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ABSTRACT 

The m a jor objective of the study has been t o investigate i n detail 

the r apidly - varyi ng peak uplift pres sure and the s l owly-varying posi­

tiv e and negative uplift pressures tha t are known to be exerted by 

wav es against the underside of a horizontal pier or platfor m located 

above the still water l evel, but not higher than the crests of the incid e nt 

waves . 

I n a 11two -dimensional 11 l aboratory study conducted in a 100-ft 

l ong by 15 -in . -wide by 2 - ft-dcep wave tank with a horizontal smooth 

bottorn, individu·a lly generated solitary waves struck a rigid, fixed, 

horizontal pla tform extending the width of the tank. Pre s sure tr ans -

ducer s we re nwunted flu sh with the snJ.ooth soffit, or under side, of 

the platfornl.. The location of the transducers could be varied . 

The problem of a d equate dynanJ.ic and spatial response of the 

transducers was investigated in detail. It 'Nas found that unless the 

radiu s of the sensitive area of a pre ssure transducer is s1nallcr than 

about one -third o f the char acteristic width of the pressure distribu­

tion , the p eak pres sure and the rise -time will not be recorded 

accurately. A procedure was devised to correct peak pressures and 

rise-times for this transducer defect. 

The h ydrod ynamics of the flow beneath the p l atforrn a r e de s -

cribed qualitatively by a si1nple analysis , which rel ates peak pressure 

and positive slowl y-var ying pressure to the celerity of the wave front 

propagating beneath the platforin, and re l ates ne gative s l owl y-varying 

pressure to the process by w hich fluid recedes fro1n the platforrn 

afte r the wave has passed. As the \vave front propagates beneath the 
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platfo n n , its celerity increas es to a in a ximu1n, t hen decre a ses . The 

p eak pressur e similarly i nc r eases w ith di stance from the seaward 

edge of the pla tforn1 , then d ecreases . 

Measur e d p eak p res sur e h ead , always found to be l ess th an five 

times the incident wave h e i ght above still wate r l evel ,. is an orde r of 

magnitude l ess tha n r epor t e d shock pressur es due to wave s breaking 

ag a inst vertical wall s ; the p roduct of peak pressure and ri se- tin1e, 

consider e d as peak impulse, is of the order o f 20% of reported shock 

impuls e due to waves breaking a gai nst ve r tical walls . Th e maximum 

measur e d slow ly-varying u plift pr essur e h ead i s approx imatel y equal 

to the incident wave height l ess the soffit clea rance above still water 

l evel. The nor m alized magnitude and duration of n egative pressure 

appears to d epend p r i ncipally on the ratio of soffit clearance t o s till 

water d epth and o n the rati o of platfonn l eng th to still water d epth . 
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CHAPTER 1 

INTRODUCTION 

In a storm, a maritime structure such as a pier or an offshore 

platform may be subject to significant uplift pressures when incident 

waves propagate beneath the platform and in contact with it. On a 

platform whose horizontal underside, or soffit, is situated above the 

still water level, studies by El Ghamry ( 1963) and by Wang ( 196 7) 

indicate that uplift pressures are characterized by an initial peak 

pres sure of .considerable magnitude but of short duration, followed by 

a slowly-varying uplift pressure of less magnitude but of considerable 

duration, and which typically is fir st positive, then negative. 

The slowly-varying pressure may be of concern to an engineer 

considering the structural strength of the platform as a unit. The 

rapidly-varying peak pressure, shown in this study to be distributed 

over only a very narrow portion of the soffit at any given time, may be 

of concern when the strength of individual members of the structure 

is considered, such as the deck timbers in a wooden pier. 

Previous studies, while demonstrating the existence of the peak 

pressure, provided no clear definition of the basic nature, magnitude, 

duration, or spatial extent of the peak pressure, nor of its functional 

dependence on such variables as incident wave height or platform geom­

etry. The major aim of the present study has therefore been to investi­

gate in basic detail the hydrodynamics associated with the uplift pres­

sures on the platforrn, in particular the peak pres sure. 

The expe rimenta l conditions were designed to be s imple, to en­

able the uplift process to b e observed most clearly and t o simplify the 
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analysis of the hydrodynamics of uplift. Therefore the experimental 

study was "two-dimensional," i.e. dependence on the transverse co-

ordinate was eliminated. Tests were conducted in a relatively narrow 

wave tank with a rigid, fixed, model platform extending the full width 

of the tank. The platform had a smooth, horizontal under side, or 

soffit, and a smooth, vertical front face. Uplift pressures on the sof-

fit were measured at numerous locations. 

Previous studies had shown that the peak pressure was a quan-

tity subject to considerable variance. Therefore it was required that 

the incident wave be as reproducible as possible, in order to reduce as 

much as possible the experimental variance in peak pres sure. Other 

requirements were that the incident wave be conveniently representable 

mathematically, and that it be a relevant model of ocean waves in shoal 

water in which piers or platforms are likely to be situated. Therefore, 

the incident wave form chosen was that of the solitary wave propagating 

into still water, for which there are several mathematical theories, and 

which may be considered a relevant model of an ocean wave propagating 

through shoal water. Solitary wave generators designe d and construe-

ted for this study were capable of a high degree of reproducibility of 

wave height. 

In Chapter 2 previous studies of uplift forces on platforms and 

related phenomena are surveyed. In Chapter 3 an analysis is presented 

by which one may predict peak pressures, slowly-varying pressures, 
I . . 

and related phenomena. In Chapter 4 the experimental equipment and 

procedure are discussed, with pa:dicular attention given to the subject 

of dynamic response of the pressure measurement system. In Chapter 

5 a question of spatial response of the pressur e transducers is in-
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vestigated in detail, with a procedure proposed for correcting peak 

pressure data. In Chapter 6 experimental results, including photo­

graphs of the wave profile, are presented, compared with analytical 

predictions, and discussed. Conclusions and suggestions for future 

study are presented in Chapter 7. 

Appendix A contains a list of the notation used. Experimental 

data are tabulated in Appendix B. Appendix C contains a derivation of 

the natural frequency of oscillation of the modified pres sure transduce r 

used in the experiments. 
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CHAPTER 2 

LITERATURE SUR VEY 

2.1 Theoretical Analysis of Uplift Forces on Platforms with Zero 

Soffit Clearance. 

There is a considerable body of literature concerning water waves 

propagating towards a rigid, plane shore having a slope ur. When 

O<trr<-rr /2, the problem is one of waves breaking on a beach; for URrr /2, 

the waves can be considered to be striking a cliff, vertical or over-

hanging; When 1U=1T, there is What has been Called the 11dOCk problem. II 

This family of problems has been collectively treated for the two-

dimensional case by Friedrichs (1948), Friedrichs and Lewy (1948), 

John (1948), and Isaacson (1948); the work has been summarized by 

Stoker (1957). A paper from this collection by Friedrichs and Lewy (1948) 

on the dock problem presents solutions for the flow (and hence the pres-

sure) beneath a flat_, horizontal, semi-infinite dock situated at still 

water level, against which sinusoidal waves of small amplitude propa-

gate from x=+00 • As in all other cases in this family of problems, it 

is shown that there are two standing wave solutions. One solution pre-
' 

diets finite amplitude waves at the seaward edge of the dock (or the 

shoreline, for the beach and cliff problems) and small co sinusoidal 

waves at x=+00 ; the other, with logarithmic singularity at the dock e d ge 

(or shoreline), predicts waves of infinite height there and small sinu-

soi<;lal waves at x=+oo. 
0 

At x=+00 the solutions are out of phase by 90 ; 

the problem is linear and homogeneous, so that the solutions may b e 

combined to represent waves progressing t owards the dock (or the 

shore). Physically, the singularity may b e considered an energy- dis-

sipating device (Stoker, 1957, p . 71), and one may note tha t no progres-
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sive waves bearing energy shoreward are predictable without use of 

the singular solution. 

Heins ( 1948) treated the problem of a dock of infinite width and 

semi-infinite length, where the water was of finit e d e pth and the waves 

not necessar.ily normally incident on the dock. In this cas e , too, there 

is a regular solution, and a solution with a logarithmic singularity at 

the dock edge, obtaine d by differentiating the bounded solution. The 

solutions are presented as infinite series, the terms of which must be 

computed to provide useful results. 

Stoker (1957) discusses the problem of a rig id board of finite 

length and of infinite width freely floating or rigidly fixed on the water 

surface. The channe l is of finite constant depth, and small sinusoidal 

waves approach the board normally. The shallow-water approximation 

is applied, so that variations of flow quantities with depth are neglected. 

For the case of the ri gidly fixed board, the flow beneath the board 

is uniformly horizonta l and sinusoidally dependent on time. The re­

sultant pressure on the board at any given position is sinusoidally 

dependent on time, and at any given time is linearly dependent on dis­

tance. 

2. 2 Related Flow Phenomena. 

The mathematical tre a tments discuss e d above all deal with a 

platform with zero soffit clearance. A positive soffit clearance changes 

the character of the flow in that there is nO<N a line of intersection of 

the free surface with the rigid platform soffit, propagating beneath 

the platform w ith the wave . A sharp upward pressure is imparted to 

the platform at this line, as observe d by the writer as well as by 

El Ghamry (1963) and Wang (1967) (s ee S ection 2. 3) . In the mathe-
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matical treatments discussed in the previous section a free surface 

beneath the platform was not considered, and high peak pressures 

propag ating beneath the platform were not predicted. To study the 

peak pressure, then, one may turn to analysis of other flows which in 

some way resemble the flow beneath a platform, at least in the region 

where peak pressures are generated. 

2. 2. 1 Pressures on planing bodies. 

In his studies on the planing of water craft, Wagner (1932, 1948) 

described the ideal fluid flow near an infinitely wide flat plate planing 

on the water surface at high Froude number. To an observer moving 

with the plate, the steady flow appears to have a stagnation point on 

the underside of the plate which approaches the front edge as the angle 

ofinclinabon of the plate with respect to the still water surface 

approaches zero. Forward of the stagnation point the flow shoots for-

ward as spray. If one is able to determine the velocity distribution 

beneath the plate, the pres sure distribution follows from Bernoulli Is 

equation, with the gravitational term negligible because of the high 

Froude number. Qualitatively, the distribution has a sharp peak at 

the stagnation point,_with the peak pressure simply equal to p u2 12, 

where U is the velocity of the flow at infinity, and p is the fluid den-

sity. The width of the pressure peak increases with the angle of 

inclination of the plate with the still water surface. The pressure 

distribution with its peak is reminiscent of the distribution on a plat-, . 

form with a wave beneath it, and suggests that the pressure peak 

measured on the platform may be considered a stagnation pressure. 
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2. 2. 2 Forces on a v e rtic a l wall. 

Occasionally when a water wave breaks against a v e rtical wall, 

it generates an intense pressure of short duration, which .has often 

been calle d "shock pressure, 11 "impact pressure," or, in French, 

11gifle. 11 Ther~ is always a slowly-varying pressure, or 11bourrage, 11 

upon which the impact pressure is superpose d, if it occurs. There has 

been considerable study o f this problem, in theory and in laboratory 

and prototype experiments (Bagnol d, 1939; Minikin, 1950; D e nny, 1951; 

Ross, 1954; Rundgren, 19 58; Nagai, 1960; Garcia, 1968). The problem 

of waves breaking aga inst walls is not directly related to that of wave 

uplift on platforms, but it is true that both problems deal with w ave 

action on coastal struc tures, and that a prominent feature in both cases 

is the intense pressure peak. 

The first recent work on the wall problem is by B agnold (1939), 

who in labor a tory experiments obse rve d that shock pre ssure s occurred 

only if the wave struck the wall at its precise moment of bre aking . If 

the wave never broke or if it broke before striking .the wall, there was 

no shock, but only the slowly-varying bourr age . 

At breaking , the front surfa ce of the wave was found to lie very 

nearly in a forward-movin g v e rtic a l plane; it was when this near -

v e rtic a l fr ont surface struc k the s o lid wall that shock p re ssur es were 

generated. It happened that the wave would a l so trap a thin cushion of 

air against the w all. 

