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ABSTRACT 

An experimental investigation was carried out in the Rice 

University wave tank facility with, the object of determining the 

magnitude and variation in time of inertial forces due to wave 

action on large diameter pilings of circular cross-section. 
\ 

Mass coefficients were computed for various wave periods and 

wave heights using two different wave theories and comparisons 

are made between the results. The measured wave force and pre¬ 

dicted wave force for a second order Stokes wave approximation 

are both plotted versus time. All of the waves studied were 

"deep-water" waves. 

A discussion of the deviations of the experimental re- 

sxjlts from theory is included. 

A detailed description is provided of the equipment in the 

Rice University wave tank facility, including the "L"-shaped 

wavetank. The equipment performance is discussed. 
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HCTRODUCTIOfl 

The purpose of this investigation was to determine experi¬ 

mentally the magnitudes and the variations in time of inertial, 

forces due to periodic deep water waves acting on surface-pene¬ 

trating, large-diameter piles. 

Tairih gives the theoretical value of the mass coefficient 

(or inertial coefficient) as 2 for a non-viscous fluid acceler¬ 

ating perpendicular to the axis of a totally immersed infinite 

circular cylinder. (l). The mass coefficient in such a case 

is independent of fluid velocity and pile size. 

However, at least two organizations involved in offshore 

structural design use mass coefficients of 1.5 for predicting 

wave inertial forces on circular piles with diameters small with 

.respect to wave height. (See page &d in ’’Discussion”) This would 

seem to indicate that use of the theoretical value of 2 for the 

mass coefficient is open to question*- 'it is known that the ac¬ 

tual oscillating flow around piles due to waves is not accurate- 

I 7. 

ly described "by potential theory; Viscous effects, such as the 

presence of a boundary layer and boundary layer separation ac¬ 

companied by vortex formation, as well as general turbulence, 

act to alter the water particle motions around piles from the 

motion patterns predicted by potential flow. In addition, sur¬ 

face effects alter the fluid flow around piles from that of po¬ 

tential flow. 



Little data has teen published to date -on measured mass 

coefficients for large diameter circular piles. Therefore, 

since large piles are coming into increasingly common use for 

offshore structures, an experimental investigation of large di¬ 

ameter circular piles was made in the Rice University wavetarik 

facility. 

The circular pile used for the tests had a very large di¬ 

ameter to wave height ratio; this ratio varied from approxi¬ 

mately 2.8 to 3*5* Water particle motions and behavior were 

predicted by two different solutions of the wave equation and 

the associated boundary value problem. The total inertial force 

and the location of its resultant were predicted on the basis 

of the two wave solutions utilized. A comparison is made bet¬ 

ween the experimentally measured total wave force and the theo¬ 

retically predicted values of the inertial force. A comparison 

is also made between the theoretically predicted and the observ¬ 

ed locations of the resultant forces on the test pile. 
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UESCRIFEIOR OF WAVETAHK 

FACILITY 

The series of tests described in this thesis were carried 

out in the Rice University wavetank facility in the Ryon Civil 

Engineering Laboratory. 

Wavetank: 

The test tank is an "L"-shaped monolithic reinforced con¬ 

crete structure one hundred feet long, eight feet wide, and seven 

feet deep. (See Figure 1) The right angle extension nLn is sev¬ 

enteen feet long and has the same width and depth as the main por¬ 

tion of the tank. The tank cross-section is constant within + 

1.0 inch width, and the depth is constant within + 0.25 inch. 

The bottom surface of the tank is smooth concrete! the walls are 

roughened slightly hy protruding sand grains in the cement finish¬ 

ing course. 

The tank is provided with a drain valve, filling spout, and 

overflow pipe for maintaining constant water surface elevation. 

The overflow level of the tank can be varied as desired. This 

equipment is located in the end of the "L” section of the tank. 

Wavemaker: 

Essentially long-crested, two-dimensional wave. trains are 

generated at one end of the tank by a rigid-flap type wavemaker. 
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The wavemaker utilizes a hydraulic power system and a mechanical 

control apparatus. (See Figures 2 & 3>) The hydraulic fluid is 

delivered hy a ten-horsepower, electric motor driven, positive 

displacement pump unit operating at a pressure of approximately 

800 psig and producing a flow rate of up to eighteen gallons perr 

minute. 

A trunnion-mounted, double-end, doubleracting hydraulic 

cylinder actuates the rigid flap. The hydraulic cylinder has 

an iS.O inch stroke, O.625 inch pushrod diameter, and an 1.00 

inch piston diameter. The net piston area is 0.479 square in¬ 

ches; 0.0021 gallons are required per one-inch piston displace¬ 

ment. 

Because it was necessary to choose a small-displacement 

hydraulic cylinder for the hydraulic power system in order to 

make the hydraulic piston quick to react and sensitive to in¬ 

put commands, the hydraulic piston Operates close to its load 

capacity for the 800 psig pump operating pressure. 

The flow to the hydraulic cylinder is metered through a 

special four-way valve "Orbitrol" unit adapted from a commer¬ 

cially available tugboat power-steering system. The valve is 

controlled by rotation of its input shaft. A given rotation 

of the input shaft of the valve from its neutral position pro¬ 

duces a proportional flow of hydraulic fluid to the active side 

of the hydraulic cylinder. When the input shaft is in a neutral 
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Figure 3. Photo of wavemaker control unit 



position, the flow from the pump unit bypasses the hydraulic 

cylinder. 

Lag times between input commands and response of the hy¬ 

draulic piston are relatively small because of the high pump 

delivery rate. The time lag is dependent upon the magnitude 

of the input shaft rotation with respect to the neutral posi¬ 

tion of the valve; i.e., the amount of fluid which has to be 

displaced by the pump to rotate the valve to its new neutral 

position. 

The control system for the hydraulic unit is sufficiently 

flexible so that, for suitable input motions applied to the 

control valve, an irregular sea state can be produced by the 

wavemaker. However, this was not within the scope of this 

investigation. 

For the purposes of the research described in this thesis, 

it was desired to produce a regular sea state in the wave tank. 

Thus the input shaft of the control valve was radially oscil¬ 

lated with a sinusoidal input, resulting in the corresponding 

outpht motion of the hydraulic cylinder being approximately a 

sinusoidal motion with a slight time phase shift from the in¬ 

put. 

The period and amplitude of the input motion are inde- 
/ 

pendently variable, but cannot "fak changed while the input de¬ 

vice is in operation. The power to the input unit is provided 
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■by a 0.25 horsepower electric motor (rated full load speed 1725 

rpm) through a 10.0 : 1 reduction gearbox and a chain-driven 

overload clutch. The .use of the overload clutch is necessary 

for the protection of the control valve, which is easily damaged 

by the application of excessive torque. The variation in wave 

periods is obtained by use of several combinations of gears 

which can be mounted on the driving and driven shafts of the 

input apparatus. In this way the period of the input motion 

can be varied without changing the drive motor speed. Gear 

r. 

ratios of $0 : 60 and 49 : 71 were used in the tests described 

in this thesis. 

The input device shaft rotation is subjected to a further 

3.0 : 1 reduction in a gearbox before it is applied to a vari¬ 

able-stroke crank rigidly mounted on the drive shaft . The es¬ 

sentially constant shaft speed motion of the variable-stroke 

ciank is used to drive a scotch crank by means of a connecting 

pin working in an elongated slot perpendicular to the crank axis 

The result is the production of a rectilinear sinusoidal motion 

of the scotch crank along its axis. The control valve is pro¬ 

vided with a pinion gear which is driven directly by a rack 

gear mounted on the midsection of the scotch crank. Thus the 

control valve is operated with a sinusoidal input motion. 

The rigid flap is composed of two 4’ x 8* sheets of marine 

plywood mounted on a heavy-duty galvanized steel frame built of 

3” x 1.5" channels and 2” x 2" angles. (See Figure 4.) The flap 





•was hinged 37.25 inches above the bottom of the tank for the 

serieB of tests discussed in this thesis. However, the loca¬ 

tion of the hinge points and, therefore, the amount of immer¬ 

sion of the flap for a given water depth can be varied. This 
/ • 

is done by means of a slideable cam-locking device enclosed 

in a slotted steel section which is rigidly mounted to the walls 

of the tank. The cam-locking device supports the fixed hinge 

mounts for the flap at the desired level. The hydraulic pis¬ 

ton is connected to the flap by a mounting bracket located 2.5 

inches above the top of the flap generating surface. 

Since the hinges of the flap are positioned 23*0 inches 

from the end wall of the tank, a column of water is present 

behind the flap. At the beginning of each test, the nodal 

points of the flap motion are adjusted so that the flap is 

vertical when in a nodal position. Thus this column of water 

(in still water conditions) is 96 inches wide, 24.5 inches 

thick, and of depth equal to the water depth minus 30° 5 in- 

ches. Water flow communication between the -region behind the 

.—‘ 

flap and the main portion of the wave tank is minimized by a 

removable barrier of large concrete blocks positioned behind 

and under the flap as shown in Figure 4. The body of water 

behind the flap is thus essentially isolated from the rest of 

the tank for short period oscillations of the flap. 

The water behind the flap exhibits various modes of oseil- 
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lation whenever waves are ‘being generated in the tank. It 

■was observed during this investigation that the entrapped 

water column was apparently in resonance for an exciting 

force period of approximately one second. 

The -water oscillations behind the flap attained larger 

magnitudes than those in the wavetrain concurrently produced. 

It was therefore necessary to locate a splash shield at the 

back of the tank to prevent the water column behind the flap 

from overtopping the tank walls. 

Turning Vanes: 

A novel approach to the problem of reducing wave reflec¬ 

tions from the end of the wave tank was utilized at the Rice 

facility. As has already been mentioned, the tank was de¬ 

signed with an unusual "L" shape. At the far end of the wave- 

tank from the wavemaker an array of turning vanes is located 

at the junction of the two legs of the "L" • (See Figures 2 

and 5.) The primary function of the turning vanes is to cause 

the waves propagating down the length of the tank to change 

direction upon entering the vane array and enter the trans¬ 

versely oriented section of the tank. 

The vanes .were fabricated from 0.10 inch thick galva¬ 

nized steel sheets 8.0 feet high bent to the desired curva¬ 

tures and spliced where necessary with lapped and bolted con¬ 

nections. The Vanes are spaced at the following radii from 
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Figure 5. General view of turning vanes from main portion of tank 



the inside corner of the ”L”: 1.0, 1.5, 2.0, 2.5, 3*0, 3<*5> 

4.0, 5.0, 6.0, 7,0, and. 8.0 feet. The current number and spac¬ 

ing of the vanes was selected after observation of the per¬ 

formance of a lesser number of similar vanes indicated that 

more vanes would more effectively turn the waves into the 

short leg of the ”L". The vanes are held in position by rigid 

upper and lower frames. (See Figures 5 and 6) The vanes them¬ 

selves are somewhat flexible; some of the vanes with larger 

radii may be observed to flex as much as 0.5 inch when large 

waves pass through the turning vane array. 

