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PREFACE

In recent years there has been increasing interest in harnessing

the resources of the sea to supplement and replace those being

gradually depleted on the continents of the earth. The anticipated

increase in effort that will be directed in the future towards the

extraction of vital minerals and food from in and beneath the sea

will necessitate the desiqn of adequate structures to support these

activit~es.

Circular cylindrical piles are frequently used as structural

support members for offshore installations. In order to adequately

design these structures, both for safety and economy, the contri-

bution of the effects of pile surface roughness on the wave forces

on such piles should be known. Since apparently no direct studies

involving surface roughness effects on wave forces on piles have

been published, it is hoped that the results of this report will

help to fi ll a deficiency in the literature available on this

timely and important subject.





ABSTRACT

Circular cylindrical piles are commonly used structural members

in marine applications. Mhen these piles endure sustained exposure

to a marine environment, corrosion deposits and marine organisms

accumulate on their surfaces. The subsequent increase in surface

roughness would be expected to influence the friction, form and

inertia drag characteristics of the pile when subjected to wave

action, This in f1 uence, in turn, would be expected to have an

effect on the magnitude of the force devel oped on the pile.

Apparently, no previous attempt has been made to evaluate the

etfects of surface roughness on wave forces developed on piles

when subjected to the nonsteady flow conditions inherent in wave

motion. This report is an attempt to help fill this void in the

literature so that marine structural installations may he more

satisfactorily and economically desi gned.

In order to obtain a measure of the effects of surface rough-

ness, a series of wave tank experiments were performed on a circular

cylindrical pile whose outer surface roughness was varied by

gluing sand grains of designated size ranges onto its surface.

Each experiment consisted of sending a train of monochromatic



waves of a selected length and height combination past the model

pile and recording measured water surface elevation, horizontal

force and bending moment time histories. These records were then

analyzed using the semi-empirical approach of Morison to evaluate

drag and inertia coefficients. Other semi-empirical approaches

were also investigated which included correlatinp a coefficient

of resistance with an acce1eration modulus and an attempt to corre-

late drag and inertia coefficients for different degrees of surface

rouqhness using a period parameter. The linear wave theory was

used in evaluatinq the water particle kinematics.

The accuracy of the semi-empirical methods was found to be

insufficient to measure the effects of surface roughness. However,

the measurements of average maximum wave force f' or each experiment

indicated that surface roughness has a definite effect on the

magni tude of force as would be exoected. The effects of surface

roughness were evaluated on the basis of comoaring the ratio

F' /F obtained for a given rough surface experiment with the
mr ms

value of unity applied to the corresponding smooth surface experi-

ment as a control. Here, F' is the averaqe modified maximum
mr

force obtained for a given rough surface experiment and it includes

a reducing correction to compensate for the increase in pile

diameter due to the presence of the sand grains; F is the average

maximum force obtained from a correspondinq exoeriment on the

smooth pile. For reIative roughnesses, c/0, of 0.0075, 0.0186

and 0.036!, the indicated increases in the overall averages of



F ' /F, compared with uni ty for the smooth sur face, were -1,
mr ms'

9 and 14 percent, respectively, for the 0.73 x 10 to 5.7 x 10
4

range of modified Reynolds numbers studied. Here, ~ is the average

sand grain diameter and 0 is the diameter of the pile including

the sand grains.

If no reduction in the pile force is made to correct for the

added increment of pile diameter due to the presence of the sand

grains, the overall average increases in the ratio of forces

obtained from the experiments using relative roughnesses of 0.0075,

0.0186 and 0.0361 are 1, 13 and 23 percent, respectively.
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CHAPTER I

INTRODUCTION

Marine structures, such as piles, which underqo sustained

exposure to a water environment accumulate corrosion deposits and

marine organisms which increase the roughness of their surfaces.

A number of papers have appeared in the literature which dwell on

the subject of wave forces on piles, but only a few have considered

the effects of roughened surfaces. Moreover, the investigations

which considered surface rouqhness have been restricted to the

regime of steady flow. The flow field resul tinq from wave action

is oscillatory in nature and, therefore, unsteady, To the writers'

knowledge, no account of a previ ous attempt to evaluate the effects

of surface roughness on wave forces on piles has appeared in the

literature.

The roughening of a pi 1e surface subjected to wave acti on

would be expected to influence the friction and form drag charac-

teristics of the pile and, consequent1v, the magnitude of the force

developed on the pile. The objectives of the study reported herein

were to determine by experiment the nature and magnitude of the

effects of surface roughness on wave forces on piles and to attempt

to determine which particular parameters would best predict these



effects. To this end a series of wave tank experiments were

conducted on a circular cylindrical model pile whose outer surface

roughness was varied by gluing sand grains of selected size ranges

onto the surface. Each experiment consisted of subjecting the

model pile to monochromatic waves of a designated heiqht and length

combination and recording measured water surface elevation, hori-

zontal force and bending moment time histories. These records

were then analyzed using several methods of approach in order to

evaluate the effects of surface roughness.



CHAPTER I I

LITERATURE SURVEY

Status of Previous Research

Na published information presenting the effects of surface

roughness on wave forces on marine structures has been found in

the literature. However, some investigators have studied re1ated

aspects of the problem such as: experimental investioations of

drag forces on rough cy1inders in steady flow; special studies

involving unidirectional acceleration of a fluid past a smooth

cylinder; and development of various techniques of analyzing the

data characteristically obtained in studies involvinq wave forces on

structures. Some of these studies will be discussed in this chapter.

The nonsteady motion of the water particles, coupled with

their oscillatory behavior in response to wave motion, has, so

far, prevented any rigorous mathematical treatment of wave and

pile interactions of a general nature. Furthermore, the gathering

and analysis of experimental data is compIicated by this unsteady

aspect of the motion. As a result, it has been necessary to rely

on semi-empirical, statistical and dimensional analysis methods

in predictinq wave forces on piles and submerged objects.

Roughened Surfaces in Steady Flow

One of the earliest accounts of an attempt to evaluate surface



roughness effects was presented by Fage and Marsap [1]*. They

evaluated drag coefficients, CD, for steady flow conditions, from

wind tunnel experiments usinq smooth and rouqhened cylinders. A

portion of their data is shown in Fig. 1 where the draq coefficient

has been plotted as a function of Reynolds number, uD/u, for varying

degrees of relative roughness, ~/D. Here u is the horizontal flu%

velocity, D is the diameter of the cylinder, u is the kinematic

viscosity of the fluid, and ~ is the averaqe surface roughness

height. The data show that the transi tion Reynolds number decreases

as the cylinder surface is made rougher and also that the decrease

in drag coefficient at transition is less as the roughness is

increased.

A more recent study of the effects of surface rouqhness for

conditions of steady f'Iow has been published by Blumberg and

Rigg I 2] . Their investigati ons involved the towi nq of a cylinder

with selected surface roughnesses in the hioh-speed towing tank of

the Naval Ship Research and Development Center, Drag coefficients

were evaluated for supercritical Reynolds numbers in the range of

1 x lO to 6 x 10 . They found that C remained essentially constant6 6

for a given surface roughness but increased with increasing rough-

ness from 0.69 for a smooth cylinder ta 1.02 for the same 3-ft.

diameter cylinder covered with bitumastic and oyster shel'I with

concrete fragments.

Numbers in brackets designate references at the end of the
report.
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Fi q. 1 C versus Reynolds number for steady
flow around cylinders  after Faye and
Warsap [l]!



Studies Invol ving Unidirectional Acceleration

Iversen and Balent L3] performed experiments on discs accel-

erated vertical'ly in still water. In analyzing their data, the

velocity was taken to be linearly dependent upon acceleration and

the force on the disc, F, was expressed by the relation

F = C 1/2pv A
2

where p is the density of the fluid, v is the vertical velocity,

A is the area of the disc and C is designated the coefficient of

resistance.

The coefficient of resistance was shown to be, in general,

a function of geometry, Reynolds number, vD/v, Froudes modulus,

v /gD, and an acceleration modulus, aD/v ; i.e.,2 ~ 2,

2

C = f  geometry, �, �, ~!vD v aD
1 u gD v

�!

where D, the diameter of the disc, is shown here as a characteristic

length, g is the acceleration of gravity and a is the acceleration

of the body in the fluid.

For their particular studies involving discs, Iversen and

Balent obtained good correlation of C with acceleration   Iversen's!

modulus.

Kiem [4] performed experiments on cylinders of various length-

diameter ratios by accelerating them vertically from rest in water

using constant drive forces. In this case a correlation was

found to exist between the coetficient of resistance and accel-



eration modulus, using Reynolds number and the 1ength-diameter

ratio, X /D, as parameters; i.e.,

c=f  �,~ � !vD aD
2 v ' v ' D

Laird, Johnson and Walker I 5] performed experiments to determine

possible effects of' acceleration and rates of change of acceleration

on the forces exerted on horizontally mounted, circular cylinders

immersed in water and moved horizontally normal to thei r long

axes. The accelerations and velocities used were commensurate

to those encountered in ocean waves. Roth constant and variable

linear accelerations and decelerations were used. In the case of

a single horizontal cylinder, the drag coefficients, C , agreed

with similar values obtained from pIots of drag coefficient versus

Reynolds number for conditions of uniform motion. However, when

the cylinder was decelerated deviations of the drag coefficient

from accepted va]ues for unif'orm motion occurred. They also

found that the acceleration modulus, aD/u , failed to correlate

with the resistance coefficient, C, near boundary layer transition.

Sarpkaya and Garrison [6] have investigated the case of a

circular cylinder subjected to unidirectional flow with constant

acceleration. For these conditions, they found the drag coeffic~ent,

CD, and the inertia coefficient, C , to be a function of them'

re'tative displacement of the fluid, q/D, where q is the total flow

displacement. Their results yielded evidence that CD and C are
interrelated and, for the case of constant acceleration, they

showed analytica1ly that a re1ationship exists between C> and C .



