EXP"RIMEWTAL AND THEORETICAL STUDY OF WAVE
_FORCES ON PERFORATED BREAIG/ATERS
WITH SPIKES .

P. S. RENUKARADHYA*
Faculty of Marine Scilence and Technology
Tokail University
1000, Orido, Shimizu City, Japan=424

ABSTRACT

. The usefulness .of spikes superimposed on perforations on
breakwater walls in reducing the wave force is investigated for the
first time in this study. Breakwater walls inclined-at 57° and 65°
were provided with 16% and 21% perforations, Spikes were super-
imposed on these perforations, Horizontal and uplift forces on
inclined walls with and without perforations/spikes and also those
on solid vertical walls were measured for different parameters, .
These exnerimental values were compared with the theoretical values
computed by using Sainflou's method. Combination of 21% perforations
and spikes on 57°® wall proved to be the most effective in wave force
reduction, The wave forces in thils case were found tc be only 40%
of those on solid vertical walls at short wave periods.,

The wave heights within the body of the model were compared
with the incident waves. In case of 57° wall provided with 16%
perforations and splkes, the wave heights within the model were
found to be only 50% of the incident wave heights in case of short
waves,

INTRQDUCTION

In 1961, Jarlan applied acoustic theory to the reflective
properties of coastal enginecering structures and proposed to provide
perforations on the outer periphery of the.structure to reduce the
reflected wave energy thereby making the structure safer and more
economical, Since then a number of harbour structures such as
breakwaters and offshore structures have been constructed in several
continental shelves, Ekofish oil storage tank constructed in North
Sea in 1972 is one typical example of such perforated structures,

Though perforated structures are being constructed in many
countries ever since the concept of perforations was intrecduced,
there is still a lot of controversy about the percentage of perforated
area, the chamber length relative to wave length, the diameter of
perforations relative to wall thickness, etc, to obtain maximum
reduction in wave forces, This study attempts to solve some of
these problems.

*Present Address: Ocean Engineering Division, National Institute
of Oceanography, Dona Paula, Goa-403 004,
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Model studies were conducted on .reakwater models with
vertical and inclined faces, Two inclined faces provided with two
different perforations were tested, To investigate if the wave
forces could be reduced further by superimposing spikes between
perforations, spikes were fixed for the first time in this study.
Experimental values of both horizontal and uplift forces were
compared with the'theoretical values computed by using Sainflou's
method, Wave height reduction. in model chambers is also studied by
recording both incident waves and the waves within the model,
Results of the above investigations are presented in this paper,

EXFERIMENTAL WORK
MODELS

Medels with vertical face and also with faces inclined at |
the angles of 57° and 65° were manufactured to a model scale of
1 : 25,  Perforations with void ratios of 16% and 21% were made on
the inclined faces, Spikes were fixed both on perforated and un-
perforated inclined faces, To prevent overtopping of waves, a 10 cm
high wall with a curved face was fixed at the top of the models
over the entire width., In order to facilitate the insertion of
wave recorders inside the body of the model, a hole 10 cm in dia-
meter was provided at the top. The side walls were made of plastic
for making them transparent to make the observation of wave pattern
within the model possible, All other sides were made of timber
planks. Additional weights were added at suitable heights on the
inner faces of front and back walls as per the similitude law.
Fig., 1 shows the three models tested. Front faces with 16% and
21% perforations were fixed at the angles of 57° and 65° in each
side., Spikes were superimposed on these perforations by fixing
them with screws, Fig. 2 shows the various comoinations of per=-
forations and spikes tested., TFig., 3 shows the size of each spike.
The wall fixed on top of each model to prevent overtopping i1s shiown
in Fig. 4. The different cases tested are listed below:

(1) Vertical face with no perforations and no spikes.

(11} Front face inclined at 57° and with no perforations
and no spikes,

(iii) TFront face inciined at 65° and with no perforations
and no spikes.

(iv) Front face inc}ined at 57° and with perforations only,
(v} Front face inclinad at 57° and with spikes only.

(vi)} Front face inclined at 57° and witih both perforations
and spikes.