The turning vanes prove quite effective in their intended 

purpose of turning the impingeing waves. In addition, they 

provide an added benefit by contributing to the turbulent dis¬ 

sipation of waves passing through the vanes. The waves enter¬ 

ing the vane array are uniform, two-dimensional waves traveling 

with constant phase speed. As the waves enter between the dif¬ 

ferent vanes, they are subdivided into separate waves which have 

to travel paths with lengths directly proportional to the path 

radii. Thus a phase shift results between the subdivided waves 

as they emerge from the vanes into the short leg of the ”L". 

Spilling occurs at the lips of the vanes as the oscillating fluid 

attempts to equalize its surface elevation with the fluid bet¬ 

ween the adjacent vanes. As a result, very large eddies or vor¬ 

tices up to one foot in diameter form at both the leading and, 
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particularly, the trailing edges of the vanes. (See Figure J.) 

The formation of these vortices persists for significant periods 

of time (frequently five minutes or more) after cessation of wave 

generation. In addition to the phase shift and turbulence in¬ 

duced by the vanes, further disruption of the uniform wavetrains 

enterihfe the tansverse section of the tank is produced by the 

tendency of a certain portion of the waves to bypass the vane 

array between the radius point of the array and the first vane. 

(See Figure 8.) * 

Screens: 

Additional wave absorption is provided by a series of ten 

closely packed 4.0’ x 8.0* screens supported on tubular peri¬ 

meter frames located in the sjhort leg of the "L". (See Figures 

2 and 9.) The screening is chain-link fencing with a 2.25 inch 

square mesh. The screens are suspended from the sides of the 

tank so that they are on a 1 : 2.0 slope from the horizontal and 

positioned with approximately 3 inches of the screen protruding 

above the still water surface. 

Beach: 

A perforated beach was installed at the extreme end of the 

short leg of the "L" to further assist in wave absorption. (See 

Figures 2 and 9.) This beach is composed of a flat 8’ x 8* sheet 

of 6.5 inch plywood randomly perforated over the entire bead: 
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Figure 8. A bypassing wave combined with waves passing through 

turning vanes 



Figure 9. View of the turning vanes, screens, and beach (looking in the 
direction of initial wave travel) 

Figure 10. Turbulence 
produced by the perforated 
beach 



surface with 0.625 inch and 1.25 inch holes on approximately 4 
\ 

inch centers. The teach is supported at inclinations -which can 

he -varied as desired hy adjustment of the submerged -wooden 

beach support frame; beach inclinations -varying from 1 : 8 to 

1 : 12 -were used in most cases discussed in this thesis. Gen¬ 

erally, only the lower half of the beach is submerged. Graphs 

presented in the Beach Erosion Board Technical Memo No. 11s 

Reflection of Solitary Waves, November, 1949, indicate that the 

absorption efficiency of the beach is a function of the beach 

slope and the hole size and spacing. Figure 10 shows some of 

the turbulence induced by the beach and the absorber screens. 

Any reflections from the permeable beach are required to 

pass through the absorber screens and the vane array before they 

re-enter the sain portion of the -tank, thereby causing additional 

disruption and damping of the reflected waves. 

Recorder; 

The output of all electronic measuring equipment used for 

test measurements in the uavetahk was recorded with a Honeywell 

Model 1506 Visicorder Oscillograph. The galvanometers in the 

oscillograph are Honeywell Series "M" subminiature optical gal¬ 

vanometers (type M40-35QA) with a nominal undamped natural fre- 

quency of 4o cycles per second and a required external damping 

resistance of 350 ohms. The current sensitivity (+ jf>) is 4.10 

microamps per inch of galvanometer deflection. The records of 



galvanometer deflections are preserved on photosensitive paper 

which was driven past the galvanometer light beams at a constant 

speed, resulting in traces being left on tha paper where it was 

exposed to the light beams. 

Wave Gauge: 

A special electronic instrument constructed by a local 

manufacturer was vised to measure the water surface profile as 
V 

a function of time. This wave gauge operates by measuring (by 

means of a bridge circuit operating out of balance) the varia¬ 

tions in electrical current flowing through the water between 

two parallel platinum wires immersed vertically in the wave- 

tank. A constant electrical potential is applied between the 

two wires; as the water level changes, the area and, therefore, 

the resistance of the conducting path also changes, figure 11 

shows the circuit diagram for the wave gauge. A 15 inch scale, 

rack and pinion drive, and a friction lock are incorporated in • 

the mount for the probe holding the two platinum wires. (See 

Figure 12) A hook gauge is located on the side of the probe to 

ensure that the zero point immersion of the gauge will always 

be the same. 

Test Frame and Force Measuring Unit: 

The frame which supports the test pile, wave gauge probe, 

and the equipment for measuring the loads applied to the pile 





Figure 12. The wave gauge probe and its mount 



was "built of light gauge 6.0 inch high-strength steel I-"beams.. 

The frame is a 30.0” x 110.5” rectangle with two cross-braces 

located with their centerlines 6.5 inches to either side of mid¬ 

span of the frame.(See Figure 13.) 

The test frame is supported on the heads of the rails pro¬ 

vided along the sides of the tank for tow-testing. The eleva¬ 

tion of each corner of the test frame can be varied by means of 

leveling screws located there. The leveling screws are the ac¬ 

tual supporting members of the frame. The frame is held in 

position on the rails mainly by its dead weight, but the lateral 

positioning screws which are used to center the frame over the 

tank also provide clamping action when tightened against the web 

of the rails. 

It was necessary for the purposes of this investigation to 

measure the forces acting on the test pile in the direction of 

wave propagation and the resultant moments due to those forces. 

To accomplish that end, the following system was used. The 

pile was hung by means of two hinges in series from an upright 

structural member vertically fixed to the test frame. (See 

Figures 14 and 15) The two hinges in series, the equivalent of 

a roller support, comprise the upper hinge unit Of the force 

measuring device. The actual hinges are 0.020 inch thick, 2.00 

inch wide, and 0.50 inch long beams of thin stainless steel shim 

stock sheeting. The upper hinges do, of course, have some finite 

stiffness, but this was taken into account by calibrating the 
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Figure 14. View of the top hinge in position on test frame 



force measuring- unit. The upper hinge provides some small 

torsional stiffness for the pile and effectively resists any 

tendency for motion of the pile in the plane transverse to 

the axis of the wavetank. 

The principal load upon the hinges in the top hinge unit 

is axial tension he cause the hinges are required to support 

the dead load weight of the pile unit; thus buckling of the 

thin stainless steel sheeting in the upper hinges due to verti¬ 

cal wave force components acting on the pile is not a possibil¬ 

ity. 

A pair of load cells are located horizontally in the plane 

of the tank axis 4.00 feet apart on the vertical upright sup¬ 

porting the pile. Both load cells are Statham Instruments 

temperature-compensated, solid-state load cells; the top load 
J 

cell has a capacity of + 10 pounds axial load, and the bottom 

load cell has a capacity of + 20 pounds axial load. The load 

cells are connected to the pile by lateral hinges which are 

stiff only in an axial direction. (See Figures 15 and 16.), 

The lateral hinges consist of two 0.041 inch diameter music 

wire columns 0.05 inch long separated by a rigid intermediate 

section 1.00 Inches long. The hinges are able to withstand 

without buckling small axial misalignments in addition to the 

maximum allowable 20 pound axial compressive loads applied to 

the load cells. 

- 26 - 



Figure 15 

Top Hinge and Lateral Hinge Construction 
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Figure 16. View of the top load cell and lateral hinge in position 

Figure 17. View of 

the torsion-resisting 

hinges in position 



If the pile is assumed to he supported from its upper end 

on rollers (i.e., if the top hinge unit has zero stiffness), then 

the only restraint on the pile in the vertical plane containing 
i 

the tank axis is due to forces applied axially through the load 

cells. Thfrs the net horizontal force on the test pile in the 

direction of the tank axis is the algebraic sum of the forces 

measured by the two load cells. The magnitude of the resultant 

moment vector acting horizontally and tranvefse to the axis of 

the tank can then be obtained by statics. The actual behavior 

of the force measuring system closely,approaches the idealized 

case described above. 

The torsional rigidity of the pile is provided primarily 

by two hinges similar to the lateral hinges used to join the 

pile to the load cells. (See Figure 17.) - These torsion re¬ 

sisting hinges are mounted horizontally transverse to the tank 

axis and fixed to a cross-member of the test frame. The tor¬ 

sion resisting hinges function as a pair of rollers (with some 

resistance due to beam action in the wire columns of the hinges) 

to constrain the motion of the test pile to the vertical plane 

containing the tank axis. 

Figure 18 shows the load cell circuit diagram. The cir¬ 

cuit employs essentially the same components as recommended by 

the load cell manufacturer, but no calibrating sub-circuit is 

used. The input voltage is provided by two 1.35 volt mercury 
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batteries in series. Mercury batteries are utilized because of 

their very constant electrical potential during use. The out¬ 

put of the separate load cells is recorded by means of the 

Honeywell Model 1508 Visicorder previously described. The gal¬ 

vanometer type is the same as for the wave gauge: Honeywell 

type M40-35CA. 

The load cells are quite linear and respond rapidly; cali¬ 

brations for the separate cells show the cell repeatability is 

excellent. 

The vertical upright support for the pile and the pile it¬ 

self were both plumbed before installation in order to eliminate 

any preloading of the strain gauges. 

The force measuring unit was quite stiff; the natural period 

of vibration of the unit in air was approximately 0.08 seconds. 

Test Pile: 

The pile itself is a smooth-surfaced aluminum pipe of 7 <>00 

inch outer diameter and 0.0625 inch wall thickness. The lower 

end of the pile is capped with a flat, smooth plate perpendicu¬ 

lar to the pile axis. Round-head machine screws attach this cap 

plate to the pile, and the screw,heads protrude out from the 

body of the pile 0.08 inch. The effect of the protruding screw 

heads on the force measuzments was quite small, since they are 

near the bottom of the pile and also near the bottom of the tank, 

where the deep water waves generated for the tests did not cause 

- 30 - 



appreciable water particle motions. There are some small leaks 
r. 

around the cap so that the pile gradually fills with water, but 

the leaks are too small to permit -variations in the amount of 

water contained inside the pile during wave generation. 

The length of the portion of the pile of 7*00 inch diam¬ 

eter is 5.942 feet. Above the 7*00 inch diameter section of 

the pile is a 0.50 inch aluminum plate to which a 4.0" x 4.0" 

x 53.0" piece: of square steei structural tubing is attached by 

means of clip angles. This 4.0" x 4.0" steel tubing serves as 

an axial extension of the pile. (See Figure 19.) 