Semi-empirical Methods

The most commonly used method of treating wave forces on piles

is that due to Morison, O' Brien, Johnson and Schaaf [1]. The

horizontal wave force is assumed to consist of two components-

one representing the drag force and proportional to the square of

the horizontal particle velocity; the othe~ representing the i nertia

 virtual mass! force and proportional to the horizontal particle

acceleration. It is assumed that the drag and inertia components

are mutually independent and can be added linearly. Expressing

this mathematically for a differential force, dF, acting over a

differential segment of a rigid vertical pile, dy, the equation is

dF = C  ~<! � "+ CD ~> Iu~u dy

where 0 is the diameter of the pile, u is the horizontal component

of the particle velocity in the absence of the pile and t represents

time.

The equation for differential moment, dl'1, about the bottom

of the pile is

�!cN =  d + y!dI=

where d is the still water depth and y is the depth below the

still water measured negatively downward.

Equations �! and �! and their integrated forms have been

extensively used in determining values of C and C for use in
m



the design of piles subjected to wave act~on. The procedure

involves the use of measured values of wave profile, wave force

and/or bending moment along with the ana'lytically determined particle

velocity and acceleration in the above equations. When this is

done, CD and C become the unknowns. Then by judiciously selecting
m

the value of force or moment recorded when the drag and inertia

contributions individually become zero, CD and C may be calculated.
m

The above semi-empirical procedure has- been employed by many

investigators in handling the wave-force-pile problem. It was

used by Norison, Johnson, and O' Brien [8] in anaIyzing the results

from wave tank studies of Forces on piles. Also, Wiegel, Beebe

and Noon [9] used the same procedure to analyze the results of a

rather extensive prototype test program. Bath groups of investi-

gators used the Airy theory for waves of low steepness to describe

the particle motions in order to evaluate CD and C�.

The application of the Morison approach using wave theories of

finite steepness to determine the separate drag and inertia contri-

butions to total pile force has been employed by Rei d and

Bretschneider [10] for a range of waves in shallow, intermediate

and deep water. The drag and inertia coefficients were determined

on the basis of field data.

An alternate method of using equation �! is to calculate the

kinematic flow field using the stream function representation

presented by Dean [11]. Dean's stream function theory is appli-



cable to nonlinear ocean waves and, in turn, to symnetrical and

unsymmetrical nonbreaking waves. Aagaard and Dean [12] employed

this representation in their mathematical model for calculating

ocean wave forces on offshore dri'11ing structures.

The coefficients of drag and mass obtained by the Norison

approach, using measured forces and moments in equation �! or
�I, respectively, possess a large amount of scatter when an

attempt is made to correlate them with Reynolds number. This has

led a number of investigators to seek alternate approaches to

handling the problem of wave forces on pi1es.

Keulegan and Carpenter I 13!, retaining the basi c Morison

equation �!, experimentally determined time histories of wave

forces on horizontal cylinders and rectangular plates located

at the node of a standing wave. The average drag and mass co-

efficients over an entire wave length were then obtained through

a Fourier analysis of the forces obtained. These coefficients

showed no correlation with Reynolds number, but, were found to

possess definite dependencies on the so-called period parameter,

U T/D, where U is the maximum velocity, T is the period of the
m m

osci l 1 ati ons, and D i s the di ameter of a cylinder or the breadth

of a rectangular plate.

spiegel [14! compared the empirical plots of C> and C versus

U T/D obtained by Keulegan and Carpenter for cylinders with field
m

data reported by Wiege], Beebe and Noon [9! and Reid I l5] for a
circular cylindrical pile. In the case of CD, the empirical curve
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of Keulegan and Carpenter was found to yield an approximate upper

envelope for the field data. Dn the other hand, the empirical

curve for C was found to be an approximate lower envelope for the

field data.

Harleman and Shapiro [16] proposed another procedure for

correlating experimental data and predicting forces on prototype

piles. They retained the Morison approach, but they used the

MacCamy-Fuchs [17] diffraction theory for evaluating the inertia

component and obtained the drag contribution on the basis of

a steady state drag coefficient. They found that the deqree of

correlation between experimental and theoretical results was a

function of the relative contributions of drag and inertia to the

total force. Generally speaking, the agreement between theory and

experiment was good, although in the limited ranqe from 50 to 75

percent draq component the experimental values averaqed 24 percent

less than the theoretical values.

Crooke [18] applied the Iversen approach to published and

unpublished horizontal wave force data of Morison, et. al. [7, 8]

for model horizontal cylinders, vertical cylinders and spheres

in oscillator'y flow . He obtained reasonable correlation of C with

Iversen's modulus for each geometrical model except for values of

Iversen's modulus below about 0.1. No attempt was made to correlate

C and Iversen's modulus for the case of actual field data.
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Statistical Studies of Wave Forces

statistical approaches will not be further discussed.

Dimensional Analysis Approaches

Priest [24], questioning the relevance of so much attention

to CD and Cm on the part of some investigators, proposed that a
purely experimental approach be taken and that the resul.ts be
presented using dimensionless parameters includinq phys,i'@ail
quanti ties pertinent to the problem. He then collected data from
wave tank experiments to determine pressure intensities on the
surface of a vertical cylinder that was subjected to the action

of smooth shallow-water waves and to the action of shallow-water

breaking waves of the spilling type. The data for smooth waves

 the only waves of interest here! were graphically presented in

dimensionless form usinq the function:

h P H'3 a ,d d! = O  e!

A number of investiqators, for example, Bretschneider [19],

Pierson and Holmes [20], Borgman [21] and Brown and Borgman [22]

have studied the statistical distribution of wave forces on cylin-

drical piles. A fairly recent paper by Jen [23] applies some of
these theories to statistical analyses of wave forces resulting

from the action of i rreaular waves on a model pile.

Since this study is concerned with monochromatic waves,



where h is the height of the center of the pressure transducers

above the bottom of the basin, P is the pressure intensity, y is
the specific weight of the fluid and H is the wave height. Rather
welf-defined plots were obtained.

Priest points out that, although there is no apparent in-
fluence of the pile diameter, D, in his results, it may be possible
that had substantially smaller values of a dimensionless parameter,
D/d, been attained in the tests, some influence of this parameter
may have been witnessed due to separation effects .

Paape and Breusers [25] recommended the establishment of
experimental relationships of certain dimensionless parameters
apropos to the wave and pile conditions. They performed model
experiments in a wave tank using square piles subjected to a
range of wave condi tions, water depths and pile dimensions. The
data were plotted on the basis of

Fmax f H d H~gD H- '4<D ~gT ~gT I
where F is the maximum wave force in the direction of wave

max

motion.

The data provided a fairly distinct evaluation of the effects
of each parameter and indicated H/D as a good independent variable
for use in wave-pile studies.

The test program included experiments on different model
scales and, although some data scatter were present, there were
no scale effects observed using this method.
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CHAPTER III

THEORETICAL CONSIDERATIONS

The Morison Equation

The so-called Morison equation �! which was presented in

the previous chapter arises from a more fundamental form which

will now be developed. The expression for the incremental hori-

zontal force, bF, acting on an incremental element of a rigid

cylindrical body, due to accelerated f1ow past the body, may be

expressed as the sum of three terms as follows:

@IP Id 1IZ t i!~I I ts!
where AV is the volume of fluid displaced by the incremental

m

element of the pile; dS is an elemental surface area; P is the

fluid pressure in the absence of the pile; e is the angle between

the flow direction and a normal to the surface of the pile; aA is

the projected area of the incremental pile element perpendicular

to the velocity; and k is the virtual mass coefficient.

For the special case of a circular cy1indrical pile, we may

write the differential force acting on a differentia1 segment of

the pi1e, dy, as

dF = p  ! +  Pcos c!ds + 1/2 C pD!uiu dy  9!
~D2 d ku

where ds is the incremental area per uni t 1 ength of the pile . The

three terms appearing on the right-hand side of the above equation



~ ~vrP2 du,Pcos a ds = p! � J � 'L4 tat
 lg!

If equation �0! is now substituted into equation  9! and
the additional assumption is made that k is constant with time,

then

CD
dF = � + k! p + pD u u dy.  i 1 !

Usually the quantity � + k! is combined to form a single

constant, C�, which is called the coefficient of mass or inertia

constitute the added mass, pressure gradient, and viscous drag

contributions to the net incremental force, respectively.

The virtual mass coefficient, k, is a time dependent factor

which, when multiplied by the volume of the fluid displaced by
the pile, gives the effective mass of fluid accelerated in the
flow field surrounding the pi le, The value of k is one for a

circular cylinder in a field of potential flow. However, in the
case of a real fluid flowing past a pile, the value of k will vary

depending upon the prior history of the fluid motion, the fluid
viscosity and the surface roughness of the pile since each of
these factors influences the flow pattern at any given time.

The pressure gradient term arises due to the force exerted
on the pile as a result of the fluid acceleratinq in the flow

field to which the pile is subjected. Since the mass of fluid

displaced by the pile would experience an acceleration, due to
the pressure gradient, equal to that of the ambient fluid, the
second term of equation  9! may be written



and the resulting equation becomes the expression commonly

referred to as the Morison equation; i.e.,
C

dF = C p � � + � pD~u!u dy.~D~ du D
m 4 dt 2

�2!

As was shown in Fig. 1, the drag coefficient, CO, for steady

flow is dependent upon the geometry, Reynolds number and the
relative roughness. Noreover, for conditions of steady flow, the
critical Reynolds number, where the drag coefficient experiences
a sharp decrease, also depends upon the relative roughness. This
sharp decrease in CD occurs when the boundary layer becomes
turbulent and the separation point shifts downstream.

In the case of unsteady flow, such as occurs in the oscil-

latory behavior of water particles in response to wave motion,
the shift in separation point and the resulting decrease in C> may
not occur. The turbulent eddies which are generated and then
swept back past the pile due to wave action may result in a
turbulent boundary layer at substantially lower Reynolds numbers

than are typical of steady flaw.