Bagnold conclude d that (1) the " s h ock p ressures o ccur only when 

the shape of the advanc ing w a vefront is s uch as to e ncl ose an air 

· cushion between i t and th e wall ... they increase in i ntensity w ith 

d ecr easing thickness of the air cushion"; (2) the great variation i n 
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peak pressure observed from wave to wave was due to variation in the 

air cushion thickness, in turn due to random irregularities on the 

water surface; (3) although the peak pressures varied greatly from 

wave to wave, the integral of the pressure-time curve tended to 

approach and not exceed a definite value; (4) the pressure peaks and the 

maximum pressure -time areas were measured only in the part of the 

wall where the air-cushion was formed; (5) in the model experiments, 

peak pressure values never exceeded one-sixth of the theoretical 

"water-hammer" value. The duration was at least ten times the dura­

tion time predicted for "water-hammer"; thus the impact energy was 

apparently absorbed in compression of the air rather than of the water. 

Denny ( 1951) made a statistical analysis of impact pressures and 

impulses. Whereas the pressures appeared to be randomly distri­

buted, Denny, like Bagnold, observed that the impulses tended to 

approach but never exceed a definite maximum value. The ranges of 

values of impulse measured by Denny (1951), by Ross (1954), and by 

Garcia (1968) are compared with uplift impulse in Section 6. 6. 

2. 2. 3 Velocity of, and pressures related to, a propagating air cavity. 

In a theoretical treatment of various aspects of gravity currents, 

Benjamin ( 1968) chose as a convenient fundamental formulation of 

gravity-current problems the case of a void or ai~-filled cavity propa­

gating along the upper horizontal boundary of a liquid-filled region of 

finite depth. This case is approximated by that in which a solitary 

wave has struck a platform, and the liquid is in the process of receding 

from the platform. The expression obtained by Benjamin for the 

cele rity of propagation of the cavity is equivale nt to Equation 3 . 49 in 

Section 3. 2 for the celerity of the wave o f recession b eneath the 
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platform. Benjamin's expression for the negative pres sure on the 

upper boundary is equivalent to Equation 3. 51 in Section 3. 2 for neg­

ative pressure related to the flow at the wave of recession. 

2. 3 Experimental Studies of Wave Uplift Forces on Docks and Quay 

Aprons. 

El Ghamry's work (1963) is to the writer's knowledge the first 

experimental uplift study. The main objectives were: 11 (1) to study the 

nature of forces acting on a horizontal deck under the action of break­

ing and non-breaking periodic waves and for certain geometric con­

ditions, (2) to determine the feasibility of using the existing theories 

in predic~ing the magnitude of these forces, (3) to correlate these 

forces with measurable wave parameters, (4) to study the instantaneous 

pressures at some points along the deck and (5) to provide information 

about the effect of some geometric parameters on the relationships 

betwe e n the induced forces and the wave characteristics. 11 (El Ghamry, 

1963, p. 7). 

The experiments were performed in a wave tank 3 ft deep, 1 ft 

wide and 100 ft long. The dock was 4 ft long and nearly as wide as 

the tank. For the 11non-breaking waves" case, the tank bottom was 

horizonta l beneath the dock, and there was no beach. Ample space 

for air to escape from b eneath the do ck ahead of the advancing wave 

was provided between the dock edges and the t ank walls . For all tests 

the mean water depth was 2. 00 ft. The soffit clearance was varied 

betwe en 0 and O. 20 ft above the mean water leve l. 

To sample local pressures, pressure tr ansducers were installed 

2. 00 ft and 4. 00 ft from the seaw ard edge of the dock. A force-
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meter system built into the two supports from which the dock was sus -

pended enabled total uplift force and moments to be measured. 

For the "breaking waves 11 case a rigid, smooth beach was 

installed, the toe of which was offshore of the front of the dock. The 

dock extended back to meet the beach. For one series of runs ample 

space was again provided at the dock edges; for another series, the 

spaces between the dock edges and the walls and beach were caulked 

to trap the air. 

For the case of no beach and non-breaking waves, the data from 

six consecutive waves were averaged for each test. In comparing his 

results with those of the Stoker analysis already described, El Ghamry 

found the force F(t) to be not a simple sine function but a complicated 

periodic function depende nt on the wave period and the soffit clearance. 

Neither the maxin1um positive and negative pressures nor the durations 

of positive and negative pressures were equal, even for zero soffit 

clearance. He also determined the center of force for the positive and 

negative uplifts, finding them dependent on wave height and on the ratio 

of wave length to platform length. 

With the passage of each wave, the pressure records showed a 

high pulse of short duration, reminiscent of the impact pres sure ex­

erted on v e rtical walls. A slow ly-varying pressure of much less 

amplitude , sometimes positive and sometimes negative, followed the 

impulse, or peak pre ssure. There was much varia tion in the peak 

pressure even when there was little variation in generating conditions. 

The peak pressure head rarely exceeded 2. 5 times the trough-to-crest 

waveheight. 

From examining the waves transmitted shoreward past the dock, 
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El Ghamry concluded that such a dock can be an efficient breakwater if 

of sufficient length and at the proper soffit clearance. For the case of 

breaking waves, statistical analysis of six consecutive waves showed a 

Gaussian distribution of pressure maxima, whether the air was trapped 

or was allowed to escape. The mean peak pressure when air was 

trapped was about twice as high as when air was not trapped, but in 

either case the standard deviation was about half the mean value. The 

maximum recorded pressure head was 17. S times the incident wave 

height. The maximum uplifts had approx imate ly a Rayleigh distribu­

tion. Wher.e there was complete air entrapment, the pressure and 

force records showed only a single impulsive shock for each wave, with 

little or rio slowly-varying part. 

The pressure transducers w e r e modified v e rsions of the Sta tham 

Model 264 TC, with the sensitive dia phr a gms mounted flu s h with the 

dock soffit. According to the manufacturer, this model has a sensitive 

diaphragm 1 /2 inch in diameter. 

El Ghamry made s e v e ral suggestions for future studies. For the 

two-dimensional, or wide -dock, case he sugg este d furthe r tests with a 

variety of dock len gths, different be a ch slopes b e tween l: 10 and 1 :2, 

and different shapes of bulkheads in diffe rent w a t e r d e pths. H e also 

suggested that the instantaneous pre s sure distribution on the d o ck be 

measured, and tha t motion pictures be used to aid flow visualiz ation. 

Furthe rmore, he suggested that three - dimensional studies would show 

the e ffe cts of dock w idth, diffe rent angles of w ave approach, and the 

effe ct of shape of d o ck or platform on uplift p res sure. El Ghamry also 

sugge ste d the e valuation of a w a ve forc e s p e c trum induced on a dock b y 
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incident irregular wind waves, and prototype pressure measurements . 

For purposes of comparison, El Ghamry ' s uplift force and peak pres­

sure d ata are presented in Sections 6. 5 and 6 . 6. 

Wang (1967), noting the presence of peak pressures and positive 

and negative uplift pressures as observed in El Ghamry and in his own 

e xperiments, derived simple theoretical values for peak pressures and 

slow ly-varying pressures generated by standing waves, periodic pro­

gressive waves , and dispersive wave trains. 

To determine the peak pressure he adapted an approximate analy­

sis for the transient force on an immersin g wedge, derived by 

von Karman (1929), in relating peak pressure to the celerity of the 

wave front and to the vertical fluid e l ement velocity in the wave near the 

wave front. 

The slowly-varying pressure head he simply took as the pressure 

in the undeformed wave at elevation s; near the breaker zone, where 

vertical accelerations contribute to the pressure but never exceed the 

acceleration of gravity, g, the pressure head is therefore equal to one 

to two times the local water surface elevation, less the soffit clearance 

(i. e ., the elevation of the platform above still water level). These 

theories predict that the slow ly-varying pressure d e p e nds strongly on 

the soffit clearance, whereas the peak pressure does so to a much lesser 

extent. 

These theories for p e a k pres s ure and slowly-varying pressure 

are applied in the analys is of standing waves, periodic pro gressive 

waves and dispersive waves striking a narrow dock. (It may be note d 

that Wan g ' s is the only s tudy di s cussed here that has d ealt with a 

"three-dimensional" case , w h e r e the d o ck w as n o t c ons ide red to b e 
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infinitely wide.) Wang was not able to compare his predicted pressures 

with experimental results for the standing-wave case, since he knew of 

no such data; for the periodic-progressive wave case he compared his 

theory for peak pressures with El Ghamry's d a ta, and for the disper­

sive wave case he compared his theory with his own data. 

For peak pressures due to periodic waves, the agreement with 

the El Ghamry data was fairly good, considering the large variation 

inherent in peak pressure measurements. The slowly-varying pressure 

maxima due to dispersive waves showed a wide range of scatter, but 

for the most part fell within the predicted range. 

The peak pressures associated with dispersive waves from his 

own experiments correlated poorly with analytical values. Evidently, 

individual data were plotted; if Wang had been able to averag e pressures 

due to several identical wave s, the correlation might w e ll b e bette r. 

Wang made only cursory exa m.ination of the details of the pres -

sure pulse. For 15 waves, the pulse was recorded on an oscilloscope 

at a sweep speed of 10 m s ec. /div. The traces are described as 

"single- or dual-peaked, • • [existing) for a period of 6 to 16 msec. " 

With incident w aveheights of about 0 . 16 ft., Wang proposed the range­

relationship 

t = ( 15 to 40) J1f , 

where t is the pulse duration in milliseconds and H is the waveheight 

in fe e t. 

Two transduce rs w ere used: Consolidate d Electrodyna mics 

Corporat ion resistance -type tr a n s duc e rs w ith a natur a l freque n c y of 

4 k c , a n d a Sus q eh a nna ST-2 piezoel e ctric tr a nsdu cer w ith a n a tural 
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frequency of 250 kc. The signals from the CEC transducer were dis­

played on an oscillograph, whereas the signal from the Susquehanna 

transducer, used to measure the high-frequency components, was dis­

played on an oscilloscope. The sizes of the transducers were not 

indicated. 

· The CEC transducer output was susceptible to temperature shift, 

presenting a problem similar to that encountered by the writer (see 

Section 4. 4). Wang's solution was to build a shallow manifold on the 

upper side of the dock so that water pumped from the basin could be 

circulated around the housing of each transducer. A small clearance 

between transducer and dock allowed the coolant to leak down to the 

transducer face as well. Before an experiment was begun, the water 

was circulated continuously around the pier for at least two hours to 

bring pier and instruments to the same temperature as the water in 

the basin. Despite this precaution there was still a small temperature 

shift in the record which was minimized by an appropriate data re­

duction procedure. 

Wang's peak-pressure data are compared with the writer's data 

in Section 6. 6. 

Furudoi and Murata ( 1966 ) studied experimentally the total uplift 

force on a horizontal platform extending seaward from a vertical wall. 

It is notable that only sharp impulses a nd no slowly-varying forces 

were measured, similar to what El Ghamry observe d for breaking 

waves with complete air entrapment beneath a platform. Ind eed, the 

major diffe r e nce b etween the two experiments was that Furudoi and 

Murata h a d a vertical wall adjoining the platform, whereas E l Ghamry 
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had a sloping beach. The average pressure h~ad on the platform was 

from 1 to 8 times the incident wave height. 

An empirical formula derived from the laboratory data relating 

uplift force to incident wave height and soffit clearance was found to be 

in fair agreement with some hindcasted prototype data. 

2. 4 The Solitary Wave. 

LaITib (1945, p. 423) defines the solitary wave as 11a wave con­

sisting of a single elevation, of height not necessarily small compared 

with the depth of the fluid, which, if properly started, may travel for 

a considerable distance along a uniform canal, with little or no change 

of type. 11 Stoker (1957, p. 342) adds the condition that the form be 

symmetric. 

