CHAPTER 133

WAVE FORCES ON SQUARE CAISSONS

by

G.R. Mogridge* and W.W. Jamieson*

ABSTRACT

The forces and overturning moments exerted by waves
on large vertical square-section caissions have been measured
in the laboratory. Each model caisson extended from the
bottom of a wave flume through the water surface and was
oriented either with one side perpendicular to the direction
of wave propagation or turned through an angle of forty-five
degrees to this position. For a given orientation, each
model was tested for a range of wave heights (up to the point
of breaking) for various wave periods and water depths. A
digital computer was used for the acquisition, processing,
pPlotting and storage of the experimental data.

In addition to the experimental work, an approxi-
mate theoretical method is presented which allows the wave
loadings on a square caisson to be estimated by means of a
simple desk calculation. The experimental data shows that
this simple method of calculation is reasonably accurate over
a wide range of wave conditions and caisson sizes.

INTRODUCTION

In recent years, considerable research has been
carried out to estimate the wave loads on various shapes of
monolithic offshore structures; however, very little informa-
tion is available in the literature concerning wave loadings
on large vertical square-section caissons resting on the
ocean bottom and extending through the water surface. Hogben
and Standing (3) describe a numerical method which can be
used for the solution of wave loads on large bodies including
square caissons. The same method was previously used by
Garrison and Chow (2), Milgram and Halkyard (7), and numerous
others. Although numerical methods can be used for shapes
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for which closed form solutions do not exist, programming is time
consuming and computation costs can be high. Hogben and Stand-~
ing presented a few results of wave loads measured on a model of
a square caisson. The experimental data was compared with

the numerical solution (4) and also an approximate solution

(3) based on the diffraction theory of MacCamy and Fuchs (6).
For most of the range of relative caisson sizes tested, the
results fitted both solutions reasonably well. Ijima, Chou

and Yumura (5) have presented a numerical method for calcula-
tion of wave scattering by isolated breakwaters of arbitrary
shape. Wave height distributions about rectangular break-
waters were calculated and were found to compare favourably
with distributions measured in the laboratory. Although wave
forces were not measured on the model breakwaters, they were
calculated using the known velocity potentials at the boun-
daries of the breakwaters.

In this presentation it is assumed that in general
terms, the wave forces on a square caisson or cylinder occur
in a similar manner to the wave forces on a circular cylinder.
That is, if the size of the square cylinder is small rela-
tive to the wave length, the cylinder does not deform the
incident wave and the wave force on the cylinder consists
of the sum of the inertial and viscous forces. However, if
the size of the cylinder or caisson is large relative to the
incident wave length, it causes reflection and diffraction
of the incident waves and the viscous drag forces are neglig-
ible in comparison to the inertial forces,

This paper presents an approximate theory which can
be used to estimate the wave forces and moments on large vert-
ical square caissons. The theory, based on the linear dif-
fraction theory of MacCamy and Fuchs (6), has been simplified
so that only three graphs need be used to obtain the complete
solution, Force and moment measurements on models of square
caissons show that the approximate theory gives a satisfac-
tory solution over a large range of caisson sizes and wave
conditions.

THEORETICAL METHOD

It is assumed that the wave force on a large
square-section cylinder or caisson can be expressed as an
inertial force if the coefficient of mass used includes the
effects of wave reflection and diffraction. Thus the hori-
zontal force per unit length of the caisson is expressed as

= 2 .
fx Cms pb? du/dt (1)
where Cms is the coefficient of mass for the square-section
caisson, p is the mass density of the fluid, b is the side
length of the caisson and du/dt is the horizontal component
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of the water particle acceleration. Substituting into Eg. 1
the expression for du/dt from linear wave theory gives

2 .12
£ -cC 21%pb?H cosh k(y + d)

N s - —h g cos (kx - ot) (2)

where H is the incident wave height, T is the wave period, d
is the water depth, o is the wave frequency, ¢ = 2xv/T, k is
the wave number, k = 27/L, L is the wave length and t is the
time. The coordinates are chosen so that x is positive in the
direction of wave propagation and y is positive in the upward
direction. The origin of these coordinates is at the still
water level where the water surface elevation plotted agalnst
x has a maximum negative slope (Fig. 4). By equating the in-
ertial force per unit length on a square caisson to that on a
circular caisson of diameter De,