In order to apply equation �2!, numerical values of the

coefficients C and CD are required. These coefficients are
m

obtained by measuring wave force and wave surface time-histories
experimentally and using these data in conjunction with analytical
expressions for particle velocity and acceleration to solve for

The coefficient C thus absorbs the effects of inertia and pressure
m

gradient as well as the u dk/dt term arisinq in equation  9!.



the coefficients. In this semi-empirical method it is assumed

that the drag and inertia coefficients are constants and mutually

independent. Thus, the drag coefficient, C , is unaffected by
the magnitude, di recti on and rate of acceleration of the fluid.
Furthermore, both CD and C are assumed invariant with depth in
the fl ui d.

Also implied in the application of equation �2!, using the

semi-empirical method to be described, is the Froude-Kriloff

hypothesis discussed by Korvin-Kroukovsky L26] and Beckmann I 27]
which assumes that the wave height, length and period are not

affected by the presence of the pile itself. This condition holds

when the diameter of the pile is small compared with the wave

length.

The procedure for applying equation �2! will now be outlined.

Evaluation of Drag and Inertia Coefficients

Fig. 2 shows a geometrical sketch of a wave train and pile
along with a designation of the sign convention employed in the
equations used. The origin is chosen at a point corresponding
to the still water level at the crest position.

The method of evaluating CD and C will be presented on the
m

basis of using the linear wave theory for small amplitude waves.

Higher order wave theories could, in principle, be applied in
an analogous manner. However, the laboratory studies of Norison

and Crooke I 28] and Le Nehaute, Divoky and Lin [29] indicate that
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the more complicated representations wou1d not predict the ve'jocities

or accelerati ons wi th much, i f any, more accuracy than do the

corresponding equations for the linear theory.

If the wave profile is taken as sinusoidal, then for a fixed

point in the flow field, say at x = 0 for convenience, the

surface elevation, n, may be expressed as a function of time, t,

H 27Tt

By solving Laplace '5 equation,

!=0
2

for potential flow and imposing the boundary conditions applicable

to small amplitude, linear wave theory, the velocity potential,

y, may be obtained. Once an expression for ~ is known, the

particle velocities and accelerations are readily available through

straightforward differentiation of the velocity potential. The

detailed derivations are given by Kinsman [30j and since the

solutions for the linear wave theory are well-known, the complete

development wi 11 not be included here. The equations are presented

in the form given by Wiegel L14] and employ the Eulerian descripti on

for conditions at a point in the fluid.

The expression for the horizontal particle velocity at a

fixed point x = 0 in the flow field is cos 2lTt
T

where y is the distance measured negatively downwards from the



still water level to the water particle.

The water particle total acceleration for two-dimensional flow

is given by

du au au au+ u � +
dt at ax ay

�6!

au 2~~H
at ~T

 lr!
sin

2mt

T

Two other quantities of interest in studying water particle

kinematics are the total horizontal and vertical orbital displace-

ments of the particles. Still using linear theory and choosing

a convenient point x = 0 in the flow field, the expression for the

total horizontal particle displacement is

cosh[2~ y + d!/L]
y = H sin �8!

where y is the mean vertical coordinate of the water particle

for a given orbit.

The corresponding expression for the tota'1 vertical displace-

ment of a particle is

sinh[2~ y + d!/L]
= H

t
cos

T
 »!

In order to evaluate the total force acting on a pile sub-

jected to wave action, the expressions for u and au/at are sub-

where u and v are the water partic1e velocities in the x and y-

directions, respectively. For linear theory, the fie'Id accel-

erationss are small compared with the local acceleration and,

therefore, are neglected  see reference [14]!. The water particle

acceIeration then becomes



stituted into equation �2! and the resulting expression is
integrated, assuming constant CD and C, to obtain the resultant
horizontal force. This integration yields

F = ~pD ~ � � C K' sin � + C K' !cos � ~cosH L mD, . 2'-t, 2mt 2~tH �0!
4H m2 T 0 1 T TJ

where

4~S 4mS
  � ! + sinh  !

1
16 sinh  L �2

�1!

2iTS

si ffh
s

�2!K'
2

�3!S =n+d.
s

measured values of F, H, L, T and S along with known values of
s

p and D into equation �0! at a time corresponding to that at the
crest of the wave  a = 0 !, the value of C may be calculated.

Equation �0! may now be employed to evaluate the drag and
inertia coefficients. The quantity 2~t/T may be treated as a
phase angle, o, and usinq the coordinate system described in Fig.
2, e is defined to be zero degrees at the crest position of the
wave and 180 degrees at the trough position. Referring to equation
�0! it may be observed that when e = 2~t/T is zero and 180 deqrees,
the inertia contribution to the total force is zero. On the
other hand, when e equals 90 and 270 degrees, the drag contri-
bution to the total force is zero. Therefore, by inserting
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Likewise, by making similar substitutions at a time when e equals

90 degrees, the value of C may be calculated.

Relationship Between Oimensionless Parameters

Equation �2! may be rewritten in the form,

%] �4!+ Cp = C.

Bu

U T/D
�5!

The quantity in brackets may be recognized as Iversen's modulus

or the acceleration modulus and C is the total resistance co-

efficient. Crooke's [18] studies of wave force data obtained from

experiments on model cylinders showed Iversen's modulus to

correlate C fairly well � at least to the extent of defining the

shape of a curve.

The parameter U T/0 was found by Keulegan and Carpenter [13]

to correlate values of CD and C obtained as average values over
m

an entire wave length for oscillatory flow past a cylinder. Here

U i s the maximum hori zontal parti cl e vel oci ty.

hlilson L31] has demenstrated that Iversen's modulus and the

Keulegan and Carpenter period parameter are related through the

expressions for particle velocity and acceleration, equations �5!

and �7!. The relationship is
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Furthermore, Miege1 L14] has shown that for the linear theory,

0 T

m D D �6!

The significant aspect of the above discussion is that

Iversen's modulus and the Keulegan and Carpenter parameter are

different ways of expressing the same thing, namely the ratio of

the relative total horizontal particle displacement to the diameter

of the pile. It is also worthy of note that the investigations

of Sarpkaya and Garrison [6] and those of Paape and Breusers [25]

in each case revealed a ratio of particle displacement to the

diameter of the immersed body as a significant parameter to use

in wave force data correlations.



CHAPTER IV

EXPERIMENTAL PROCEDURE

Arrangement of Equipment

The experiments were conducted in a two-dimensional wave

tank equi pped wi th a mechanical wave generator driven by a
variable speed electric motor. A sketch of the wave tank facility
is shown in Fig. 3. The motor speed and paddle stroke arm length

were set at a required combination of values to produce the

desired wave height and lenqth characteristics for each test run.

The nominal dimensions of the wave tank are 2 ft. wide by 3 ft ~

deep by 120 ft. long. The wind, current and probe carriage
capabi li ties of the wave tank were not used.

The arrangement of the laboratory equipment used is shown

schematically in Fig. 4. A photograph of the actual operational
system is presented in Fig. 5. The experimental apparatus consisted
of a model pile which was mounted rigidly to a supportinq frame
and extended vertically downward into the wave tank. The lower

end of the model pile cleared the bottom of the wave tank as

indicated in Fig. 4. The water depth was set at 2 ft. The test
pile was located 56 ft. trom the wave generator and monochromatic
waves of selected height and length combinations were mechanically

generated at the pile.

The model pi le was instrumented so that measurements of wave
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Fig. 5 Actual arrangement of
the expel imental equipment
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force and bending moment could be accomplished by the use of strain

gages mounted at selected sections of the pile. The instrumented

pile consisted of essentially four sections  see Fig. 4!:  l!

an upper strain gage section, �! a lawer strain gage section, �!

an interconnecting portion of pile between the upper and lower

strain gage sections, and �! a lower section of pile which con-

stituted the section on which the variations of pile surface

roughness were made. The measurements of wave force and bending

moment about, the midpoint of the upper gage section were obtained

as continuous time histories on a direct writing Sanborn 150 Dua'I

Channel Carrier Amplifier-Recorder.

Only the lower pile section projected into the water. This

particular configuration permitted all of the instrumentation to

be located well above the water level and allowed the bottom piIe

section to be unbolted and removed. This latter feature permitted

the removal of one roughness from the pile surface and the

application of the next without risking damage of the instru-

mentation.

Two capacitance-type wave gages were employed to measure

the wave surface elevation time-histories. One wave gage was

located at the pile and thus recorded the wave phasing with respect

to the force and moment traces. The second wave gage was situated

7 ft. upstream from the test pile and recorded the undisturbed

surface time-histories of the approaching waves. The distance

of 7 ft. was chosen so that there would always be less than two
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full waves between the wave gages, thus facilitating identification

of common physical points on the two wave traces. The fixed

distance between the two gages, in turn, a flowed the wave length

to be readily calcu1ated since both traces were recorded with

respect to a common time.

The water temperature was measured with a thermometer at the

time each experiment was performed.

More complete details of the instrumentation desiqn and data

reduction techniques will be given in later portions of this

paper

Rater Conditions

Sodium dichromate was added to the water in the wave tank

to serve as a corrosion inhibitor.

Density comparisons of the sod~urn di chromate solution and

distilled water were made using a pycnometer and analytical balance.

It was found that the density of the sodium dichromate solution

slightly exceeded that for distilled water, hut the two values

differed by only 0.05 percent.

Measurements of dynamic viscosity, i, were also made of the

sodium dichromate solution and distilled water using an Ostwald

viscosimeter. A comparison of the viscosities obtained for the

two fluids indicated that the viscosity of the sodiu~ dichromate

solution was larger than that for distilled water by about l.R

percent.
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The above changes in density and dynamic viscosity were

considered inconsequential in view of other factors influencing

experimental accuracy. Therefore, the values of density and kine-
matic viscosity, v = u/p, used in analyzing the experimental data

were taken to be those readily available in tahles for distilled

water.