The whole pile is supported from its top by the top hinge 

unit. The lateral hinge for the upper load cell is attached to 

the pile 4.00 inches below the top of the pile. The lateral 

hinge for the lower load cell is located 4.00 feet below the 
7 

top load cell, i.e., 1.00 inch above the 0.50 inch plate at the 

transition in pile section. Only the 7.00 inch aluminum pipe 

portion of the pile is immersed in the water for tests. 

Figure 20 shows a general view of the test frame. Figure 

21 shows a view of the tank looking from the wave generator to¬ 

wards the test frame and turning vane array. 
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Figure 20. Photo view of the test frame and pile in position 



Figure 21. View down the length of the wavetank from the flap 



THEORY 

The accurate prediction of wave forces on rigid pilings 

requires a knowledge of the water particle kinematic "behavior 

in the undulating fluid surrounding the piling. 

The determination of water, particle behavior during wave 

motion may be approached in two ways: by actual measurements 

of the particle motions, or by solution of the wave equation 

with its associated boundary conditions. The latter approach 

for the two dimensional case was used for the purposes of this 

investigation. 

The solution of the water wave boundary value problem re¬ 

quires that certain parameters and functions .be known: the water 

depth, density, the acceleration of gravity, and the surface 

profile of the water at a point as a function of time. The 

wave period is assumed deducible from the water surface pro¬ 

file. The wave equation is, of course, assumed valid. 

There are several suitable references in which various 

solutions of the water wave equation are given; Wiegel (3)> 

Kinsman (h), and Stoker (5) are just a few of many. The two 

solutions utilized in this thesis are due to Airy and Stokes. 

The Stokes wave Solution may be extended to different orders; 

however, only the second order Stokes wave solution will be 

used in this investigation. 

The method of wave force prediction described by Morison, 

O'Brien, Johnson, and Schaff (6) is based upon the assumption 
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that the force exerted on an object immersed in a fluid through 

which surface waves are propagating is composed of two additive 

components: a drag force, and an inertial force. 

The drag force is due to two separate components: form drag, 

and skin drag, hut the two effects are combined in this treat-, 

ment. 

The drag force in a given direction is equal to the dynamic 

pressure Of the oscillating flow (due to the component of the 

flow velocity in the given direction), multiplied by both the 

frontal area of the body and by an empirically obtained constant 
l 

called the drag coefficient. Thus the drag force on a pile may 

be expressed as: 

PD - j °D - p a-V*SL • d Af > W 

where F^ = drag force, Af = frontal area, of the pile, = drag 

I 

coefficient, p = mass density of the fluid around the pile, and 

u = component of the fluid velocity in the direction of FJJ. The 

magnitude of the drage force is seen to be dependent on the square 

of the horizontal water particle velocity. The direction of the 

drag force vector is the same as that of the horizontal water 

particle velocity vector. 

Henceforth, only horizontal forces will be considered. The 

' \ 

pile will be assumed to be vertical and to penetrate the water 

t 

surface. The pile is taken as a circular cylinder of constant 

I 
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cross-section. 

The drag coefficient is a, function of body shape, Reynolds 

number, body roughness, and fluid turbulence. An experimental¬ 

ly derived plot of drag coefficient, CD, versus Reynolds number, 

R, for the case of steady-flow around a circular cylinder is 

given, in Schlichting (7) • The Reynolds number is taken with the 

pile diameter as the reference dimension; thus: 

R 
u « 
V 
D 

i (2) 

where D = outer diameter of the pile and v = kinemtic viscosity 

of the fluid around the pile. 

If the flow around the pile were steady, a numerical inte¬ 

gration of the drag force’increments down the length of the pile 

* would be possible. However, since the pile is in an oscillating 

flow, the relation of the drag coefficient to the Reynolds num¬ 

ber is unknown. Therefore this investigation will deal only 

with an average drag coefficient for the total immersed length 

of the pile. The average drag coefficient is obtained by means 

of a modification of equation (l): 

• dAf 

(3) 

where PD in this case is the measured drag force at either a 

crest or a trough of a wave and = the average drag coef¬ 

ficient . 
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If there is any general similarity between the relationship 

of the drag' coefficient to Reynolds number'for the case of steady 

flow and the - R relationship for unsteady flow, then it is to 

be expected that will not remain constant throughout an en¬ 

tire wave cycle. For the purposes of this investigation, it will 

be assumed that the measured for a given wave crest or trough 

remains constant in the vicinity of the point at which it was 

evaluated. This will later be shown to be only a small source 

of possible error in'predicting the maximum total force on the 

pile. The magnitude of the drag fofce on the pile is found to 

be quite small! in relation to the magnitude of the inertial force. 

The inertial force on a body Immersed in an undulating fluid 

is due to the fluid particle accelerations around the body. The 

inertial force in a given direction is equal to the fluid parti¬ 

cle acceleration in that direction in the ■undisturbed flow field, 

multiplied by both the mass displaced by the body and a mass co¬ 

efficient. The mass coefficient takes into account the fact that 

the virtual mass encountered by the accelerating fluid is greater 

than the fluid mass displacement of the column. 

, Thus the expression for the inertial wave force acting on 

the pile may be taken as: 

Fj = JCjj*A»p*a«dj& , (k) 

where F^ = the inertial force, = the mass coefficient, p = 
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mass density of the fluid around the pile> A = cross-sectional 

area of the pile, a = undisturbed water particle acceleration, 

and A - the immersed length of the pile. 

It is assumed that the mass coefficient of the pile is 

constant down the length of the pile. Theoretically it has 

"been shown that the: mass coefficient is equal to 2 for infi¬ 

nitely long circular columns, (l), (8). 

The measured value of the average mass coefficient for 

the immersed portion of the pile may he determined when the 

drag force is zero (i.e., at the wave nodes,- assuming the wave 

behaves according to the Airy solution, or, in general, when 

the horizontal component of the water particle velocity is zero) 

if the water particle accelerations are known. Thus; 

a <AA 
(5) 

where = the average mass coefficient for the immersed length 

i 

of the pile. According to theory, the mass coefficient is not 

dependent upon the Reynolds number of the fluid flow around the 

pile. 

Let a "large pile" be considered to be a pile which has a 

diameter in excess of 2056 of the wave height for a given wave- 

train. A pile may be "{Large" for a normal sea state, but for 

its design wave, the same pile may be "small" * 

Beckmann (9) has shown that for an Airy or sinusoidal wave 
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in deep water and = 0.6j, the maximum wave force on a pile 

with diameter in excess of approximately 20$ of the wave height 

l 

occurs at the wave nodes. This implies that the maximum wave 

force acting on a large pile will he an inertial force. If 0^ 

= 1.20, then Beckmann * s criterion requires that a pile have a 

diameter in excess of 38$ of the wave height in order to he 

considered "large”. The test pile was exposed to waves whose 

heights were such that the pile was "large" in all cases. 

The formulas for the drag force and inertial force exerted 

on a pile hy a wavetrain will he developed from the following 

water wave equation solutions: (l) Airy wave, deep water approxi- 

1 "' , 

mation, and (2) second-order Stokes wave, deep water approxi¬ 

mation. 

The use of the deep water approximations for water parti¬ 

cle behavior simplifies the calculations and does not signifi¬ 

cantly affect the accuracy of the predictions, since the water 

depths were at least 50$ of the wavelengths for the tests de- 
1 . f K 

scribed herein. Considering the magnitudes of the irregulari- 
7 ' 

n 

ties in the wave profiles, it seems certain that the error 

introduced in the computations due to the use< of the deep water 

approximations will he an order of magnitude smaller than the 

other errors in the analysis. ' 

For both the Airy wave solutions and second-order Stokes 

wave solutions, it will he assumed that the waves propagate in 
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the tank with their deep water phase speed, cQ. The speed of 

wave propagation is given by: 

and 

0 = ' 

, I 

o = 
2TT 

(6) 

(T) 

where c = wave phase speed in any water depth, d, cQ = deep 
7 ' i ■ ; 

water-wave phase speed, L = wave length, and T = wave period. 

For a water depth d = 0.5 • L, this deep water assumption for 

c is approximately 0.4$ too high. (See Wiegel, p. 522) 

Airy Wave. Deep Water Approximation: 

' The Airy wave solution is a iinear, sinusoidal wave which 

is assumed irrotational and of infinitesimal amplitude. The 
-   • ' i '■ 
water particle motions describe closed elliptical paths in the 

r f 

vertical plane extending in the direction of wave propagation. 

The size of the ellipses decreases approximately exponentially 

with water depth for waves in deep water. In addition, the 

eccentricity of the ellipses decreases with increasing water 

1 

depth. 

Therefore, in deep water, the water particle orbits are 
1 

essentially closed circles with magnitudes which decrease ex- 

\ ’ '1 / 
ponenttally with water depth below the surface. 

\ 
1 

The water surface profile is assumed to be given by; 



•where H = double amplitude wave height, T = wave period, x ■ 
' 1  ‘    " ' ' " ' ’ ‘ ‘ " ‘ ‘ 

distance from wave crest to centerline of the pile when t = 0 

(positive in direction of wave propagation), t = time (begin¬ 

ning at t= 0 and x = 0 when crest passes the centerline of the 

pile), and h = instantaneous water surface elevation above the 

still water level. 

The horizontal water particle velocity/ u, for an Airy 

' ' . ■' f " 

wave in deep water is: 

2ny 

u - f .e L • Cos 2rr (g - |) , (9) 

where y = water depth below the still water surface. 

The effects of large water particle orbit diameters with 
•   * ■> ' 

respect to wave lengths are neglected in the case of horizontal 
    I ’* ‘ • ' ‘ V 

water particle velocities, so that the water particle motions 

at the location of the pile centerline are assumed all In phase. 

Substituting from equation (9) into the equation for the drag 

force, equation (l), the following result is obtained after in- 
r ‘ * 

tegration of equation (l): 

L 
y=0 

7-K 
(10) 

Where V = weight density of water and X = immersed length of 
i i ^ 

the pile below the still water level. The effect of variation 

in water level due to passage of the wavetrain is neglected. 
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With the same assumptions about water particle orbit sizes 

being small with respect to the wavelength as for the drag force 

calculations, it is possible to predict the inertial force on 

D(u) 
the pile. With a = = the total derivative of the hori= 

zontal water particle velocity with respect to time, it can be 

said, that: 

gT^H 

T3 
Sin 2u (f - I) (11) 

Substituting equation (ll) into equation (4) and. perform¬ 

ing the required integration, equation (12) is obtained: 

CM-Y-A-H 

*“~ e 

gny 
L 

y=0 

y»-X 
(12) 

where h is found from equation (9) and. A = cross-sectional area 

of the pile. Again, the effect of variation in water surface 

elevation is neglected. This introduces no error into the com¬ 

putation of the mass coefficient, since h = 0 at the quarter 

points of an Airy wave. 

