimensions at the point where the wave gauge was gituated have
been recalculated to dimensions valad for points of interest for a designing
engineer. For the tests with bottom slopes of 1:6, 1:10 and 1:25 the wave
heights given in thas paper represent the dimensions of the studied wave when
1t passed over the point of the bottom where 4 = 0. 1L « It 15 assumed tha§
Stokes ggeory for finite amplitude waves 1s valid for’da = 0.1L o (L = gT"/fon =

= 1.56T

For the tests with the bottom slope 1:3, on the other hand, the waves are
valid for the depth of water between the water surface and the bottom of the
flume. Assuming this depth being constant in the flume, the recorded wave di-
mensions have been recalculated as described below to the section of the flume
where, during the tests, the water depth was 4 = 0.1 Ly over the built-in
sloping bottom. Thus, the wave dimensions given in the paper represent what the
waves would have been in that section of the flume 1f the composite~type break-
water construction had not existed.

A theory given by SVERDRUP-MUNK, 1947, was used for the recalculation of
the wave dimensions. It assumes that the potential energy of a wave 1s trans-
mitted with the wave velocity while the kinetical energy 1s stationary. The
potential energy can be calculated from the formula

B [ 4nd 411& o

Rot o _ 1. —l
Etot tee T sinh ﬂ%ﬁ (2)

The daistance (b) between the wave gauge and the point of interest as
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described above was different for each combination of bottom geometry and wave
period. For each combination the energy transport was calculated with significant
mean values of water depth (d), wave length (L) and energy ratio (n). The total
energy of the nth wave at the gauge and at the actual point of interest could be
determined as the energy of the nth wave n + 6.40/L periods and n + (6.40 + b)/L
periods after the start of the wave generator regpectively. Thus, the ratio
E/Egauge between the total energy of an arbitrary wave at the point of interest
and the total energy of the same wave at the wave gauge could be determined.

In the expression for the wave energy

I 0.0 S P R ) (3)

the second term in the brackets i1s, for the waves in the test program, small
compared to 1. Thus, Eq. (3) can, with good approzimation, be simplified to

E = const * L » H (4)

A series of special tests were run in order to investigate the propagation
of waves in the beginning of a wave train. These tests were made in a flume with
constant depth and 20.5 cm width., The number of tests was 40 and the water depth
and the wave dimensions were half of those ueed in the main tests., Wave gauges
were installed at points corresponding to the wave gauge and to the test wall
in the main tests. Behind the wave gauge corresponding to the test wall there
wag placed a wave absorber. The investigation showed that the wave period and
hence the length of the studied wave corresponded at the two gauges with a maxi-
mum error of 4.2 o/fo.

Thus Eq. (4) cen be transformed into

H \ [ &
H =\ (5)
gauge ‘gauge

This expression was used for the calculation of the wave heights at the points
of interest defined above.

The fact that the wave gauge was situated somewhat too near the wave gene-
rator affected the measured values of the wave dimensions in & manner which needs
further comments. When the generated wave was very steep 1t lost 1ts top and
foam was created on the wave front before the wave passed the wave gauge. If the
amplitude of the generator movement was decreased no such phenomenon occurred
and the wave passed the wave gauge with unbroken top. Thus, althougn the gene~
rating energy in the second case was smaller, the recorded wave height could be
somewhat larger due to differences in the wave form.

One example of this phenomenon waes the relation between series A and B, see
Table 2, for which the shock pressure distribution was investigated. In this case
the generating energy of the studied wave was 8 o/o higher for the series A,
while the measured wave height was 4 o/o higher for the series B. On the other
hand the potential energy at the gauge was 2 o/o higher for the series A. Further—
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more, the waves in series A behaved as 1f they were larger immediately in front
of the breakwater. Hence, the wave height 1s not sufficient as characteristic of
the wave in cases when the wave steepness 1s large. Anyhow, since the error was
relatively small and since alternative wave characteristics are much more compli-
cated to evaluate from large series of recordings, the wave height has, together
with the wave period, been used as main characteristic of the wave form.

Qccurrence of shock pregsures. — The occurrence and magnitude of the shock
pressures registered during this investigation are presented in Figs. 6 to 14,

It must be observed that, as mentioned above, the pressure gauges during the
studies regarding the occurrence of shock pressures were kept in a constant posi-
t1on., Thus, the pressure magnitudes do not represent maximum pressure peaks.
(Compare the distribution diagrams.)
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The occurreace and magnitude of the shock pressures were directly dependent
on the behaviour of the waves immediately in front of the wall. For a certain
period, small waves did not break at all but only produced clapotis in front of
the wall. These waves caused pressures against the wall, which were not large
enough to starl the oscilloscope sweep. Increasing the wave height, a certain,
rather distinct value was reached, at which a thin air cushion was entrapped
between the wave and the wall. A more distinct and sharp shock was heard and 2
short but very high shock pressure was recorded., After the first pressure peak
the pressure decreased to below zero and then increased again continuing in a
quickly damped oscillation. This oscillation can be explalned as an adiabatic
compression and expansion of the entrapped air cushion., The shortest recorded
oscillation period was about 1.5 msec while the rise-time of the first peak corre-
sponded to a somewhat shoriter period. This rise-time was, however, very difficult
to measure adequately since the time scale was limited by the capacity of the
oscllloscope.