2 - 2
Cmspb du/dt 0.25 Cmane du/dt (3)

it is found that the diameter of an equivalent circular
cylinder is

L1
- 2
Dy = 2b (Cms/wcm) (4)
If it is assumed that C = C_, then,
- ms m
1 .
D, = 2b/n? . (5)

The force per unit length on the equivalent circular
cylinder is obtained using the diffraction theory of MacCamy
and Fuchs (6):

_ 2pgH cosh k(y + 4)

fx = =% Sosh kd A(kae) cos (ot - a) (6)
L
where A(ka,) =[ (ka ) + Y' (ka )] 2
Jl(ka )
_ -1 1 e
and o = tan [ W ]

g is the acceleration due to gravity, ag is the radius of the
equivalent c¢ircular cylinder, and J; and Y; are Bessel func-
tions of the first and second kind respectively, both of the
first order. Eq. 6 is equated to Egq. 2 for x = 0 to give the
express1on for the coefficient of mass C ms for a sdquare
caisson:

_ L2 cos (ot - o)
Cns = wzpz Alkay) cos ot (7)
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A modified coefficient of mass C&; is defined as

2
such that,
= % COS(ot - a)
Cms Cms cos ot (9)

The coefficient of mass Cpg is a function of time and varies
through a wave cycle while Cyfs is only a function of b/L
(Fig. 3). Cpg 1s equal to Cpfs when o is approximately zero,
that is, for b/L approaching zero or equal to 0.52. The
phase angle o plotted as a function of b/L is shown in Fig. 4.

The total force in the x direction is obtained by
integrating the force per unit length as given by Eq. 2 for
x = 0, through the depth of water from the bottom to the
still water level:

2
F(t) = c__ MREB L (og ot (10)

ms T

Substltutlng the expression for C given by Eq. 9 into Eq.
10 gives ms

2
- « Pmb°H L _
F(t) Cms gz — cos (ot o) (11)
The maximum force occurs when ot = a:
2
- « PTbH L
Fmax Cms T2 (12)

The overturning moment about the base of the cylin-
der is

o]
we) = [ £y v ay (13)
-d

Substituting the expression for fy from Eq. 2 and Cpg from
Eq. 9 and carrying out the 1ntegrat10n gives

= pgb?H L - -
M(t) = C%E —_—Z§——'[kd tanh kd + sech kd@ ~ 1] cos (ot -~ a) (14)

The maximum overturning moment occurs when ot o

2
Mo = Oy 222 L [kd tanh kd + sech kd - 11 (15)

Figs. 3, 4 and 5 give the solutions to the above
equations. Fig. 3 gives Cpg by the solution of Eq. 8 so that
the maximum horizontal force may be calculated by Eq. 12.

The maximum overturning moment can then be obtained directly
from Fig. 5 since Cpfy is known. The phase angle o is plotted
in Fig. 4 and allows the determination of F(t) and M(t) as
given by Egs. 11 and 14.
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EXPERIMENTAL METHOD

The square caisson (Fig, 1) used in the experiments
was 12 in. by 12 in. in cross section and was constructed of
1/4 in. thick plexiglass, It was supported 1/8 in. above the
flume bottom by a rigid 3 in. diameter steel tube clamped to
a steel frame above the wave flume. A force meter was con-
tained within the caisson and consisted of two 3/4 in, dia-
meter stainless steel strain rods 12 in. long. The wave
force on the caisson was transferred to the top strain rod
through a horizontal steel bar and to the bottom strain rod
through a steel base plate (Fig. 1). Foil strain gauges
glued on the strain rods were aligned so that total horizon-
tal forces could be measured in the direction of wave propa-
gation and normal to the wave direction to give longitudinal
and transverse forces, respectively. The photograph in Fig,
1 shows two brass bushings on the strain rods which make the
fixed connection to the supporting 3 in, diameter steel tube,
The steel plate connects the free end of the bottom strain
rod to the caisson, and the steel bar which passes through
apertures in the supporting tube connects the free end of the
upper strain rod to the caisson. Using the two bridge out-
puts from the strain rods, it was possible to measure total
forces and to calculate the corresponding total overturning
moments. A more detailed description of the wave force meter
and its calibration is given by Pratte et al., (9), From the
calibration curves of the force meter, its error band was
estimated to be less than *2% over the range of forces mea-
sured. The natural frequency of vibration of the caisson in
the maximum depth of water was approximately 11 Hz.