Wave Gages

The capacitance-type wave gages used in the experiments

operate on the basic principle of a variable capacitor. A metal
wi re with a dielectric coati nq is mounted rigidly onto a supportinq

frame as indicated in Fig, 4. The metal wire inside the dielectric

acts as one plate of the capacitor and the water surrounding the

dielectric forms the other plate. As a wave moves past the qage,

the change in water elevation along the dielectric coated wire

varies the capacitance. By wirinq this capacitor into the arm of

a Wheatstone bridge and employing the necessary auxiliary circuitry

and calibration, the wave record may he obtained on a direct

wri ting recorder. The particular dielectric coated wi re used
was 8062, "No. 20 Hvy. Polythermaleze," manufactured by Betden.

The recorder used was a Hewlett-Packard Model 321 Dual Channel

Carrier Amplifier Recorder. The circuitry for this system is

diagramed and explained in Appendix l. Other descriptions of

similar type wave gages have been presented by Ki lien I 32], Hsu

I 33], and Harleman and Shapiro I 16].
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Mave Gage Calibration

The wave gage calibrations were obtained by adjustinq the oains
on the recorder amplifiers so that a known displacement of relative
water level would give a convenient stylus deflection on the chart.
The calibrations were checked before and after each experiment.
A typical wave gage calibration for one experiment is presented
in Fig. 6. The so!id line represents the average of the calibration
measurements made before and after an experiment was performed.
Usually good agreement was obtained between the two sets of
readings after correcting for a small amount of recorder drift.
The gage wires were cleaned before the calibration check preceding
each experiment. Also, the water was a'llowed to settle to a
calm state prior to performing the calibration routine both before

and after an experiment was executed.

The Model Pile

The detailed dimensions and assembly of the test pile are

given in Fig. 7.

The interconnecting and lower pile secti ons were made from
6061-T6 aluminum tubing. The flanqes which were welded onto these
two portions of the apparatus were cut from 6061-T6 alum~num plate
material. The upper and lower strain aage sections, designated
No. 1 and No. 2, respectively, in Fig. 7, were machined as one
piece, along with their flanges, to the required dimensions from
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7075-T6 bare aluminum stock. The mounting positions of the strain

gages on the gage sections are shown in Fig. 7.
The natural frequency of the assembled pile in its installed

position with 2 ft. of water in the wave tank was approximate'ty
4.5 cps. With the tank drained of water, the natural frequency
was around 5.5 cps. The frequencies of the water waves were

between 0,6 and 1.24 cps; therefore cond1tions of sustained

resonance were excluded.

The pile apparatus was equi pped wi th alignment pins and
machined indexes in order to assure that it would always be

assembled in the same manner. The flange bolts were each tightened
to a uniform torque of l50 in-lbs using a torque wrench so that

the strain gage sections would not experience nonuniform stresses

as a result of being assembled'

The lower main test section of the pile was machined so that

the outer surface formed a true circular cyl1nder. The test

section was then smoothed and highly polished in preparation for
the experiments with the smooth surface. The smoothing was
accomplished by starting with 320 carborundum wet or dry abrasive
paper and then using progressively finer paper until the f1nal
smoothing using 500 grit was done. The pile surface was then
polished with No. 39925 Hopp1ch Semichrome Pol~shing Paste. The
final outsi de diameter of the smooth pile was 3.716 in. Fig. 8

shows a photograph of the smooth, polished pile. For the experi-
ments involving the roughened pile surface, sand grains were glued
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Fig. 8 The smooth pile
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onto the same cylindrical pile that was used for the smooth surface

experiments.

Strain Gage Section Oesiqn

The sections on which the strain gages were mounted had to

be thin enough to provide measurable amounts of strain in response

to the relatively small applied wave forces. At the same time,

the gage sections had to be stiff enouqh to restrict the pile

deflections to small values so that the pile accelerations could

be neglected in analyzing the data. In order to satisfy these

requi rements, the cross section should have as larqe a radius of

gyration as possible. A thin-walled circular cylinder was selected
f' or the gaqe section geometry since its cross section has a reta-

tively large radius of gyration and it can readi!y be machined

with precision.

Preliminary calculations indicated that the wave forces

which would be acting on the smooth pile should not exceed a

magnitude of 5 lbs, The effects of pile roughness were unknown,

but a design force of 7 lbs. was believed to be a conservative

estimate of' the maximum force which the pile would have to sustain

in the experiments.

Imposing the requirement that the pile deflection be restricted

to a small value, the gage sections were desiqned so that a

7-lb. applied load would not deflect the bottom of the pile

more than 0.1 in. This def1ection criterion was somewhat arbitrary;
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Harleman and Shapiro L16] used a similar value with apparent
success in their studies. The results indicated that a wall
thickness of 0.0355 in. would experience 215 micro-strains. This
was considered adequate and the gage sections were machined to the

dimensions shown in Fig. 7.

Strain Gage Installations

The locations of the strain qages are shown in Fig. 7. Type

C6-141-B, 120 ohms, Budd strain gages were used. These gages have

a gage factor of 2.05 + 1/2K.
Strain gages 1, 2, 5 and 6 comprise a Wheatstone bridge of

four active arms wired so that its output is proportional to the
bending moment about the midpoint of the upper strain gage
section. Referring to Fig. 4, this moment, 81, may be expressed

analytically as

N1 zFF �7!
where zF is the vertical distance between the point of application
of the resultant horizontal wave force and the midpoint of the
upper strain gage section.  The Fh notation shown in Fig. 4
complies with that obtained by an averaging technique described
in the next chapter.!

Strain gages 3, 4, 7 and 8 comprise a Wheatstone bridge of
four acti ve arms wi red so that its output i s proportional to the
difference in the bending moment about the midpoint of the upper
strain gage section, Nl, and the bending moment about the midpoint
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of the lower strain gage section, M2. This allows direct measure-

ment of wave force, through a calibration, since, referring to

Fig. 4 and letting b equal the vertical distance between the

midpoints of the upper and lower strain gage sections,

Fz - F z -b! =M
F F 1 2 �8!

and, therefore,
Ml - M2

F = b �9!

where the subscripts 1 and 2 refer to the upper and 1ower gage

secti ons, respecti vely.

The use of four active arms provides maximum output signal

and also provides automatic temperature compensation.

The circuit diagrams, along wi th an explanation of thei r

principles of operation, are presented in Appendix l.

Calibration for Mave Force and Bending Moment

The calibrating system is pictured in the upper right-hand

portion of the photograph in Fig. 9.

The instrumented pile was calibrated by applying dead weights

to a cord which transmitted the load through a system of pulleys

so that the force was app1ied to the pile in a longitudinal direction

parallel to the wave tank. The gains on the recorder amplifiers

were then adjusted to give a convenient reading on the chart per

unit of force and bending moment. Loads of varying magni tude were
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Fig. 9 Pi1e ca1ibration system
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applied at different lengths of moment arm in order to check the

linearity with force and with moment arm. The calibration was

checked at the beqinning and end of each day's runninq and spot-

checks were made each time the paper was chanqed in the recorder.

The calibrations were linear over a larqe portion of the ranqe of

interest and only slight changes in the calibration occurred as

the test program progressed. Without exception, the calibration

for a particular day remained the same. The deviations in linearity

were accounted for, where applicable, in reducinq the data. A

typical wave force calibration curve is shown in Fi q. 10.

Sand Grains

A range of prepared surfaces from smooth to very rough was

studied. The initial set of experiments was performed on the

smooth, polished pile surface. The data obtained usi ng the

smooth surface served as a control for comparison of the results

obtained from a similar set of experiments ran on each of the

roughened surfaces.

Roughening of the pile surface was accomplished by gluing

sand grains of a designated size onto the surface of the pile

with lacquer. Good adherence of the grains to the pile was

achieved with only random dislodging of some grains due to the

wave action. The weight comparisons of the test section of the

pile before and after each set of experiments are shown in Table 1.

The sand grain size for a selected roughness was controlled
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Table l Comparison of weights of the bottom
pile section before and after testing
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on the basis of preferred screening utilizing sieve openings

defined by the U.S. Bureau of Standards I 34]. The sand size ranges

studied were:

Roughness No. I, 0.0232 - 0.0331 in.,

Roughness No. 2, 0.065 � 0.0787 in., and

Roughness No. 3, 0.132 - 0.157 in.

Usinq average particle diameters, the relative roughnesses, c/D,

of the three roughened surfaces were 0.0075, 0.0186 and 0.0367.

Photographs of the three roughnesses are presented in Figs. 11,

12 and 13. The levels of roughness may be judqed by considering

roughness no. 3 to correspond approximate1y to that exhibited by

marine growth of 1.73 in. diameter on a 4-ft. diameter pile .

Wave Characteristics

The wave characteristics used in this study covered a range

of combinations of wave height, length and period. 4 set of experi-

ments on a particular pile surface consisted of 22 combinations.

By using a fairly wide range of wave characteristics, varying

degrees of' drag and inertia contributions to the total wave

force could be obtained.

4 summary of the wave characteristics, including the d/L

and F /L rati os, is presented in Table 2. Here H , l. and Ta a a' a a

are the average values obtained for wave height, length and period,

respectively, over the four sets of experiments. The corresponding

averages for a wave of a particular set may show some deviation



Na. 1 Sand �.0232-0.0331 in',

Fig. 11 Surface roughness no. 1

No. 2 ;and �.065-0.0787

Fig. l2 Surface roughness no. 2



Fig. 'l3 Surface roughness no. 3
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Table 2 Summary of average wave characteristics

T
a

H /Lave

 in!  ft!  sec!