{(vii) Front face inclined at 65° and with perforations only,
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(viii) Front face inclined at 65° and with spikes only.

(ix) Front face inclined at 65° and with both perfor-
ations and spikes.

EXPERIMENTAL SET UP

Experiments were conducted in a wave flume 30 m long, 1.0 m
vwide and 0.6 m high fitted with a flap tyne wave generator. The
model was placed at a distance of 15,85 m from the flap, It was
hung from the top of the flume with an Le-arm supported by a frame
by leaving a gap of 1 cm from the bottom of the flume., Fig. S
chows the L-arm used for supporting the model. Two wave recorders-
one inside the body of the model and another at a distance of
12,20 m from the centre of the model « were used to recoré the wave
heights inside the body and the incident wave heights, The experi-
mental set up is shown in Fig. 6.

The horizontal and uplift forces arm were measured by fixing
16 strain gauges to the supporting L-arm as shown ip Fig, 5. Four
gauges fixed on each of the horizontal and vertical models were
connaected to one Wheatstone bridge as shown in Fig, 7.

The strain gauges were calibrated by applving norizontal
anc¢ vertical forces manually by using a pulley system and weights.
The wave recorders were calibrated by immersing them in static
water manually. The forces and wave heignhts were recorded on
oscillographs by using amplifier and recording instrument,

WAVE PARAMETERS

Model waves of 5 cm,-7 cm, 10 cm and 14 cm heights and
1,1 cec and 2,6 sec periods were generated, These parameters and
their ccrresponding values in prototype are tabulated in Table 1.
A wvater depntn of 40 cm corresponding to 10 m in prototype was
maintained in the flume through out the experimental weork.,

THECRETICAL CCMPUTATION CF WAVE FORCES- SAINFLOU'S METHOD

Since the waves considered in this investigatlion are non-
breaking waves, the wave forces on breakwater structures are
primarily hydrostatic. Sainflou (1928) proposed a method for - -deter-
mining the pressure due to non-breaking waves, Both horizontal
and uplift forces are computed by using this method. Though,
Sainflou's method is used for the computation of wave forces on
vertical walls, it is applied for both vertical and inclined walls
in this investigation. This method is explained below briefly.

The wave crest is assumed to be H +b, above SWL and the
wave trough kb-so below SWL. The shift of mean water level
is calculated' by :
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. The force intensities P, P, P! at different levels shown
in Fig. 8 are given by %he %qllowing equationst
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.The uplift force distribution is triangulér as shown in Fig. 9.

The pressure intensity at the bottom of the front face of the
structure Fh is given by
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The computed horizontal and uplift forces for different parameters
are tabulated in Table 2 and Table 3,

RESULTS AND DISCUSSION

HORIZONTAL FORCES

Fig, 10 to Fig. 13 show ihe comparison of theoretical
values of horizontal wave force with those measured experimentally
for different wave heights and wave periods.

Fig., 10 compares the forces on 57° wall due to 1.1 sec wave
reriod with wave heights ranging from 5 cm to 14 cm. As could be
seen from the measured forces, the decrease of wave force in case
of perforated walls and also perforated walls fixed with spikes,
is significant., The forces on perforated walls with and without
spikes are only half of those on vertical wall on an average, for
all wave heights, The reduction of forces provided with both
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perforations and spikes is more than the reduction in the case of
perforations alone. This shows clearly that spikes superimposed
on perforations are effective in further reducing the wave forces
on structures, When spilkes are not fixed, 21% perforations have
shown better results compared to 16%, The combination of 21%
perforations and spikes has proved to be most effective at this
wave period,

The wave forces on the walls fixed with spikes alone are
more than those on the solid walls without spikes as could be
expected., The additional frictional resistance due to spilkes
increases the wave forces by about 10%, The forces on plain inclined
walls are less than those on plain vertical wall,

In case of lower wave heights the measured wave forces on
perforated walls superimposed with spikes are only .one third of the
computed values for sclid vertical wall., Even for higher waves, the
computed values are more than double the experimental values on
these walls. Cn the other hand, computed values in case of solid
walls, though slightly higher than the experimental wvalues, ree
present the actual values with a fair degree of accuracy.