Wave profiles in the flume were measured using a
non-contacting capacitive wave transducer suspended above the
water surface midway between the cylinder and the flume wall.
The wave flume was approximately 6 ft. wide, 4.5 ft, deep and
220 ft. long.

A limited number of tests were conducted using a
square caisson 2 ft. by 2 ft. in cross section to obtain
force and moment data for larger values of the relative size
b/L. The model caisson was suspended from a force meter in
a wave flume 12 ft. wide, 4.5 ft. deep and 162 ft. long. The
force meter (Fig. 2) consisted of three aluminum strain mem-
bers 3 in. in diameter, The strains in these members caused
by wave loads were measured using semiconductor strain gauges
forming six Wheatstone bridges. Three bridges measured
strain due to bending and gave outputs proportional to longi-
tudinal, transverse and vertical forces. Three bridges mea-
sured strain due to torque and gave outputs proportional to
the moments about the three coordinate axes. A detailed des-
cription of this force meter is given by Funke (1).

Preliminary tests in the 12 ft, wave flume were
carried out with a 12 in. square-section caisson (Fig. 2) to
confirm experiments already conducted in the 6 ft. flume.
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Wave heights were measured using a capacitive rod wave gauge
at the location of the model but without the model in the
flume. Thus, a different method of measuring incident wave
heights was an additional check on the 6 ft, flume results.

Monochromatic waves were generated in five water
depths ranging from 9.7 to 29.0 in. and nine wave periods
were tested from 0.77 to 2.58 sec. For each water depth and
period tested, a number of wave heights were generated rang-
ing from small amplitude waves to those that were on the
point of breaking. Each model caisson was tested with two
faces parallel to the incident wave fronts (8 = 0°) and also
at 45° to this position (8 = 45°). A digital computer was
used for the acquisition, processing, plotting and storage
of data. Sampling of the data was commenced after the waves
passing the model reached steady state conditions, For each
test, the wave profile and the corresponding wave forces were
sampled every one hundredth of a second for a total of six
seconds. Total forces and overturning moments were computed
and automatically plotted along with the measured wave pro-
file. Experimental results were also printed and data was
stored on magnetic tape. Although it has not been possible
to include all the experimental data in this paper, the re-
sults presented are representative of the complete testing
program. A comprehen51ve presentation of the experlmental
results may be found in Mogridge and Jamieson (8).

EXPERIMENTAL RESULTS

The number of waves in each test record varied
depending on the wave period because of the fixed sampling
time of six seconds. Any test with a variation in wave
height or maximum force measurement within the record of
more than 5% was discarded. From the test records, total
forces and overturning moments were taken as average absolute
maximum values of positive and negative measurements, for
which the variation was normally less than 53%. The forces
and corresponding moments measured in the transverse direc-
tion were negligible and are not included in the presentation
of experimental results.

Using the measured absolute maximum forces with
known values of wave height, length, period and caisson size,
Cpfs was calculated for varying values of b/L and then plotted
on the theoretical curve in Fig. 3. Dimensionless moments
were also calculated using the known values of Cpfy and were
plotted on the theoretical curve in Fig. 5. The experimental
data shows good agreement with the theory for b/L between
0.092 and 0.399 and also for d4/L between 0.063 and 0,786,

The results shown for b/L and d/L greater than 0.09 were
obtained by averaging all the test results with wave steep-
nesses less than 0.09. For b/L and 4/L less than 0.09, only
data for wave steepnesses of less than 0,01 were used. Even
with this restriction on the data used, there is still some
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deviation of the Cgy data in Fig, 3, but the moment data in
Fig. 5 shows good agreement. It is concluded that the approx-
imate theory can be used for situations where b/L and 4/L are
both greater than approximately 0.09. Although there is no
data presented in this paper defining the d4/L limit, experi-
ments were conducted for d/L approximately equal to 0,09 and
b/L greater than 0.09 for which the experimental data agreed
with the linear theory. Additional data for d/L equal to
0.08 and b/L greater than 0.09, did not fit the theoretical
curve, thus defining 4/L of approximately 0.09 as the limit
for the theory.