2 3
4 5
6 7
8 9

10
't l

12
13
14
15

17
18
19
20
21

22

1.88
4.17
4,79
2.06
4.02
5,97
6.26
1.83
3,78
5.66
8.29
8.68

2.14
3.94
6.96
7.46
8,64
2.22

4,28
6.27
8.03
9.78

5.08

3,66
3.90
5.50

5.49
5.53
5.18
7.85
7.85
8.00

7.27
7,19

10.00
10.04

9.51
9.38
8.62

11.72
11.20
11.27
11.52
10.65

0,84

0.82
0.84
1.04
1.03
1.04
1.02
1.27
1.28

1.30
1.25
1.20

1.52
1.52
1.48

1.48
1.35

1.66
1.64
1.67

1.65
1.56

0.542

0.547
0.512
0.363
0.364
0.362

0.386
0,255
0.255
0.250
0.275

0.278
0.201
0.199
0.210
0.213
0.232
0.170
0.178
0.177

0.174
0.188

0.042
0.095
0.102

0.031
0.061
0.090
0.101
0.019
0.040
0.059

0.094

0.10!
0.018
0.033
0,061
0.066
0.084

0.016
0.032

0.046
0.058
0,077



from that presented in Table 2. The waves were duplicated as

nearly as possible for the set of experiments involving each

selected surface roughness, but the duplication was not exact.
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CHAPTER V

DATA REDUCTION

Data Records

Fig. 14 shows a typical set of data traces obtained from the
direct writing recorders. The traces are continuous plots in time

of the variations of wave profile at the pile, wave profile seven

feet upstream from the pile, net horizontal wave force acting

on the pile and the bending moment about the midpoint of the

upper strain gage section due to the applied wave force. Analysis
of the data presented in this report is based upon the two wave

prof'i le traces and the wave force trace. The moment trace would
have provided an alternate measurement by which to analyze the
data had the force instrumentation failed. Also, the moment

measurement could have been used in conjunction with the force

measurement to determine the point of application of the net force

should this information have been needed.

As mentioned previously, the wave profile at the pile provided

the proper phasing of the wave and force traces. In order to make

the data consistent with the sign convention for which the equations

were written, each wave was considered to begin with a phase angle

of zero degrees at the crest. Each wave was divided into four

equal parts and the phase angles. of 0, 90, 180, 270 and 360 degrees
were assigned successively to the end points of the equal segments
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as indicated in Fig. 14. These phase angles were used in selecting

simultaneous values of force and surface elevation which were, in

turn, substituted into the equations for calculating C and C .

Evaluation of Wave Characteristics and Forces

The wave height, length and period for each experiment were

evaluated for each individual wave and then the average value of

each quantity was determined by averaging the results obtained for

a specified number of waves, N. The number of waves averaged was

established by determining the number required to make the average

wave height and maximum wave force approach a constant mean value

within 1 percent for all of the experiments. Twenty waves satisfied

this criterion in almost all cases; occasionally 21 waves were

required for an experiment. The averaqe wave height and peri od

were determined from the wave record recorded 7 ft. upstream from

the pile, whereas the evaluation of the average wave length required

the use of the records obtained from both the upstream and the

pile position wave gages. The procedure for evaluating the wave

length will now be further explained.

Referring to Fig. 15, the common physical points at times

t<�! and t>, l! of the two wave profiles recorded a distance,
ZG, apart were determined by inspection. Knowledge of the distance
between the wave gages and the approximate length of the wave

recorded were needed to make this determination. The time t> l!

corresponding to one wave period earlier than t< l! was located
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as shown in Fig. 1S. Once the initial time values were selected,

the remaining values of t< ~!, t<,  ~! and t> ~! weve marked as
indicated in Fig. 1S. Since the records were made a fixed distance,
lG, apart and were recorded on the same time scale, the following
proportionality holds,

�O!

and the average for N waves is

L ~!

The values of wave surface elevation, q, and wave force, F,

occurring simultaneously for a given phase angle, o, were also
averaged over N waves before being substituted into equations
�0!, �1!, �2! and �3! for evaluati on of CD and C . The values
of n were read from the upstream wave record after transposinq the
phase angles, established on the basis of the wave record at the
pile, to account for the distance between the wave qages.

Calculation of Correlation Parameters

The corre'lating parameters, such as Reynolds number, Iversen's

modulus and the Keulegan and Carpenter parameter, involve such
quantities as particle displacement, velocity and acceleration.
Since the waves in each set of experiments spanned a range of
wave characteristics, the distributions of displacement, velocity
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and acceleration with depth would also cover a ranqe of possi-

bilities. Therefore, it seemed that root mean square values of

these kinematic quantities would be a reasonable representation.

The root mean square of horizonta'l particle velocity, urms

and acceleration, a , at a given phase anqle position were
hrms'

obtained on the basis of dividinq the distance between the surface

elevation and the bottom of the wave tank into 13 equal intervals

and evaluating the horizontal particle velocity or acceleration at

each of the resulting 14 levels. The choice of interval size is

to some extent arbitrary, but it was felt that an interval size

of around two inches would be a reasotiable choice if one attempted

to obtain experimental data for evaluation of particle velocity

or acceleration,

For evaluation of the root mean square of the total horizontal

particle displacement, ct , and the total vertical particletrms'

displacement, ", , a slightly different breakdown of the depth
'trms'

was used in order to more conveniently apply equations �8! and

�9!. Here 12 intervals were taken, two inches apart, beginning

at the still water level and proqressinq to the bottom of the

wave tank,

The pile diameter  includinq the sand grains! was used in

evaluating the numerical values of the correlating parameters

which involved D as a characteristic length.

A computer program was written to perform the calculations

necessary in obtaininq numerical values of the dimensionless



parameters, as well as the drag and mass coefficients, needed for

analyzing the data. A step-by-step description of the computation

procedure and a listing of the program appear in Appendix 2,

Adaption of the Data to Theory

Some compromise was necessary in adapting the experimentally

obtained data to the theory used. First of all, the waves obtained

experimentally were not pure sinusoids and this resulted in the

wave profile trace having some finite maqni tude at the phase

angles where a sinusoidal profile would have had zero surface

elevation with respect to the still water level. These fi nite

values of surface elevation were small and constituted only a

minor change when their values were added to or subtracted from

the water depth in the force equation �0!.

A second adjustment of the experimental data arose in

connection with the wave forces. For the experiments involving

the larger wave heights, the model pile vibrated at its natural

frequency and these osci llations were superimposed on the force

traces. These osci llations were filtered out by dividing the peak

to peak distance of the pile oscillation in two and then fairing

a line through these midpoints to obtain the actual force trace.

This fairing procedure was done by the same person for all of

the data and this fact, coupled with the ave~aging of at least

twenty values of force for calculation of any parameter involving

force, should, in the final analysis, essentially remove any
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subjective element involved in comparing the differences between

the resul ts obtained for each set of data.

Another problem arose due to development of long period waves

in the wave tank upon which the qenerated waves became superimposed

as an experiment progressed. The use of average values of the

wave characteristics obtained from a fairly large number of

waves, hopefully minimizes the effect of this source of error.

Consistency was maintained in all procedures involved in the

gathering and reduction of the data. This aspect, in conjunction

with the ultimate aim of evaluati nq the differences in the results

obtained as the pile surface was proqressively roughened, should

render the influence of experimental deficiencies on the final

results small in magnitude.
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CHAPTER Vl

DISCUSSION OF RESULTS

A plot of drag coefficient, CD, versus Reynolds number,

ur D/~, obtained for the smooth and roughened surfaces is presented
in Fig. 16. The Peynolds number is based on the overall pile

diameter and the root mean square velocity obtained over the depth

span of the water. As mentioned in Chapter V, page 53, the root

mean square values were used for representing the velocity and

other particle kinematics since this provided a convenient means

of incorporatinq the range of possible depth variations of these

quanti ties into the final results. The values of C> in Fi q. 16

were obtained by using the Morison approach described in Chapter

III. The scatter exhibited by these data is typical of that

obtained by other investiqators using this approach  see Reference

L14]!. No particular trends or groupings of the data with respect

to pile surface roughness appear for the four surfaces represented.

This observation would indicate that surface rouqhness has no

effect on CD � as obtained using the ~orison approach.

The presently recommended value of C for design is in the

range of 1.0 to 1.2  see References [12] and [35]!. The averages

of the data of Fig. 16 comply generally with these values, yielding

an overall average CD less than design values for Reynolds numbers
above 2 x 10 while below Reynolds numbers of 2 x 10 , an apparenta

increase in the overall average of CD to values above those recom-
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mended for design occurs for both the smooth and rough sur face

conditions. These relatively high values of C tend to occur when

the conditions of small wave steepness and, thus, small particle

velocities prevail. This tendency is consistent with that for

laminar flow past a cylinder in steady flow [36j.

The inadequacy of the semi-empiricaI method employed with

these data is evident from the fact that in some cases the attempt

to use the experimental data in conjunction with the analytical

expressions based on ideali zed assumptions resulted in negative

values of CD. These negative CD's, as well as the pronounced
scatter present in the results, apparently resulted from the, so

tar, intractable aspect of adequately describing theoretically

the wave and force interactions with the pile. The wave profiles

obtained experimentally are not pure sinusoids as assumed in the

theory and this in turn yields a force response different to that

which would be obtained were the wave sinusoidal. This results in

a negati ve value of force occurring for a wave phase angle of e
i

in some cases. These negative forces, in turn, yield negative

values of CD when used in the Morison equation �0!. The values
of C were considered as absolute values for plottinq purposes in

Fig. 16. The wave records were obtained at 100 ron/sec paper speed

on the recorders and the matching of the wave and force records in

time were considered accurate enough to preclude any pronounced

misreading of the wave and force records with respect to phase angle.

Fig. 17 shows a plot of inertia coefficient, C , versusm'
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Reynolds number. These results were obtained using the Morison
approach and here, as in the case of CD, there is no apparent effect
of surface roughness. The presently recommended value of' C ism

1.5  see References [12] and [35]!. The values of C are congregated
around a value of 2.0 which is the theoretical value for a circular

cylinder in steady f"low. This value is high when compared with
the accepted desi gn value; however, the C 's appear to be approaching

m

the value of 1.5 as the Reynolds number increases.