It is desirable to know where the predicted resultant iner¬ 

tial force will act during the instant when the wave node passes 

i 

the centerline of the pile, as this is when the Airy wave solu- 
' 1 

tion predicts the maximum wave force. This predicted location 

r 

of the resultant inertial force may be compared with the measured 

location of the resultant. The location of the predicted iner- 
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tial force with respect to the instantaneous water surface is 

I 
found "by dividing the analytically predicted moment on the pile 

about the water surface by the predicted force on the pile. The 

predicted moment is obtained from: 

=
 I °M ’ P * A * a * y * d& > (13) 

where lij. = the predicted moment due to the inertial force. 

With substitution from equation (ll), it is found that: 

-CM.yA*H*L 
Rj. = — JJ  • Sin 

2TTt 
mmmrnmm 

. T 

2ny 

(14) 

Thus d^, the location of the resultant Airy inertial force 

with respect to the free water surface is obtained by dividing 

equation (l4) by equation (12) to get: 

SA 
_L K»An«e"g,^> . 
2TT -K-X 

1 - e p 

1 

f 

(K = wave number.) (15) 

Although the effects of varying pile length exposed to wave ac¬ 

tion are neglected in equations (10), (12), and (l4), it is 

necessary to take the instantaneous wave height, h, into ac¬ 

count when considering the location of the measured resultant 

wave force with respect to the water surface. If the upper 

hinge system on the pile support is assumed frictionless, then 

the measured value of d^ at the wave quarter points where h » 0 



according to Airy theory is: 

P d' * 
(16) 

■where PT .= the measured force in the lower load cell, F = the 
 Jj . ■■ •   ;■ • -    * ■ • ,   • 

total resultant horizontal force on the pile, and d’ = the 

distance from the upper load cell hinge to the still water sur- 

face. 

Second-Order Stokes Wave, Deep Water Approximation: 
i   '■  ’■ . • 

The. Stokes wave solutions are valid for irrotatiorial waves 

i ! 
of finite amplitude. The water particle motions are, unclosed 

... .. , 

ellipses in the vertical plane extending in the direction of 

wave propagation. In deep water, the water particle orhits are 

not circular. 

The second-order Stokes wave in deep water exhibits a water 
1 r 

surface profile described by the following equations 

.. I 
h - | * Cos 2TT(| “ I) + TfiT * Cos ^ (E “ I) * (17) 

where the same symbols are used as for the Airy wave solution. 

The Stokes wave exhibits longer troughs, shorter crests, and 

less trough depression below than crest elevation above the 

still water level. The surface profile exhibited by the second- 
"\ 

order Stokes wave describes more nearly the actual surface con- 
, l 

figuration measured for the test wavetrains than does the Airy 

wave solution. The wave propagation speed is the same for the 

second-order Stokes wave as for the Airy wave. (See equations 
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(6) and (7). )- 

The horizontal water particle velocity is given "by: 

u = Qp-) • eK*y. Cos (K*x-a*t) 

+ . e2K-(y-<l). Cos 2(K*x-a*t) , (l8) 

where K = 2TT/L = the wave number, d = water depth measured from 

still water level, and a = 2TT/T = the wave frequency. However, 

since the tests were conducted in a closed tnak, any mass trans¬ 

port in the direction of , the wave propagation due to the wave ac¬ 

tion was necessarily counteracted "by an equal, hut opposite, mass 

transport distributed across the entire tank width and depth in 

a presumably uniform manner. This mass transport; velocity is 

neglected in this analysis, since the contribution of the re- 
- -  -  .”   1 

verse mass transport velocity in the fluid to the drag force is 

rather small for the cases experimentally investigated. The 

error due to neglecting this mass counterflow effect is further 

diminished in importance when compared to the total force on the 

i 
1 

pile. 

As for the Airy wave, an average drag coefficient is assumed 
’ i 

for the entire length of the pile. The water particle motions 

at the centerline of the pile are considered to all he in phase. 

1 ’ i ' 1 

Substituting equation (l8) into equation (l) for drag force 

and neglecting terms containing 6 = (jg) to order higher than the 
first (permissible for low wave steepnesses), the following is 
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CD *Y*H *D 

 TT~ . cos (ob).| Cos (at)I + tis . eK(3y-2d) 

• (Cos(ot)* |c'os(3crt) | + |Cos(crt)| • Cos (3ot) ) 7=11 • (19) 
y»-i’ 

It is assumed that- the water particle accelerations at the 

I . 

pile centerline are all in phase and thqt the mass coefficient 
' ' \ I 

for the pile is constant. The approximation due to assuming a = 

^°es no‘fc induce significant error into the computations. 

Investigation of the additional term due to inclusion of (u • ^ + 

9u\ ^ 
v • ij—y in the expression for acceleration reveals that the con- 

, i 
vective acceleration term is more than one order of magnitude 

smaller (for the cases studied) than the coefficient of Sin 2(K°xr-at), 
' i ' ■ i 
which is itself a small correction term. Thus, 

eK*y . Sin (K-x-crt) • {l 

+ 12nH 
L 

e2K(y-d). gin 2 

6n*.Ha 

La 

(20) 

is the total fluid particle horizontal acceleration. 
, ’ I ' r 

Prom equation (20) and equation (4), the following is ob¬ 

tained after integration: 

'-CM*Y*A-H 
Sin (crt) • e^*y + 3K*H eSK(y“d) . Sin(2<rt) I 2 

- • eK(3y-2d'> ■ Sin (at) 
y=h 

y=-j£ :(2i) 
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Using Stokes -wave solutions for the case of a "large" pile, 

it is evident that the maximum wdve force on the pile occurs with 

some phase shift from the quarter points of the wave. This is 

true even if drag forces are neglected. To find the time during 

a wave cycle when the inertial force is maximal, equation (21) 

may be differentiated once with respect to time and the derive- 

tive set equal to zero. However, use of this approach is both 

long and involved; therefore, the phase shift is determined 

from a plot of the predicted Stokes wave inertial force versus 

I 
time. 

The theoretical moment arm for the resultant inertial force 

on the pile may be obtained in the same manner as for the Airy 

wave. It is found that, with the assumption that a = ^ , the 

r ■*' 

cL for the Stokes wave at both the quarter points and at the 
Ks. ' ■ 

times when the maximum inertial forces are predicted by second- 

order Stokes theory are almost the same as for. the Airy wave . 
. ‘ / 

Equation (22) gives the expression for the location below 

the still water surface of the resultant Stokes wave inertial 

force. The second-order and third-order terms are neglected in 

obtaining the Stokes wave dRg, but this produces only a slight 

error in the computation. ' 



TABIE OP SYMBOLS 

cross-sectional area of pile 

undisturbed horizontal fluid particle acceleration in 

an undulating fluid 

frontal area of pile 

speed of propagation (phase speed) of a wavetrain in 

any water depth 

deep-water phase speed of a wavetrain 

mass coefficient for a cylindrical pile of circular 

cross-section 

average mass coefficient for the immersed length of 

the pile 

drag coefficient for cylindrical pile of circular 

cross-section 

average mass coefficient for the total immersed length, 

of the pile 

pile diameter 

distance from upper load cell to still water surface 

predicted location of resultant Airy inertial force 

with respect to the instantaneous water surface 

measured location of’the resultant inertial force 

with respect'to the still water surface 

predicted location of the resultant Stokes inertial 

force with respect to the st^ll,water surface 

wave steepness 

total or substantial derivative with respect to time 
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d = still vater depth --   

e = exponential e of natural logarithm hase 

F = measured resultant horizontal force on pile 

’' "" , " ‘ . ‘ "i".".   

Fj = horizontal inertial-force exerted on the pile 

by the undulating fluid 

FD = horizontal drag force exerted on pile hy the undulat¬ 

ing fluid ' 

F^ 8 measured force in lower load cell 

i. 

Fy 8 measured force in upper load cell 

g = gravitational constant (32.16 ft/sec**) 
» 1 

Y = weight density of fluid around the pile 

H 8 double amplitude wave height 

h = instantaneous undisturbed-water- surface elevation at 

the position of the pile centerline ' 

2TT ! 
K “ ~ wave number 

L = the wave length 
f 

& as immersed-length of the pipe 

•Gp 8 immersed length of the pile below still water level 

R 8 Reynolds number 

p 8 mass density of fluid around the pile 

1 2rr 
a = wave frequency 8 -j* . 

T 8 wave period 

t 8 time elapsed since passage of a wave crest by the 

r- centerline of the pile r 

I 1 ■ ‘ 

u 8 undisturbed horizontal fluid particle velocity component 
, 1 

v 8 undisturbed vertical component of fluid particle velocity 
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v = kinematic viscosity of the fluid around the pile 

x = distanceT along tank axis from wavecrest to center- 

line of pile when t = 0 (positive in direction of 

wave propagation) 

y = distance measured vertically from the still-water 

surface (positive y above still water^surface) 
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TEST PROGRAM 

Wavegauge Calibration: 

The output signal of the vave gauge varies nonlinearly with 
... ... - 

the water surface elevation. In addition, the magnitude of the 

wave gauge output signal is also dependent upon the conductivity 

of the water between the wires on the probe. The nonlinearity 

and conductivity effects were taken into account by running 

static calibrations of the wave gauge both preceding and follow- 

ing every series of tests. 

The hook gauge on the side of the wave gauge probe was used 

to ensure that the immersion of the probe in still water was al¬ 

ways the same before initiation of testing. 

Static calibrations were performed by changing the probe 

immersion in known increments, usually 0.50 inch, and then not¬ 

ing thfe corresponding deflection of the wave gauge galvanometer. 

Figure 23 gives a typical wave gauge calibration curve. 

Force Measuring Unit Calibration: 

It was necessary to calibrate the force measuring system 

in order to take support hinge bending moments into account . 

The calibrations were static load tests carried out when the 

wave tank was dry. Both positive and negative loads were ap¬ 

plied in the direction of the wavetank axis at various dis¬ 

tances below the load cells. The nominal forces in the load 
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cells (Fy and F^) were computed from statics "by. assuming the 

supporting hinges had zero stiffness. The computed nominal 

forces were then plotted against the corresponding load cell 
' i 

galvanometer deflections to form calibration curves. Figures 

2k and 25 give the calibration curves for the upper (10 lb) 

and the lower (20 lb) load cells, respectively. 

Wave Parameters: 

Waves of two different periods were generated for this 

investigation: (l) approximately 1.0 second waves, and (2) 

approximately 1.5 second waves. Waves of longer periods 

were not generated, since, for such waves, the fluid parti¬ 

cle motions would deviate excessively from those of the deep 

water 'wave assumptions. 

For each wave period, several series of test runs were 

H 
made at different wave amplitudes. In general, 5 = , the 

wave steepness, was between 0.016 and 0.0^5; for these steep¬ 

nesses, the waves more nearly satisfied the Airy and second- 

order Stokes solutions than if the waves were steeper. The 

results of a few of the test runs displaying the "best wave¬ 

forms and regularities were selected for analysis in this 

I 

inve stigation. 

