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Wave Forces on a Vertical Circular Cylinder : Experiments

and a Proposed Method of Wave Force Computation

By Yoshimi Goda*

Synopsis

The analysis of the wave forces acting on piles is very important for the design
of offshore structures such as oil-drilling platforms. Since the analysis requires good
informations on the orbital velocities of water particles and the drag coefficient of
cylinders, large scale tests have been conducted in a wave channel of 105 m in length
with test piles of 7.62 and 13.98 cm in diameter. The drag coefficient of a circular
cylinder under the wave action was determined from the moments of wave forces
with the actual orbital velocities directly measured, showing almost the same value
with the drag coefficient in steady state flow. The limiting wave height on a gently
inclined bottom of 1 to 100, the elevations of wave crests above the mean water
level, and the virtual mass coefficient of a circular cylinder were also investigated in
the experiment.

Based upon the results of the experiment and other investigations, a compu-
tation method of the wave forces on a vertical cylinder has been prepared and pre-
sented in this report. The wave forces calculated with this method showed good
agreements with experimental data of the present author and others. For a vertical
pile of uniform section, several design diagrams are available for convenience of the
wave force design.

* Chief of Model Test Section, Hydraulics Division, Sc. M
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I. INTRODUCTION

1.1 Background of the Study

Since the end of the World War II, many new structures have been erected in
the sea off the shore. Best examples are oil-drilling platforms which have been con-
structed to explore the petroleum resources under the ocean bottoms. One of these
movable platforms for the oil-drilling, called the Hakuryu (white dragon in Japanese),
has been under operation along the northern coast of the Sea of Japan since 1958.
Other examples of offshqre structures are the platforms for radar stations and those for
lighthouses amid the ocean. Such a movement of structure building into the ocean
is a big challenge for engineers, because these structures in the sea are frequently
attacked by strong winds and huge waves and they must be designed strong enough
to withstand the combined forces of winds and waves with moderate construction
costs. A failure of an offshore structures often results in the loss of tremendous amount
of money and in some cases in the loss of human lives as illustrated in the collapse
of Texas Tower No. 4 off the Atlantic Coast of the United States.

An offsore structure is mostly constructed with circular cylinders, vertical, hori-
zontal, and diagonal, which are combined into spatial frame works. One of the
advantages of a circular cylinder is the fact that it experiences less forces under the
wave action than a cylinder of other shape does, in addition to its equal strength
against the force applied from any direction. For example, Morison, Johnson, and
O’Brien 1953 showed experimentally that the moment of the wave force on a H-sec-
tion pile is 1.42~3.50 times the moment on a circular pile with the same projected
area. )

Among many cylindrical members for an offshore structure, the most important
ones are the vertical cylinders which are employed to withstand the bending moment
of the wave force principally. The use of a single vertical pile is also common for
a stove pipe to protect an oil pipe from wave actions or for other purposes. Hence it
becomes very important to analyse the wave force on a vertical cylinder correctly
and to estimate its magnitude properly, before one can design an offshore structure
successfully., The present report is intended to provide a reasonable designing
method for a vertical circular cylinder subject to severe wave actions. The materials
presented herein are mostly based on the resulte of the experiments conducted in a
large wave channel (105 m long) at the Port and Harbour Technical Research
Institute, supplemented with theoretical and experimental data obtained by other

investigators.



1.2 Basic Concepts of Wave Forces on a Cylinder

The nature of wave force on a cylinder is quite different from the nature of
wave pressure on a veritcal wall. The wave pressure on a vertical wall is either
due to hydrostatic pressure of standing waves caused by the reflection of waves at
the wall, or due to dynamic pressure of breaking waves caused by the collision of
water mass to the wall. In the case of cylindrical objects, however, waves continue
to propagate by the cylinders with only partial reflection or partial collision.

The wave force on a cylinder is primarily originated from the fact that the
stream lines around a cylinder are deformed by the presence of the cylinder itself.
The deformation of stream lines causes the occurrence of two types of forces.

The first force is the result of the wake zone formation behind the cylinder
and the frictional stress around it. In the ideal fluid, the flow pattern is symmetric

e __,/—\_

ldeal Flow Actual

Flow
Fig. 1. Sketch of Stream Lines around a Circular Cylinder

around the cylinder, producing no net -force on the cylinder in the steady state
flow. In the actual flow, however, the stream lines tend to be separated from the
periphery of the cylinder because of the viscosity presented, thus forming a wake
zone in the rear of the cylinder as sketched in Fig. 1. Since the pressure is lower
in the wake zone than in the front and the frictional force is also present, a net
force is produced toward the downstream. This force is called the drag force and
. denoted by Fp in this report. For a cylinder of diameter D and length ds, the drag
force is expressed as: '

where Cp is called the drag coefficient, w is the specific weight of water, £ is
acceleration of gravity, and # is the undisturbed velocity of the flow. As might be
seen from the nature of the drag force, the magnitude of Cp depends upon the
shape of the cylinder and a Reynolds Number, #D/v, where v is the kinematic
viscosity of the fluid.

The second force is the result of the stream lines deformation itself. When the
flow is accelerated or decelerated, the stream lines are deformed from time -to time.
Since some force is required to deform stream lines or to vary velocity vectors around
a cylinder, the force must be worked out by the cylinder and the cylinder in turn
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must experience that force. Such force is called the intertia force or virtual mass
force and denoted by Fa in this report. For a cirular cylinder of diameter D and
length of ds, the virtual mass force is expressed as:

o W TD? U g
dFM—CM—g_— 1 o ds (2)

where Cux is a coefficient called the virtual mass coefficient.

As seen in the nature of these forces, the drag force appears in its pure form
in a steady state flow, whereas the pure form .of the virtual mass force is seen in
the flow with pure acceleration or in a potential flow. The motion of a water
particles under the wave action is that of unsteady oscillating flow, however. Both
vectors of velocity and acceleration vary from time to time and from point to point.
To handle such a complicated kinematic field, Morison et. al. 1950 analysed the
wave force on a vertical circular pile as the sum of the drag force and the virtual
mass force with the instantaneous velocity and acceleration: i.e.,

AEr=dFpEdFag - o oeereereemessssrensimm sttt (3)

Once the coefficients of drag and virtual mass are properly evaluated, this
method can give a reasonable estimate for the wave forces on cylinders. For this
reason the method to separate the total wave force into the drag force and the
virtual mass force have heen employed by many investigators for the analysis of
laboratory and field data of wave force measurements, and it is also the approach
taken in this study. '

1.3 Brief Discussions of Previous Studies

The first systematic study of the wave force on piles was undertaken by
Morison et. al. 1950 at the University of California. Separating the total wave
force into the drag force and virtual mass force, they employed the theory of small
amplitude waves to estimate the velocities and accelerations of water particles under
the wave action. The coefficients of drag and virtual mass were then evaluated
with these velocities and accelerations of small amplitude waves. The results of this
study yielded a design method of piling which was presented by Morison 1951 at the
First Conference on Coastal Engineering. The study was then continued to investi-
gate the effect of the cross sectional shape of a cylinder on the wave force acting
on it, the influence of neighboring cylinders, and the wave forces on a cylinder with
a varying diameter (see Morison et. al. 1953). Although these studies were the
great step forward for the analysis of the wave force problems on piles, the inherent
weakness of this approach was the employment of the small amplitude wave theory
as its theoretical basis. The design waves against which piles are to be designed are
very large in heights, far beyond the range of the wave height in which the small
amplitude wave theory may reasonably be apl:;lied. The effects of high amplitude
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were all included in the terms of the drag and virtual mass coefficients,

In order to take the effect of finite amplitude into consideration for the design
of piling, Reid and Bretschneider 1953, and Bretschneider 1958 prepared several design
diagrams with which engiheers may estimate the rise of the water surface at the
wave crest, the increase of wave length with the increasing wave height, and
maximum values of total drag and virtual mass forces on a vertical circular cylinder,
These informations are essentially dependent upon the characteristics of finite ampli-
tude waves. Reid and Bretschneider applied the method of interpolation ingeneously
to construct their diagrams from then-available theories of finite amplitude waves:
i. e, Michell-Havelock’s highest wave in deep water, Stokes’ waves with relatively
small amplitudes and the solitary wave in shallow water. Because of the broad
éoverages and convenient forms for practical design applications, the use of these
design diargams seems to be accepted as the standard design method in the United
States (see References 1 and 26). These design diagrams, however, are to be
refined with the results of developements of finite amplitude wave theories and
laboratory investigations. The computation of Stokes’ wave to higher order terms
such as the fifth order wave table by Skjelbreia and Hendrickson 1962 will be very
helpful for this purpose.

The remaining question in the problem of piling is the magnitudes of the drag
coefficient and virtual mass. coefficient. Since most of pile diameters are quite
small in comparison to the design wave heights, the drag force is predominant in
most cases.. Thus much emphasis have been placed on the determination of the drag
coefficient for a circular cylinder under the wave action. The drag coefficient
associated with the small amplitude wave theory has been studied by Wiegel, Beebe,
and Moon 1957 after Morison et. al. Wiegel and others conducted field tests of wave
forces on circular piles of which diameters ranged from 16.6cm to 1.52m. The
analysis of the drag coefficient with a Stokes wave theory was carried out by
Harleman and Shapiro 1955. Reid 1957 correlated the record of the wave force
on a prototype pile to the irregular water level variation with an elaborate tech-
nique to find out the drag coefficient. Other types of tests to investigate the effect
of acceleration on the drag coefficient have also been conducted by Laird, Johnson,
and Walker 1959, showing almost the same drag coefficient in accelerated flow as
that in steady flow.