To examine the variation of the forces and moments
with wave steepness, they have been expressed non-dimension-
ally and plotted against H/L in Figs. 6 to 8. The experimen-
tal results for b/L and 4/L greater than 0.09 (Figs. 6 and 7)
- show reasonable agreement with the theoretical curves for
wave steepness up to 0.09. Fig. 8 shows data for which there
is a reasonable comparison with the theoretical curves only
for very low wave steepness because b/L is less than 0.09.
For close agreement at high wave steepness, it is necessary
for both b/L and 4/L to be greater than 0.09, The largest
deviation between the theory and the experimental results is
approximately 85% and occurs for the moment measurement for
B = 45°, b/L = 0.047 and H/L = 0.032. The large differences
from the linear theory for b/L and d4/L less than 0.09 and
large H/L are believed to be due to non-linearity of the
waves and the effect of viscosity introducing drag forces of
considerable magnitude. For b/L and d/L larger than 0.09,
these effects are apparently negligible although at values
of d/L approaching 0.09, the waves were obviously non-linear
and there was flow separation at the corners of the caisson
under all wave conditions.

There are two factors which are evident in the
experimental results from which the data in Fig. 8 has been
obtained. Firstly, the absolute values of positive and nega-
tive wave loads are no longer approximately equal., They
differ from their average values by as much as 30% for the
data in Fig. 8 for which b/L = 0.047 and B8 = 45°. Secondly,
the phase angles between wave load records and wave profiles
do not correspond to the theoretical values for o given by
Eq. 6. To illustrate this, results which compare well with
the theory have been plotted in Fig. 9 and results for b/L
equal to 0.047 which do not compare well with the theory
have been plotted in Fig. 10. In Fig., 9, positive and nega-
tive forces are approximately equal and for all wave steep-
nesses the measured phase difference between the force re-
cords and the wave profiles are approximately equal to the
theoretical value of a = 8.8°, Although the theoretical
phase difference for the results in Fig. 10 is o = 1,3°,
the measured phase difference increases to almost 50° with
increasing wave steepness. This is characteristic of an
increasing drag force. However, the increasing phase angle
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can also be due to the non-linearity of the waves because
the maximum acceleration of the fluid no longer occurs at
the still water level.

Although most of the experimental results described
above were obtained in a 6 ft, wide flume, some experiments
were conducted in a 12 ft. flume using different equipment
and techniques. Since the results are intermixed, it is
necessary to show how the measurements in the two wave flumes
compared. The comparison is made by repeating the same tests
in each wave flume using 12 in. square caissons. The first
comparison shown in Fig. 11 is for b/L = 0.184, 4/L = 0.445
and B = 0°., The second comparison (Fig. 11) is for a series
of tests where there are large deviations from the theory,
that is, for b/L = 0.047, 4/L = 0.115 and 8 = 0°, In both
cases the data obtained in the two flumes agree closely,
giving an added degree of confidence to the experimental
results. .

CONCLUSIONS

An approximate method (Figs, 3, 4 and 5) based on
the diffraction theory of MacCamy and Fuchs (6) has been
developed to give the solution for the wave loads on a square
* caisson piercing the water surface. The method has been
found to be satisfactory for relative caisson sizes of b/L
from 0.09 to 0.40, for relative water depths of 4/L from 0.09
to 0.79 and wave steepnesses up to 0.09. For b/L and 4/L
less than 0.09, the theoretical method cannot be used except
for waves of very low steepness, because viscous drag forces
and non-linearity of the waves become important. The above
limits of applicability for the theory are the same whether
the alignment of the square caisson is beam on to the waves,
g = 0°, or turned through an angle of 45° to this position.
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