Data Reduction: 

Figure 26 shows a tracing of a segment of a typical oscil¬ 

lograph record. The sign convention is indicated on the tracing. 
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(See Figure 22 for force sign convention.) Transformation of 

the load cell and wave gauge readings recorded on the oscillo¬ 

graph record to the actual forces and surface elevations was 

done hy means of a scale and the calibration curves. (See Fig¬ 

ures 23-25.) > 

The measurement of the wave periods was performed accord¬ 

ing to the arbitrary assumption that the<.crest of a wave occurs 

for t = 0 and t = T. This was consistent with the sign con¬ 

vention of the mathematical wave models, shown in Figure 22. 

Thus the time intervals between neighboring relative maximum 

water surface elevations at the centerline’ of the test pile 

correspond to the wave periods for the one wave portions of 

the wavetrain between the crests. The time of occurrence of 

a’wave trough was taken to be the time elapsed between the 

initial crest of a wave and the time when the lowest water 
• .  ’* ’ *  * " . 

surface elevation was obtained during that one wave cycle. The 

quarter points of the wave cycles were then taken as the quar¬ 

ter points of the wave periods measured according to the pre¬ 

ceding assumptions. The wave nodes were assumed to occur when 

the surface elevation at the pile was that of the still water 

level. 

According to both Airy and Stokes theory, the wave force 

at the quarter points of a wave is purely an inertial force. 

The force exerted by a given wave must therefore be measured at 
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these points in order to evaluate the mass coefficients. In 

1 . ' . 

addition, the crest height and trough height must he measured 

for each wave to he investigated. The crest height, H^, of a 

wave is assumed to he the water surface elevation above still 

water level at t = 0 for that wave; the trough height, H^, is 

the water surface elevation at the trough. The total wave 
f \ 

height is the sum of the crest height and the trough heights 

H = Hg + . 

Computation Procedures: 

Some of the more routine calculations for this investi¬ 

gation were performed hy an IBM 1620 computer at Rice Univer- 

\ 

dity. The programs for the computer computations are included 

in the appendices at the end of this thesis. The changes in 

notation and symbols necessitated hy the use of the Fortran I 

K, • ' ' , 

programming language are shown in Appendix V. 

Appendix I contain^ a computer program by which the Airy 

i ' 

wave and second order Stokes wave water surface profiles are 

calculated with respect to time for a certain number of dis¬ 

crete points in time during the wave cycle. The calculated 

heights are given both as the predicted height in inches and 

as a dimensionless height equal to the computed height divided 

by the single amplitude height of the wave. The program re¬ 

quires that the wave period, crest height, and trough height 

i 

be provided as input data. The theoretical wave profiles ob- 
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tained from the results of the computer program in Appendix I 

were plotted versus time with'the measured wave profiles super¬ 

posed on the plot in order to ascertain the accuracy of the two 

mathematical models of the undulating fluid system. -(See Fig¬ 

ures 27 and 28.) 

Appendix II contains a computer program hy means of which 

calculations are made for a table of values of certain Airy wave 

parameters as a function of wave period and water depth. The 

parameters obtained are for drag force, inertial force, Rey¬ 

nolds number, and wave number for wave periods varying from 

0.900 seconds to I.580 seconds in 0.005 second increments. 
• " -• • ' 1 1 ■ 

Separate tables are compiled for each of the two water depths 

at which the tests were run. The constant Cl multiplied by 

both the drag coefficient and the wave height in inches gives 

the predicted drag force at the crests and trough of the wave. 
1 

The constant C2 multiplied by the mass coefficient and the wave 

height in inches gives the predicted inertial force at the quar¬ 

ter points of the wave. The Reynolds number is obtained by 

multijplyiag the appropriate coefficient in the table by the 

wave height in inches. The.values for the inertial force co- 

efficients obtained with the computer program were used for the 

determination of the Airy theory mass coefficients. Linear inter 

polations for periods not integral multiples of 0.005 second 

were made between the appropriate values of the parameters in 
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the tables generated by the computer. Ho input data are required 

for the use of the computer program in Appendix U. 

The computer program in Appendix III is used to calculate 

the locations of the resultant inertial vave forces for both 
/ ' ■ 

, vave solutions and the predicted phase shift away from the vave 

cycle quarter points of the maximum inertial force for the Stokes 
r r .•■ 

vave. In addition, the program provides cooefficients for the 
i 

determining of the mass coefficient and maximum inertial force 

for the Stokes wave. The required input data for the program 
S'', ‘ " . x 

are the vave period, immersed pile length, and vave height. * The 

term labeled P SHIFT in the computer output is the phase angle 
" i * , 
at in degrees at which the maximum inertial wave force occurs 

- - 1 ■ ; 
preceding the first vave quarter point. The value of the phase 

^ . ■. . i 

(' 5 

shift is found by calculating the Stokes inertial force on.the 

pile for incrementally varying lead times from the vave quarter 

point and determining when the force is a maximum. Since the 
i i 

inertial force versus time record is anti-symmetric, the phase 

shift angle is also the angle by which the maximum vave force 

lags the vave three-quarter point. The coefficient FFI multi¬ 

plied by the Stokes mass coefficient gives the predicted value 

of the maximum vave inertial force. The Stokes wave mass coeffi- 
I “i 

cient is obtained by dividing the measured vave force at the 

vave quarter point and three-quarter point by the coefficient 
I, 

F/CM. The term HI is the predicted Stokes wave height in inches 
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for the maximum inertial wave force, and WL is the wave length. 
K i • 

RDSQ is the location of the Stokes resultant inertial force be¬ 

low the still water surface. 

In Appendix IV is the computer program which may he used 

to calculate the theoretical values of Airy and Stokes inertial 

forces, Airy and Stokes drag forces, and the location of resul¬ 

tant inertial force from Stokes theory for the waves. The calcu¬ 

lations'are made at intervals of 0.01*T during the wave cycle, 

beginning at t = 0. The required input data for the computer 

are the wave period, pile length, and wave height, as well as 

the Airy and the Stokes measured mass coefficients. C4 is the 
y > 

Airy wave inertial force, C7 is the' Airy wave drag force with 

an assumed drag coefficient of CD = 1.2, and Q is the dimension¬ 

less time, t/T, at which the values are computed. FS is the com¬ 

puted Stokes inertial wave force, EDS is the location of the 

resultant FS below the still water surface in feet, and FD is 

the Stokes wave drag force with an assumed CD = 1.2. = 1.2 

is assumed since it is roughly the drag coefficient in steady 

flow for the same Reynolds number as exhibited by the wave- 

pile system.(7) 
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RESULTS 

The results of computations made for this investigation 

are presented in four separate tables, one table for each wave- 

train considered. The water depth for BATA SETS II and III was 

5.528 feet; for DATA SETS VI and VII, the water depth was 6.300 

feet. 

In the data presented for each wave, the third row (t = 

0.5‘T) gives both the measured value of the water surface ele¬ 

vation at the trough of the wave and the time of occurrence of 

the wave trough. For DATA SET VII, the starting time for waves 

1 and 2 was assumed to be at the wave trough, rather than at 

the crest. 

A rough picture of the measured waveforms is provided by 

the included values of wave height versus time. 

Three significant figure precision was estimated for the 

values of the measured forces, wave heights, and computed mass 

coefficients given in the tables. Computations were made using 

four digit values for the data, and results are given in four 
i* 

digit form. The computations of the mass coefficients and re¬ 

sultant force locations were made using the tables created by 

the computer programs in Appendices II and HI. The calcula¬ 

tions were performed according to the formulas in the ’’Theory" 

section of this thesis. 
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The mean of the computed Airy wave mass coefficients is 

C„ = 2.03; the mean of the computed Stokes wave mass coeffi- 
Ma 

cients is C.' = 2.04. The root-mean-square deviation from the 
MS 

mean of the Stokes mass coefficient is 0.08. 

Figures 27 and 28 show dimensionless plots of the measured 

wave profile of wave 1, DATA SET II, with superposed plots of 

the corresponding Airy wave approximation (Figure 27) and the 

second order Stokes wave approximation (Figure 28). The axis 

of the Stokes wave profile is shifted upwards slightly to achieve 

a better approximation to the measured surface profile of the 

wave. The theoretically predicted profiles were plotted by 

means of values provided by results of the computer program in 

Appendix I. 

Figure 29 shows a plot of the measured values of wave 

force and the predicted values of the second order Stokes wave 

inertial force versus time. 
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DATA SET I I I 
Water depth d = 5. 522 ft 

NO* OF 
WAVE* 
T(SEC)* 
H( IN) 

TIME 
FROM 
ZERO 
(SEC) TIME/T 

MEASURED 
FORCE 

F 
(LB) 

WATER 
SURFACE 

ELEV. 
(IN) 

AIRY 
MASS 

COEFF, 

STOKES 
MASS 

COEFF. 

MEASURED 
RESULTANT 

LOCATION/L 

AtRY 
RESULTANT 

.LOCATTON/L 

STOKES 
RESULTAMT 

LOCATION/L 

1 0* 0. +1.300 
T = 0 *98 2 0.246 0.250 -3.570 -0.150 2.136 2.154 -.1880 -.1569 -.1554 
H=2.419 0.484 0*493 -1.119 

0.737 0.750 +3.300 0.000 1.974 1.991 -.1588 

2 . 0* 0* +1.300 
T=1.019 0.255 0.250 -3.140 +0.020 1.898 1.912 -.1748 -.1559 -.1546 
H=2*397 0.531 0.521 -1.097 

0*764 0.750 +3.360 -0.150 2.031 2.046 -.1472 

3 0* 0* +1.235 
T^l.002 0.251 0.250 -3.202 -0.040 2.090 2.103 -.1767 -.1564 -.1552 
H=2 *219 0*510 0.509 -0.984 

0*752 0.750 +3.120 0.000 2.036 2.049 -.1561 

4 0* 0. +1.270 
T=1#012 0.253 0.250 -3.085 -0.040 1.994 2.007 -.1861 -.1561 -.1549 
H=2.214 0.508 0.502 -0.971 

0.759 0.750 +2.990 -0.135 1.993 1.945 -.1604 

5 0* 0. +1.230 
T=1*026 0.257 0.250 -3.263 -0.120 2.122 2.135 -.1652 -.1557 -.1546 
H=2.229 0.499 0*486 -0.999 

0.770 0.750 +2.956 +0.040 1.922 1.934 -.1541 

6 0* 0* +1.183 
T = 0*997 0*249 0.250 -3.230 -0.150 2.110 2.132 -.1776 -.1565 -.1553 
H=2.208 0*463 0*464 -1.025 

0*748 0*750 +2.910 +0.040 1.908 1.921 -.1580 

7 o. . 0. +1.230 
T=1*005 0*251 0.250 -3.340 -0.080 2.079 2.093 -•1769 -.1563 -.3550 
H=2.327 0.488 0*486 -1.097 

0.754 0*750 +3.083 +0.040 1.919 1.932 -.1569 • 

8 0. 0* +1.209 
T=0*988 0.247 0.250 -3.360 -0.118 2.148 2.164 -.2042 -.1567 -.1555 
H=2*264 0*466 0.472 -1.055 

0.741 0.750 +3.010 +0.080 1.925 1.938 -.1601 

9 0* 0* +1.260 
T=1.022 0.256 0*250 -3.267 -0.150 2.076 2.089 -.1696 -.1558 -.1546 
H=2.281 0.476 0*466 -1.021 

0.767 0.750 +2.942 +0.020 1.869 1.881 -.1557 

10 0. 0* +1.225 
T =0*994 0*249 0*250 -3.080 -0.265 2.021 2.035 -.1923 -.1566 -.1554 
H=2*206 0.454 0.457 -0.981 

0*746 0.750 +3.140 +0.020 2.061 2.074 -.1636 

n 0* 0* +1.291 
T=1.002 0*251 0.250 -3.260 -0.118 2.078 2.092 -.1743 -.1564 -.1552 
H=2.272 0*468 0.467 -0.981 

0.752 0.750 +3.037 +0.040 1.936 1.949 -.1579 
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DISCUSSION 

Equipment Characteristics: 

The performance of the wave maker was satisfactory for the 

series of tests performed for this investigation. There were 

slight variations in the waveform, symmetry, wave heights, and 

periods in any given set of consecutive waves in a wavetrain. 