A further increase 1n wave height made the wave break in such a way that the
alr cushion grew thicker and hence the pressure became smaller but lasted for a
longer time causing a longer oscillation period. Finally the wave became so high
that 1t collapsed before 1t reached the wall, In these cases only very low shock
pressures could be recorded 1f the oscilloscope sweep started at all. The upper
limit of the occurrence of shock pressures was not so distinct as the lower limit,

The conditions described above could be observed for long wave periods.
For short periods the waves needed & larger wave height to produce shock. However,
for reasons given above, 1t was not possible to produce waves which had a large
steepness at the test wall., Thus, 1t was usually impossible to establish the upper
occurrence limit for shorter periods.

The behaviour of the weves in front of the breakwater was particularly affec—
ted by reflection phenomena 1n the test with the steepest bottoms and with short
periods, Occasionally, waves which were too small to cause shock pressure against
the wall met reflected preceding waves in such a way that parts of the wave were
thrown against the wall. In that way shock pressures, although usually not very
large, could be created by waves wrth short periods and lower wave heights than
the normal lower shock occurrence limit. Such shock pressures have been recorded
for all the tested relative water depths over shoals having a slope of 1:3, see
Figs. 6 to 9 and 14.

As seen in Table 1, bottoms having slopes of 1:3, 1:6, 1:10 and 1:25 were
tested. A comparison between the results confirms the observation Ly CARR (1954)
that for a fixed wave period the range of wave heights creating shocks 1s narro-
wer the flatter the slope of the bottom. It was also observed that, with the
chogen test procedure, 1t was 1mpossible to create violent shocks on the flatter
slopes.,The greatest shock pressure recorded at the shoal slope of 1:10 was
4.4 t/m". Using the sctual test procedure, no shock at all was recorded for the
slope 1:25. However, some shocks, though rather weak, were recorded during tests
having maay consecutive waves in a wave train.

It was attempted to carry out different tests which were model tests to
each other. Tests having a slope of 1:6 and depths of dq = 7.5 emy, 11.0 cm and
15,0 cm could be considered to be corresponding scale models. At a slope of 1:3
only tests having a = dq = 7.5 cm and & = d1 = 15.0 cm were scale models to each
other.

If the occurrence diagrams of the test series which were corresponding scale
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models were put in a damensionless form they would coincide. For this purpose
the wave heights have been recalculated to points wath the depth d = 3 d1. The
adapted lower occurence limit curves of the interesting tests have been represen-
ted 1n Fig. 15. The agreement between the curves 13 not perfect. This seems to be

30 T
\
J20 4;-15 o d25cm

3 e \1
1. 11 cm

™ galem

——— 1:16
------ 113, 0vd,

Fig. 19. Lower shock occurrence limits.

mainly due to the fact that even though the wave height H of the waves causing
the shock pressures 1s in scale the preceding wave 1s not necessarily in the same
scale. At smaller periods, the 5th, 6th,or even the 9th wave of the wave frains
were studied. In these cases, the preceding waves were only slightly smaller than
the studied ones, while on the other hand, the usually studied 4th wave uas pre-
ceded by a considerably smaller 3rd wave. For shorter periods the gtudied wave
was usually so disturbed by the preceding wave that 1%, in a sort of clapotis
movement, lost parts of 1ts top and hence lost energy before 1t reached the wall,
Thug, for shorter periods, wave breaks and shock pressures were received only
from waves having larger relative wave heights. Obviously, the sample notations
of the per10d and height of one studied wave do not give a complete information
about the behaviour of this wave. The mechanmism of the breaking of a wave strong-
1y depends on both the form of the actual wave and the behaviour of the preceding
wave., This must be taken into account both in the planning of model tests for
particular projects and in the interpretation of the results.

The influence of the horizontal width a of the top of the mound with slope
1:3 was easily noted by comparison between tests baving dy = 15.0 cm and a = T.DH cm,
see Fig. T. Apparently, much larger waves were needed to produce shock pressures
when the width a of the mound was small. The practical use of thas information
18 so i1mportant that 1t should be specially ohgerved.