Despite of these field and laboratory tests, no attempt seems to have been made
to correlate the drag coefficient with the actual velocities of water particles under
wave actions. Once the record of wave forces were correlated with the wave rrofile
and the actual velocity distribution directly measured, the true nature of the drag

coefficient of a circular cylinder under the wave action would have been revealed. To
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obtain the actual drag coefficient, a large scale test has been conducted in the
present study with six miniature current meters.

It may be worth while to mention that a different approach to the problem of
wave forces on a cylinder has been taken by Crook 1955 after Iversen and Balent
1951; they proposed the use of a single resistance coefficient for a cylinder in
accelerated flow. The practical application of this approach for the actual designs
of pilings has not been fully explored and it does not seem to be promising to the

present author.

II. EXPERIMENTAL APPARATUS AND PROCEDURE

2.1 Purposes and Scope of the Experiment

As discussed in the preceding section, the experiment was primarily concerned
with the determination of the actual drag coefficient based upon the measurements
of velocity distributions in a large wave channel.

The use of the large wave channel was also decided from the standpoint of
the high Reynolds number rossible in the channel. In prototype conditions the
Reynolds number is in the range of 10% to 107, but few informations in such
supercritical range of the Reynolds number were then available at the planning
stage of the study. Thus the value of the Reynolds number as high as possible was
sought in the experiment. With test cylinders of 7.62cm and 13.98 cm in diameter,
the Reynolds number of 10* to 2X10° was obtained.

The second purpose of the experiment was to make a comprehensive test of the
wave force on a vertical cylinder for the full range of water waves so that the
reliable design data on the wave force could be obtained. In ‘order to fulfil this
purpose, the periods of the test waves were controlled in such a manner that the
relative depth, %/L.", or the ratio of the water depth to the lenght of small ampli-
tude wave, would be one of seven values of 0.05, 0.07, 0.10, 0.14, 0.2, 0.3, and 0.5.
Since several water depths from 1.00m to 2.00m were employed to compare the
data at different depths, the wave period was varied at different water depths to
give the same relative depth; the range of the wave period tested was from 1.5 to
7.9 sec. The wave height was also varied from the minimum values of about 10 cm
to the highest ones possible without breaking; the maximum wave height tested was
80 cm. Such arrangements of wave periods, wave heights and water depth warranted

the full investigation of the pile force problem.

1) As first shown by Airy, the length of small amplitude wave, L4, with a period of T at
the water depth of & is given by:
=2f 72 e
La= 5 T? tanh 2z Ta (A)

T



Among several features of wave characteristics and forces on a -cylinder, the
followings were of the primary interest: the height of wave crest elevation, the
magnitude and distribution of horizontal:particle velocity, the drag coefficient, and
the maximum wave force on a cylinder. The question of limiting wave height was
also investigated as the breaking wave height on a gently inclined bottom with a
slope of 1 to 100. The increase of wave length with the increase of wave height
was not sought because it is only of minor importance on the wave force on a
single pile. The measurement of water particle accelerations was not possible with
the instrumentation available. Although the experiment produced the systematic
data on wave profiles, these are not discussed in this report; the readers are
requested to refer to the report by Tsuruta 1961,

2.2 Experimental Apparatus _

The wave channel employed in the test is 105m in length, 3.0m in width and
2.5m in depth, constructed in 1956 with reinforced concrete. Waves are generated
with a pendulum-type wave paddle (which was set at the position of piston-type
motion) driven by a high-voltage motor of 75 HP, and are absorbed on a rubble
mound with a slope of 1 to 8 located at the other end of the channel. The reflected
waves from the. absorber are estimated as several per cent of incident waves in
height at most unfavorable conditions.

105.0m
Im L=64.0m o 29.3m
i
‘!’ 30_'
Lad:3 § < J 1:8 _ooq |-‘-21;m ‘
L s b = 1] %
\Wave Generator Wave Absorber

Current meters | Test Pile

% Yoo 7777 -
\_Wove Gage

Fig. 2. Sketch of Wave Channel and Instrumentations

For most of the experiments (Case No. 1 through 54) the channel bottom was
kept horizontal, but the rest of the experiments were conducted on a sloped bottom
of 1 to 100. In the former tests, a test pile, a wave gage, and six current meters
were located at the position 64 m away the wave generator as shown in Fig. 2. In




the latter tests the test pile and instrumentations were set at the location of 50m
from the wave generator.

The slope was constructed from the location of 29.8 m through the location of
75m from the wave paddle, rising 50 cm from the original bottom at its end. (In the
first 1.2 meter, the slope rises by 6 cm.) This slope was to produce test waves of
large heights which had been unstable on the horizontal bottom. Since the slope
was so gentle, the characteristics of these waves on the slope were regarded as the
same with those on the horizontal bottom.

The wave gage is of resistant type gage with two parallel nickel wires. The
variation of the water level varies the imersion length of nickel wires into the
water, of which resistance is varied accordingly. The variation of resistance of the
water between the wires is then picked up as the unbalanced current of a Wheat-
stone bridge, which is amplified and recorded with electro-magnetic oscillographs.

Photo. 1. Miniature Current Meter and Holding Frame

The current meters are of - propeller-type with four blades made of acrylic
plastics as shown in Photograph 1. The outer diameter of the propeller is 3.5cm.
In order to detect the rotation of the propeller, four electrodes connected with each
other ate mounted at the outer ends of the blades and two other electrodes are at-
" tached to the holding frame. A minute electric current flows one electrode of the
holding frame, through the water and the electrodes of the propeller, to the
opposite electrode of the holding frame. The magnitude of this current is varied as
the distance between an electrode of the propeller and the electrode of the holding
frame varies with the rotation of the propeller; thus each rotation of the popeller
produces four pulse signals. Since the number of rotation per unit time is linearly
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proportional to the velocity of current for the range of current velocity from 10 to
200cm/sec, the instantaneous velocities of water particles under wave action were
obtained from the time intervals of two or four pulses. : .

Photo. 3. A View of Experimental Run

— 14 —



In the experiments six of these miniature current meters were fixed at a vertical
beam at intervals of 20 to 40 cm so as to measure the distributions of water particle
velocities. These current meters and the wave gage were so arranged as to come
into a line with the test pile at a distance: of 65cm from it towards the walls as
shown in Photographs 2 and 3 (which shows the wave gage, a test pile, and current
meters with a vertical beam from the left§to the right).

"t Test Pile
Wave Force Meter rr /" Altachment Ring
Ly
£

//_\:\_/

: Pivot Bearing

77
Photo. 4. Pivot Bearing for Test Pile Fig. 3. Test Pile Arrangement

The test piles are steel pipes of a length of 3.2m with diameters of 7.62cm
and 13.98cm. The lower ends of the test piles were .rested on a pivot bearing as
shown in Photograph 4 so as to act as an ideal hinge, and the upper ends were
connected to a load cell through an attachment ring at the height of 2.913m from
the channel bottom (see Fig. 3). The product of the measured force and the
distance from the pivot to the load cell gives the moment of wave force around the
bottom. The load cell utilizing resistance strain gages has a capacity of 20kg for the
tension side. To make ready for the negative forces at the time of wave troughs,
an initial tension of 5kg was introduced with a spring-screw system at the opposite
side of the attachment ring to the load cell. Two more springs were also stretched
laterally to prevent excessive lateral motions without interfering the measurement
of the wave force moment.

All the data, the wave profile, pulse signals for orbital velocities at various
elevations, and the moment of wave force, were recorded on photographic papers of
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two electro-magnetic oscillographs each having six recording elements. Photograph
5 is a typical record of experimental runs. In order to correlate the records of the
two oscillographs, the records of wave profiles were made drawn on both the oscillo-
graphs at the same time.

2.3 Experimental Runs and Procedure of Data Analysis

The experiments were carried out for 80 different combinations of wave charac-
teristics and test piles. Additional tests of 26 runs were also conducted to obtain
supplementary data on wave profiles and orbital velocities. The experimental con-
ditions and results are listed in Table A-1. In each run, the recording of the data
was made for ten consecutive waves after the waves became steady since it took a
few minutes to bring the motor into full rotation. The data shown in Table A-1
are the averages of these ten consecutive waves.