The history of experimental and theoretical study of the solitary 

wave is give n by Ippen and Kulin (1955) and by Laitone (1963), and so 

will be only brie fly discus s ed here . Study of the solitary wave b e gan in 

1834 when J. Scott Russell (1844) observed a single intumescenc e prop­

agating with constant form along a canal, gene rated when a v olume of 

water impounded by a lock was suddenly r e leased to the canal. Of the 

many theoretical studies of the solitary wav e, three are m e ntioned 

here, and are compa red with experimental results in Section 6. 1. The 

analysis of Bou ssine sq (1872) is the earlie st know n to the w rite r. 

McCowan's ana l y sis (1891) h a s b e en a d apted by Munk (1948) and applied 

to the analysis of surf. Lai tone's study ( 1963) is one of the most 

rec e nt. H e obtaine d the first and s e c o nd approx ima tions to solitary 

wav es and c noid al waves by carrying out to fourth o r der the shallow ­

w a t e r exp ansion method of Fri edrichs (1 9 4 8 ) a nd Kelle r (1 948). The 
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first approximation to the solitary wave is identical to the expression 

developed by Boussinesq (1872); the second approximation is that pre­

sented in Table 6. 1. 

Keulegan ( 1948) developed a theoretical expression for the de -

crease of amplitude of a solitary wave due to energy dissipation in the 

boundary layer. In Section 6. 1, the expression is compared with 

experimental values of amplitude decay measured in a study by Ippen, 

Kulin, and Raza (1955), and in the present study. 

Daily and Stephan (1952) studied the solitary wave experiment ­

ally, using a l 6t in. wide channel with a horizontal smooth bottom, 

with undisturbed water depths between O. 2 and 0. 4 ft. They concluded 

that the celerity relationship derived empirically by Russell (1844) 

and analytically by Boussinesq (1872), Rayleigh (1876), Korteweg and 

de Vries (1895 ), and others is adequate for practical applications , but 

that the theoretical celerity is somewhat greater than the observed 

celerity. They found the experimental profile to be closely approxi ­

mated by the formula of Boussinesq (1872). The data of Daily and 

Stephan for celerity and wave profile are pre sented in comparison with 

data from the present study in Section 6 . 1. 

Perroud (1957) measured profil es of waves in a uniform channel, 

finding them well represented by the profile derived by Boussinesq 

(1872). However, waves in a channel w ith converging side walls h ad 

profile s that wer e relativel y wider than the Boussinesq profile, and 

no longer symmetric . 

I pp en, Kulin, and Raz a ( 19 5 5 ), in their study of damping char ac -

teristics of the solitary wave, found that the formula for amplitude 

d ecay derived by Keulegan ( 1948) accurately predicted amplitude decay 
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only for a ratio of wave height to still wafer depth of about O. 4. For 

lesser values, the formula predicted lower rates of decay than 

measured; for greater values, the formula predicted a greater rate 

of decay than was measured. The data of Ippen, Kulin, and Raza 

(1955), along with that of the present study, are compared with the 

Keulegan formula in Section 6. 1. 

In Chapter 1, a reason stated for the choice of the solitary wave 

as the experimental incident wave was that the solitary wave is a 

relevant model of an ocean wave in shoal water. Munk (1948) reasoned 

that the solitary wave would be a suitable model for the theoretical 

study of surf problems. He noted that whereas periodic waves in deep 

water can be characterized by the . ratio of wavelength to water depth 

and by wave steepness, waves in shallow water have narrow crests 

separated by wide troughs, wher e , as with solitary waves, the 

character of the isolated crests depends strongly on the ratio of wave 

height to water depth, rather than on wave length. 

Use of the solitary wave theory was further prompted by 11an 

obvious resemblence between the theoretically derived wave profile 

and the observed profile in the region just outside the breaker zone 11 

(Munk, 1948). 

Munk applied the solitary wave theory, as developed by Mc Cowan 

(1891), to the for e casting of breake r characteristics, wave refraction, 

longshore currents, and rise in the sea surface caused by onshore 

wave momentum. Laboratory and field observations, while show ing 

considerable scatter, gave 11the overall impression ..• that the 

s olitary wave theory provides a useful tool for the s tudy of var ious 

surf phenornen a 11 (Munk, 1948). 
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2. 5 Solitary Wave Generators. 

In the literature there are several different methods described 

for generating solitary waves, but all designs may be classified as 

being of either the "plunger type" or the "piston type. 11 11Plunger 

type 11 wave generation usually consists of a body of finit e displacement 

being driven down through the free water surface, then kept in an im­

mersed or partly-immersed position. "Piston type" generation 

usually consists of a flat vertical plate being driven along the tank in a 

single finite _ stroke, then kept in its advanced position. In either case, 

a finite volume of water is di splaced at one end of the tank, and there 

results a solitary wave travelling away from the generat or , trans­

porting a volume of water equal to the volume originally displaced by 

the generator. 

The ideal wave gene r ator would displac e water in precisely the 

same manner as a fully-developed solitary wave does as it propagates 

along a channel. Several methods have been used to move the piston or 

plunger in as ideal way as possible. Usually the best design efforts 

fall short of perfection, however, in that the wave generated, while in 

it~elf possessing most of the symmetry, form, and permane nce attri­

buted to the ideal wave, is followe d by a tr ain of parasitic wavelets. 

Ofte n a cut-off gate i s i nstalled near the generator to r emo ve the para­

sitic wavelets : the gate i s r a ised to l et the major wave pass, then 

quickly lowered to cut off the follow ing wavel e t train. 

Caldwell ( 1949) us e d plunge r type genera tor consisting of a 

rectangula r flo a ting body hinged a long one side to the end wall of the 

tank. The other side of the body c ould b e pulle d d ownward b y a ch ain, 

connect ed by pulleys t o a cam f o llower . The accompanying motor-
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driven cam. was cut so that the rate of displacement of water by the 

body approximated the rate of horizontal displacement in a fully­

formed solitary wave. A cut-off gate was used to remove the para­

sitic wavelets. Romita (1954) evidently generated satisfactory solitary 

waves simply by pushing a piston by hand, and by using a cut-off gate. 

Because of the human factor, one could obviously not expect a high 

degree of reproducibility. Hall and Watts (1953) used a piston driven 

by a falling weight, acting through a mechanical linkage. A fair 

degree of reproducibility was claimed. Perroud (1957) used a piston 

driven by an electrically released fallin g weight. The weight and 

stroke were adjustable. Reproducibility of wave height was within 4%. 

A procedure followed by Daily and Stephan (1952), Ippen and 

Kulin (1955), and Ippen, Kulin, and Raza (1955) was to drive a piston 

by impounding a quantity of water in a reservoir behind it, then sud­

denly releasing it to surge against the piston and drive it forward. 

A more sophisticated device is an hydraulically driven piston 

controlled by an electric servosystem. Such a system provides for 

greater reproducibility than is available with manual or water-driven 

systems, yet there is no constraint on the form of the input displace -

ment function, and the stroke amplitude may be varied. In the wind, 

wate r-wave research facility at Stanford University (Hsu, 1965), the 

electrohydraulic system is programmed to drive the piston as 

x = tanhwt, in close approximation to the water particle displacement 

as predicte d by the Boussinesq solitary wave the ory. 
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CHAPTER 3 

ANALYSIS 

In Chapter 3 a first-order analysis is presented to predict and 

-
explain the transient hydrodynamics of a solitary wave striking a 

horizontal pla tform . Simplifying assumptions and the conditions neces-

sary for valid application of each part of the analysis are set forth 

here. In Chapter 6, where the analysis is compared with experimenta l 

results, the validity of each simplifying assumption is examined. 

The two-dimensional case studied consists of a fluid-fill ed 

region above w hich is suspended a rigid platform. The plane y = 0 

repres e nts the rigid, horizontal bottom of the channel. The fluid-

filled region extends from x = - co to x = + ro and has a local depth d + T\, 

where d is the still water depth and T\ is the local e l evation above still 

water level. The platform, whose flat horizontal soffit h as a 

clearance s above the still-water l evel, or d + s above the tank bottom, 

extends from x = 0 at its seaward end to x = + ro. (The effect of the 

shoreward end of the platform is thus not t o be considered . ) 

Initially, a solitary wave approaches from x = - ro (Figure 3. 1a) . 

If the wave h as a height H greater than the soffit clearance s, the wave 

will strike the platfo r m at its seaward e nd, i.e. at x = 0 (Figur e 3. 1b). 

A transmitted wave disturbance then continues to propagate b eneath 

the platform in the + x dir ection, and a reflected wave train pr op agates 

in the - x direction from x = 0 (Figure 3 . . 1c). 
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--SEAWARD SHOREViARD -,-s-

----u 0 l//J'~1;~~~luu////kJ/// 
$ 

Figure 3. la. Solitary wave approaching the platform. 

~SEAVJARD SHOREVJARD -e-

Figure 3. 1 b. Wave striking the platform. 

_,__ SEAVvARD SHOREVJARD-t-

Figure 3 . le. Reflected and tr ansmitted waves . 
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3. 1. General Considerations 

The analysis that follows may depend on one or more of the 

following assumptions: 

1. The form of a free surface wave profile remains 

approximately constant, i.e. the propagation celerity 

is the same for all locations on the profile at a given 

instant, although the celerity may change with t ime. 

A mathematical expression of this assumption is: 

au (t) _ ax-- 0, 

where U is the wave c e lerity. 

2. The effects of surface tension, air entrainment, 

and viscous boundary shear str e ss are negligible. 

Vorticity is negligible, except in areas of concen-

trated energy dissipation, such as an hydraulic 

jump. 

3. The horizo n tal fluid velocity b eneath the seaward 

edge of the platform, and the water surface elevation 

at the seaward edge, are approximately the same as 

for the case when there is no pla tform pre sent. 

(3. 1) 

The surface elevation may be expressed as T\ = T\ (x - Ut), indi-

eating that a water wave is propagating in the + x direction with celerity 

U . The total time derivative is zero: 

(3 . 2) 
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It should be stated with reference to Equation 3 . 2 (and to Equation 3. 18 

which is to appear later) that the operation :t = :t + U ix denotes the 

time rate of change of a quantity measured at a position fixed with 

respect to an observer moving with the wave at celerity U . 

In the following analysis, the familiar hydrodynamic differential 

equations are used. The equation of continuity is: 

au+ av= 0; 
ax oy 

the equation of motion in the x-direction is : 

au+ u OU + v OU +~ oP = O· ot ax oy p ax , 

the equatio n of motion in the y-directio n is: 

ov + ov ov 1 8P O· at u ax + v oy + p oy + g = ' 

and the equation o f vorticity is: 

OU av 
oy - ax = o. 

(3. 3) 

(3. 4a) 

(3. 4b) 

(3. 5) 

Equatio ns 3. 4 and 3. 5 are subj e ct t o the assumption that the e ffects of 

viscosity, surfa c e ten sio n, a n d a ir e nt r ainrn e nt are ne g lig ible. Equation 

3. 5 violate s this a ssumption in area s of concentra t e d energ y di ssipa tion, 

suc h as a n hydraulic ju-m p . The p re s s u re a t the free surface i s t a k e n 

to be e qua l to ze ro . 
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When Equation 3. 5 is substituted into Equations 3. 4, the latter 

may be integrated to give the familiar Bernoulli equation: 

2 2 
P + u + v + + 8cp = F (t) p 2 gy at , (3. 6) 

where cp is the velocity potential and F is a function dependent on t 

alone. The Bernoulli equation is applicable only where Equation 3. 5 is 

val id; i . e . for irrotational flows. 

STILL V/ATER LEVEL 

---.------d y v 
Lu 

x' BOTTOM x" 

Figure 3. 2. Generalized region of integration. 