Fig. 18 presents a plot of all of the force data corresponding

to the wave phase angles e> and ez at which the drag and inertia

coefficients, respectively, were evaluated. The data fall pre-

dominantly in the region where the inertia forces are larger than

the drag forces. This representation of Fh and Fh based onhei he2

experimental readings also yields no particular grouping of the

data with respect to degrees of surface roughness.

Plots of C and C using a procedure analogous to that employed

by Keulegan and Carpenter [13] appear in Fig. 19. In this figure,
the values of CD and C were obtained using the Morison equation �0!.
The procedure for evaluating the period parameter, u T/D, wasY%ls

modified from that used by Keulegan and Carpenter [13]. The

period parameters in Fig. 19 were evaluated on the basis of root
mean square of ve'locity over the depth span of the water, whereas
the studies of Keulegan and Carpenter involved standing waves and
they used the max~mum velocities in evaluating the period parameters.
Fig. 19 shows a general overlap of the data obtained from the
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I
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Fig. 18 Average force at ez versus average force at e>
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experiments involving the various deqrees of surface roughness

with the result that roughness appears to have no influence on

the correl ations of CD and C wi th u T/D. The apparent
m rms

narrower scatter band for CD in Fig. 19 compared with that in Fig.

16 is deceptive since the scale is linear in Fig. 19 and logarithmic

in Fig. 16.

An attempt to establish the effects of surface roughness using

an acceleration modulus is shown in Fig. 20. Here an acceleration

modulus,

hrms

urms

has been calculated for each experiment based on the root mean

square of horizontal particle velocity, u , and acceleration,
rms

ah, evaluated at phase angles 8> and e2, respectively.
hrms '

The ordinate of Fig. 20 is a resistance coefficient, C�urms '

calculated on the basis of equations �4! and  91!. This choice

of parameters provides a fairly good correlation of the data, but,

as in the previous cases discussed, it fails to predict any measure

of the effects of surface roughness.

All of the figures discussed so far in this chapter have

resulted from some attempt to use theoretica1 expressions in

conjunction with certain experimentally measured quantities ta

establish a sui table set of parameters for predicting the effects

of pile surface roughness on wave forces on piles. Since none of

the previous methods yielded a fruitful means af accomplishing this,
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an attempt was made to establish some relations using a purely

dimensional analysis approach as recommended by Paape and Breusers

I 25!. It turned out that considerab1e additional data involving

other water depths and pile diameters are needed before anything

conclusive can be established from using this method.

Despite the failures of the usual correlating methods to pre-

dict an effect of surface roughness on wave forces on piles. the

degree of roughness was found to influence the magnitude of the re-

sultant maximum force. For each experiment which involved both the

smooth and rough surfaces, the average maximum force occurring for

N waves was evaluated. Since the pile diameters of the roughened

surfaces were slightly larger than that for the smooth surface

pile, the average maximum force and the Reynolds number obtained

for each experiment with a rough surface were reduced by the ratio

of the rough to smooth diameters; i.e., by the ratio  D + 2e.!/D .
s s

The modified maximum force on the pile was designated as F' and

the modified Reynolds number by  u D/u!'. The ratio of F' to
rms mr

the average maximum force for the smooth pile, F, was evaluated
ms

for each experiment and the result was plotted versus the cor-

responding modified Reynolds number for each experiment as shown in

Fig. 21. Here it may be seen, qualitatively, that as the degree of

surface roughness is increased, the ratio F' /F increases. A pos-
mr ms

sible exception to this may occur at the lower Reynolds numbers,

especially in the case of small relative roughness. For these

latter conditions, it appears that a small degree of roughness
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results in the pile experiencing a smaller load than wou1d be

the case if the pile were smooth. However, there appears to be a

point of diminishing return since the ratio F'�/F in general tendsmr ms '

to increase with surface roughness.

A more quantitative measure of the effects of surface rough-

ness is shown in Fig. 22. In this figure the average value of

F' /F has been determined for the data of each roughness which
mr ms

fell in each Reynolds number interval of 1 x l0 . The averages4

were then plotted and the curves fitted through these points as

indicated in Fig. 22. Some of the scatter of the data in both

Figs. 21 and 22 result from the wave characteristics not being

exactly duplicated for the experiments conducted on each roughened

surface. The overall average increases in the modified force

ratio for roughnesses l, 2 and 3 are -1, 9 and 14 percent, respec-

tively.

If no allowance is made for the increase in diameter due to

the presence of the sand grains, the overall average increases in

the force ratio for roughnesses l, 2 and 3 are 1, 13 and 23

percent, respectively. The condition just described would be the

likely situation if a clean structural member were erected at an

offshore installation and then marine growth accumulated with

time. Thus, in view of the somewhat idealized conditions under

which the above evaluations of surface roughness were obtained

and also on the basis of the work of Blumberg and Rigg L2], it is

probable that the percentage increases in maximum forces which a
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prototype pile would have to sustain under field conditions would

likely be in excess of those given above.

It may be noted from the above discussion that no effects of

surface roughness were evidenced in the values of CD and Cm

obtained and yet a definite increase in the maximum force which

the pile had to withstand occurred as the roughness was increased.
This provi des another example disclosing the limitations of the

semi-empirical methods and perhaps adds support to the arguments of
Priest L24] and Paape and Hreusers I 25j that more emphasis be

placed on dimensi onal analysis techniques as a means of predicting

wave forces on piles.

The data from which the figures shown in this chapter were

derived are summari zed in tabular form in Appendix 3. The trends

of the data were rather well established after analyzing the data

for the two roughest surfaces  nos . 2 and 3!. Therefore i t was

not necessary to reduce all of the roughness no. 1 data in order

to establish the effects of this level of roughness on the wave

forces on the pile.
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CHAPTER V II

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The following conclusions may be drawn from this investigation

of' the effects of surface roughness on the wave forces on a

circular cylindrical pile:

1. The maximum force whi ch the pile must sustain in response

to wave action is dependent upon the degree of surface

roughness. The results indicate that for relative rough-

nesses, c/D, of 0.0075, 0.0186 and 0.0361, the average

increases in the ratio of average maximum force on the

rough pile to the average maximum force on the smooth

pile are -1, 9 and 14 percent, respectively, for the range

of Reynolds numbers studied. These percentages include a

reducing correction to compensate for the added diameter

due to the presence of the sand grains.

If the diameter including the sand grains is used in

evaluating the increases in maximum force due to roughness,

the overa11 average increases in the ratio of average

maximum force on the rough pile to the correspondi ng

average maximum force on the smooth pile are 1, 13 and 23

percent for relative roughnesses of 0.0075, 0.0186 and

0.0361, respectively. This condition would be the

more realistic situation in practice, since the pile
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would more than likely be relatively smooth at the time of

installation and would accumulate a marine growth on its

surface with the passage of time.

2. At Reyno1ds numbers below, say, 2 x 10 there is an4

indication that a small degree of relative roughness

results in a decrease of the maximum force which the pile

must sustain. However, there appears to be a point of

diminishing return, since, in general, the maximum force

increases as the surface roughness is increased.

3. The accuracy of the semi-empirical methods used is not

sufficient to measure the effects of pile surface rough-

ness on wave forces. The simplifying assumptions used in

attempting to combine theory and experiment to obtain the

necessary coefficients for predicting wave forces on piles

results in an apparent sacrifice of accuracy beyond that

which permits the contribution due to surface roughness

to be evaluated.

Recommendations

A number of possibilities offer themselves as alternate

avenues of approach in investigating further the effects of surface

roughness and perhaps at the same time offering further insight

into the complications of the wave-force-pile problem. The follow-

ing three are suggested for consideration:

l. An attempt should be made to eva1uate the particle
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velocities and accelerations experimentally for use in

the Morison equation �2! and the correlating parameters

which depend upon these kinematic quantities. One approach

could be to obtain these quantities through measurements

of velocity using a hot-film anemometer or, perhaps,

through photographic studies of the motions of polystyrene

beads suspended in the water as the wave action takes

place. This latter technique would also provide direct

measurements of horizontal and vertical particle displace-

ments of the particles in their orbit trajectories. The

same wave generator settings should be used for these

studies as were used for obtaining the force data presented

in this paper. This would provide a measure of compat-

ibility of all of the data even though the studies were

made at different times. 8y obtaining actual measurements

of velocity and, in turn, acceleration for use in the

Morison equation, the values of CD and C would then be

obtained on the basis of experimental data and the

dependence upon calculated velocities and accelerations

would be eliminated.

2. Another possibility which would maybe improve the results

obtained using semi-empirical methods would be to evaluate

the particle kinematics using Dean's I 11] stream function

theory. Since this method may be applied to nonlinear

waves which have either symmetrical or unsymmetrical



profiles with steepness up to breaking, it seems that this

method would have the potential of allowing for the

nonlineariti es which were unaccounted for using the linear

wave theory. Hopefully, this refinement would give a

better rendition of the flow description and in turn

provide quantitative evaIuation of the effects of surface

roughness.

3. Additional data are needed involving other water depths

and pile di ameters  i.e. larger Reynolds numbers! in

order to adequately determine the effects of surface

roughness using a purely dimensional analysis approach.

A rather extensive addition of experiments would be

requi red. However, the data reduction time would be

substantially reduced since the need for reading wave

force and profile data wi th respect to appropriate phase

angles would be eliminated.
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APPENDIX 1

ELECTRICAL CIRCUITS

Capacitance 4 ave Gages

The circuitry used for each capacitance gage is shown in Fig.

23. This circuitry was designed so that the signal induced by

the variation in capaci tance as a wave passed the gage could be

recorded as a measure of water elevation by using a Hewlett-

Packard Model 321 Dual Channel Carrier Amplifier Recorder. The

circuit was designed by Miller [37j, and an excerpt of his de-

scription of its operation is as follows:

The two transformers, the two .01 mfd capacitors
and the 1000 ohm resistor are mounted together close
to the capaci tance probe itself. The transformers
take care of isolation and impedance matching functions.
The 0-12 transformer provides a floating center tapped
excitation source for the bridge.  The secondary of
this transformer constitutes one half of the bridge.!
8ecause of the high impedance of the bridge, it is
possible to use this transformer as a step up device
to deliver a higher voltage to the bridge than is
available at terminals 8 and D of the connector.