Fig., 11 compares the experimental and theoretical values
on 57° wall for 2.6 sec wave period, The decrease of wave force
due to perforations and spikes is not so significant as in the
previous case, In case of higher waves, the experimental values
show a reduction of about 30% while at lower heights the reduction
1s negligible. At this wave period of 2.6 sec, 16% perforations
have proved to-be better than 2 1%, The same tendency is observed
when superimposed with spikes.

The tendency of the increase of forces due to spikes fixed
on unperforated walls is clear in this case also. Computed forces
are almost double the measured wvalues in case of long periods, and
are thus not representative of actual forces.

The forces on 65° wall due to waves with 1,1 sec period are
compared in Fig., 12, The reduction due to perforations and
splkes 1s as much as 55% for lower wave heights and 30% for higher
waves, 21% perforations have proved to be better than 16% both
with and without spikes, Combination of 21% perforations and
splkes has proved to be the best in this case also.

: Fig, 13 shows the comparison for 65° wall and 2,6 sec wave
period, Perforations and spikes are not helpful in reducing the
wave forces substantially at this long period. Computed values are
observed to be more than the measured ones in both the cases,

UPLIFT FORCES
Theoretical and measured uplift forces on 57° and 65° models

are compared for 1,1 sec and 2,6 sec wave periods in Fig., 14 to
Fig. 17. .
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FPig, 14 shows the comparison for 57° wall and 1.1. sec wave
period., As could be seen from the comparison of experimental values
for vertical and inclined walls, perforations and spikes reduce the
uplift forces significantly. The forces are halved at lower wave
heights and become as less as one-third at higher wave heights,
16% perforations are more effective in case of uplift forces than
21%. Maximum reduction is achieved by combining spikes with 16%

perforations.

. As the wave period increases the uplift forces increase
substantially as shown in Fig. 15. In case of so0lid wall, the
magnitude of uplift forces is almost the same as horizontal forces,
Inclined walls without perforations and spikes experience less '
forces than vertical wall. The forces on vertical wall is about
two times those on inclined wall for lower wave heights and about
ene and a half times for higher waves,

The perforations and spikes significantly reduce the uplift
forces, The forces on perforated walls with and without spikes
are only 25% of those on solid wall, Spikes superimposed on 16%
perforations have again proved to yield maximum reduction. in uplift

forces. .

Fig, 16 shows the comparison for 65° wall and 1,1 sec wave
period. The variation of forces along with wave height is almost
the same as in the case of 57° wall and 1,1 sec wave period. 16%
perforations are more effective than 21%, 16% perforations both . .
with and without spikes have shown to yield maximum force reduction

in this case.

The computed and measured forces are compared in Fig, 17
for 65® wall and 2,6 sec wave period., In case of lower wave heights
the forces on solid wall are as much as three times the forces on
perforated walls with and without spikes, The gap widens as the
wave height increases., At the wave height of 14 cm, the forces
on vertical wails are five times the forces on perforated walls
with and without spikes, Both 16% and 21% perforations with and
without spikes have shown almost the same force reduction in case
of long wave period at this inclination.

The computed forces agree well with the experimental values
in case of uplift forces, In general, both the values at shorter
wave period of 1.1 sec are almost half the values at 2,6 sec period.’

WAVE HEIGHTS INSIDE THE MODELS

- The ratios of wave heights within the body of the models
and the incident wave heights are tabulated in Table 4 for diff-
erent cases, The wave heights within the model are comparatively
lesser for shorter period than longer period, Spikes superimposed
on perforations have tendency to further reduce the wave heights
within the models, The front wall inclined at 57°¢ with both
rerforations and.Spikes has resulted in minimum wave heights for
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- the four incident wave heights to which the models were exposed,

CONCLUSIONS

1, At short wave periods, combination of 21% perforations
and spikes on 57° wall has proved to be most effective
in dissipating wave energy. The horizontal wave forces
in this case are only 40% of those on solid wall, However,
at long periods, perforations and spikes do not reduce
horizontal forces significantly particularly at lower
wave heights, A reduction of 30% is observed at higher
wave heights, 16% perforations have proved to be more
useful than 21% at long periods.