It will be convenient to use an integrated f o rm of the equation of 

continuity. If Equat ion 3. 3 is integrated over the region shown in 

Figure· 3. 2 bounded by vertical planes at x' and x 11
, by the horizontal 

bottom at y = 0, and by the free or bounded upper surface at y = d + T), 

one has: 
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rllr + T\ 
(~~ + ~;)dy dx = o. 

x' o 

(3. 7) 

Leibnitz' formula for the differentiation of integrals (see Bronwell, 

1953, p. 110 or other mathematics texts) is: 

a.2 
dF(a.,u) = _!i_( f( ) d = 

du duJr x,u x 
a.1 . 

of(x, u) au dx, (3. 8) 

wher e F (a, u) is differentiable and where the limits a.1 , a 2 are functions 

of u . When the formula is applied to the first term in Equation 3. 7, 

and when the second term is integrated, Equation 3. 7 becomes: 

x" d + T\ 

~}-:x L udy _ u Q.!l + vsl dx = 0, 
s 0 x _\ 

(3 . 9) 

where the subscript () indicates a value on the upper surface. The s 

kinematic free surface condition (Milne-Thomson, 1960, p. 390) is 

(3 . 10) 
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When Equations 3. 10, and then 3. 2, are substituted into Equation 

3. 8, one obtains: 

(1 
x' 

U 011 + o 
ox 8x 

t + r, u d y J dx ~ 0. 

jo 
(3. 11) 

Since it is assumed that at a given instant U is independent of x in the 

region of integration, Equation 3. 11 may be integrated to: 

d + 11 x" [t u d y - UT! ] x' = O, (3. 12) 

or: 

d + ri 
~ u dy - U11 = Const. (3. 13) 

0 

In the pre sent study, the constant is zero, because far ahead of any 

disturbance, u = 0 and 11=0. Thus the continuity equation becomes 

d +11 

~ udy=U11, (3.14) 

0 

subject to the assumption that the wave form is constant. For the case 

where fluid velocity u is not a func t i on of depth y at x = x' and x = x ", 

the left-hand side of Equa tion 3. 14 may be eas ily eval uated: 
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u(d+T)) =UT). (3. 15) 

Similarly, it is convenient to use Equation 3. 4a, the equation of 

horizontal motion, after it has been integrated over a region such as 

that shown in Figure 3. 2: 

~x" ~d + T) [au OU OU 1 oPJ 
- + u- + v- +-- dy dx = O. 
at ax ay p ax 

I x 0 

(3. 16) 

Rearrangement of the third term and introduction of the equation of 

continuity (Equation 3. 3) gives: 

x" d + T) 

~. ~ [~+ 
x 0 

Now: 

2 u ou + o (uv) + __! 8PJ d dx = O 
8x Cly p 8x Y • 

du= ou + U ou 
dt 8t 8x 

(s ee the paragraph following Equation 3 . 2). 

(3 . 17) 

(3. 18) 

Th · du · · 1 1 h e quantity dt ts not, in genera , equa to zero; rat er, it is pro-

portional to ~~, as may be s e en by different iating Equation 3 . 14 with 

respect to t: 
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d +'Tl 

I du dU 
- dy ='Tl- · dt dt (3. 19) 

0 

Introduction of Equation 3. 18 into Equation 3. 17 gives: 

u OU + 2 u OU + ..!. oP + du + a (uv)J dy dx = 0 
OX ax p ax. dt oy (3. 2 0) 

With the application of Leibnitz' formula, Equat ion 3. 20 becomes: 

x" 

j 
x' 

r1'\ [~ + u2 
- Uu] dy - 'i.es + u>

8 
- uu.J 

0 

+ u v + s s 

d+ 'Tl 

J dx = 0, 

0 

where again the subscript () . ind i cates t hat the quantity is to be 
s 

(3. 2 1) 

evaluated on the surface. 

a P 
Now a 'Tl _s = 0 everywhe r e on the surface . When the kinematic 

uX p 

surface condition {E quation 3. 10) and Equation 3. 2 are appli e d to the 

second bracketed term in Equation 3 . 21, and when the first bracketed 

term of Equation 3 . 21 is integrated w ith respect to x , o n e obta ins: 
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r~ 
0 

x" 

+ f
x" Jd + T} du 

ill dy dx = 0 
I x 0 

(3. 22) 

x' 

The momentum equation at this point is subject to the assumptions of 

constant wave form, negligible viscosity, surface t e nsion, and air 

entrainment. 

For the case where horizontal flow is uniform and vertical 

velocity is zero for x=x' and for x=x", the firs t bracket e d term of 

Equation 3. 22 may be evaluated as follows: the equation of vertical 

motion, Equation 3. 4b, becomes: 

1 8P 
p ay + g = 0; (3 . 23) 

i.e., the pressure is hydrostatic ally distributed . Integration with 

.respect t o y and evaluation of the integ raticn constant in terms of the 

surface pressure P gives : 
s 

d + T} 

J f dF (:s + g(d~~l) (a+m . 
0 

(3. 24) 

Since in this case u is assumed to be independent of y at x = x ' and 

x = x", the velocity terms in the first bracketed term of Equation 3 . 22 

are easily integrate d. When the inte grated equation of continuity 

(Equation 3. 1 5 ) is applied, Equation 3 . 22 becomes: 
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x" x" 

(
PS+ g(d+TJ) - U

2
T]d \) (d+TJ) 

p 2 (d + T))2 + ~ 
x' x' 

~
d+T] du 

-dydx=O. 
dt 

0 

(3 . 25) 

This form of the equation of motion is subject to the assumption that 

ou = O and the assumption that effects of surface tension and viscosity ax 
are negligible, and is restricted to the case where at x = x' and x = x" 

pressure is hydrostatic and horizontal velocity is independent of depth. 

3. 2 Application of the Analysis. 

3. 2. 1. Conditions at x = O. 

In the third assumption listed at the beginning of the section, 

it was supposed that as the wave strikes and propagates beneath the 

platform, as in Figure 3. 1 b, the horizonta l fluid velocity beneath the 

seaward edge of the platform and the surface elevation at the seaward 

edge of the platform are approximate ly the same as would be found if 

the platform were not present. 

This assumption is somewhat similar to one made by Wiegel 

(1960, 1964): the power being transmitted by a wave in the range 

of depth between the bottom of a thin, rigid, vertical barrier and the 

ocean bottom, is the same as the power transmitted by the wave in 

that range of d e pth if the barrier we r e not there. Wiegel us ed his 

assumption to develop a theory to predict the height of waves trans-

mitted past the barrier. Comparing measured h eights of waves pro-

duced in the l abor a tory with the theoretical wave heights, Wiegel 

concluded that the theory is 11useful to the e nginee r 11
, although 

11 improve n1e nts in the theory are n eeded 11
• 



31 

The assumption made in the present study takes no account of 

the presence of the vertical front face of the platform and is thus 

equally applicable to the case of a "thin" horizontal platform with 

no front face. 

The horizontal fluid element velocity in a solitary wave (with 

no platform present) is given by Boussinesq (1872) as: 

u = IK[ ri - rr + (d2 - ~) g J, 
,/ d 4d 3 2 dx (3. 26) 

where 11 is the elevation of the surface above still water level, d is 

the still water depth, and x is the horizontal coordinate. The surface 

elevation 11 is given by Boussinesq as: 

Tl = H sech2 fYlf" ~, 
,/4 dd (3. 27) 

where His the wave height. By differentiating Equation 3. 27 twice 

with respect to x, and substituting Equation 3. 27 into the result, one 

obtains the relationship: 

d211 = 

dx2 
3H11 ( 
2d3 2 -

(3. 28) 

Substituting Equation 3. 28 into Equation 3. 26, one obtains an expres-

sion for normalized horizontal fluid velocity u/ ,Jgd in terms of the 

normalized quantities Tj/d, H/d: 

(3. 29) 
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Equation 3. 27 is an expression for the surface profile as viewed 

by an observer moving with the wave at its celerity of propagation U . 
0 

To a fixed observer, the time ·history of the surface elevation may be 

expressed by replacing x with the quantity U (t + t ), where t is a 
0 0 0 

constant: 

11 = H h2 [ rr-Ii U 0 (t +to) J 
d d sec j4 d d (3. 30) 

As the wave approaches the point of observation, values oft + t 0 are 

negative. When the crest passes the observer, t + t 0 = O; after the 

wave has passed, t + t 0 is positive. 

In this study, t = 0 is defined as the time when the approaching 

wave first makes contact with the soffit at x = 0, at an elevation s 

above still water level. Therefore, still considering the case where 

no platform is present, one must assign to the constant t a value 
0 

such that when t = 0, 11 = s: 

H h 2 [ ffli"( Uo ta s = sec j 4 cl d ) J . (3. 31) 

The value of t 0 should be negative, since the wave crest is still ap-

preaching the point of observation at t = 0. (It may be pointed out that 

the absolute value of t
0 

is the time n eeded for the wave crest to arrive 

at the point of observation, measured from the time when 11 = s at the 

point of observation.) 

Therefore at the point of observation x = 0, with no platform 

pres e nt, the theory of Boussinesq (1872) pre dicts the fluid velocity 

u as given by Equation 3. 29, and surface elevation I) as g iven by 
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Equation 3. 30, where t is defined in Equation 3. 31; in the as sump­
o 

tion made, it is supposed that e ven with the platform present, values 

of u and Tl at x = 0 are approximately as given by Equations 3. 29 and 

3. 30, respectively, with t
0 

defined in Equation 3. 31. The time ta 

when the fluid level fl, after having reached a maximum, again de-

- scends to the soffit elevation s, is equal to 2t • 
0 

An observation may be made concerning the surface elevation 

and the fluid velocity u at x = 0 after the wave has passed. The 

amount of energy in the system considered is finite, and is initially 

equal to the sum of potential and kinetic energy in the approaching 

solitary wave. After the solitary wave reaches the seaward end of 

the platform at x = 0, a train of reflected waves and a train of trans-

mitted waves radiate from x = 0 towards x = - ro and x = + oo, 

respectively. These wave trains, like the incident solitary w ave, 

have finit e e n e rgy, and therefore must le a ve the fluid behind them 

at rest. ..After the solitary w a v e has arrived at the s e award edge of 

the platform and the last components of the reflected and transmitted 

waves have propagated away, a zone of rest propagates outward in 

both dir e ctions from the seaward edge of the platform. In the zone 

of rest, the surface ele v a tion Tl and the fluid v e locity u regain the 

value of zero that they had before the arrival of the solita ry wave . 

This result, obtained independently of the assumption d i scussed 

previously, is also pr e dicte d by Equa tions 3 . 29 a nd 3. 30: for suffi-

ciently lar ge t, Tl tends to zero, and ther e fore u t e nds to zero. 
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3. 2. 2. Flow conditions beneath the platform. 

Figures 3. 3 show schematically the two fundamental flow 

regimes that are observed to exist beneath the platform (as will be 

shown in Section 6. 2). In Figure 3. 3a the seaward edge of the plat-

form (at x = 0) is immersed. The principal feature of this flow is 

the wavefront advancing shoreward with celerity U d beneath the 

platform. Figure 3. 3b shows the conditions that follow those of 3. 3a: 

the fluid has receded from the seaward edge of the platform, and the 

principal feature of the flow is the wave of recession that is propa-

gating shoreward with celerity U . Throughout this study, the sub­
e 

script ( )d will be used to denote reference to the wave front shown 

in Figure 3. 3a, and the subscript ( ) will be used to denote refer­
e 

ence to the wave of recession shown in Figure 3. 3b. An expression 

with no subscript may refer to either the wavefront or to the wave of 

recession. 

In each of Figures 3. 3 there are points on the upper surface 

labelle d 1, 2, and 3. B eneath Points 1 the flow completely fills the 

region between the tank bottom and platform; Tli = s (where the nu­

merical subscript indicates the point at which a quantity is to be 

evaluated). In each case depicted, Point 1 is to b e taken far enough 

away from the wave front or wave of recession so that the flow be-

neath that point is uniform, and the pre s sure hydrostatically dis-

tributed. Equation 3. 15 can therefore be applied to relate local fluid 

velocity to wave celerity: 

(Figure 3. 3a); (3. 32a) 

(Figure 3. 3b). (3. 32b) 
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Figure 3. 3a. Observed form of fr ee s urface with wave front. 
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Figure 3. 3b. Obs e rved form of free surface -With wave 
of rec ession. 
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At Points 2, located near the wavefront in Figure 3. 3a and near 

the principal wave of recession in .Figure 3. 3b, the fluid has ahori-

zontal velocity equal to the wave ce lerity Ud or Ue. (If either flow is 

viewed from a moving frame of reference such that the flow in the wave 

appears steady, Points 2 appear as stagnation points .) Since Points 2 

are on the soffit, YJ
2 

= s. 