From the records of the experimental runs such as shown in Photogrph 5, the
heights of wave crests and the depths of wave troughs are easily determined, giving
the wave heights as their sums. The maximum orbital velocities at various elevations
.are evaluated from the closest time intervals of pulse signals. With six measure-
ments of orbital velocities under the wave crests and troughs, the velocity distribution
curves from the bottom up to the crest were drawn with a relative ease. Then, the
drag coefficient being assumed constant along a cylinder (or representing the average
value over the cylinder) is determined by numerically integrating Eq. 1 and compar-

ing with the measured moment of drag force : i. e,

Cp= Mbp 4
W he 2, g
ZgDJOu zdz

where k. is the height of the wave crest from the bottom and Mp is the moment of
wave force at the passage of a wave crest. This numerical integration and the
evaluation of the drag coefficient was carried out for each wave of ten consecutive
waves, because of large variations in velocity distributions and wave force moments
even though the wave heights did not vary more than a few per cent. The values of
the drag coefficient Cp listed in Table A-1, however, are the averages of these drag
coefficients for each run, not the calculated one with the average velocity distribu-
tions and the average moments,

The evaluation of the drag force moment with the moment under the crest is
justified because the orbital velocity at every elevation reaches the maximum values
under the crest, indicating no acceleration being present. Since the wave force is
assumied to be described with the sum of the drag force and virtual mass force in
the analysis, the record of the wave force moment under the crest is regarded as
that of the drag force. Likewise at the times when the water surface traverses the



mean water level, the velocity is zero at every elevation as seen in Photo. 5, indicating
the presence of the acceleration only. Hence the records of the wave force moment
at these times, M; and M., are regarded as those of the virtual mass force. The
average of these two measurements, one for rising time and the other for the falling
time, is listed as the moment of the virtual mass force M in Table A-1. The
difference between M, and M, were small: about 20 per cent for the largest ones.

Because of no available measurements on the magnitudes of water particle accel-
erations, the virtual mass coefficient was evaluated with the accelerations of the
small amplitude waves. The small amplitude wave theory was also utilized to eval-
uate the apparent drag coefficient so as to make the comparison between the actual
and apparent drag coefficients possible,

III. PRESENTATION AND DISCUSSION OF EXPERIMNTAL RESULTS

3.1 Breaking Wave Heights on Gently Inclined Bottom

One of the problems related to the present subject is the maximum wave height -

possible at a given location, since the offshore structures must be so designed to
withstand the attack of the maximum waves. The limitation on the maximum wave
height is imposed from two sources. The first one is the meteorological conditions
which govern the growth and developement of wind waves. The second one is the
kinematic condition of wave breaking. The meteorological conditions, or the maximum
wind speed and its ‘duration time, may not have the upper limit from the standpoint
of the probability distribution. But the kinematic condition of wave breaking can
impose the definite limit on the maximum wave height at a given location, although
the limit is dependent upon the slope of the bottom, the water depth, and the wave
period.

Since most of offshore structures are to be located on continental shelves, the
bottom slopes at the sites of the structures are regarded to be very gentle, less than
1/100. The informations on the limiting wave heights on such gentle slopes are
rather few however, although many experiments have been conducted on the wave
breaking on steep slopes. In an attempt to determine the limiting wave heights for
the designs of offshore structures, laboratory tests were made on the sloped bottom
of 1 to 100. The water depth in front of the wave paddle was set at 1.00m and
1.50m. Wave gages were located at the section of uniform depth, at the location of
wave breaking, and 1 m offshore of the wave breaking point. The first one was
fixed at the location of 25 m from the wave paddle, but the other two were carried
to and fro in seeking for breaking points for f:ach run. These arrangements of wave
gages are sketched in Fig. 4.

The judgement of the location of wave breaking was a crucial one in the experi-
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Fig. 4. Wave Gages Arrangement for Test of Breaking Waves

ments. The breaking points were not fixed but fluctuated from wave to wave over
a distance of a few meters even if the offshore waves were uniform in the wave
height and period. The wave records at the location of apparent wave breaking
sometimes showed a variation of == 5 % from the average in wave height: smaller
wave heights seemed to belong to th waves which did not break at the site of the
wave gage. Thus the average wave height even at the location of apparent wave
breaking did not seem to represent the true breaking wave height. Hence one-tenth-
maximum wave height of three wave records, each with ten consecutive waves,
were employed as the breaking wave heights. When the wave gage No. 2 (located
1 m offshore of the breakig points) recorded larger wave heights than the wave gage
No. 3 at the breaking points, the location of the gage No. 2 was judged as the break-
ing point and the one-tenth-maximum wave height of the gage No. 2 was taken as
the breaking wave height. All the data of breaking wave characteristics are listed
in Table A-2.

Examples of wave records at breaking points are shown in Fig. 5 with the results
of the harmonic analysis. These wave records show the almost symmetric wave
profiles with a slight leaning forward. Actual forms of breaking waves also held
their symmetric profiles in most cases. Thus the breaking waves in tests were of
spilling wave types with a small curling near the crests as shown in Photograph 6.
Breaking waves of plunging type were not observed in the tests on a gentle slope of
1 to 100.

The results of the experiment are compiled in Fig. 6 which shows the relation
of the breaking wave height H» to the water depth at breaking point k, against the
relative water depth at the breaking point, sw/Ls. The wave length has been calcu-
lated with Eq. A for the breaking water depth. This type of presentation was chosen
because it indicates a small difference in breaking wave heights most critically,
-especially in the range of shallow water waves. For the same reason, the data show
.a rather wide scatterring. But there is little effect of the initial water depth, %, ; the
data with 2,=100 cm and 150 cm follow the same trend of increasing Hu/hs with the
decreasing A4y/La.

— 19 —



Case No. 219

- A fip/L a=0.102
6™ T= 3485 60| - Hy/L y=0.0670
50 H=704cm
40 c_40"
30 =
N N
20 o 20— H H
10 -
i | | 0 ﬂ donnNMnanmAa
0 T 37 T 1 2 3 2 5 6 7 8 3101112
-10 ‘ i n
L
Case No. 224
em %
60~ T=4.92sec hy/La=0.0708
501~ H=737 cn Hp/La=0.0470
40— o401
<30 ' QI
20 = of H
A I
N | | | : 0 ﬂ lO0nnona
0 WT 12 3456 78 9101112
10 : "
Case No. 223
5§E T= 6‘3;2860 hy/La =0.0493
50— H=1280.3cm o Hb/LA=0'O.370
40} <40 ‘
o 301~ <‘I
10 H ﬂ
0 | z | I 0 lononon.
o0 aT_ 7 i/ T 1 234567 8310112
- z z N
|9

Fig. 5. Profiles of Breaking Waves

As for the theoretical values of breaker heights, those of deep water waves were
investigated by Michell 1893, Havelock 1913, Yamada 1957(a) and Chappelear 1959.
All the investigators employed the Stokes’ criterion on wave breaking that the
particle velocity at the wave crest must be equal to the wave celerity. The criterion
results in the sharp crest of breaking waves with an angle of 120°. The breaking

— 20 —




Photo. 6. Breaking Wave of Spilling Type with a Small Curling

wave heights for deep water waves thus calculated by the above investigators were
about 0.142 times the wave length, and the length of breaking waves was calculated
about 1.20 times that of small amplitude waves (or Airy’s waves) calculated with
Eq. A. As for the solitary wave, or the limiting wave of shallow water waves, Mc-
Cowan 1894 obtained the breaking height of 0.78 times the water depth using the
Stokes’ criterion (see Munk 1949). Yamada 1957(b), however, improved the accuracy
of the approximation and obtained the value of 0.828 for the ratio of the breaking
wave height to the water depth. Laitone 1960 used a different criterion for wave
breaking based upon the vertical velocity variation and obtained the limiting value
of 0.727 for H»/hs. As for the intermediate depth waves, the Stokes’ criterion was
used by Chappelear 1959 and Yamada 1958. Chappelear’s computation was carried
out to the waves with the relative depth of #/L.4=0.0819 and the results are shown
in Fig. 6. But the data at the shallower portion seem to be not accurate enough.
Yamada’s computation is for the wave with the relative depth of #/L.=0.337; the
limiting wave height for this wave was found to be 0.440 times the water depth.
Taking these theoretical breaker heights into consideration, a proposed breaker
index has been determined as shown with the dashed line in Fig. 6. Since the
experimental data show much higher breaker heights than the theoretical value of

Laitone, his criterion for the limting wave height was not considered acceptable and
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Fig. 6. Relative Breaking Wave Height H,/4, vs. Relative Depth 4,/L4

the computations with the Stokes’ criterion were referred to in drawing the proposed
breaker index. As for the region of very shallow water, the result by Yamada was
taken as the reference. In the range of 4/L4 from 0.03 to 0.12, the experimental
data provided the basis of the breaker index. From the range of %#/L. deeper than
0.12, the theoretical values of Yamada and Chappelear were referred to. The
breaker index proposed herein is slightly larger in the shallow water region than
that proposed by Bretschneider 1958, since he employed the value of Hy/%,=0.78 by
McCowan as the reference. The present breaker index should be used for the waves
on the sea with the bottom slope smaller than 1 to 100. The breaker heights on steep
slopes are expected to be larger than those given by the present breaker index. For

such cases, Iversen’s experimental data 1952 should be referred to, instead.

3.2 Height of Wave Crest Elevation

The experimental data on the wave crest height were obtained from the wave
records at the site of the test piles and from the records of breaking waves. Since
the calibration of the wave gages were taken from the still water level as the datum
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line, the heights of wave crest elevations were easily obtained from the wave records.

-

Figure 7 shows the ratio of wave crest height above the mean water level to the
wave height against the wave steepness. The parameter is the relative depth, %/La.
Although the data show some scattering, each group of data with the same relative
depth indicates a common trend of increasing 7,/H with increasing wave steepness,
thus enabling to construct a design diagram for the wave crest elevation. The data
of breaking waves were also employed to determine the breaker index.