2, Spikes combined with perforations are useful in considerably
reducing the uplift forces. Maximum reduction is achieved
by the combination of spilkes and 16% perforations on S57°
wall. The uplift forces in this case are only 25% of
those on vertical models,

3. Horizontal forces on vertical models computed by using
Sainflou's method are slightly higher than the experi-
mental values at short periods but represent the actual
values with a fair degree of accuracy. But at long wave
periods, computed wave forces are almost double the
measured values and are thus not representative of the
actual values.

4, The uplift forces increase significantly with the incre-
asing wave period and become almost the same as horizontal
forces at long wave periods. The compuied uplift forces
agree well with the experimental values both at short
and long periods.

5. The frictional resistance due to spikes fixed on unperfor-
ated inclined wWalls increasec the wave forces acting on
the structure by about 10%.

6. Combination of spikes and 16% perforations on 57° wall has
resulted in minimum wave heights within the model.
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DEFINITION OF SYMBOLS USED

Wave amplitude

Wave length

Water depth below MWL

Water density

Shift of MWL

Water pressure at MWL when the crest approaches
the vertical wall

Water pressure at MWL when the trough approaches

the vertical wall,

- Water pressure at the bottom of vertical wall when
crest approaches :

- Water pressure at the bottom of vertical wall when
the trough approaches

- Uplift pressure at the front side of vertical wall

Horizontal wave force at wave crest

Horizontal wave force at wave trough
. Horizontal wave force (average)

Uplift force

Wave height within the model.
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Table 1: Experimental Pa.rémeters

(Model Scale = 1/25)

Parameters Prototype Modsl
Wave Period 5,5 Sec 1.1 Bec
13,0 Sec 24,6 Sec

Wave Height l1.25 m CeO5S m
1.75 m 0,07 m

2,50 m 0.10 m

3.50m 0.14!‘

Water Depth 10m 040 m
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Table 3t Uplift Forces computed by Sainflou's Method.

Wave Wave

R g g AT e

_ (m) (Kg) (Kg)
1 1,1 1,70 . 0,05 2,03 1,74
2 0.07 . 2.84 2,42
3 o,10 4,06 3.46
4 0.14 5.69 4,85
5 2,6 4,94 0,05 4,14 3,53 |
6 0.07 5.80 4,95
7 0,10 8,28 T.07
8 0.14 11,59 9.89
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Table 4: Ratios of the Wave Heights within the Models and the
’ ' Incident wWave Heights in Different Cases.

s1. . Incident 3 3 sec'Wave 2.6 Sec Wave

No Type of Model wave
* . height HC/ZH _ HC/ZH
(m) ‘ ’
57® (65°) wall 0,05 0.65 (0,61) 1,13 (1,10)
1 with 16% per- 0.07 0,57 (0.57) 0.97 (0.96)
forations
0.10 0.52 (0,.54) 0.83, (0.84)
0.14 0.51 (0.51) 0.73 (0,77}
, 57* (65°*) wall 0,05 0.76 (0.82) 1.33 (1.25)
with 21% per-
forations 0.07 0.69 (0.,74) 1.17 (1,05)
. 0.10 0,64 (0,70) 1,00 (0.98)
0.14 0.58 (0.68) 0.93 (0.87)
57° (65°) wall 0,05 0.54 (0.68) 1,02 (1,06)
with spikes
3 and 16% per- 0,07 0.56 (0,52) 0.89 (0.,97)
forations 0.10 0.48 (0,47) 0.80 (0.84)
0.14 0,42 (0.42) 0.72 (0,77)
57° (65°) wall 0.05 0.71 (0.81) 1423 (1,23}
with spikes
4 and 21% per- 0.07 0.64 (0,71} 1,12 (1,05)
forations 0,10 0.58 (0,70) 0.98 (0,98)

0,14 0655 (0.67) 0.90 (0.92)
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