In Figure 3. 3a, Point 3 is far ahead of any disturbance, and the 

water depth has the still water value d; therefore u = 0 and -n = 0. 
. 3 '13 

In Figure. 3. 3b, the conditions u = 0 and YJ = 0 are realized in a region 

near x = 0, according to the reasoning presented in Subsection 3. 2. 1. 

Thus if Point 3 is chosen to be on the free surface sufficiently near 

x = 0, the conditions u
3 

= 0 and Yis = 0 may be obtained. 

The wavefront cel erity Ud is obtained as follows: in the assump­

tion discussed i n Subsection 3 . 2. l, it is supposed .that the values of 

fluid velocity u at x = 0 are given app roximately by the solitary wave 

theory of Boussinesq (1872), i.e., Equation 3. 29, where YJ is a time-

dependent function defined in Equation 3 . 30, in which t is a negative 
0 

constant defined in Equation 3 . 3 1. 

In the fluid-filled region beneath the platform, which in Figure 

3 . 3a extends from the seaward end of the platform at x = 0 to the 

wavefront location (Point 2) at x = xd, the surface elevation YJ equals 

the soffit clearances . Thus Equation 3. 14 becomes: 

~
d+s 

u dy = 

0 

(3. 33) 

where the subscript { )d has bee n a dde d to indicate that spe cifica lly the 

wavefront is being considered. 
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When Equation 3. 29 is substituted into Equation 3. 33 and inte­

grated, one obtai~s the result: 

(3. 34) 

where H is the incident wave height, d is the still water depth, and 

where ri is to be considered simply as a time-dependent function 

defined in Equations 3. 30 and 3. 31, not in this case the water surface 

elevation beneath the platform. 

The analytical wave front celerity expressed in Equation 3. 34 is 

dependent on the assumption of constant form of the wave front, and on 

the assurnption that fluid velocity at the seaward edge of the platform 

due to an incident solitary wave is approximately e qual to the velocity 

to be found if the platform were not present. Examination of Equation 

3. 34 indicates that since Ud/Jgd is proportional to first and second 

powers of ri/d, and since Equation 3. 30 indicates that for t > 0, ri/d 

will first increase and then decrease one m;iy expect U d /,/ gd also to 

increase, attain a maximum value, then decrease. It is also evident 

that as the ratio s/d of soffit clearance to still water depth becomes 

small, predicted values of normalized wave front celerity U d /J gd 

become very l arge . 

The position x d of the wave fron t at any given time td may be 

obtained by integrating U d with respect to t: 

(3. 35) 
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The slowly-varying pressures are to be studied next. At Points 

1 and 3, in either the wave front case depicted in Figure 3. 3a or the 

wave of recession case depicted in Figure 3. 3b, the pressure is 

assumed to be hydrostatically distributed and the horizontal velocity 

is assumed to be independent of depth. Thus the di stances x
1 

and x
3 

may be substituted for x' and x 11
, respectively, in Equation 3. 25: 

du at dydx = 0. (3. 36) 

0 

j\t Point l, Tli =sand Ps = P 1 . At Point 3, Ps = 0 and Tl
3 

= 0. There­

fore, when normalized, and rearranged, Equation 3. 36 becomes: 

s (2+~) 
-d2(1+~) 

d 

To evaluate the integral on the right-hand side, one must know or 

assume the functions U(x) and Tl(x) for x
1

:.,; x s; x
3

• A simple assumed 

approximation is a step-form wave: 

us 
Tl = s, u = d+s 

Tl = 0, u = 0 for x s;x s; x·, 
~ 3 

for which Equation 3. 37 becomes: 

P u2 
:::..i.. - -
yd - gd 

s 
d s 

0+~)2 - d 

(2+ ~) 
~---+ 

2( 1 + ~) 

(3. 38) 

(3.39) 

( 3. 40) 
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For irrotationa l flow s, the Bernoulli integral (Equation 3. 6 ) m ay 

be applied between Points l and 3 of Fi gures 3. 3 : 

p 
1 .Q.£Q. --u2 -gs+ 
2 1 0 t 3 

- ase. I 
0 t ' 

where or:+J l ox = u, therefore: 

3 

du 
dtdx 

(3. 41) 

( 3. 42) 

Thus w hen normalized, with r esp ect to gd, Equation 3. 41 becomes : 

du 
dt d x . ( 3. 43) 

When Equations 3 . 3 7 and 3. 43 are combined and the pres sure is 

e liminated, one find s tha t: 

c: (~ du s du ~d+ri ) j 
0 

dt dy - (l + d)dt d x . (3. 44) 

The integral on the right-hand side will vanish, if dU /dt = 0 , since 

from Equation 3. 19 the quanti ty du/ dt is proportional t o dU I dt. T hus 

for constant U, Equation 3 . 44 reduces to : 

( 3 . 45) 
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The Bernoulli integral (Equation 3 . 41), and thus Equation 3. 44 

are valid if and only if the flow in the region of integration is irrota-

tional and energy-conserving. Therefore the only non-dissipative wave 

that can propagate bene ath the platform is one whose celerity is given 

by Equation 3. 44. The only p ossible constant celerity for an energy-

conserving wave is given by Equation 3. 45; to first order, this is the 

celerity of a solitary wave of h e ight s propagating through water of 

depth d (Bo.us sine sq, 1872) . To be sure, such a wave , just grazing the 

platform soffit, would not be disturbed by the platform, and would not 

suffer energy dissipation other than by boundary shear stress . 

In the general case whe r e U 2 /gd is different from 1 + s/d o r the 

value given in Equation 3. 44, Equations 3. 37 and 3 . 43 will be incon-

sistent unless a negative term representing energy dissipation is added 

to the right-hand side of Equation 3. 43. The major energy dissipation, 

such as is observed in an hydraulic jump, may b e expected in the 

neighborhood of the wave front (Point 2 in Figure 3 . 3a), or, according 

to Benjamin (1968), behind or s eaward of the wave of r ecession (be -

tween Points 2 and 3 in Figure 3. 3b). 

(It may be noted that fo r the conditions de scribed in this study, 

it is i mpossible for the wave to propagate indefinite ly beneath the p lat-

form and in contact with it, such as shown in Figures 3 . lb and 3. 3a . 

The incident solitary wave has a finite amount of e n ergy per unit width, 

and therefore cannot indefinitely sustain the condition of energy dissi -

pation at the wave front. A f t e r propagating a distance xd , the 
max 

wave front will cease to b e defined, and the wave will continue to 

propagate beneath the platform at a diminishe d h e ight H which is le ss 

than the soffit clearance s , so that no further contact with the soffit 
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is made. It is reasonable to expect that xd will increase with an 
max 

increase in the amount of energy available for dissipation. Therefore, 

the normalized maximum distance xd /d may be expected to 
max 

increase with relative wave height H/d, since the energy per unit width 

of a wave is proportional to the square of the wave height (Wiegel, 

1964).) 

In the case depicted in Figure 3. 3a, the two unknown flow 

quantities u
1 

and P 
1 

may be determined using the integrated equations 

of continuity (Equation 3. 3 2) and of momentum (Equation 3. 40), and 

values of Ud(t) determined experimentally or from Equation 3. 34. 

Therefore, the general inapplicability of the Bernoulli integral (Equa-

tion 3.41) is not a hindrance. 

In the case depicted in Figure 3. 3b, one need not even know the 

values of U a priori. Since the energy dissipation is concentrated 
e 

between Points 2 and 3, the Bernoulli integral may be applie d between 

Points 1 and 2: 

or : 

1 = --u2 2 e 

P1 1 u~ 
yd = - 2 gd 

lu2 +.Q..m 
2 l 0 t 

2 

1 1 
2 

l 

-- + - du 
( )

:a ~x 
l+~ gd x l cit dx, 

where Equations 3. 32b and 3. 42 and Leibnitz' formula have been 

( 3. 46) 

( 3. 4 7) 

applied, and the equation norma lized with respec t to gd . When Equa-

tion 3. 4 7 is combined w ith Equation 3. 3 7 the r esult is: 



u2 
e s 

= -d (1 gd 

s 
s ( 2+ d) 

+-)---­
d (2~+ 1) 

d 
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When U is constant or when the approximation of a step-form wave 
e 

(Equation 3 . 39) is applied, Equation 3. 48 reduces to: 

2 
u e 
gd 

(2+~) 
= ~ (l+~) d 

d d (2~+1) 

Equation 3. 48 substituted into Equation 3. 47 gives: 

( 3. 49) 

(3.50) 

When the approximation of a step-form wave is applied, U assumes 
. e 

the constant value given by Equation 3. 49 and the time-dependent 

integral terms in Equation 3 . 50 vanish, leaving: 

pl 1 s ( 2+ ~) 
yd= -2a (l+-JH 1 +2 ~) 

(3. 5 1) 
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For the case in which no energy is dissipated, U is given by e 

Equation 3. 45, which when combined with Equation 3. 49, shows that 

s = d. This is the result obtained by Benjamin ( 1968 ). This case is 

not of practical importance in the present study, since the maximum 

possible h e ight of a solitary wave i s- H = 0 . 78d (McGowan, 1891), and 

such a wave would not strike a platform for which s = d. 

The time t at which the wave of recession may be expected at 
e 

a particular location x is given by the formula : e 

t = t + x /U , e a e e (3.52) 

where t is the time of initial formation of the wave of recession, and, 
a 

as shown in subsection 3. 2. 1, is equal to twice the value oft defined 
0 

in Equation 3. 31; and where the celerity of the wave of recession U 
e 

is given by Equation 3. 49. 

To summarize the analysis for slowly-varying pres sure, the 

normali zed pressure head P 
1 

I yd may be r e late d to the celerity of the 

wave front or the celerity of the wave of recession by Equation 3. 40, 

subject to the assumption that the wave form is unchanging, the 

assumption that the effects of surface tension a nd viscosity are 

negligible, the condition that at the position of measurement, Point l, 

the pressure is hydrostatically distributed and the fluid ve lo city is 

independent o f depth, and the assumption tha t the flow may be approxi -

mated by a simple step-form as expressed by Equations 3. 38 and 3 . 39. 

The quantities U, x
2

, and dU /dt may be either measur ed experi -

mentally or derived by Equations 3. 34 and 3. 35. The ce l erity of the 

wave of recession i s expressed by Equation 3. 49, s ubject to t h e same 

assumptions as Equation 3. 40; and where pressure is relate d to fl ow 
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conditions at the wave of recession, as depicted in Figure 3. 3b, the 

expression for pressure reduces to a function of the ratio of soffit 

clearance to still water depth s/d shown in Equation 3. 51. Where the 

wave front is considere d, as in Fi gure 3. 3a, the quantity U becomes 

U d' and xa becomes xd. Where the wave of recession is considered, 

U becomes U , and x b e comes x . e 2 e 

Equation 3. 40 may be integrated with respect to x to give the 

total uplift force p e r unit width F, normalized with respect to y d 2 : 

F 
yd2 

- _!_ ~ x d p 1 dx - x d I~; 
- d yd - d l gd 

0 

The average pressure P is simply the total uplift force per unit width 
av 

divided by the wetted length x d. In normalized form: 

p 
av F 

-:ya = ydxd 
( 3. 54) 

The center of uplift pressure x is t he first ·moment of the pressure cp 

distribution: 

x 
~ 

d 

x d 
-~-x-d ____ = 2d 

. p 

-
1 

dx 
0 yd 

1 
2U 2 

d --- -
( i +~) 

(3 . 55 ) 

In cases w h ere p r essure is d ete r min e d from Equation 3 . 5 1 from 

consideration of flow a t the wave of r e cession, the ave r age no rmali zed 

p ressure head P /yd i s simpl y e qual t o the constant va lue of pressure 
av 
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P
1

(yd given by Equation 3. 51. The normalized (negative) uplift force 

per unit width in this case is the normalized pressure head P
1 

/yd 

given by Equation 3. 51 multiplied by the re la ti ve length of the portion 

of platform that is in contact with the wave. If the secondary wave of 

recession is not considered arid it is assumed that fluid is in contact 

with the platform from the location of the principal wave of recession 

x to the location of the shoreward end of the platform L, the normal­
e 

ized force per unit width is: 

( 3. 56) 

where P
1 

/yd is given by Equation 3. 51, and xe as a function of time 

t may be dete rmined from Equation 3. 52. Since by Equation 3. 51 
.e 

the pressure is distributed uniformly on the platform, the location of 

the center of uplift pressure is simply the centroid of the portion of 

platform in contact with the wave: 

x 
_££. 

d 

1 L +xe 
=-z(-d-). ( 3. 5 7) 

The p e ak pres s ure that is observed at the wave front, at P o int 2 

in Figure 3. 3a, may be analyzed by con side ring separately the flow in 

the neighborhood of the wave front. Figures 6. 13 through 6. 16 (to b e 

presented in Section 6. 2) show that a t the wave front, spume is driven 

ahead of the main body of fluid, and air is entrained in the fluid in the 

wave, in action reminiscent of an hydraulic jum p . In this sec tion it 

was concluded that for wave front celerities other than that given by 

Equation 3. 44, the re must be energy dissipat ion, most like ly at the 
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wave front, so that a term representing energy l oss may b e intro-

duced into Equation 3. 43 to make .it consistent with Equation 3. 37. 