For these reasons, the waves generated did not conform pre¬ 

cisely to the relatively accurate Stokes mathematical model of 

the waves. However, these variations were not judged to he of 

sufficient magnitude as to impair the reliability of the mathe¬ 

matical model of the undulating fluid. These variations were 

in part due to both performance characteristics of the wave- 

maker-wave tank system and the inaccuracy of the mathematical 

model of the waves. 

Lag times between input commands and response of the hy¬ 

draulic piston and flap were relatively small because of the 

high pump delivery rate. The time lags were dependent upon 

the magnitude of,the input shaft rotation with respect to the 

neutral position of the control valvej i.e., the amount of fluid 

which had to be displaced by the pump to rotate the valve to its 

new equilibrium position. Thus the time lag for the response of 

the piston was greatest near the nodal points of the wave where 

the scotch crank was required to move fastest. At other times, 

near the wave crests or troughs, the response of the hydraulic 

piston was rapid, so that the control valve closed suddenly, 
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thereby causing slight impulsive motions or jerks of the flap. 

< 

These jerky motions produced small amplitude, sharp-crested 

•waves of periods much shorter than the period of the primary 

■wave motion. The •waves produced by the jerks propagated at 

a rate slower than that of the primary wave motion, since the 

speed of wave propagation is directly proportional to the wave 

period (Airy and second order Stokes theory). Test measure¬ 

ments were always discontinued before the short waves produced 

by the jerky flap motions reached the test cylinder. 

When the operation of the wavemaker was.initiated, it was 

observed on the wave record, that very low waves of long period 

reached the pile before the apparent front of the wayetrain 

consisting of waves with the primary frequency of oscillation, 
\ " , 

since the longer waves propagated faster. The apparent periods 

of these initial long waves reaching the wave gauge probe de¬ 

creased as the primary wavefront approached the probe. After 

the primary wavefront reached the probe, the presence of the 

low waves was not directly observable in the wave record. 

The forces exerted on the flap by the water column behind 

it were superposed upon the forces exerted by the water in the 

main portion of the tank. Since the hydraulic piston was ap¬ 

parently working rather close to its load capacity with the 

800 psig pump operating pressure, the flap response to input 

. commands was affected to some extent by the forces exerted by 
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the water column behind the flap. 

The blocks installed below the flap did not completely block 

the passage between the fluid bodies on opposite sides of the 

flap. (See Figure 4.) For this reason, some flow could have 

taken place through the gap, thereby producing some irregulari¬ 

ties of the waveform. 

An additional aberration of the wavemaker was the tendency 

of the nodal points of the flap motion to drift (i.e., trans¬ 

late) with time. The direction and speed of nodal point drift 

were observed to be functions of both the period and magnitude 

of the primary flap oscillation. The drift was observed even 

when there was no water in the tank. The drifting was basically 

the result of an internal leak within the control valve. Gen¬ 

erally the drift averaged no more than 2$ of the piston stroke 

per stroke. For the. series of tests treated in this thesis, the 

drift was always in the direction of wave propagation and aver¬ 

aged less than 2# of the stroke length per stroke. 

Although the wavemaker system did display certain irregu¬ 

lar characteristics, the various perturbations of the flap mo¬ 

tion did not result in excessive deviations of the wave surface 

profiles from the desired behavior; that is to say, the wave- 

trains produced were essentially uniform. 

The use of the turning vanes and the "L” shaped tank was 

highly effective in enhancing the wave damping characteristics 

of the wave tank. The vortices and other disturbances produced 
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in the -waves incident on the vanes greatly reduced the reflec¬ 

tions from the end of the tank. It seems probable that the 
h. 

use of more vanes in the array -would increase the effective¬ 

ness of the system in dissipating waves. The screens and 

perforated beach also contributed considerably to the damp¬ 

ing capability of the tank. The effectiveness of the wave 

damping system can probably be increased by "tuneing" the 

system to the most effective configuration for the frequency 

of waves being generated. 

The heights of the reflected waves were generally re¬ 

duced considerably from the heights before absorption. No 

measurements were made of reflected wave heights, but a con¬ 

servative estimate based upon visual observation is that the 

damping system decreased the amplitude of reflected waves to 

20$ of the undamped amplitude. 

When the wavetank was calming after cessation of wave 

generation, the last wave action of any significance to be 

visible in the tank was the propagation of long, low waves 

back and forth dwon the tank. These long waves exhibited 

wavefronts which were not perpendicular to the wavetank axis, 

due to the effect produced when the waves passed through the 

turning vanes. The lower effectiveness of the wave absorp¬ 

tion system in the case of long waves indicated that the long 

waves were present in the wavetank and were propagating back 

and forth in the tank during testing. 
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The "behavior of the wave gauge was quite repeatable. 

However, the zero position of the galvanometer recording the 

wave gauge output (i.e., the wave gauge zero point itself) 

was prone to drift perhaps 0.02 inches during a 20 minute 

period. This drift never injected significant error into the 

wave measurements, however, since the test durations were usual¬ 

ly less than 45 seconds long and the galvanometer was rezeroed 

immediately preceding every test. 

It was necessary to assume the dynamic response of the 

wave gauge was identical to its statical response, since there 

was no suitable means available for calibrating the instrument 

dynamically. (Kinsman, pp. 430-433)* For the low frequencies 

of waves measured by the wave gauge, the dynamic response of the 

electronic equipment was assumed instantaneous. 

A small capillary rise of the water surface was present 

around the two wave gauge sensor wires. When the water sur¬ 

face was rising, this capillary fringe tended to be smaller! 

conversely, when the water surface was falling, the capillary 

fringe height was larger. The effect of this appeared to be 

small near the crests and troughs of the wave, but elsewhere 

during the wave cycle some error was due to this capillary 

rise. Visual observations of the capillary effect indicated 

that the maximum magnitude of the error was definitely less 

than + 0.10 inch. Wetting of the wires reduced the capillary 

effect to a certain extent.. 



An investigation of the wave gauge records revealed that 

the capillary fringe resisted moving up the previously unwetted 

sections of the platinum wires for the first waves from a wave- 

train reaching the probe. The third wave crest of any appreci¬ 

able size was almost invariably the highest crest in the whole 

wavetrain, so the severe capillary fringe drag which occurred 

on the unwetted wires was unobserved after the passage of the 

third wave crest. 

The performance of the test frame and force-measuring de¬ 

vice supporting the test pile was satisfactory for the series 

of tests performed for this thesis. The response of the system 

to the calibration static load tests was highly repeatable; 

variance in response to the static load tests was ascribed to 

pulley friction in the load applying device. The dynamic re¬ 

sponse of the force-measuring unit was assumed identical with 

the static response of the unit, since no suitable means for a 

dynamic calibration was available. The force-measuring unit 

was very stiff; when large impulsive loads were applied to the 

unit in order to determine its natural frequency of vibration 

in air, the vibrations of the system were undetect ibis by the 

■unaided eye. 

Some wave reflections from the test pile were observed. 

These reflections were- quite small for the waves of low steep¬ 

ness utilized in the tests. In addition, since the reflections 

from the pile were propagating radially outwards, their height 
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decreased as their distance from the pile increased. Small waves 

were also reflected from the probe holding the two sensor wires 

for the wave gauge. These effects can easily be seen in Figure 

30. These reflections from the pile were not abnormal phenomena, 

but they did affect the wave gauge reading to a slight extent. 

The waves in Figures 30 through 33 were steeper than those used 

in the test series, but the periods in all cases shown were about 

1.5 seconds. 

Accuracy of Measurements: 

The following errors give the estimated limits upon the pre¬ 

cision of the measurements made for this investigations (l) wave 

periods were known within + 2$, (2) wave heights were known with¬ 

in perhaps + 4$ at the wave gauge probe, and (3) wave forces were 

known within about + 256. The scatter of the wave force measure¬ 

ments was due to round-off error and inaccuracies induced by the 

use. of the calibration curves for the force-measuring unit. Thus 

the wave force measurement error probably obeyed the normal dis¬ 

tribution laws. The scatter of the wave height and period measure¬ 

ments was primarily due to reflections from the test pile and ab¬ 

sorber battery. Therefore the wave height and period scatter did 

not obey the normal distribution laws. 

Waveforms: 

All of the waves examined for this investigation displayed 

wave profiles that were approximately trochoidal in character. 
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Figure 30. Wave action around the test pile, rearview. Note the 

reflections from the test pile. 

crest, rear view. 



Figure 32. Closeup of wave action around the test pile 

Figure 33. Closeup of wave action around the test pile 



For this reason, the surface was better described by the second- 

order Stokes theory than by the Airy theory. 

The data given for each test wave considered include the 

initial wave crest height, the trough height and time of occur¬ 

rence, and the wave heights for t = 0.25*T and t * 0.75*>T. This 

information may be used to give some idea of the regularity of 

the test wave form. 

The waves measured for the tests exhibited some slight ir¬ 

regularities of various kinds, but these irregularities were not 

highly significant in their effect on the experimental accuracy. 

The apparent periods of consecutive waves in the individual wave- 

trains considered in this thesis varied by a maximum of 3.7$ from 

each other; in most cases, the variation was 2$ or less. The 

variations in apparent periods could be ascribed to several possi¬ 

ble causes, most of which, undoubtedly occurred simultaneously. 

Irregular flap response to wavemaker control signals probably 

occurred as a result of the oscillations of the water column be¬ 

hind the flap. This behavior would have resulted in the produc¬ 

tion of waves of different periods. Such waves would propagate 

at different rates. For such behavior, the waves would not be¬ 

have as discrete units; rather, some modification of waveforms 

would result from interaction between adjacent waves. 