A comparison between the tests with a vertical test wall and those with a



wall sloping 30° to the vertical gave two interessing results. First, 1t could
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be noted that at a water depth of dj =

PRESSURES

15.0 cm curves representing the lower
occurrence limit were almost identical. Secondly, 1t was not possible to create
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very large shock pressures against the sloping wall. Tests with a water depth of

d4 = 11.0 cm gave such small pressures and so insecure recordings that a shock
occurrence diagram would have no meaning, These results seem to be logical as a
breaking wave 1s not likely to have a water front with a hang-over sloping 300
without losing 1ts top or otherwise showing the irregularities of the required
late stage of breaking. Thus, no thin air cushion can be entrapped.

Pregsure distribution. ~ The pressure distribution over the test wall was studied

in 8 different cases, see Table 2. The results are represented in figs. 15 to 23
where, for the different pressure gauge levels, the maximum, average and minimum

values of the recorded pressures have been connected to form pressure distribu-

tion curves.
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A series of 25 tests was run (in the series with the sloping wall only 10
tests )for every level of pressure gauge recording the waves as well as the
pressures. The wave height did not in any series deviate more than 7.5 o/o from
the mean value. The corresponding maximum deviation for the wave period is only
1.8 ofo, The wave dimensions given in Table 2 are averages of the mean ralues for
the different series. The mean wave height of the series never deviated more than
2.6 o/o from the average mean value given in the Table. The deviation of the mean
wave period 1s quite negligible. These relatively low figures should be compared
with the digpersion of the shock pressure magnitude as seen in the diagrams. Since,
within each series, no correlation between the wave dimensions and the shock
pregsure could be discovered, this dispersion seems to be mainly due to occaglro-
nal small disturbances of the wave front in the different tests., Such disturban-
ces were impossible to detect since the movie films only showed the wave action
Just at the glasgs wall and not in the plane where the pressure gauges were placed.

Beside each pressure distribution diagram the corresponding impulse distri—~
bution diagram has been represented. The impulse (the surface under the pressure—
—time curve)has been calculated with a reasonable correction accounting for the
first low part of the curve which has not been traced by the oscilloscope sweep.
Since the period of oscillation was approximately the same at different levels,
the pressure and impulse distrabutions are fairly congruent.

The maximum pressures occur simultaneously below a level corresponding to
roughly 1.25 times the height above the bottom of the point where the convex
part of the wave front first hit the wall. The higher regions of the average
dagtrabution curves where the shock pressure occurred later than below have been
daghed., The comparison between the films and +the distribution diagrams also
gives the information that the largest pressure always occurred where the entrap-
ped air cushion was imitially situated.

A study of the different distribution diagrams can give extensive informa-
tion on different aspects of the shock pressure phenomenon but in the following
only some interesting features will be pointed out.

The largest pressures occur much lower in the tests with the bottom slope
1¢3 than i1n those with the slope 1:10. This tendency 1s clearly confirmed by the
movie films, which also andicate that the pressure distributions for the bottom
slope 1:6 will be rather like the ones derived for 1:10, Thus, the resultant force
was situated at 40-65 o/o of the sti1ll water depth above the bottom for the slope
1:3, while 1t was at 90 o/o above the bottom for the slope 1:10.

This observation, as well as the fact that the shock pressure against the
test wall in no case decreased to zero at the bottom, differs from what has most-
ly been stated by other authors. This can be explained by the difference in test
procedure and hence in the way an which the wave broke against the structures.

The movie films show that in the series A, the air cushion was not only
thicker but algo larger an the vertical darection than 1t was i1n the series B,
This corresponds well to the general view of the pressure distribution which shows
that i1n the series B there were higher but more local shock pressures. Thus, the
resultant force was nearly the seme in the two series while, on the other hand,
the shock impulse in the geries B wag approximately half of the impulse in the
series A. This 1s also 1n contrast to the statement by e.g. DENNY (1951) that a
constant fraction of the forward wave momentum is fransferred into shock impulse.

The tests regarding the horizontal distribution of the shock pressures gave
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no special tendency. Sometimes the peak pressures occurred simultaneously over
the whole width of the flume and sometimes not.

CONCLUSION

The present investigation gives results from tests with breaking waves pre-
ceded by non-breaking waves. These waves caused pressures which could be relative-
1y high (pyay ~20 t/m° for a wave with H=20 cm) and also could have a short du-
ration (= 1 mseo). The maximum pressures always occurred below the still water
surface level and the shock pressures never decreased to zero at the bottom. This
paper also presents shock occurrence diagrams which show the conditiong for pres-—
sures of certain magnitudes to occur when different bottom geometrice are used.

The present investigation only gives results for waves preceded by conside-
rably lower waves. Such waves can cause comparatively high shock pressures for
which the adiabatic compression of an entrapped air cushion plays a predominant
role. This must be kept in mind when such tests are planned and when the results
are converted to prototype scale.
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