The breaker index for the crest elevation presented herein is smaller than those
of Bretschneider’s calculation and Chappelear’s computation. The reason for the
smallness of experimental crest elevations of breaking waves is considered as due to
the small breaker heights in comparison to their breaker indexes in Fig. 6. The ™
formation of the secondary wave crests at the troughs of some test waves in the
shallow water region might have reduced the relative crest height of ».,/H ; the wave
height H is the sum of the crest height 7. and the trough depth 7, which would
have been deepened at the lowest point of wave profile with the formation of second-
ary wave crest. The crest elevations of non-breaking waves tested were about the
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same with the experimental data obtained in a large wave channel of the Beach
“Erosion Board of the U.S. Army, Corps of Engineers, reported by Bretschneider 1958.
But the data obtained at B. E. B. had rather large scatterings; thus a detailed
comparison of the two experimental data was not possible.

Although the nature of the wave crest elevation is best seen in the form of Fig.
7, a more convenient form of presentation may be constructed for the practical use
of piling design because the absolute height of the wave crest above the bottom
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rather than the ratio of the wave crest to the wave height is sought in actual
designs of piling. Figure 8 has been prepared for this purpose; the height of the
wave crest above the bottom in terms of the mean water depth is plotted aginst the
wave height in terms of the mean water depth. In this form of presentation, all the
experimental data gather themselves around one curve regardless of the relative
depth. Thus, the height of the wave crest above the botom may be estimated with
only the informations of the wave height and the water depth.

Such an uniformity of the experimental data is partly due to the fact that the
ratio of he/h must be located between the two extreme lines of (1+H/h) for the
solitary wave and of (1+H/2h) for the Airy’s waves, or the small amplitude waves.
Since the difference between the two extreme lines is not so large, the magnitude of
scattering of the experimental data is diminished accordingly, thus giving an uniform
look of the experimental data. But another reason might be attributed to an impor-
tant role of the parameter H/k in the regions of the intermediate depth water and
shallow water.
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Fig. 9. Comparison of Proposed Index for Fig. 10. Lake Okeechobee Data on Wave
Wave Crest Elevation with BEB Crest Elevation (after Bretschne-
Data (after Bretschneider 1958) ider 1958)

The empirical relation between ho/h and H/h determined in Fig. 8 as a solid
line was then compared with the experimental data of B. E. B. as shown in Fig. 9.
Although the effect of wave periods is noticed slightly, the effect is practically
negligible and the data agree well with the empirical curve. The irregularity of
actual ocean waves and the effect of wind action would make it meaningless to



debate over minute differences in the ratio of 7,/H. Figure 10 is the re-plotting of
Lake Okeechobee data quoted by Bretschneider. The scattering of the data is very
large, but in the average the agreement is good.

- Based on these figures, the index curve for the wave crest elevation above the
bottom shown in Fig. 8 is recommended for the determination of the crest -elevation
in piling design problems in the region of the intermediate depth waves. For the
deep water waves, Fig. 7 or the theory of the Stokes waves should be referred to. For
this purpose, Skjelbreia and Hendrickson’s table 1962 is very helpful. It should be also
cautioned that the index curve and all the data presented herein are for progressive
waves with the same direction of propagation; the superposition of waves with
different directions of propagation, or the pheonomenon of triangular waves and
others, should be considered in the determination of the elevation of a deck of an
offshore structure to be free from the wave action.

3.3 Magnitudes and Distributions of Horizontal Particle Velocities

Tne minuature current meters mounted on a vertical beam at various elevation
vielded the pulse records of orbital velocities at these elevations as shown in Photo. 5.
From these records, it was clear that a maximum horizontal velocity takes place at
the time of a wave crest passage or of a wave trough passage, regardless of the
particle elevation. It was also noticed that the horizontal velocity becomes null and
changes its direction about at the time when the water surface traverses the mean
water level. The water particles moved shoreward while the water surface was above
the mean water level and moved seaward while the water surface was below the
mean water level. Such changes of the directions of particle movements were
observed even for secondary wave crests if they were large enough to appear above
the mean water level.

-From the pulse records of orbital velocities, the analysis was made for only the
particle velocities' under the wave crests and wave troughs, since the current meters
had been calibrated only with the uniform flow perpendicular to it. The lower
portion of Fig. A-1 through A-18 in the appendix show typical records of orbital
velocities under the wave crests and troughs. These velocities are the averages of
ten consecutive waves ; velocities of individual waves have deviations of as much as
10 per cent. The velocities plotted are presented in non-dimensional form being
devided by a velocity term of zH/T. This velocity term was so chosen that the
measured velocities could be easily compared with those of small amplitvde waves.
The upper portions of Fig. A-1 through A-18 are the profiles of corresponding waves.

Such distribution cutves of particle velocities under the wave crests and troughs
have been obtained for 106 waves. From these curves, the following characteristics
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were observed :

1) The small amplitude wave theory provides a good approximation for the
orbital velocities under the wave crests and troughs, when wave height is as
small as one tenth of the water depth or less.

2) As a wave height increases, the orbital velocities under the wave crest
becomes larger than those of small amplitude waves; the rate of deviation
becomes large as the relative depth becomes small.

3) For waves in relatively deep water with the water depth being larger than
one fifth of the wave length, the difference between the measured velocities
and theoretical ones of small amplitude waves is less than 15 per cent. For
such waves, the orbital velocities do not increase continuously but begin to
decrease after some increases, as the wave height increases.

4) The orbital velocities under the wave troughs are larger than those under the
wave crests for waves with #/L.>0.2, about equal to for waves with 4/La
=0.14, and smaller for waves with %/L.<0.1.

The last characteristics is considered as due to the presence of return flow in an
experimental flume to compensate the mass transport by waves. Thus in the actual
sea where the return flow is not present except in the offshore current zone, the
orbital velocities under wave crests may be larger than those expected from the
experimental velocities in a laboratoy flume,

As for the orbital velocities of waves near breaking, experimental data were not
available. Such data, however, are indispensable to construct the whole regime of the
velocity variation pattern of water waves. Therefore, the following estimate of the
orbital velocities of finite amplitude waves including breaking waves has been
attempted. First, the orbital velocities of the small amplitued* wave are adopted as
the reference velocities (applying the expression for the velocity up to the height of
wave crest) and a velocity factor K which is to be a function of 4/L4, H/h, and z/k
is introduced so as to represent the finite amplitude effect; thus the velocities under
the wave crests are expressed as:

— g TH cosh kz e,
Ucress= K T “sinh &h (5

where : K=K(h/La, H/h, 2/h)
k=27n/La
For the breaking waves, the particle velocity at the wave crest has to be equal to
the wave celerity. This equality leads to the following expression for the maximum

value of the velocity factor K:

—_Lv  _sinhkh . ... e 6
Kmox= zH, cosh khe (6>




where : ;=height of wave crest form the bottom at breaking point
-»=subscript referring to breaking waves
The maximun velocity factor, Kmsz, has been computed with the breaker index
listed in Table 1, and shown in the same table. The breaker index was estimated
with the aid of the experimental data and theoretical works of Michell, Yamada
and Chappelear. The breaker index presented herein is to be revised in the future with
the developement of theoretical and experimental investigation of breaking waves.

Table 1. Proposed Breaker Index and Maximum Velocity Factor

h/La Ho/h  (he/B)s  Ho/La  Lo/La Kmax a

0.03 0.820 1.775 0.0246 1.26 2.93 1.50
0.05 0.795 1.700 0.0397 1.24 2.717 1.50
0.07 0.765 1.645 0. 0535 1.21 2.56 1.43
0.10 0.720 1.581 0.0720 1.18 2.28 1.25
0.14 0.665 1.517 0.0931 1.15 1.94 0.97
0.20 0.592 1.438 0.1184 1.15 1.60 0.68
0.30 0.479 1.330 0.1436 1.16 1.34 0.49
0.50 0.330 1.223 0.1650 1.18 1.12 0.25
0.70 0.243 1.163 0.1700 1.20 1.10 0.27

The velocity factor, K, while having the maximum values listed in Table 1, has
a limiting value of unity for waves with very small heights. The examination of the
velocity distribution curves such as Figs. A-1 through A-18 also indicates that the
velocity factor should increase as the position of a water particle is elevated and
that the velocity factor is not far from unity near the bottom. Taking these charac-
teristics into consideration, the functional form of the velocity factor has been

assumed in the following form :

K \/ 1+a(H)? () o N

where a factor « is to represent the effect of the relative depth, #/L., and its value

has been calculated with the characteristics of breaker index as shown in the last
column of Table 1.

The orbital velocities under wave crests estimated with Eqs. 5 and 7 tend to be
a little higher than those obtained in the experiments. Figure 11 shows the compari-
son of the measured and calculated velocities under the wave crests at the height
of the mean water level. The ordinate is non-dimensional velocity, #7/zH, and the
abscissa is the wave steepness, H/L4. The calculated values are larger in the average
than the measured ones, but the difference is not so great. Since the measured velo-
cities are considered to be decreased by some extent by the presence of the return
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flow in the wave channel, the use of Eqs: 5 and 7 for the estimate of the orbital
velocities under the wave crests is suggested for practical purposes. The velocity
distribution curves estimated with Egs. 5 and 7 are also shown in Figs. A-1 through
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A-18 with dashed lines.