The use of apparent wave periods measured from the wave 

record, rather than some average wave period computed for an en¬ 

tire wavetrain, is a controversial point. Little definite infor- 
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mation was available for rectifying the question of what the 

wave period should he taken to be. Accordingly, the period 

was assximed to he the apparent measured period. It was assumed 

that interactions between adjacent waves with slightly differ¬ 

ing periods would not produce intensive modifications in the 

wave behavior in the distance between the flap and the test 

pile. The distance the wave propagated before reaching the 

test pile was approximately 10 wavelengths for the 1 second 

wave and 5 wavelengths for the 1.5 second wave. The inter¬ 

actions between adjacent waves of slightly different periods 

could also account for the variations in the wave crest and 

trough heights measured. 

The occurrence of -the long waves propagating in the tank 

concurrent with the primary wave train contributed somewhat to 

shifts in the apparent wave periods measured. In addition, 

some portion of the primary wavetrain was reflected back into 

the tank, though at considerably reduced amplitude, thereby 

contributing further to apparent period variations. Reflec¬ 

tions from the test pile also produced aberrations of the 

water surface from that of the wave if the pile were not pre¬ 

sent. However, the reflections from the pile should have been 

rather regular.in character, so that they would be expected to 

occur at approximately the same phase angle with respect to the 

primary wave motion at all times. The presence of the pile al¬ 

so acted to constrict the flow between the pile and the tank.wallj 

this effect was not taken into account theoretically, but pre- 
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sumably -was quite small, since the wave gauge sensors were located 

27.4 inches (nearly 4,pile diameters) laterally from the axis of 

the test pile. This, again, should have been a consistent ef¬ 

fect, occurring with the same phase relationship to the primary 

motion for all waves of similar periods. 

Some small error was induced into the measurement of wave 

periods by visually locating the extreme of the variations in 

the water surface level on the wave gauge record. In addition, 

there was a negligible error produced by the failure of the re- 

corder device to move the photosensitive paper at a constant 

speed past the galvanometer beams. 

Most of the deviant behavior of the test waves appeared to 

be due to the long waves and other reflected waves superposed on 

the primary wavetrain. The presence of the long waves seems to 

offer the most likely explanation of the variances in the measur¬ 

ed wave heights and periods. The dissymmetry of the waveforms 

also appears to be attributable to waves frequencies other than 

that of the primary wavetrain. The capillary fringe behavior 

around the wave gauge sensor wires also was responsible for ap¬ 

parent wave dissymmetries and possibly also apparent variations 

in the measured wave periods. 

Unfortunately, a Fourier analysis was not made of the mea¬ 

sured wavetrains, so that the periods and amplitudes of the 

spurious waves were not known. The long waves may have been 

higher harmonics of the primary wave frequency. The long waves 
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were propagating in "both directions in the tank, hut it is un¬ 

known -whether or not standing waves were produced. The long 

wave fronts were not normal to the tank axis."' 

Figure 27 shows a dimensionless plot of one of the test 

wave profiles versus a cosine or Airy wave profile; Figure 28 
' 

shows a dimensionless plot of the same wave profile versus 

that of a second order Stokes wave. The second order Stokes 

wave profile fits the wave in Figures 27 and 28 fairly well, 

particularly during the first half of the wave cycle, when 

the surface profile actually measured is almost identical to 

that of the Stokes model. The agreement between the, second 

order Stokes profile and that of the measured profile is not 

quite as good for the second half of the wave, particularly 

from t = O.85*T until t = T. 

The superposition of the wave surface profiles was achieved 

in Figure 28 by 'shifting the effective still water surface of 

the second order Stokes wave upward an amount 0.035 *H = O.087 

inches. The upward shift was made with the assumption that a 

long, low amplitude wave with positive height (at the same time 

as the Stokes wave was passing the pile) was propagating past 

the pile. 

Wave Forces: 

The magnitudes of the wave forces acting on the test pile 

were dependent upon the water particle motions; in particular,' 

the water particle acceleration was important. The water par- 
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tide motions -were deduced from the -water surface profile record, 

since prediction of the water motions was a "boundary value prob- 
/ 

lem. Hence, uncertainty or inaccuracy in water particle motion 

prediction implied uncertainty in wave force prediction. 

The maximum wave forces on the test pile were almost en¬ 

tirely inertial forces, as expected for "large" piles. Fig¬ 

ure 29 shows a plot of measured wave force and predicted se¬ 

cond-order Stokes wave inertial force versus time. The pre¬ 

dicted Airy wave inertial force would her sinusoidal and would 

display almost the same maximum amplitude as the Stokes wave 

inertial force. The mass coefficient was the mean of the two 

determined according to the test procedure outlined in this 

thesis. The second-order Stokes wave inertial force more 

nearly approximated the wave force measured than did the Airy 

inertial force. This was expected, since the Stokes wave pro¬ 

file also more closely matched the measured profile than the 

Airy wave. 

Some phase shift is apparent between the two curves shown 

in Figure 29 • The reason for this phase shift is not known; 

the wave gauge sensors were definitely located during the tests 

in a plane transverse to the wave tank axis and containing the 

axis of the test pile. Perhaps part of the phase shift was 

due to the spurious long wave fronts not being perpendicular 

to the wavetank axis, resulting in the wave gauge experiencing 

a water surface profile record different from that seen by the 
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test pile. However, this was a small effect and could not have 

accounted for all of the phase shift. 

In addition to the inertial force, some small drag force 

acted on the test pile near the wave crests and troughs. How¬ 

ever, it was impossible to make an accurate estimate of the drag 

force (and, therefore, also the drag coefficient) because of the 

phase shift between the actual, and the predicted forces. 

The behavior of the predicted inertial force and the mea- 
I 

sured force were, for the wave in Figure 29, basically the same 

except for the phase shift. The measured force was fairly con¬ 

stant near the wave quarter points for the wave of Figure 29; 

thus, in spite of the phase shift, only a small error was pro¬ 

duced in the calculations of the mass coefficients by either of 

the two wave theories used. 

For the other waves considered for this investigation, the 

phase, shifts of the maximum measured wave forces from the pre¬ 

dicted maximum inertial forces were of varying magnitudes, but 

were such that the measured wave force peaks led the theoreti¬ 

cally predicted wave force peaks. The presence of this phase 

shift was not an important consideration except to the slight 

extent to which it affected the computation of the mass coeffi¬ 

cient . 

Most of the scattering in the measured values for the maxi¬ 

mum wave forces appeared to be due to irregularities in the wave- 
.1 

train which caused dissymmetric waves and therefore dissymmetric 



water particle accelerations. For example, most of the waves in 

DATA SET HI were distorted from the Stokes profile so that the 

troughs occurred prior to the midpoint of the wave. For most 

of-these waves, the mass coefficient (a fairly accurate indi¬ 

cator of the magnitude of the local relative maximum measured 

wave force) was somewhat larger than the mass coefficient ob¬ 

tained for the quarter point following the wave trough. The 

likely cause of this, as mentioned before, was the presence of 

the long waves superposed on the primary wavetrain. 

Other factors which acted to cause variance between the 

wave forces measured for the two quarter points of the indi¬ 

vidual waves were differences in wetted pile length at the 

quarter points and the presence of turbulence around the pile. 
i . 

The effect of the former was essentially negligible, while the 

effect of the latter is unknown. Another possible effect which 

could have contributed to the variance of the two maximum wave 

forces measured during the wave cycles was the occurrence of 

surface-induced wave forces. (9). The surface-induced forces 

are more severe for steep waves; the test waves were not steep. 

The surface-induced forces theoretically are zero at the crests, 

trough, and quarter points of an Airy wave. 

Some assumptions were made in the theoretical treatment of 

the water particle motion, but the magnitude of error induced 

in the wave force predictions due to these assumptions was small 

compared to possible errors from other sources. The wavelength 
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was taken to be the deep-water wavelength. For the waves with 

periods of approximately one second, the error due to this as¬ 

sumption was strictly negligible; in the case of the waves 

with periods of approximately 1.5 seconds, the deep water wave¬ 

length was approximately 0.2$ longer than the actual wavelegth 

according to both wave theories used for this investigation. 

This deep-water approximation introduced very small errors into 

the computation of the water particle accelerations, velocities, 

and wave surface profiles for the approximately 1.5 second 

waves. The wavetrains were assumed to have been generated ir- 

rotationally and the wave equations were assumed to be valid. 

The force expected on the unsupported end of the test pile was 

assumed negligible; this was an insignificant source of error. 

The value of the mass coefficient given for a cylinder 

with a circular cross-section in Lamb (l) is 2. Lamb's value 

of CJJ = 2 was obtained by considering one -dimensional pile mo¬ 

tion through an infinite non-viscous fluid. Potential flow was 

used to describe the flow field around the cylinder. The fluid 

in which the test pile was immersed was viscous, so that there 

was some boundary layer around the test pile. It is not known 

whether vortices or other turbulent effects modified the flow 
. 1 

patterns around the test pile significantly from the idealized 

potential flow case. Certainly there was some likelihood of flow 

modification due to turbulence. 
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Waves were reflected from the test pile, so that addi¬ 

tional forces, unaccounted for in a totally submerged pile, 

were acting on the pile. 

The mean mass coefficient computed for the second order 

Stokes model of the test waves was 2.04; for the Airy wave 

model, the mean mass coefficient was 2.03* The root-mean- 

square of the deviation of the measured mass coefficients for 

the Stokes wave model was 0.08. The corresponding value ob¬ 

tained for the Airy wave model was virtually the same as for 

the Stokes wave model. Thus the scatter for the measurements 

of the, mass coefficient was relatively small, indicating that 

the effects of wave dissymmetries and wave period estimates 

were not highly deleterious sources of error. Because of 

the undefined nature of the long waves propagating in the 

tank, no corrections were made for the presence of the long 

waves. For this reason, the normal distribution laws do not 

pertain to the error distribution of the computed mass co¬ 

efficients. The scatter of the measurements for the mass 

coefficient was quite small compared to the results obtained 

by some investigators for small piles in the ocean. (Wiegel, 

p. 261). However, the ocean is far from being a carefully con¬ 

trolled laboratory. 

The location of the resultant maximum predicted inertial 

wave force and the wave force measured at the same time were 
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quite close. The measured location of the resultant force was 

deeper than predicted. For the waves of DATA SET HI, the re- 

suitant force at the first quarter point of the waves acted 

farther below the still water surface than the resultant at 

the three-quarter point of the waves. This effect seemingly 

was the result of the long waves propagating in the tank. 