It has been stated that P oint 2 in Figure 3. 3a may be considered 

a stagnation point. P otential flow considerations indicate that the 

stagnation point, where fluid velocity relative to the wave front celerity 

is zero, cannot in general li e on the free surface, although it must lie 

on some fluid boundary. A flow configuration in which a thin jet of 

spray shoots forward from the stagnation point, as shown in Figure 3. 4, 

satisfies the condition just described. Furthermore, by considering 

the mass flux and momentum flux in the thin jet one may modify the 

horizontal equation of motion (Equation 3. 3 7) so that it may be made 

consistent with the B e rnoulli integral as expressed in Equation 3 . 43, 

i.e., without an additional term r epresenting energy dissipation. The 

droplets of spume observed in Figures 6 .1 3 through 6.16 may be con-

sidered the real-fluid version of the idealized jet, w hose comple te 

formation is hindered by effects of surface tension and viscosity. 

In ideal flow with the thin j et formed as in Figure 3. 4, the 

pressure at Point 2 may be obtained by applying the Bernoulli integral 

(Equation 3 . 6) between 2 and 3: 

~ = - ..!.. u 2 - gs + .Q.m 
P 2 :=< 0 t 

(3. 58) 

When the last two terms are treated in a manner c orresponding to that 

shown in Equation 3. 4 2, Equation ;3. 58 becomes: 

(
3 du 

+j df d x 
x 

2 

( 3 . 59) 
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PLATFORM 

s 

Figure 3 . 4. Idealized flow at wave front with thin jet of spray. 

Point 2 has been defined as a stagnation point such that u
2 

= Ud. 

By Equation 3. 19, subject to the assumption that the wave form is 

constant, du/ dt is proportional to au d I dt, the wave front a cceleration; 

and for T] > 0, is of the same sign as dUd/dt. Therefore, one may 

write: 

(3. 60) 

where K is a positive coefficient depending on the wave pro file form 

and the v e locity distribution b e tween Point s 2 and 3. For values of 

dUd/dt sufficientl y small compared to o the r terms, or f or constant 
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celerity Ud' the last term in Equation 3. 60 may be neglecte d, leaving: 

p 
- 2_.!.u2 - gs . p - 2 d (3. 61) 

Equation 3. 61, subject to the assumption that flow is irrotational 

in the neighborhood of the wave front, tha.t the wave form is constant, 

and that the acceleration term is negligible, may be used to determine 

the amplitude of the peak pressure. 

The foregoing analysis, and indeed most of the present study, has 

been devote d to the case where the soffit clearance is greater than zero. 

The flow situation is considerably different w h en s = 0, primari ly 

because there is no wave front advancing beneath the platform such as 

shown in Figure 3. 3a. B ecause the peak pressure phenomenon is 

associated with the advancing wave front when s > 0 , there is no peak 

pressure when s = 0. 

For pre dicting slowly-varying pressure, the analysi s developed 

in this chapter is of limited usefulness when s = 0, since it provides 

a relation between pressure and the celerity and acce leration of the 

wave front found with positive soffit clearance. Furthermore, the 

analysis d oes not take into consideration the total p l atform length L. 

For s > 0, the length of platform that need be considered i s just x d(t), 

the distanc e from the seaward edge to the advancing wave front; but 

for s = 0, the fluid beneath the entire platform is set in rnotion simul-

taneously, and L becomes an important parameter. 

Considering the limitations of the present anal ysis when s = 0, 

it seems best to formula te a diffe rent analysis, with a different set of 

assumptions, for the case of zero soffi t c l earance; this probl em, t:reated 

by others as discussed in Section 2. 1, will not be treate d herein. 
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3. 3. Discussion of the Assumptions . 

The assumption that the free surface profile is of constant form 

has permitted development of much of the analysis w ithout the need for 

detailed knowledge of the form of the wave profile and its change with 

time. In general, without such detailed knowledge of the wave form, 

one cannot calculate the error introduced by the assumption. However, 

by comparing pho.tographs or wave gauge records- of the profile made at 

successive time intervals, one may determine simply whether or not 

any change with respect to time in profile form can b e observed. If no 

change is observed, no error is introduced by the assumption. 

The assumption tha t viscosity has neglig.ibie effe c t on pressure may 

be examined by analysis of boundary-layer growth. With respect to 

Figure 3.3a, one would expect that in a real fluid, viscous boundary 

layers would develop along the platform soffit and the channel bottom. 

According to the Prandtl boundary -laye r theory (Schlichting, 1960, pp. 

107 et seq.) the presenc e of the boundary layer has negligible effect on 

the boun dary pressure, providing that the thickness 6 of the boundary 

layer is much less than a characteristic length dimension of the body 

such as the platform l ength L. In laminar flow p ast a flat plate, the . 

ratio of boundary layer thickness 6 to the di stance x from the le ading 
1 1 

e d ge is 6 /x = 5/R 2 = 5 /(ux / v )2 Rouse, 1950, p. 106), where R is the 
e e 

Reynolds number, u is a characteristic fluid vel ocity, and vis the kine-

matic viscosity. In a turbu l ent boundary layer, 6 / x = 0.38/R 
1 

/
5 

(ibid.). 
e 

Therefore, to estimate the order of magnitude of the ratio 6 /L of 

boundary l ayer thickness to body l ength, one may r eplace x with L in the 

expressions presented . For sufficiently l arge R , the refore sufficiently . e 

small 6/L, the pressure will not be affected by v i scosity. 
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At the wave front, viscosity may indirectly affect the peak 

pressure by inhibiting the formation of the thin j et of spray shown in 

Figure 3. 4, as postulated for an ideal flow. The peak pressure, des-

cribed as occurring at a stagnation p oint in the region of the wave front, 

may be considered as r es ulting partly from the acceleration given the 

fluid in the thin jet. Therefore if acceleration of the fluid is inhibited 

by viscosity, the peak pressure will be reduced. 

The component of pres sure added to the fluid by surface tension 

is directly proportional to the curvature of the free surface. The 

Bernoulli integral (Equation 3. 6), when applied to the free surface, 

may be expanded to include a term r epresenting surface tension : 

pp+ _21 (u2+v 2 ) + gy + .Q.P. + _Q_= F(t) 
0 t pr ' (3.62) 

where cr is the surface tension per unit length and r is the l ocal radius 

of curvature. (The expression just given is for two-dimensional flow; 

where there is variation in the transverse direction, ..!_may be re-
r 

placed by ( ..!_ + ..!_ ), where r
1 

and r are the principal r adii of surface 
rl r2 ?. 

curvature (Lamb, 1945, p. 456). ). If the va lu e of cr is known, the im-

portance of the surface tension term relative to the other terms in 

Equation 3. 62 may be evaluated for a g i ven value of r. 

The relative importance of surface tension is often expressed by 

the W ebe r nuniber W = __ U __ 
e J cr/pr 

vVhen normalized with r espect to 

U 2 , Equation 3. 62 may be written: 

P 1 (u2 +v2 \ _gy 1 oCO 1 _ u2 + 2 u2 ) + u2 + u2 at+~ - F(t) . 
p e 

(3. 63) 
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Equation 3. 63 shows that as W becomes large, the relative impor­
e 

tance of surface tension b e comes very small. Equation 3. 63 will be 

applied in Section 6. 6 to e stimate the importance of surface tension. 

The effect of surface tension is to minimize the ratio o f surface area 

to volume of fluid. Therefore, at the wave front, surface tension 

tends to inhibit formation of the thin j e t postulate d for ideal flow . 

In the real case where formation of the thin jet is inhibited, there 

must be energy dissipatio n at the wave front, as in an hydraulic jump, 

whe re the principal mechanism of energy dissipation is turbulence. 

In turbulent flow near the free surface there may be sufficiently severe 

perturbation of the free surface that air is entrained in the ·main body 

of fluid. Air bubbles entrained in the flow act to r educ e the average 

density of the fluid. Sinc e hydrostatic and hydrodynamic pressure are 

directly proportional to fluid density, a decrease in density will result 

in a proportional decrease in pressure. 

An increase in geometric length scale increases the Reynolds 

number R and r e duce s any relative effect of viscosity; an i ncrease in 
e 

scale increases the Weber number W and there')y reduces the direct 
e 

importance of surface tension, as shown in Equation 3. 63. However, 

it is likely that an increase in scale will b e accompani ed by an increase 

in the relative amount of air entrained. Turbulence is inhibited at 

sufficiently small Reynolds number, and deformation of the free 

surface is inhibited at small Weber number. Therefore, with increas-

ing scale and cor r espondingly increasing R and W the forces 
e e 

inhibiting air ent rainment become weaker, and a relative increase in 

air entra i nment m a y be exp ected. 
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The assumption that the fluid element velocity beneath the sea­

ward end of the platform at x = 0 is approximately the velocity at 

x = O if no platform were present incurs little error if the incident 

wave is deformed only slightly, i.e. , if(H- s)/ d < < l, where H is the 

wave h e ight, sis the soffit clearance, and dis the still water depth. 

With increasing (H- s) /d, the distortion of the incident wave becomes 

greater, and the assumption becomes less valid. 

Equation 3. 40 for the slowly-varying pressure P 1 is dependent on 

the condition that at Point 1, where pressure is to be evaluated, the 

pres sure is hydro statically distributed and the horizontal velocity is 

independent of depth. Such a condition is obtained in irrotational flow 

between parallel plates of infinite extent, or between plates whose 

l ength is great compared with the distance between them. The flow 

beneath the platform shown in Figures 3. 3 increasingly resembles 

the flow between parallel plates as the distance x d or xe increases 

with r espect to the total depth d+s. The main body of the fluid can be 

considered to be irrotational at all times since the fluid is initially at 

rest, and vorticity is introduced by viscosity only at the boundaries 

and in r e gions of concentrated energy dissipation. For small values 

of xd/(d+s) the condition of uniform flow may not ~e approx imated 

well and error may be introduced into Equation 3. 40; yet with increas­

ing xd/(d+s), the flow should become more uniform, and the e rror 

i ntroduced should become l ess. 

The assumptions will be re-examined in Chapter 6, where the 

analysis is cornpared with the experimental r e sult s. 
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A chronology of the process of solitary wave impact is now 

presented, with corresponding illustrations shown in Figure 3. 5: 

t = 0 

t = t a 

t = t c 

The wave first strikes the platform. 

The fluid level at x = 0, having risen from Tl = s at 

t = 0 to a maximum, has again descended to the value 

Tl= s. The wave of recession begins to form at this 

time. 