3.4 Drag Coefficient of a Circular Cylinder

The drag coefficient Cp of a test pile has been computed from the moment of
wave force measured and the velocity distribution curve directly obtained under a
wave crest, as described in Section 2.2, The values of drag coefficient thus calcu-
lated are plotted in Fig. 12 against a Reynolds number which is based on the pile
diameter and the orbital velocity under the wave crest at the mean water level. The
open circles indicate the data for the test pile with a diameter of 7.62 cm (3 in.),
while the solid circles indicate the data for the test pile with diameter of 13.98 cm
(5.51in.). Each point indicated in the figure is the average of ten values of the drag
coefficient for ten consecutive waves in one run; the range of individual values is
shown with two dashed lines for the upper and lower limits. As indicated with
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Fig. 12, Drag Coefficient Based on Actual Velocity Distributions Cp vs. Reynolds Number R.
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these lines, the scatter of the calculated values of the drag coefficient is large, even
though the calculation has been based on the actual velocity distribution curves. The
average value of the drag coefficient, however, shows a gradual decrease from a
value of 1.3 to that of 0.4 over the range of Reynolds number from 1.5%X10% to 2X
105. These values of the drag coefficient agree well with the steady flow data
obtained in wind tunnel tests. The solid line in Fig. 12 is that of Fage and War-
sap’s data 1930 in a wind tunnel with artifificial turbulence originated by means of
a lattice made of ropes, and has been re-plotted from Goldstein 1938.

The comparison of the drag coefficient in the wave motion and that in a steady
flow with turbulence was so made, since the oscillating flow around a cylinder under
wave action is considered to contain high degree of turbulence. Thus from Fig. 12,
it may be concluded that the drag coefficient of a circular cylinder under the wave
action can be taken at the same value with that in a steady flow at the same
Reynolds number, provided that the actual orbital velocities of water particles are
known.

Then, a qusetion may be raised to what value the drag coefficient in a steady
tlow would take in the range of the Reynolds number higher than 108, since most of
the wind tunnel experiments had been conducted in the range of the Reynolds
number below 108, The experiment by Fage and Warsap 1930 with artificially
roughened circular cylinders, quoted by Goldstein 1938, suggests the behavior of the
drag coefficient in the higher Reynolds number region. When they tested a smooth
cylinder, the drag coefficient dropped sharply from the value of 1.1 to 0.4 at the
Reynolds number of 1X10% to 2.3X10°  As they increased the roughness of the test
cylinder by sticking various roughness of sand papers on it, the drop of the drag
coefficient occurred at smaller values of the Reynolds number with a less amount of
drop. The drag coefficient then increased again toward some constant values which
depended upon the relative roughness of the cylinder surface; the roughest one
tested has an asymptotic value of 1.0. It has also been reported that Blumberg and
Rigg 1961 carried out a large scale test on the drag coefficient by towing a 3-ft.
diameter cylinder of varying surface roughness in water (see Harleman and Dean
1963, and Wilson and Reid 1963). Their result confirmed the trend of Fage and
‘Warsap’s data. The drag coefficient does not vary in the range of the Reynolds
mumber from 5X10° through 6x 108, but shows an increasing trend with increasing
Toughness to a value of 1.02 for the roughest cylinder tested. Since prototype cylin-
ders in the sea are subject to corrosion, coating of marine fauna or flora, and other
changes in their surface conditions, the experimental data on rough cylinders should
be referred to in the design of test piles. Hence the emoloyment of Cp=1.0 is

Tecommended for prototype pile designs.
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When the orbital velocities of water particles are to be calculated by means of
wave theory, the drag coefficient is not only governed by the Reynolds number and
the surface roughness of a cylinder, but also affected by the wave characteristics,
because the effect of the difference between the actual velocities and estimated ones
has to be included in the term of the drag coefficient. Since the simplest wave
theory is that of small amplitude waves, or the Airy’s wave theory, it has often been
employed as the first approximation. The apparent drag coefficient associated with
the small amplitude wave theory has been calculated for the present data and plotted
in Fig. 13 as a function of the relative depth, #/Ls. In this figure, the apparent
drag coefficient Cp’ shows an increasing trend with decreasing relative depth. This
is well understood as the the effect of increasing wave crest elevation and of increas-
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Fig. 13. Apparent Drag Coefficient Associated with Small Amplitude Wave Theory Cp’ vs.
Relative Depth i2/L4
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ing deviation of the orbital velocities from the small amplitude wave theory. The
apparent drag coefficient also increases almost linearly with the increase of the wave
height for the same relative depth. Although the maximum value of Cp in the
experiment is 2.49, the real drag coefficient for that test waves is 0.59; if the real
drag coefficient is to be taken as Cp=1.0, then the apparent drag coefficient must
be taken as Cp'=4.2.

As for the reason of the large scatter in the calculated values of the drag
coefficient as seen in Fig. 12, several factors may be cited as the major causes. The
first one is the fact that the measurement of the orbital velocity had an inherent
inacurracy of reading time intervals between pulse signals. Since the drag force is
proportional to the square of the velocity, an error in the measurement of the
velocity produces twice the error in the evaluation of the drag coefficient. The
second factor is the difficulties to determine the exact instant when the orbital
velocities reach at their maxfmum; a small difference at the determination of the
instant caused a considerable change in the moment of the drag force read on wave
force records. The third one is the presumtion of the uniform value of the drag
coefficient over the length of a test pile, or the calculation of the drag coefficient as
an average value over a test pile. Actually, the drag coefficient must have been
different from an elevation to another depending upon the local Reynolds number.
This variation must have acted to moderate the decrease of the drag coefficient with
the Reynolds number. The fourth one is the use of the orbital velocity at the height of
the mean water level as the reference velocity of the Reynolds number; this method
is considered to have caused some inaccuracy in the effective Reynolds number. The
elimination of these factors is a difficult task as long as a pile is tested directly with

oscillating waves.

3.5 Virtual Mass Coefficient of a Circular Cylinder

The virtual mass coefficient has been calculated with the measured moment of
the virtual mass force and the theoretical accelerations of small amplitude waves,
since no information was available for the magnitudes of the actual water particle
accelerations. The result of the calculation is shown in Fig. 14 which shows the
virtual mass coefficient as a function of relative depth. Although the calculated
values of the virtual mass coefficient varies from the minimum of 1.17 to the maxi-
mum of 2.94, there is a tendency to increase with decreasing relative depth. This
tendency is regarded as due to the increase of the actual particle acceleration com-
pared to the theoretical one of small amplitude waves. The effect of wave height
or wave steepness on the virtual mass coefficient is not clear however, because of
the scatter of the data. There is a slight indication that the value of Ci’ decreases
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with increasing wave steepness for A/L.>>0.2 but increases for h/L4a<0.1. The
effect of the Reynolds number or the cylinder diameter was not noticed on the
values of the virtual mass coefficient. The over-all average of the virtual mass
coefficient was 1.66 with a standard deviation of 0. 39, i..é.,

Cix'=1.66=%0.39

Since this average value is inclusive of all the effects of the wave characteristics,
special arrangements have been made for the test waves, Case No. 70 through 80.
They were so chosen to satisfy the requirement of small amplitudes waves as far as
possible ; the ratio of the wave height to the water depth was kept below 0.2. The
wave profiles were not so different from the sinusoidal curves; the height of a wave
crest above the mean water level was less than 57 per cent of the wave height -
Even with such relatively small amplitudes, the test waves had some amounts of
higher harmonic components. The wave profiles were therefore analysed in a form

of the Fourier series:




[ee] (o]
7=ao+ Z'lan cos not+ Elb,, SIDL JGF veeerrrrrmneersneneeen e et (8)
n= n=

where the starting point of time is taken at the instant when the rising water
surface traverses the mean water level, and ¢ is the angular frequency of 27/T. The
results of the analysis with 12 equally spaced points are listed in Table A-3. The
third and eighth waves of ten consecutive waves recorded were utilized in the
analysis. As seen in the table, the first coefficient for the sine series is predominant,
indicating wave profiles being nearly sinusoidal.

The result of the Fourier analysis of the wave profiles was then applied to more
exact evaluation of water particle accelerations, Based on the form of wave profiles,
the velocity potential ¢ has also been assumed in a form of the Fourier series with
the same coefficients as those for the wave profiles listed in Table A-3: ie.,

% ang cosh knz % bug cosh kaz

— n, 7. : —_ — 7, . —

6 = 7{1 o oosh o NP (not—knx) ,{1 ns cosh bl o (not—knx)
where: o2= %:52; LAIR frafy cvoveeereeeeneesneieenieninanea ST (9)

Then the orbital velocities and water particle accelerations at =0 and x=0 are

given by :

ﬂ:(lo'l" {'lan=0

0 S g SOz
u= ax _n=1n an Sil’lh knh (10)
O e p o o2 COSH Bnz e

3t 2 % Gnh kak an

Since the orbital velocities are very small at (=0, the wave force acting at this
instant is almost entirely that of virtual mass force. By comparing the measured
moment of the wave force at =0 and the integration of the water particle accelera-
tions of Eq. 11, new values of the virtual mass coefficient have been obtained as
shown in the last column of Table A-3. These values have a higher average with a
smaller deviation than the results of the previous calculations such as:
Cx=1.71%+0.12

This value is considerd as the most reliable one for a circular cylinder under the
wave action, because of the computation method described in the above. The virtual
mass coefficient of circulat cylinder in the ideal fluid is known to be 2.0. The
smaller value of Cu obtained in the test than the value in the ideal fluid may be
attributed to a possibility that a small portion of wakes remains behind a cylinder

under the wave action even at the time of no velocity. Such a presence of wakes
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prevents the realization of symmetric flow pattern around a cylinder and decreases the
rate of the stream line deformation in the rear part of the cylinder, thus reducing the
magnitude of the virtual mass force. The theoretical value of 2.0 for the potential
flow, however, seems to be the most practical estimate for a circular cylinder when the

scatter of the experimental data such as shown in Fig. 14 is taken into consideration.’