The bridge output appears across points a and b
as a voltage in series with a capacitance of 0.02
mfd. After transformation by the step down trans-
former, this signal appears at points x and y as a
smaller voltage in series with a capacitance of 0.6
mfd if the 0-9 transformer is used, and 0.4 mfd if
the 0-27 transformer is used. At the bridge exci-
tation frequency of 2400 Hertz, this corresponds
to a capacitance reactance of 100-150 ohms. For
proper operation of the balancing controls, the
Model 321 carrier amplifier normally expects to
look back into a substantially resistive source.
For this reason the 1000 ohm resistor has been
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added to swamp out the 100 ohm reactive impedance
of the bridge.

The pair of .01 mfd capacitors should be
matched within about one percent. The smaller
one can then be connected across the wire probe.

The dielectric constant of Teflon is 2.1, and
assuming that you use 420 wire with the standard
insulation thickness of .01 inches, the capacitance
change of the probe will be about 7.3 picofarads per
inch of immersion. After making allowance for the
transformer ratios and loading effects of the am-
plifier on the bridge, I would estimate a signal of
about 200 microvolts at the amplifier input for each
inch of immersion. This is enough to produce at
least two cent~meters of deflection on the chart.
You would then be able to resolve water level changes
as small as one tenth of an inch.

Strain Gage Bridges

In strain gage circuits, use is made of the Wheatstone bridge

where one or more of the arms consist of a resistance strain

gage. If the assumption is made that such a bridge is initially

balanced and the changes in resistance of one or more of the arms

are smal1, then the change in output voltage, se, is given very

closely by  see Reference [38]!

he= V xz
R R

where the notation is as defined in Fig. 24.

By definition, the gage factor is given hy  see References

f38] and L39]!

�3!Gage Factor, G.F. = ~aR R
hP/g



Exc

Vo

Fiq. 24 Schematic and notation
for a Wheatstone bridge
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where 4 is the length of the strain gage before being strained

and K represents the change in length of the gage due to the

induced strain.

The denominator of equation �3! may be recognized as the

definition of strain, F.. Therefore equation �3! may be re-

written in the form

� =  C.F.!VN �4}

Making use of the general equation �4! in equati on �2!,

results in

X Z
R R  r,.V.!I F�� +, - .�, ] �5!he= V

R R �6!Letting 8 = "  G.v.!

equation �5! becomes

�7!ac=HIE -E +E -E j
x y z w

The application of equation �7! to the bridges shown sche-

matically in Figs. 23b and 23c will now be demonstrated. The

resistors R l and R l shown in Fig. 23 were used to simulatecal cal>
known applied loads to the pile. These resistors were switched

into the circuit before performing an experiment to establish

whether or not the bridge was functioning properly and still

maintained its calibration. These calibration resistors are

assumed to be swi tched off during the remainder of this discussion.

Considering the bridge for measuring bending moment, assume
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Applying equation �7! to the conditions implied in Fiq. 25

gives

8~   2!  + 5! +   ~6! El �8!

Since gages 1 and 2 are diametrically opposite one another,

and likewise gages 5 and 6, the following relationships pertain

to the magnitudes of strain

1= I'6

Xf a cross section through qages 1 and 2 is desiqnated A'

and a similar section through gages 5 and 6 is designated A" as

shown in Fig. 25, then, using equations �9! and �0!, equation

�8! may be written as

ae = S[ 2EA' 2EA" ]'

Applying the well-known relations for stress and strain

equ a ti on �1! becomes

�g!

�0!

�1!

�2!

where MA' and MA� are the bending moments about sections A' and A"

the force is applied to the pile as shown in Fig. 4 and that the

orientation of the strain gage positions conforms with that in Fiq.

7. The strains for such a loading would be as shown in Fig. 25

where the plus and minus signs indicate tension and compression

of the gage elements, respectively.
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shown in Fig. 25, E is the modulus of elasticity of the material,

I is the moment of inert~a of' the cross section about a line

through its center of gravity and c is the distance From the

neutral axis to the outer fiber of the cross section.

Equation�2! may be expressed as

�3!ae a  MA, + MA�!,

�4!~e = I|I + -E4! -  -EB! +  +E7! -  +~3!j.

By an argument which parallels that presented in regard to

equations �8!, �9! and �0!, and desiqnating the cross sections

at the gages as Q and ! as shown in Fig. 26a, equation �4! may

be written

ae = BL-2@+ 2Fgj]

Rewriting Qj and Q using the well-known expressions for

�5!

stress and strain, equation �5! becomes

The moment bridge, in effect, measures the bending moment

at points an equal distance above and below the midline of the

gage section and then averages the two values of moment to obtain

the average moment about the midline of the qage section.

The bridge employed as a force transducer will now be

described. Again, assume the same load application and orientation

as shown in Figs. 4 and 7. The strains for such a loading would

be as shown in Fiq. 26.

Applying equation �7! to the conditions implied in Fiq. 26

gives
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ae = -2s[P< P< j  re!

~e  W -S!.
Q !

�7!

Therefore the output of' the bridge in Fig. 23c is proportional

to the difference in bending moment at the section Q! and ! i.e.,
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APPENDIX 2

DATA REDUCTION PROGRAM

The program was written to perform the necessary calculations

for obtaining drag and mass coefficients along with the dimension-

less parameters needed for analyzing the data. The theory behind

the equations used and the general procedures involved in its

application to experimental data were discussed in Chapters III

and V, However, a number of intermediate steps involved in the

calculations were not discussed in detail. The purpose of this

appendix is to show these details in a step-by-step sequence as

they are programmed for the computer. The steps are listed

numerically as follows;

1. The following data are read, in the order shown, as single

values pertaining to a given experiment:

N , N , N , N , N . , N . , N , Nr' mo' da' yr' kin' disp' pad' v

Nsp' ~ha]f' '' ~' est' arm' '' 'vert'

Ds, d, EG, g, T, p, and u.

2, Some additional data are input as arrays for purposes of

calculating averages. Each array consists of N values.
v

For some arrays, the data from the records are read with

respect to certain phase angle designations. The phase

angle at the crest is called ei', the phase angle one-

fourth of a period after 0~ is called eq, The followinq
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arrays are input in the order listed:

H L!, Fh  <!, Fhe  ~!, Fh  ~! . n  ~!

�! t  <!, t< ~!- t> ~!, and t<, ~!8, ' H ' A - B

3. preliminary calculations are made to calculate e> and 0>

in terms of degrees for listing purposes and to calculate

the diameter of the pile including the sand grains, D; i.e.,

e = � e, and180
deg ~ rad'

 e8!

 <g!D = Ds+ 2z.

4. Twenty wave heights, H ~!, are averaged and a check is

made to ascertain that the change in the averaqe wave

height, H, due to the addition of more values remains

less than one percent. If additional values are needed

to comply with this criterion, they are added one at a

time until the criterion is met. The average is obtained

from the following relationship:

H <!

H = i=1

20
�O!

5. Twenty maximum  peak! wave forces, Fh  ~!, are averaged
hmax

and a check is made to ascertain that the change in the

average wave force, Fh , due to the addition of more
hmax'

values remains less than one percent. If additional

values are needed to comply wi th this criterion, they

are added one at a time until the criterion is met.
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The average is obtained from the relationship:

 »!F = <1
hmax

20

Occasionally an additional value of H ~! or F  ~!

was needed to meet the criteria specified for H and Fhhmax'

but this was never more than one additional value for

these experiments.

6, Letting N equal the number of waves to be averaged, the

average wave period based on the time span from when the

first wave height is measured, tH l!, to the time when

the last wave height is measured, t> N + 1!, is calculated;
I

l.e.,

�2!

7. The average wave length, L, for the N waves is determined

from the following relation developed in chapter Y,

page 52:

�3!L = <=1

angle of e~, Fh, is calculated fromhey '

hei
 se!

8. The average hor i zontal wave force whi ch occurs at a phase



9. The average wave surface elevation above the bottom at

a phase angle of e~, S , is calculated from  see Fig.'J sg

2, page 18!

L~,  ~! + dj

SBy �5!

 see equation �1!, page 21!:

K'
loy� �e!

11. The drag coefficient, C>, based on the average quantities

obtained in the previous steps is ca1culated. The

following relationship applies for a va1ue of 6~ = 0'  see

equation �0!, paqe 21 !:

j �7!

mpD H I

12. The average horizontal wave force which occurs at a phase

anqle of eq, F , is calculated fromhe~

F he, = �8!

10. For a phase angle of e~, the constant Kl�based on the
9g

values of L and S obtained from steps 7 and 9, re-
SBy

spectively, is ca'Jculated. The following relation applies
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13. The average wave surface elevation above the bottom at

a phase angle of e2, S, is calculated from  see Fig. 2,
se2

page 18!

t'n  ~! + dj

S sep �9!

14. For a phase angle of e2, the constant K2 based on the2ep

values of L and S obtained from steps 7 and 13,
sep

respectively, is calculated. The following relation

applies  see equation �2!, paqe 21 !:

sinh ~se2m S

L �O!K'
282

sinh �~d/gL

�1!

16. The average wave surface elevation wi th respect to the

still water level at a phase angle of e> is calculated.

This quantity, 7n, is given by
e>

N

~e  ~!
e!

n <=1
ey �2!

15. The mass coefficient, C , based on the average force andm'

wave characteristics obtained in the previous steps is

calculated. The following relationship applies for a

value of e~ = 90'  see equation �0!, paqe 21!:



This quantity is shown geometrically in Fig. 27a which
also geometrically describes some other quantities which
will arise in some of the later steps.

17. The interval size to be used in evaluating the values
of velocity at different depth-levels in the fluid

is calculated. Referring to Fig. 27a, this quantity,

Ai , is given by
V

 d ~ ., !
kin

N
�3!