The advancing wave front ceases to be defined, 

because the celerity udlias decreased to the extent 

that the transmitted wave henceforward propagates 

beneath the platform with a height less than s. (To 

recognize the effect of finite platform length, tb 

may be defined as the time when the wave front 

reaches the shoreward end of the platform, if at 

that time the wave is still propagating in contact 

with the platform.) The wetted length of the platform 

may be defined as xd = rtb u ddt. 
max J 

0 

The wave is no longer in contact with the platform 

anywhere. A conservatively large value of t is 
c 

the time at which the principal wave of recession 

reaches the point xd attained by the wave front 
max 

at time tb: 



The wave first 
strikes the platform. 

T\ = s for second 
time; principal wave 
of recession begins 
to form. 

The wave fron t 
ceases to be 
defined. 

The platform ceases 
to be in contact with 
the fluid in the wave. 

The wave front 
reaches the 
point x. 
(Note that 0 <td <tb.) 

The principal wave 
of recession reaches 
the point x. 

(Note that t < t <t . ) 
a e c 

t=O 

t=t a 

t=t c 

t=td (x) 

54 

Figure 3. 5. Chronology of wave in1pact on the platform. 

s 
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where U is the celerity of the wave of recession. 
e 

Usually a secondary wave of recession propagates 

seaward from xd to meet the principal wave of 
max 

recession, making t less than that implicit in the 
c 

equation just given. 

The advancing wave front reaches the point x: 

Note that 0 < td < tb. 

The principal wave of recession reaches the point x: 

t 

x = v~e 
t 
a 

Note that t < t < t . 
a e c 

u dt 
e 

The period during which each part of the analysis may be validly 

applied is now examined. Equation 3. 34 for wave front celerity U d 

may be applied as long as the soffit at x = 0 is submerged, i.e. for 

0 < t < t . As stated in subsection 3. 2. 1, an analytical value fort is 
a a 

simply 2 t , where t is implicitly defined in Equation 3. 31. Equation 
0 0 

3. 40 for slowly-varying pressure P
1 

(when applied with respect to 

wave-front celerity) and Equation 3. 61 for peak pressure P
2 

may be 

applied during the period for which the wave front celerity U d is 

defined . If the celerity is computed from Equation 3. 34, pressure may 

be computed for 0 < t < t ' since ud is defined for 0 < t < t ; if the a a 

celerity i s rneasured direct ly, pressure may be co·mputed for 
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0 < t < tb' since U d is defined for 0 < t < tb . Equation 3. 49 for 

celerity U of the wave of recession and Equation 3. 51 for slowly­
e 

varying pressure related to conditions at the wave of recession may be 

applied whenever the wave of recession exists, i.e. for t < t < t . 
a c 
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CHAPTER 4 

EXPERIMENT AL EQUIPMENT AND PROCEDURE 

4. 1. The Wave Tanks. 

The preliminary experiments were conducted in a channel 10 in. 

deep x 10-1 /2 in. wide x 40 ft long, shown in Figure 4. 1, normally 

used as a tilting flume but modified to serve as a wave tank. The 

modifications consisted of blocking the recirculation pipe, installing 

a gravel b e ach at one end to absorb wave energy, and installing a 

wave generator at the other end. The flume was adjusted to give the 

bottom zero slope. 

The tank walls were of steel except at the 5-ft t e st s ection, 

where they were of glass. The test section was located about 5 ft 

from the toe of the beach, and about 25 ft from the wave generator. 

The beach, with approximately a 1 :4 slope, was constructed of 3 / 4-in. 

plywood covered with 3 / 4-in. gravel. 

The major part of the experimental program was performed in 

a horizontal channel 24 in. deep x 15 -1 /2 in. wide x 100 ft long, 

shown in Figures 4. 2 through 4. 4. As shown in Figures 4. 3 and 4. 4, 

the tank is composed of ten 10-ft modules. The side wall panels are 

of glass. At each junction between two modules the legs are supported 

on two 1 /2-in. bolts, in turn supported by a flat steel bar bolted to the 

laboratory floor. The 1 /2-in. bolts provide a means of making minor 

adjustments in elevation. 

In construction, the welded modules were bolted one to another 

at the d e sired loc a tion. With careful surveying, the bottom was 
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Figure 4. 1. The 40-ft tilting flume modif~ed for use as a wave tank . 

i;,44-3 
Figur e 4. 2. The 100-ft wave tank. 
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adjusted to within 1 /32 in. of constant elevation. The modules were 

then welded together permanently. 

The glass window panes, each measuring 1/2 in. x 25 in. x 5 ft, 

were mounted using the techniques described by Daly (1965), using 

body putty and Dow Corning 780 bu~lding sealant. The floor of the tank 

was painted with a 5-coat Pittsburgh Aquapon epoxy-paint system. 

The instrument carriage rails, made of 1-in. stainless steel 

round stock, were mounted above the top flanges of the tank walls with 

3 /8-in. bolts spaced at intervals of 2 ft. Considered part of a preci­

sion-measurement system, the rails were made level with respect to 

a stillwater surface to within 0. 001 ft. 

Mounted at one end of the tank was the wave generator, to be 

discussed in the next section. At the other end was a 3/4-in. plywood 

beach of 1 :4 slope covered with 1-1 /2-in. gravel. The test platform 

was mounted approximately 75 ft from the wave generator and 7 ft 

fron1 the toe of the beach. 

4. 2. The Wave Generators. 

Two design requirements for the wave generators were that a 

generator b e able to produce a single wave of translation, unbroken 

and of unchanging form, whose characteristics are d escribe d approx i­

mately by the ' 1solitary wave" theories, and which may itself b e called 

a 11solitary wave "; and that the generated waves be reproducible, so 

that a s e ries of experime nts could be performed with waves of nearly 

identical size and form. 
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In order to insure the formation of a solitary wave at a mini-

mum distance from the generator, the piston of a wave generator 

should, at any given depth, have nearly the same motion as that of a 

fluid particle at that depth in a solitary wave. To a fixed observer 

the fluid velocity u is expressed approximately by Equation 3. 29 (See 

Chapter 3) where the elevation T] of the free surface above still water 

level is expressed by Equation 3. 30, in which U0 is the w ave celerity 

and t
0 

remains an arbitrary constant (not, in general, as defined in 

Equation 3. 31). 

If only first-order terms are retained, Equation 3. 29, combined 

with Equation 3. 30, becomes: 

Jg: = % [ 1 + ~ ] = ~ [ 1 + ~ ] sech2 
[ m Uo (~ + to) ] , (4. 1) 

where H is the wave height and d is the still water depth. According 

to the theory of Boussinesq (1872): 

(4. 2) 

a relationship w hich may be substituted into Equation 4. 1. 

The piston velocity up may be substituted for u in Equation 4. 1, 

which may then be integrate d with respect to time to give the piston 

displacement xp: 

( 4. 3) 

The refore, it is d esirable t o m o v e the g e n e rato r p i ston w ith the v e -

locity up e x presse d in Equa tio n 4.1, so that it s displ a c e m e n t i s of 

the form: 
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(4. 4) 

where D = ~8?,d ( 1 + ~ ) is the total stroke, and 0 =,/~~.J ( 1 + ~ ) is a 

measure of piston velocity. The arbitrary constant Ot0 may be set 

equal to zero, so that at t= 0, xp = 0 and the piston is midway through 

its stroke. (This definition of t
0 

= 0 should be considered separate 

from, and is not to be confused with, the definition expressed by 

Equation 3. 31. ) 

After examination of several solitary-wave generator designs 

reported in the literature (described in Section 2. 5 ), it was decided 

that a cam-driven piston type of generator would best satisfy require­

ments of reproducibility and form. Although the electronically-pro­

grammed, hydraulically-driven piston system was deeme d the most 

versatile and potentially accurate, a cam-driven piston system was 

see~ to be far less costly and more readily built. Furthermore, the 

cam-driven piston system with its positive action was thought to offer 

better reproducibility than the system where a piston would be driven 

by a released impoundment of water, in which stroke length and piston 

speed could easily be affected by bearing friction. 

The system actually developed and used is now to be described. 

In each tank, the piston was a vertical pla t e n e arly fillin g the tank 

cross-section, fixed to the underside of a carriage mounted on four 

ball bushings running on stainless steel rails. The piston was driven 

by a shaft connected directly to a cam follower. The accompanying 

cam was cut t o give the c a m follower and the piston the motion 

described by Equation 4. 4. 
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The wave generator built for the 40-ft tank is shown in Figure 4. 5. 

The cam wheel was 12 in. in overall diameter. The cam groove, 3/8-

in. wide, had a maximum radius of 5 in. and provided for a stroke of 

8 in. The wheel was composed of a 1/8-in. aluminum disc and a 1/4-in. 

steel disc bolted to a 4-in. hub mounted on the motor axle. The alum­

inum disc served as a backing for the 1/4-in. steel disc, through which 

the groove was cut. A round-headed brad put in. the hub at an appro­

priate position served as a trip for a microswitch, mounted on the 

motor casing. The Bodine 1 /4-hp electric motor was regulated by a 

Minarik speed control. The range of cam wheel speeds was 30 to 70 

rpm. The piston arm, made of 2-1/4-in. aluminum channel, was 

fastened directly to the piston carriage. With this generator, the 

.forces involved were small enough that the piston arm needed no sup­

port beyond being bolted securely to the carriage. The piston-carriage 

rails were simply clamped parallel to the instru1nent carriage rails. 

The generator for the 100-ft tank, similar to the one for the 40-

ft tank, is shown in Figure 4. 6, with a dimensioned drawing presented 

in Figure 4. 7. The cam was powered by SpeedTrol Infinite Variable 

Speed power unit, manufactured by Sterling Electric Motors, Inc. The 

30-in. diameter cam wheel was composed of a 1/4-in. steel disc bolted 

to a 3 / 4-in. plywood disc, mounted on a steel hub on the drive shaft of 

the power unit. The plywood disc served as a backing for the steel 

disc, through which the cam groove was cut. Again, a brad on the hub 

served as a trip for a microswitch. The cam groove had a maximum 

radius of 12-1/2 in. and provided for a stroke of 20 in. 

The cam follower was a 1 /2-in. steel pin 2 in. long , housed in a 

brass sleeve mounted a t the end of the piston shaft. Figure 4. 8 shows 
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L _j 

Figur e 4. 5. The wave g e nerator for the 40-ft tank. 9093 

Figur e 4 . 6. The wave generator for the 100-ft tank. 9445 . 
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Figure 4. 8 . End view of the piston 
shaft (100-ft tank), 
showing cam wheel, 
cam follower sleeve, 
and solenoid. (End 
point lock has been 
removed). 

_J 
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the end of the piston shaft, with the cam follower sleeve appearing as 

a rectangular block. The solenoid is seen mounted on the sleeve on 

the side opposite the cam wheel. A portion of the cam follower may 

be seen inserted in the cam groove. The function of the end point lock 

(indicated in Figure 4. 7 but not shown in Figur e 4. 8) will be described 

in the discussion of wave generator operation, to follow presently. 

In the 100-ft tank, the forces of wave generation we r e lar ge 

enough to require refinements in design not necessary in the 40-ft tank 

generator. The piston shaft was not rigidly bolted to the carriage but 

was pinned to it, and supported and constrained by a 4-in . . brass sleeve 

fixed to the end of the wave tank. The shaft was a 2-in. steel tube with 

1/8-in. wall thickness, 6-1/2 ft long. A 2-in. x 1/2-in. x 4-ft rib was 

welded to the shaft to reduce deflection. It was necessary to gusset the 

brass sleeve securely, to prevent binding and chatter. Proper align-

ment of the sleeve and lubrication of the shaft wer e a lso required for 

smooth operation. 

The piston carriage travelled along 1-in. diameter stainless steel 

rails, mounted on steel supports which stood independent of the wave 

tank in order to reduc e the amount of vibration transmitted to the tank. 

A roll of rubberized hair obtained from an upholsterer was placed at 

the end of the tank behind the piston, as shown in Figure 4. 7. The roll 

did an e x cellent job of absorbing the disturbance behind the piston that 

occi1rred whenever a wave was generated. 