3.6 Maximum Moment of Wave Force on a Circular Cylinder

The analysis and discussions of the wave force on a circular cylinder presented
herein are all based upon the presumption that the wave force may be separated
into two parts of the drag force and the virtual mass force. One possible test of this
presumption is to see how a maximum wave force may be reconstructed from the
drag force and the virtual mass force. If the velocities and accelerations of water
particles are assumed to vary sinusoidally with respect to time for the sake of simpli-
city, the total wave force is represented with the maximum drag force (Fp)max and

the maximum virtual mass force (Fu)max as :
Fr= (Fp) max COS? 2_;L+ (Fa) max sin % .................................... a

The maximum value of the total force is derived from the above expression after a
little manipulation as;
for (FM)maxzz(F D)max
(Fr) max= (Fu)ﬁax At Fmm T/ eeeeeerine e 3.1

for (FM) max <2 (FD) max

— (Fn) max® — T o[ _(Fa)max
(Fr) max= (Fp) max+ 4(F ) o at ¢ on sin [—-%—2 Fo) mae :I

These relations may also be assumed to be hold for the moment of the wave force
as well as the wave force itself.

In order to examine the assumption of Eq. 12, the experimental data of the
moments of wave forces around the bottom were analysed. The ratio of a maximum
moment to the moment of the maximum drag force of the same wave, Mmax/Mbp, is
plotted in Fig. 15 against the ratio of the moment of the maximum virtual mass
force to that of the maximum drag force, Mu/M»p. The relation of Eq. 13 is
represented with a solid line. As seen in the figure, the actual values of the maxi-
mum moments are larger than those estimated with Eq. 13; the relations of Eq. 13
give the lower limit to the maximum moment. The difference between the actual
maximum moments and those calculated with Eq. 13 is about 50 per cent of the
latter for the largest one; the difference is greatest in the range of Mu/Mp from 0.4
to 2.5. Outside of this range, the difference is less than 30 per cent of the value
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estimated with Eq. 13. Therefore, although the assumption of Eq. 12 is not true
from the theoretical point of view, it may be concluded that the relations of Eq. 13
are the useful formulas for the estimate of maximum forces and moments.

IV. A COMPUTATION METHOD OF WAVE FORCE ON A
VERTICAL CIRCULAR CYLINDER

4.1 Selection of Design Wave and Water Depth

Based on the results of the experiments described in the foregoing chapters and
of other theoretical and experimental works, it may be possible to present a method
to compute the wave forces on a vertical circular cylinder. The method is intended
to serve for the need of a reliable computation method for the wave force problems
on pile structures, and thus it is open to the refinements in the future as more data
and informations will become available.

The first step in a design of an offshore structure is to determine a design wave
and water depth. Although the employment of significant wave is common in
designs of breakwaters and may be justified for the over-all stability consideration of
an offshore structure, the highest possible wave should be used for the design of
component members of an offshore structure or for the design of vertical piles driven
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into the foundation. This is so because the attack of only one high wave may
destroy the component members or vertical piles if the wave force is large enough
to produce internal stresses greater than the breaking strength of the material used.
In the case of a breakwater, one big wave may slide it over some distance, but it is
unlikely that it will lead to the collapse of the breakwater.

The highest possible wave also should be considered at the largest water depth
possible at a given location. An increased water depth makes it possible to bring
forth a higher wave than before jand also increases the length of a pile which is
exposed to the wave " action. The largest' possible water depth at a given location
is determined as the depth at the time of high water level plus the height of the
meteolorogical tide caused by a design typhoon. Bretschneider 1958 has presented an
empirical relation between the storm surge height and the magnitude of a hurricane
along the coast of the Gulfiof Mexico. .As for the storm surges along the coasts of
Japan, many studies have been done, especially after the disaster of the Ise-Bay
Typhoon. Along the shores of major bays of Japan, such as Tokyo, Osaka, and
Ise, the results of numerical computations for possible storm surges are available
(see references 21 and 33). As for other parts of the coasts of Japan, an statistical
investigation of available tide records will give useful informations for the height of
possible surges. i

Once a design water depth is determined, the largest possible wave height will
be estimated from Fig. 6, which shows the limiting relative wave height (H/h)» for a
given relative depth, #/L4. The breaker index in Fig. 6 is also utilized to -construct
the diagram of Fig. 16 for the limiting wave height for a given water depth and
wave period. This limiting wave height only gives the upper limit to the possible
wave height at a given location. The question whether a wave with this limiting
height can really be generated must be answered from the meteorological conditions
and the statistical characteristics of ocean waves. For further informations readers
should refer to Bretschneider 1958 and others.

Another caution for the use of the breaker index in Fig. 6 or the diagram of
Fig. 16 is the fact that the limiting wave height presented in the figures should be
applied for waves on flat ocean bed where the bottom slope is less than 1 to 100.
Where the bottom slope is steep, waves may plunge into breaking. The breaking
wave heights on steep slopes have been found to be larger than those on gentle
slopes; Iversen’s data 1952 on breaking waves show a maximum value of (H/h)»=
1.0 on 1 to 10 slope. _

The next step is to estimate the height of the wave crest elevation. For this
purpose, the use of Fig. 8 is recommended as discussed in Section 3.2. The crest

height thus estimated, however, is only applicable for the design purpose of wave
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forces on a vertical cylinder since the figure is constructed for progressive waves
only. When two trains of waves come from different directions, a three-dimensional,
partial standing wave system thus formed may produce wave crests higher than those
estimated with Fig. 8. Such high wave crests caused by partial standing waves are
not so dangerous for a vertical cylinder because the resultant horizontal velocities
would be smaller than those of a single train of progressive waves., In a design of
upper parts of an offshore structure, however, it is better to have a clearance between
the bottom of upper structure and the sea level larger than the design wave height.

4.2 Drag Force and Its Moment

With a design wave and water depth thus determined, the maximum drag force
is computed in the following manner. First the water particle velocities under the
wave crests may be estimated with Eqs. 5 and 7, ie.

e 2427@1_ ) +a<%)é (‘Z‘)s- %}}::}z‘_ ........ e 19
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This equation has been computed for four elevations of z=0, 0.5k, k, and h.. The
results of the computation are compiled in Figs. 17, 18 and 19 in a form of u7/zH
versus H/h with a parameter of h/La.
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Then the drag force is obtained by substituting the above velocities into Eq. 1 and
by executing the calculation. The total drag force from the bottom to the wave
crest for a vertical cylinder of uniform section is given with the integration of Eq. 1
as:

(Fp) max= ZLCDDJ"Lc 12 dz=1w CoD H? Kp woeeerermnmmemmemessesss (15)
g o

where : Kp=non-dimensional factor for maximum drag force.
The moment of the maximum drag force is also given by the following integration:

(Mp)mx:%gcppj‘:‘: W 2 dz=w CoD H? Kp Sprvwereeeeeeerseneee (16)

where: Sp—arm length of maximum drag force measured from sea bottom.
The drag force factor Kp and the arm length Sp are computed with the following
equations :

KD — sinh Zkhc
16 sinh 2k

g GiFAGs |
So=he B AR an

(Fyb AFg) weoveeevesvmeeessssssssnsesmsnssissis s (16)

where :
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The computation of these equations has been carried out for various values of
h/La and H/h so as to yield the design diagrams for Kp and Sp/h. The results of
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the computation are compiled in Figs. 20 and 21. These figures are to be regarded
as the revision of the similar diagrams constructed by Reid and Bretschneider 1953.
The drag corefficient Cp should be taken 1.0 for a cylinder of circular section as

discussed in Section 3.4. For a cylinder of rectangular section of H-shaped section, '

the drag coefficient may be taken as 2.0 with a diameter D being measured diago-
nally based on the wind-tunnel data for steady state flow.

Figures 20 and 21 indicate an interesting feature of the wave force on a pile.
The largest value of Kp is seen to be about 0.7. The maximum arm length Sp is
1.25 k. From the forms of Egs. 15 and 16, it can be said therefore that the maximum
drag force on a circular pile may safely be replaced with an uniform pressure of
0.7 w H acting from 0.9 % to 1.6k. This magnitude of wave force is far smaller
than that of the breaking wave pressure on a vertical wall, as might be imagined
from the natures of two wave forces. The wave force on a rectangular pile, how-
ever, should be taken twice that on a circular pile.

As for a vertical cylinder with a varying diameter, the diagrams of Figs. 20 and
21 are not available. The wave force must be computed with Eqs. 1 and 14 by
numerical integrations. The diagrams of Figs. 7, 18 and 19 for horizontal velocities
under wave crests will be useful to estimate the velocity distribution.