18. The total number of values of velocity to be calculated
over the depth span of the water is designated by M =

 Nk. + 1!. Then, at the phase angle ej, each of the
kin

distances, y  j!, from the still water level down to a
Bi

water particle situated at each depth-level, j, is

calculated from

�4!

where N. t . is the number of intervals  start with zero!
lntg

down to the jth level. There wi 11 be M values of y  j!.Ri

19. After calculating the array of values of y   j!, theBi

array of velocities, u  j!, for the j-levels in the
e>

fluid may be calculated. These are obtained from  see

equation �5!, page 19 !

2  y,  i!+d!
cos B  <5!u  j! = mH

B>
T sinh 2md/L
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u , is calculated from
rms'

"rms �6!

21. The total number of values of total vertical particle

displacement, qt, to be calculated over the depth span
of the water is designated as K =  Nd. + l!. Then,dl sp

for the phase angle e>, each of the distances, y<  j!,
Bi

from the still water level down to the mean vertical

coordinate of a water particle whose orbi t is centered

at each depth-level, j, is calculated  see Fig. 21b!;

l.e.,

�7!

where the length of each interval is 2 inches, and, again,

N. t . is the number of intervals  start with zero! down
intj

to the jth level. There wi 11 be K values of y  j!.
oei

22. After calculating the array of values of y  j!, the
QHy

array of total vertical particle displacements, zt  j!,
tsar

for the j-levels in the fluid may be calculated  see

Fig. 27b!. These are obtained from  see equation �9!,

page 20!

where the values of H, 1 and L are those obtained from

steps 4, 6 and 7, respectively.

20. The root mean square of the horizontal particle velocity,
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sinh 2  y ,  j! > d!

 j! = H
teg

�8!cos 6i

sinh 2md/L

where the values of H and L are those obtained from steps

4 and 7, respectively.

23. The root mean square of the total vertical particle

displacement, zt , is calculated fromtrms'

�9!'trms

This quantity, n , is given by
Bp

n,  ~!Hz

x=1
6>

�O!

This quanti ty is shown qeometri cally in Fig. 28a which

also geometrically describes some other quantities which

will arise in some of the later steps.

25. The interval size to be used in evaluatina the values

of acceleration at different levels in the fluid is

calculated. Referrinq to Fig. 28a, this quanti ty, ai a'

is given by

N kin
 »!

24. The averaqe wave surface elevation with respect to the

still water level at a phase anqle ez is calculated.
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 Nk. + 1!. Then, at the phase angle e2, each of the
kin

distances, y  j!, from the still water level down to a

water particle situated at each depth-level j is

calculated; i.e.,

 i! = I n -  N..! ~i !] �2!

where, again, N. t . is the nu~ber of intervals  start
intj

wi th zero! down to the jth level. There will be M

values of y  j!.
9z

27. Af ter cal culating the array of values of y   j!, the
Pz

array of horizontal accelerations, ah  j!, for the j-hs~

levels in the fluid may be calculated. These are

obtained from  see equation �7!, paqe 20 !

cosh e
2~ y  i! + d!

L sino2 �3!
sinh 2vd/L

where the values of H, T and L are those obtained from

steps 4, 6 and 7, respectively.

28. The root mean square of the horizontal particle accel-

eration, ah, is calculated from
hrms '

�4!a
hrms

26. The total number of values of acceIeration to be calculated

over the depth span of the fluid is designated as N =



29. The total number of values of total horizontal particle

displacement, F, to be calculated over the depth span

of the water is designated as K =  Nd. i 1!. Then,
dlsp

for the phase angle eq, each of the distances, y  j!,OS>

from the still water level down to the mean vertical

coordinate of a water particle whose orbit is centered

at each depth-level, j, is calculated  see Fiq. 28b!;

i.e.,

�5!

where the length of each interval is 2 inches and, as

before, N, t . is the number of intervals  start wi th
intj

zero! dawn to the jth level, There will be K values of

28b!. These are obtained from  see equation �8!, page 20!

2iiy~  j! + d!
cosh

 

{j! = H �6!s in 02.

sinh 2~d/L

31. The root mean square of the total horizontal particle

displacement, c , is calculated fromzrms'

y~,  j!.
30. After calculating the array of values of y>  j!, theOp>

array of total horizontal particle displacements, ~  j!,
F92

for the j-levels in the fluid may he calculated  see Fig.



hrmsI = ��
2

urms

 85!

p
d

d � 2
qT

 ss!

H
H

9

 a7!

P
hmax

D H

 aa!

P H
p = D  a9!

p
s D

2 F
hmax

 d+ H/2! p D

 go!

 gl!

34. The program prints the following quantities as output:

N,N,N,N,E,s, N,Nr' mo' da' yr' arm' hal f' sp' pad'

D . .. D, P , d, e ., Z , g, T , p. ..
veri

L,,N,ey,&p,H,F.,T,L,F,

he<' D' m' rms' hrms' m' hmax'

with step no. 1.

F, t;, Rtrms' trms' <max' "tmax' rms' pu'

f, I,C,Pd,PH,PF,Pp g Urms p

35. The program is written to accept the data for the next

experiment and repeat the same computations starting



102

The symbols employed in coding the equations discussed in this

appendix are identified in Table 3 along with a specification of

the uni ts required. A listing of the program follows Table 3.
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Units used in
the program

FORT RAN
Symbol

Equati on
Notation

ft
~sec

AHMAX a hmax

ft
~sec

AHRMS hrms

h0,AHT2 I! ft
~sec

CDCSUBD

CSUBM C

C IRMU C
urllls

D
sDBP IL

DTHET1

DTHET2 Deg

DPILE

DWAT

L estESTL

1n

ETA1  I !

ETAZ I!

Table 3 Variables for FORTRAN computer program

  � !eg180

�80! '2

 ~!
8y

n,  ~!



104

FORTRAN
Symbol

Equation
Notation

ETABl
in

ETAB2

ETMAX 'tmax

ETT2 I! y,  i!

ET2RMS %rms

heyFBTHT1 lbf

he~FBTHT2 lbf

F hmaxFBWAVE
lb

FSUBPE

FSUBPIt f
PU

lbf

lbf

ft
~sec

FTHET1 I!

FTHET2 r!

FWAVE I!

Table 3  Continued!

he!

�, !he,

hmax

Units used in
the program
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HBWAVE
in

HSTR hal f in

H ~!HWAVE I!
in

IA

INTI

INT2
in

KPII

KP22 282

LBAR

LGAGE

LVERT vert

NDA

NMO

NOID

FORTRAN
Symbol

Table 3  Continued!

Equation
Notation

Al
a

K'
Ieg

N dl sp

Onits used in
the program



NOIK

padNPAD

NRUN

NWAVE

NYR

PSUBD

PSUBF

PSUBH

PSUBP

RERMS

RHO

SANO in

FORTRAN
Symbol

Tabl e 3  Continued!

Equation
Notation

N kin

N
sp

Pd

PP

R rms

Units used in
the program

~slu s
ft



107

Equation
Notation

FORTRAN
Symbol

armSAPBL

PSPAR

SUBS1

SI3p
SUBS2

TBAR sec

radTHETA1

radTHETA2

tA ~! sec

tA, ~! sec

tB ~! sec

tH ~! sec

T
W

TWAT

ft
sec

U�UHMAX

UHRMS ft

sec
urms

TSUBA�!

TSUBAP I!

TSUBB I!

TSUBH I!

Table 3  Continued!

Units used in
the prague.'am
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Equation
Notation

FORTRAN
Symbol

UT1  I! u,  j! ft
sec

ft~
sec

VISC

WAVE

YT1  I!

YT2 I! in

VOT1  I!

YOT2 I!

in

in

ZTAMAX in~tmax

ZTAMS1

ZTATT1 I!

Table 3  Continued!

y,  j!

e, i!

yO,  j!

yoe, ~!

Units used in

the program
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APPENDIX 3

TABLES OF DATA

The tables in this appendix contain the data necessary for

reproducing the experiments as well as a collection of the pertinent

quantities obtained from the computer computations and used in

evaluating the effects of surface roughness on the wave forces on

a circular cylindrical pile.

Table 4 contains a sunmary of the water properties employed

in the computations for each experiment. These water properties

were interpolated from data given by Rouse [40].

Table 5 gives a summary of the wave generator settings and

identifies the experiments which were made using each combination

of half-stroke and percent speed settina. Also included is a

statement of the E , N d and ZG values which were used for allarm' pad

of the experiments.

Tables 6 through 17 summarize the results obtained from the

computer computations of the parameters indicated. The notation

in the table headings may be identified by referring to the List

of Symbols.
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Table 5 Summary of half-stroke and percent
speed settings for the wave generator
 Zrm= 62in, N d= 1,KG=7 ft!arm ' pad ' G

Generator setting

Experiments on
which the generator
settings were usedhal f

 in!

67
68

69
70

1, 23, 45,
2, 24, 46,
3, 25, 47,
4, 26, 48,

0.55
1.05
1.40
0.60
1.18
1.75
2.20
0.70
1.35
2.00
2,70
3.05
0.90
1.75
2,60
2.80
3.60
1. 00
1.83
2.65
3.30
3.90

76.0
77.0
75.0
63.0
63.0
62.0
64.0
52.0
51.0
50.0

52.0
54,0
45.0
45.0
45.0
45.0
47 ' 0
42.0
42.0
39. 5
39.0
41.0

5, 27, 49,
6, 28, 50,
7, 29, 51,
8, 30, 52,
9, 31, 53,

10, 32, 54,
11, 33, 55,
12, 34, 56,
13, 35, 57,
l4, 36, 58,
15, 37, 59,
16, 38, 60,
17, 39, 61,
18, 40, 62,
19, 41, 63,
20, 42, 64,
21, 43, 65,
22, 44, 66,

71
72
73

74
75
76
77
78

79
80
81

82
83
84

85
86
87

88
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