Since the test waves were deep water waves according to 

the criteria that, for d/L > 0.5, the water is deep, while the 

long waves were intermediate water depth waves with 0.005 < 

d/L <0.5, a slightly different type of force distribution 

Occurred for the long waves. (Kinsman, p. 132). In addition, 

the decay of the long wave fluid particle accelerations with 

depth was less rapid than with the primary waves, so that the 

resultant inertial force therefore acted farther below the 

water surface, for the cases measured, than if only the pri¬ 

mary wave were propagating in the tank. This was the probable 

cause for the discrepancy between the predicted location and 

the measured location of the resultant inertial force. It 

therefore appears reasonable to assume the water particle ac¬ 

celerations for the primary wavetrain were distributed as the 

second-order Stokes theory predicted. 
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CONCLUSIONS 

1. The wave force on circular piles with diameters large 
i 

with respect to incident wave height is primarily an 

inertial force. 

2. The mean mass coefficient obtained from the test series 

was Cw = 2.0k. This value was obtained with the use 

of a relatively accurate second order Stokes solution 

of the wa-ye equation. The root-mean-square deviation 

from the mean mass coefficient was 0.08. 

3. The resultant force, acted on the test, pile slightly far- 
t’ • 

ther below the free water surface than predicted by 

theory. This effect is thought to be due to the pre¬ 

sence of small perturbations due to long'waves in the 

primary wavetrain. 

k. The measured total wave force exhibited magnitudes and 

timewise behavior similar to the predicted inertial 

wave force, but the measured total wave force occurred 

before the predicted time, due to a phase shift between 

the measured and the predicted force behavior. 

I 

5. The "L”-shaped wave tank performed very efficiently in re¬ 

ducing reflections of the waves from the end wall of the 
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APPENDIX I 

Calculation of Airy wave and second order Stokes wave profiles 

1 FORMAT (3F7.4) 

2 FORMAT(34H 0 TIME HA A HS S) 

3 FORMAT(6F13*6) 

4 READ 1* T *HC*HT 

8 PUNCH1♦T*HC*HT 

9 PUNCH2 

P=3.14159 

G=32*16 

H=(HC+HT)/12. 

WN=4.*P*P/G/T/T 

D051=0*40 

V= I 

0=V*.05*P 

HA=H/2**COS(Q) 

A=C0S(Q) 

HS=HA+WN*H*H/8.*COS(2.*Q) 

S=A+WN*H/4.*C0S(2.*0) 

0=T*.025*V 

HA=HA*12• 

HS=HS*12. 

5 PUNCH3*0*0»HA»A»HS*S 

GOT 04 

6 STOP 

7 END 



APPENDIX II 

Calculation of parameters for Airy wave. 

1 FORMAT (F10.4* F10.8* F10.6* FlO.Of F10.6) 

2 FORMAT (49H PERIOD DRAG MASS REYNOLDS WAVE NO.) 

3 FORMAT (1H ) 

4 PUNCH 2 

5 PUNCH 3 

6 PUNCH 3 

P=3•14159 

D=7•/12 • 

A=P/4.*D*D 

G=32•16 

DNS=1.934*32.16 

DO 10 I=0 »1 

V= I 

PL=-4.75-V*.778 

DO 10 J = 0 ♦ 136 

Z = J 

T=.9+2*.005 

WN=4.*P*P/G/T/T 

C1=DNS*D/16.*(1.-EXP(2#*WN*PL)) 

C1=C1/144• 

C2=-DNS*A/2.*(1.-EXP(WN*PL)) 

C2 = C2/12• 

R?r 14700 • / T 

WN=WN/12. 

10 PUNCH 1, TfClfC2fRfWN 

3 STOP 

9 FND 



APPENDIX III 

Calculation of parameters for second order Stokes wave 

1 FORMAT(3F6•3) 

2 FORMATtF6.3.2F7.3.F9.4»F8.5*F8.4*F10.5) 

3 FORMAT(3H T♦5X.2HPL♦6X.1HH.5X.2HRD.7X.23HRD/WL WL 

14 FORMAT (2F11.4.F8.5.F10.7.F9.5) 

15 FORMAT (7X.19HFFI RD STOKES HS»6X.JHF/CM.7X.4HRDSQ) 

18 FORMAT(1X) 

4 RFAD1♦ T *PL * H 

H=H/12. 

G = 32.13 

P=3.14159 

DN=1•9 34*G 

A=49./144.*P/4. 

WL = G*TtT/(2.*P) 

WN = 4.*P*P/(G*T*T) 

RD = (WN*PL*EXP(-WN*PL>/(l.-EXP(-WN*PL))-l.)/WN 

IJZ = RD/WL 

VC=1. 

DO 40 M=1»360 

YR=M—1 

YR=YR*P/600. 

PS3=COS(P/2.-YR) 

HS=H/2.*PS3+WN»H*H/8.*(2.*PS3*PS3-1.) 

BG=HS*EXP(WN*HS)+PL*EXP(-WN*PL) 

BH=EXP(2.*WN*HS)-EXP(—2.*WN*PL) 

BI=EXP(WN*HS)-EXP(-WN*PL) 

SN1=SQRT<l.-PS3*PS3) 

SN2=2.*SNl*PS3 

UB=-DN*A*H/2. 

U1=BI#SN1 

U7=3.*WN»H/EXP(2.*WN*(PL+.772) ) 

t)=$N2*U7*BH 

l)2=WN*WN*H*H/2./EXP(2.*WN*(PL+.772))*SN1 

P SHIFT) 



APPENDIX III, continued 

U3«U2* < EXP I 3 . *WN*H$} -EXP f -3 . *WN*PL 1 ) 

FFI=UB*(U1+U-U3) 

IFfABSCFFIJ-ABSfVCjI 41»41t40 

40 VOFFI 

41 YR=YR*180./P 

RDS=(BG/BI1-1•/WN 

H5»-WN*H*H/8• 

DU=FXP C m*HS) -EXP I -WN*PL 1 

DV=EXP(3.*WN*HS)-EXP(-3.*WN*PL) 

FC=UB*(DU~WN*WN*H*H/2•/EXPf 2.*WN*f PL+•772 J1*DVJ 

RDSO = (HS*EXPfWN*H$)+PL#EXP(-WN*PUJ/DU-l./WN 

HS=12.*HS 

7 PUNCH 3 

8 PUNCH 2 # T»PL*HtRD*UZ*WLtYR 

16 PUNCH 15 

12 PUNCH 14, FFI*RDS*HS*FC*RDSQ 

17 PUNCH 18 

GOTO 4 

5 STOP 

6 END 



APPENDIX IV 

Calculation of wave inertial force and location of resultant force 

1 FORMAT 13F6.3) 

3 FORMAT(6F9*6 ) 

6 FORMAT nif lHT*8XtlHH*7Xt2HPLi7X»2HCM*6Xf3HC!Ml t 

9 FORMAT f 3X »1HQ *8X §2HC4*7X* 2HC7 »7X * 3HRDF tAX•2HFS§6X t 2HFD J 

12 FORMAT fIXI 

28 FORMAT (2F7.4) 

10 READ ItTiPLtH 

2 READ 28§ CMtCMl 

P=3•14159 

D=7»/12• 

A=P/4.*D*D 

G=32«16 

DN=1.934*G 

H=H/12• 

11 PUNCH 6 

5 PUNCH 3, T*H,PL*CM,CM1 

WN=4.*P*P/G/T/T 

C=-DN*A*H/2«*(1•-EXPI-WN*PL1J 

S=2.*P 

B=1.2*H*H*D*DN/16.*(l.-EXP(-2.*WN*PL)) 

D04I=1»101 

V=I-1 

Q=V*.01 

C4=CM*C*SIN(S*Q) 

C7 = B*COSf S*0)*ABSf COSf S*Q)) 

HI=H*COSfS*Q)/2« 

HS=HI+WN*H*H/8.*COS(2#*S*Q) 

X=1.2*DN*H*H*D/16. 

XI = COSIS*G1*ABS(COS IS*Q1)*(EXP f 2.*WN*HS1-EXPt-2«*WN*PL11 

X2=WN*H*2•♦EXP(-2.*WN*1PL + .7721 1*1 EXP(*»*WN*HS)-EXP(-3•*WN*PL)1 

FD = X*(X1+X2*<CCS<S*G)*ABS(COSC2.*S*Q))+AB5(COS(S*0))*COS C 2»*S*0))) 

UB=-DN*A*H/2 



APPENDIX IV, continued 

U1=SIN(S*Q)*(EXP(WN*HS)-EXP(-WN*PL)) 

U=3.*WN* -l/EXP (2**WN*(PL + .772 ) ) *S I N ( 2• *S*Q ) 

U2=U*(EXP(2.*WN*HS)-EXP(-2.*WN*Pl)) 

U3=WN*WN*H*H/2./FXP(2.*WN*(PL+*772)) 

U4=U3*(EXP(3.*WN*HS)-EXP(-3.*WN*PL))*STN(S*0) 

FS=CM1*UB*(U1+U2-U4) 

RDS=((HS*EXP(WN*HS)+PL*FXP(-WN*PL))/U2*!J-1./WN) 

14 PUNCH 9 

7 PUNCH 3» Q*C4*C7*RDS*FS*FD 

4 CONTINUE 

15 PUNCH 12 

16 PUNCH 12 

17 PUNCH 12 

GOTO 10 

8 STOP 

FND 



APPENDIX V . 

Some of the Fortran computer language symbols are rede¬ 

fined for the different computer programs in Appendices I 

through IV. 

Appendix Fortran Symbol 

I A 

HC 

HT 

WN 

0 

HA 

HS 

S 

Q 

Equivalent Symbol 

2*h . /H 
airy' 

measured crest height of wave 

Measured trough height of wave 

K 

t 

predicted Airy wave height 

predicted Stokes wave height 

2*h 
stokes 

/H 

at 

II D 

DNS 

PL 

WN 

Cl 

C2 

III PL 

DN 

WL 

pile diameter in feet 

Y 

J% 
P 

K 

FD/(
C
D*
h) for Airy wave 

Fj/(C^*H) for Airy wave 

SL 
P 

Y 

L 



Appendix Fortran Symbol Equivalent Symbol 

III WN K 

KD 
** 

UZ VL 

HS 
^stokes wave quarter point 

FFI maximum F_/c.f for Stokes xra.\re 
X M 

KDS dpg when F^ is maximum 

YR angle in degrees hy which maximum 

Fj leads first quarter point 

RDSQ dRg at t = 0.25*T 

FC F_/c„ for the Stokes wave at the 

quarter points 

IV D pile diameter in feet 

DN Y 

WN K 

PL SL 
P 

CM mean of 2 computed mass coeffi¬ 

cients for Airy model of wave 

CM1 mean of 2 computed mass coeffi¬ 

cients for Stokes model of wave 

Q t/T 

C4 F^ for Airy wave 

CT FD for Airy wave (CR - 1.2) 



Appendix Fortran Symbol Equivalent Symbol 

IV HI hairy 

HS 
^stokes 

FD Fp for Stokes wave (C^ * 1.2) 

FS Fj. for Stokes wave 

“Bs BBS 