4.3 Virtual Mass Force and Its Moment

In order to compute the virtual mass force, the water particle accelerations of
small amplitude waves are employed here as the first approximation. The water
particle accelerations of actual waves with large amplitudes are somehow different
from those of small amplitude waves, but the difference is considered to be small
compared to the difference in horizontal particle velocities. The nature of virtual
mass force which is proportional to the acceleration also allows the approximation of
small amplitude waves; the drag force is proportional to the square of the orbital
velocities and the error involved in the estimate of the velocities is multiplied accord-
ingly.

The water particle accelerations of small amplitude waves have the following
maximum values at the time when the water surface crosses the mean water level:

ou —27°H  cosh kz . ...
( ot )max— T? sinh kh )

This acceleration has been calculated for the points of three elevations, z=0, 0.5 %

and %, and has been compiled in Fig. 22 which shows the non-dimensional accele-

ration, (%—)max T?%/H as a function of the relative depth, 4/L.4.

The maximum virtual mass force is then computed by substituting Eq. 23 into
Eq. 2 and by integrating it from the bottom to the water surface. For a vertical
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circular cylinder of uniform diameter, the integration is easily carried out, yielding

the following formula :
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where : Ky =non-dimensional factor for maximum virtual mass force
=(n/8)tanh kh
The moment of this maximum virtual mass force is also obtained by the follow-

ing integration :

(M) rax '——-—Z“ Cx ﬁfz S: (%—)max zdz

The substitution of Eq. 23 into the above equation yields the following formula for

the maximum moment:

(M) max=1w0 CuD? H Kar Sap -+eweereeeresssssssssssnssnnsniiisiies (25)
where : Sy=arm length of maximum virtual mass force measured from sea
bottom
— 1 _
= (1= (cosh =D

The virtual mass force factor Kx and the effective lever arm Sy have been
computed and compiled in Figs. 23 and 24 as functions of the relative depth, A#/La.
Being different from the drag force factor Kbp which has a decreasing tendency
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with increasing relative depth, the virtual mass force factor K increases as the
relative depth increases.

The virtual mass coefficient Cy in the above formulas should be taken at 2.0 as
discussed in Section 3.5. Until more reliable informations become available for the
accelerations of the actual waves and the virtual mass coefficient based on the actual
accelerations, the value of 2.0 seems to be a reasonable one for the practical design

purpose.

4.4 Total Wave Force and Its Moment

As discussed in Section 3.6, the total wave force may be estimated with Eq. 12
with the maximum drag force and virtual mass force computed by Eqgs. 15 and 24.
The total moment may also be estimated with Eq. 12 in co-operation with Egs. 16
and 25. The maximum values of the total force and its moment is evaluated with
Eq. 13.

This computation method of the total wave force and its moment is not a rigorous
one to describe every phase of wave force variation. It is rather a conventional
method intended for a solution of actual design problems of wave forces on
piles. The best way to evaluate its validity is to compare the measured wave forces
or moments to the computed ones. For this purpose, the maximum moments of
wave forces on test piles were compared in Fig. 25 to those computed by the present



100 T T T IT7] e AT R S N N

Le%end \(\\é?

v h/L,=05 & -
A 03 b&.&ev

50

T 110111

20

o

1
poe+ 0 X

0.2
o1
0.1
0.0
0.0

o~
[

T lHlIl
Lol

.O
<
%
I

T

[M mdx]cal (kg“ m)

0.5

Ll

0.2

01 Ll el R !
01 0.2 0.5 1 .2 5 10 20 - 50 100

M max] meas (kg -m)

Fig. 25. Comparison of Calculated Maximum Moments with Measured Ones

method. The wave height, wave period, pile diameter, and water depth employed in
the computation are the same as those listed in Table A-1. The drag coefficient Cp
of Table A-1 was also used to compute the maximum moment of wave force, since
the test was mostly conducted at the region of the critiral Reynolds number and the
constant value of 1.0 recommended for prototype piles was apparently not practical
for this case. As seen in Fig. 25, the computed maximum moments are located
between the values 0. 66 times and 1.75 times the measured ones, from the smallest
value of 0.4 kg-m to the largest value of 16 kg-m. But in the average, the comput-
ed values agree with the measured omes fairly well The ratio of the computed
value to the measured one is expressed as:

[Mmax] car=(1. 04=0. 24) [Mmax] meas

Another verification for the validity of the present method is seen in Fig. 26
which shows the comparison of computed and measured maximum wave forces. The
experimental data were obtained by Harleman and Shapiro 1955 in a wave channel
27 m long and 0.76 m wide for several test piles with diameters ranging from 1.3
to 15.2 cm. The wave heights were varied from 12.2 to 25.5 cm and the water
depth from 29.2 to 60.9 cm. But the relative depth, /L4, and the relative wave
height, H/h, were kept ‘constant at the values of 0.2 and 0.42, respectively. Thus
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Fig. 26. Comparison of Calculated Maximum Forces with Experimental Ones
(after Harleman and Shapiro 1955)

the comparison of the computed wave forces with the measured ones in Fig. 26 serves
as a validity test of the present method for various pile diameters and water depths
rather than for various wave characteristics. The results are very encouraging; the
average value for the ratio of the computed maximum forces to the measured ones
is 1.15 with a standard deviation of 0.16, or:

(Frmax) ean=(1.1520.16) (Fmax) meas

This average value of 1.15 indicates that the present method tends to forecast
rather larger maximum wave force than the actual one; hence the error is on the
safe side.

4.5 An Example of Wave Force Computation

In order to illustrate the proposed computation method for the maximum wave
force on a vertical pile, an example of wave force computation will be helpful. As
for the design conditions the followings are selected :

water depth : =12 m
bottom slope : 1=0.007

wave period : T=14sec
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wave height : Hi/,=6m
pile diameter : D=0.9m
Since the bottom slope is very gentle, the present method is applicable. The
first step is to calculate the relative depth 4/L4. This is obtained from Fig. 27 as:

h/L4=0.068
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Fig. 27. Design Diagram for Relative Depth, //L4
For this relative depth, the limiting wave height is read from Fig. 5 as

Hy _
A =0.77

hence,
H»=0.77X12.0=9.25m

This wave height of 9.25m can occur under the given conditions, because the signifi-
cant wave height of 6.0 m would be associated with the maximum wave height of
11.2 m or more in the deep water. Therefore the wave height of 9.25m is used for
the computation of the design wave force on the pile. .

The next step is to estimate the maximum drag and virtual mass forces. From
Figs. 20 through 24, the non-dimensional factors Kp and Ku, and the arm lengths ot
these forces, Sp and Sy, are obtained for %#/L.=0.068 and H/h=0.77 as:
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Kp=0.58

Kn=0.157

Sp =1.17 h=14.0m

Sy =0.51%2=6.1m
The maximum drag and virtual mass forces and their moments are thus evaluated
with Egs. 15, 16, 24 and 25 as:

(Fp)max =1.0X1.0X0.9%9.252X0.59=44.6 ton

(Mp) max=44.6X14.0=626 ton-m

(Fi)max =1.0%X2.0%0.92X9.25%X0.146=2.2 ton

(M) max=2.2%6.1=13.4ton-m

The maximum design wave force and its moment are estimated from Eq. 13

with the above values at hand as:
2.2%

Fmax =44. 6+m:44.6 ton
_ 13.42 _ B
me_626+—4x626 =626 ton—m

As for more detailed informations, the height of wave crest is estimated from
Fig. 7 as:
he=1.655/=1.665%12.0=19.9m
The horizontal orbital velocities beneath the crests are obtained with the aid of Figs.
17, 18 and 19 as:

3.14%9.25

g Crr— =H __ —1=
z2=he=19.9m : U-—-7.4><————T =7.4X i1 =15.4 m/sec
:=h=12.0m : U=3.7><—’;[,{=3.7XL§)’2§—=7.7 m/sec
2=0.54=6.0m : U=2.5><—”7{i=2.5><ﬂ1xf;25:5.2 m/sec
2=0m L U=2.3% ”f:z.sx%:ms m/sec

The intensity of wave force per unit length beneath the wave crest is derived from
Eq. 1 for the above four elevations as:

2=19.9m : ¢= d;;" :1.0x%x0.9x15.42=10.9t/m
2=12.0m : ¢= 1.0xﬁ8—x0.9x7.72=2.7t/m
2=6.0m :g= 1.o><_2_>1<—'9078—x0.9x5.22=1.2t/m
z=0m :g= 1.0X%X0.9X4.82=1.1t/m

From this example, it may be well understood that the most of the drag force
acting on a vertical pile are concentrated near the wave crest well above the mean
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water level.

4.6 Remarks on the Design of Piling Subject to Wave Action

As indicated in the foregoing sections, the present study covers only a limited
portion of the wave force problems on pilings. A rigid vertical pile with an uniform
circular section erected on a flat or gently sloping bottom is treated in this report.
Effects of group pillings, impact forces of breaking waves on a steep slope, and
effects of flexibility are a few examples of the problems which engineers will certainly
encounter in their actual designs. Although the author is in no position to answer
these questions, a survey of previous investigations can reveal the natures of these
problems to some extent as seen in the following paragraphs.

1) Effect ofA group piling on the wave force on individual piles

When more than a single pile are erected in a narrow area, the wave
forces on individual piles are expected to be different from that on a single pile.
The effect of neighboring pile on the wave force on a pile may be considered in
two ways: the blocking effect and sheltering effect. The blocking effect of neigh-
boring piles in sides tends to increase the wave force, while the sheltering effect of
front and rear piles tends to decrease the wave force. - The amount of these effects
are mainly dependent upon the ratio of the spacing between the piles and the pile
diameter. Laboratory tests by Morison, Johnson, and O’Brien 1953 on one inch
diameter piles have shown that the blocking effect increased the maximum moment
two times compared to that on an isolated pile for the relative spacing of S/D=0.5,
but the increase in the moment for the relative spacing of S/D=1.5 was only about
ten per cent. As for the sheltering effect the reduction in the wave force moment
for piles with the relative spacing of 1.5 was about 20 per cent. These effects have
also been studied by Ross 1959 and Laird, Johnson, and Walker 1960. The results
of both studies show the same nature of blocking effect and sheltering effect with
the study of Morison, Johnson and O’Brien, but there are some differences in the
magnitudes of these effects among these studies.

Taking the large amount of variation in actual wave forces into consideration,
it may be considered that the blocking and sheltering effects will be negligible if
the relative spacing S/D is greater than 2 (center-to-center distance to be more
than three pile diameters). As for the group pilings with the relative spacing
samller than 2, the blocking effect should be taken into account in the actual pile
design.

2) Impact forces of breaking waves

In the previous discussions, the wave force on a pile is treated as a statical

force or 'a gradually varying force. When breaking waves, especially of plunging
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type on steep slope, attack a pile, such a treatment may not be applicable and the
consideration of an impact force due to sudden accelerations may become necessary.
Experiments by Hall 1958 on a slope of 1 to 10 showed a breaking wave force
factor of Cp in the following expression
Fs=Cs w D Hz*

to be 1.2 to 3.0 for the maximum breaking wave force. Since the maximum drag
force factor Kp in Fig. 20 is about 0.7, this value of Cs indicates that the impact of
breaking waves causes the wave forces two to four times larger than the forces by
non-breaking waves with the same wave heights, assuming the drag coefficient Cp
to be 1.0 for Hall’s data. Some experiments are also being conducted by the author
on the breaking wave forces on a pile erected on a gentle slope of 1 to 100. Prelimi-
nary results have shown that a pile attacked by breaking waves experiences a wave
force about two times larger than that by non-breaking waves with identical wave
heights. Since these impact forces have very short durations, there is a question
whether a prototype pile may respond to such a high frequency force especially
when a prototype pile has some flexibility. Nevertherless, the nature and magnitude
of impact forces by breaking waves on pile have to be studied in full detail.

3) Flexibility of a pile or an offshore structure

A prototype pile or offshore structure is not a rigid body but a flexible one
with a some range of natural frequency. When the natural frequency of a structure
is the same or nearly the same with the predominant wave frequency, a high degree
of resonant oscillation may occur for the structure and introduce large stresses in
structural members. Such a resonant oscillation may not be a dangerous one for a
single vertical pile, since the natural period of\a sigle pile is mostly less tha a few
seconds. But for a platform with slender legs in fairly deep sea, the wave periods
and the natural periods may coincide. Harleman, Nolan, and Honsinger 1962 meas-
ured the displacement of a model platform and showed the largest displacement
being associated with relatively small wave height and short wave period. By repla-
cing the model platform with an equivalent spring-mass system, they have also
analysed the behavior of the platform numerically and obtained a good agreement
with the experimental data. Based on this study, they suggest a selection of the
design wave with a wave period which will cause resonant oscillations in the struc-
ture.

On the other hand, if a structure is a very flexible one with a natural period of
a minute or so, then the resultant force will be much smaller than that for a rigid
structure. Such an occasion might appear in the operation of oil-drilling in the sea
a few hundred meters deep, as the exploration of petroleum resources moves from
the shallow continental shelf to the deeper portion as seen in the cases of the Gulf

— 53 —



of Mexico. @
4) Wave force on large diameter pile

As the diameter of a cylinder becomes large, the interference of the cylinder
with the wave system must be taken into consideration. For waves of small ampli-
tudes in the water of finite depth, MacCamy and Fuchs 1954 have solved the wave
pattern around a vertical circular cylinder with the diffraction theory and computed
wave force (virtual mass force) acting on the cylinder. When their result is interpreted in
terms of the virtual mass coefficient Cy after Reid 1960, the coefficient varies with

the ratio of the cylinder diameter to the wave length as shown in Table 2:

Table 2. Virtual Mass Coefficient Based on Diffraction Theory

D/L Cu D/L Cu
0.048 2.03 0.478 0.842
0.096 2.06 0.573 0.653
0.143 2.04 0.669 0.523
0.191 1.92 0.764 0.436
0.239 1.73 0.859 0.353
0.287 1.53 0.955 0.308
0.334 1.30 1.000 0.288
0.382 1.12

These values are computed from the following equation

16 L?
= D* &/(J, (=D/L))*+ (Y, (=D/L))?
in which J; and Y; are Bessel functions of the first and second kind, of the first
order. From this table it is seen that a pile is considered as a small diameter pile
when D/L is less than 0.15. For a larger pile diameter, a correction for the virtual

Cu=

mass coefficient is necessary.
Another information on the definition of a large diameter pile is the relative

magnitude of the virtual mass force compared to the drag force. Based on Figs. 20
and 23 the critical value of H/D which gives the equal magnitude of virtual mass
force and drag forces is calculated and plotted in Fig. 28. The drag coefficient Cp
and the virtual mass coefficient Cx are taken as 1.0 and 2.0, respectively. Since the
magnitude of the drag force increases as the relative wave height H/h increases, the
critical value of H/D for (Fp)max= (Fx)max depends upon the relative wave height
H/h as well as the relative depth #/Ls. In Fig. 28, two extreme cases of infinitesimal
wave height and of maximum wave height of breakers are presented. The figure
may serve as a handy reference to estimate relative magnitudes of drag force and
virtual mass force. )
5) Protection against the scouring at the foot of a pile




In a design of a single pile

2 ; o driven into the foundation, the predomi-
wl fi A nant design factor will be the bending
brog Fome" /g : moment of wave force at the foot of

5 b Predominant 7< < piling. Unless the foundation is made of

| _&&’\ rocks, some kind of protection works is

” ! )§>® N\ . necessary to prevent the scouring at the
e %\s‘? . \&.:O L~ foot of a pile, since any scouring causes
T, ’Q@ﬁ‘" \gg an increase in the bending moment. The
i : 3@(;? \F/’ir:ztduoanl] i Paansg Force area which requires the scouring protection

5 _ 'xj:',/ T works may be determined from the size

7 of bed materials and the orbital velocity

A pattern around the pile. The first appro-
U ; i ' i ximation for the velocity field is that of
p o ! two-dimensional potential flow around a-

0.02 005 of 0 0S 10 circular cylinder, although wakes and
n/La eddies are present in the rear of the cylinder
Fig. 28. Critical Value of H/D For in the actual flow. The velocity field

(Fp) max= (Fx) max around a circular cylinder placed in an

)%
where g is the resultant velocity, U is the uniform flow velocity, 7 is the distance
from the center of the cylinder, and g is the radius of the cylinder. The maximum

uniform flow is described as:

— o a? at
a=U(1-2-%-cos 20 +-5,

velocity is observed at the sides of the cylinder where the velocity is twice the
_uniform flow velocity. In the case of a small diameter pile, the horizontal orbital

velocity at the bottom #.-, can be taken as U.
V. CONCLUSIONS

Summing up the results of the study described above, the followings are the

major conclusions: '

1. The height of a wave crest above the sea bottom in term of the mean water
depth is most closely related to the ratio of the wave height to the water depth.
An index curve proposed for the relation between h¢f/h and H/h seems to be
satisfactory for practical design purposes. -

2. The horizontal velocities of water particles under wave crests have been expressed
with the orbital velocities of small amplitude waves and a velocity factor which
varies from 1.0 to 3.0 depending upon the relative wave height, the relative
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elevation of water particle, and the relative depth. A formula for the velocity
factor has been given to cover the whole range of progressive waves. The
resultant orbital velocity shows a good agreement with experimental data.

3. The drag coefficient of a circular cylinder under the wave action has been deter-
mined, based upon the actual distribution of water particle velocities. The actual
drag coefficient showed a scatter in its value from 0.34 to 2.0 for the range of
the Reynolds number from 1.0Xx10* to 2.1X10% but the average value and ten-
dency of the actual drag coeflicient agreed fairly well with the drag coefficient in
steady state flow.

4. The most reliable value of the virtual mass coefficient is 1.71 with a standard
deviation of 0.12. For the practical purpose of a pile design, however, the value
of 2.0 is recommended in co-operations with the water particle accelerations of
small amplitude waves.

5. Based upon the experimental data and theoretical considerations, a calculation
method of wave forces on a vertical cylinder has been presented. The calculation
method has been calibrated with the experimental data by the author and by
Harleman and Shapiro, showing a tendency to forecast a little larger wave forces
and moments than the actual ones. Since the error is on the safe side, the calculation
method can be used for the actual wave force designs. '
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APPENDIX Figures of Typical Wave Profiles and Orbital Velocity Distributions under Wave Crests and Troughs
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