The cam design was in part dictated by the range of values of 

still water depth d and wave height H to be studied, since the piston 

stroke for optimal wave form D = 4 /8?,d ( 1 + ~ ) is dependent on d and 

H. In the 100-ft tank, for example, it was de s ired to generate waves 
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with a still-water depth d of 1. 25 ft, and a height H ranging from 0. 12 

ft to 0. 50 ft. A median wave height of 0. 33 ft was chosen for de sign 

purposes. The stroke then required was D = 1. 67 ft= 20 in. 

In a normal cam system, such as that shown in Figure 4. 9a, the 

ca.In follower moves along a line passing through the cam's center of 

rotation. To accomodate a total length of travel D, the cam must have 

a maximum radius R greater than D. In the 100-ft tank a cam of 20 in. 

radius seemed unwieldly. Therefore, a "chordal cam" was devised, 

where the cam follower moves not along the radius of a circle centered 

at the center of rotation, but along a chord or secant of that circle. As 

shown in Figure 4. 9b, the maximum radius R of the cam groove can be 

substantially less than D (although not less than D/2). The form of the 

''heart- shaped" groove, characteristic of a chordal cam and evident in 

Figure 4. 9b, is discussed further at the end of this subsection. 

The essential parts of the wave generator are the piston, the 

piston shaft, the solenoid, the cam follower, the e nd-point lock, the 

cam wheel, the variable-speed motor, a micro switch, a double-pole -

single-throw relay, and the trigger. The piston shaft is constrained 

to move only along its axis, and may not rotate about its axis. The 

solenoid, mounted on the end of the piston shaft, is of the type that both 

ends of the armature are exposed. The end of the armature called the 

''head'' is used to lock the piston shaft at its initial and final positions. 

The other end of the a rmature, called the ''toe", is connected directly 

to the cam follower. 

The cam w hee l, end point lock .. and solenoid are shown schema­

tically in Figures 4. 10. The cam wheel and solenoid are shown in the 

photographs in Figure 4. 11, with the end point lock removed for clarity. 
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CAM WHEEL . ~PISTON SHAFT 

TOE --­
SOLE~l~~~---~~~~~~~~~ 

END POINT LOCK ---

a. Beginning of stroke. 

CAM WHEEL PISTON SHAFT 

END. POINT LOCK 

b. Midway throug h stroke. 

CAM WHEEL=-"' PISTON SHAFT -
c - - - - - - - - - - - - - - - - - - - - - - - - ... 

TOE 
SOLENOID 

HEAD 

END POINT LOCK 

c. End of stroke . 

Figures 4 . 10. Schematic diag r ams of position of the p i ston shaft 
and solenoi d with r espe c t to the cam wheel and the 
e.nd point lock. 
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Figure 4. lla. 
B eginning of stroke . 

L 9467 

Figure 4. 11 b. 
During stroke. 

9470 

Figure 4. l lc. 
During stroke. 

-
9471 

- l 

Figure 4. l l d . 
End of stroke . 
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When no wave is yet to be generated, the solenoid is at rest. As shown 

in Figures 4. 1 Oa and 4. 11 a, the armature head protrudes into the end 

point lock, keeping the piston at its initial position, and the armature 

toe is retracted, keeping the cam follower retracted from the cam 

groove. The cam is free to turn unloaded at a constant velocity. 

When a wave is to be generated, the solenoid is activated. The 

head is retracte d, unlocking the piston shaft, and the toe is thrust out, 

driving the cam follower into its groove , as shown in Figures 4. lOb, 

4. l lb, and 4. l lc. The rotating cam wheel drives the piston shaft and 

piston through its stroke, at the end of which the solenoid circuit is 

broken. The spring-loaded armature then returns to its inactivated 

position, retracting the cam follower from the cam groove and insert ­

ing the head into the end point lock to keep the piston in its final posi­

tion, shown in Figures 4. lOc and 4. l ld. 

A double-throw microswitch and a relay are i n clude d in the sole­

noid circuit, shown in Figur e 4. 12, to ensure that the solenoid is 

switched on and off at the proper orientation of the cam wheel. A brad 

on the cam wheel trips .,the microswitch every cam r evolution, when 

the cam wheel is in the position shown in Figures 4. 9b, 4. l la, and 

4. l ld. When no wave is to be generated, the tripping of the micro­

switch has no effect. 

When a wave is to be generated, the trigger i s held closed until 

the next t ripping of the micro switch, at which a circuit is compl eted: 

the relay and the solenoid a re powered, the solenoid h ead is r etracted 

from the end-point lock, and the c am follower passes into the ca1n 

groove. The relay keeps the solenoid cir cuit closed after the trigger 

is opened. The second tripping of the microsw itch opens the relay 
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circuit, thence the solenoid circuit. The cam follower, not at its final 

p6.sition, retracts from the cam groove, and the armature head pro-

trudes into the end-point lock, preventing further motion of the piston. 

Before another wave can be generated, the piston must be returned to 

its original position by hand. 

Discussion now returns to the cam g roove , designed to give the cam 

follower the linear motion of Equation 4. 4 when the cam wheel is ro-

tating with constant angular velocity w. The groove function r = r(8), 

where r is the distance of a point on the g roove from the center of the 

wheel and 8 is its angular coordinate measured with respect to a parti-

cular radius turning with ·the wheel, is plotted in Figure 4. 13a and is 

calculated as follows: 

Within a fixed circle of radius R, the path of the cam follower is 

along a chord of l ength D, as shown in Figure 4. 13b. The center of the 

chord is a distance c from the center of the circle. A point on the 

chord whose distance from the chord center is xp and whose distance 

from the center of the circle is r may be considered to represent the 

position of the cam follower. The angle 80 is the angular coo rdinate 

of this position of the cam follower measured with respect to the ver-

tic al radius of the fixed circle. It may be noted that r 2 = x 2 + c 2 and 
p 

that 8
0 

= (cos • 1 c/r) sgn (x) . 

From Equation 4. 4, it is required tha t x = D/2 tanh 0 (t + t ) p 0 

wher·e 0 t
0 

has been set equal to zero, or that: 

t = 1 
0 

( 4. 5) 
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Figure 4. 13a. The cam groove function r(8). 

Figure 4. 13b. Path of cam follower shown w ith respect to 
center of cam wheel. 
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If the cam wheel is considered to be concentric and coplanar with 

the circle and to be rotating clockwise with constant circular frequency 

w, the angular coordinate of the cam follower measured with respect to 

a particular radius rotating with the wheel will be: 

e = e 0 - wt. ( 4. 6) 

The radial coordinate will still be r. By combining Equations 4. 5 and 

4. 6 to eliminate t, one finds that: 

e = cos - 1 
[ ~ J sgn (xp) - ~ tanh -l [~ J (z r -1 ]sgn(xp). ( 4. 7) 

One may note that 8 = 8
0
= 0 and xp = 0 when t = 0. 

Thus as the cam follower moves according to Equation 4. 4 and as 

the cam wheel rotates, Equation 4. 7 relates the radial coordinate r of 

the cam follower to the angular coordinate 8 measured with respect to 

the wheel. Conversely, when the cam groove is cut. according to 

Equation 4. 7 and the wheel rotates at a circular frequency, w, the cam 

follower is constrained to move according to Equation 4. 4. 

Equation 4. 7, a form of the groove function r = r (9 ), IS plotted 

on polar coordinate p ape r in Figure 4. 13a for c/D = 3/8 and w /0, = 4/3, 

which were the values used in building the generators. Only th e portion 

of the groove for which - 126. 8° <8<+126. 8° was utiliz ed; at the se lim­

its the groove is nearly tangent to the circle of radius R. The groove 

shape was take n directly from the shape of the plotted curve; for the 

generator in the 40-ft tank, D = 8 in.; f6r the generator in the 100-ft 

tank, D = 20 In. 
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The choice of values of w/O and c/D strongly influences the shape 

of the groove function near 8 = 0. For small 8 , Equation 4. 7 may be 

approximated as: 

w 2c) 
0 D . 

For (l-2 we/OD) < 0, the groove function is smooth, resembling a 

( 4. 8) 

circle with a "dimple" in it at 8 = 0. When (l-2wc/OD) =O, the 

"dimple" becomes the cusp shown in Figure 4. 13a. For (l-2w/OD) >0, 

the cusp becomes a "nodule 11 similar to that of a prolate cycloid. Of 

these three configurations the only one practically applicable as a cam 

is the cusped one; hence it was required that~= fc· The quantity c/D 

was chosen so that D would be within the range R < D <2R. (In opera-

tion, the cusp caused an unavoidable roughness in piston motion. 

However, as will be shown in Section 6. 1, the quality of the generated 

wave appeared to be not at all affected by the irregular motion that re-

sulted when the cam follower passed the cusp. 

Properly, each size of solitary wave demands its own values of 

D and w. For a given cam wheel, D is obviously not variable. However, 

as will be shown in Section 6. 1, it was found that by merely changing w 

a satisfactory range of wave heights, with waves of consistently good 

form, could be produced. 

A problem did arise in the 100-ft tank when operating at a depth 

d of 0. 64 ft, a still wat e r depth that was considerably l ess than that for 

which the cam w h eel was designed. At the slowest possible motor speed 

the waves , although of good form, were much higher than desir ed. The 

solution was to insert the can1 _follower in the groove, and turn the cam 

wheel by hand through part of a cycle to about the position shown in 
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· Figure 4. 11 b. · When a wave was desired, the motor was switched on, 

the cam wheel would con1plete its cycle, and the piston would move 

through its shortened stroke. The initial form of waves thus gener·ated 

was not as good as. for full- stroke generation, but the tank was long 

enough to allow the waves to stabilize into satisfactory form by the time 

they reached the test section, as shown by profiles presented in Section 

6. 1. Fortunately the acceleration characteristics of the motor re­

mained sufficiently constant from test to test so that w ith a constant 

reduced stroke length, the waves were as reproducible as with full­

stroke generation. 

4. 3. The Platforms. 

In each tank, the platform had a flat, horizontal underside (here­

in termed the "soffit"), spanning the entire width of the tank. The 

soffit was made and kept as smooth as possible. Each platform had a 

flat, vertical front face high enough to prevent incident waves from 

splashing over the top of the structure. 

The platform in the 40 -ft tank was constructed of 10-in. wide 

anodized aluminum channel with a 1 /2-in. web. This channel was cut 

in two 2-1/2-ft lengths, and was support ed by a 5-ft steel frame. One 

could thus use a s ingl e section as a 2-1 /2-ft platform, or both sections 

together as a 5-ft platform. The steel frame was suspended fr om three 

large C-clamps, supported by angles l a i d across the top of the tank. 

The narrow spaces between the platform and tank wall were caul ked 

with plasticene, scraped s1nooth on the bottom so that the horizontal 

plane of the soffit was continued uniformly out to the vertical wall. 

The weight of the structure and the viscosity of the plasticene resisted 
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upward movement of the structure due to wave forces; no upward move­

ment was observed. 

Five pairs of holes were drilled in one section so that the trans­

ducers could be mounted at different locations. The holes were ar­

ranged in pairs· so that the two transducers could sample the "two­

dimensional ir wave simultaneously at the same distance from the 

seaward end of the platform, i.e. the end closer to the wave generator. 

Where there were no transducers mounted, the holes were securely 

plugged. The flush-mounted transducers and plugs kept the platform 

soffit a smooth, plane surface. 

In the 100-ft tank the platform was a 1 /2 -in. thick x 15 -in. wide 

x 5-ft long anodized aluminum plate, shown in a dimensioned drawing 

in Figure 4. 14. Two longitudinal ribs were attached to the upper side 

to give the plate stiffness. A 1 /2-in. thick aluminum plate formed the 

vertical front face. Sponge rubber adhesive stripping was used t o 

caulk the 1 /8-in. space between the platform and the tank walls to pre­

vent the passage of water or air. The structure was suspended by 

three 3/4-in. threaded bars suspended from two pieces of structural 

steel channel clamped across the top of the tank. Two struts bolted 

to the rear Of the platform. and to the top edge of the tank prevented 

the platform from moving longitudinally. 

As with the platform in the 40-ft tank, the holes in which trans­

ducers could be mounted were arranged in pairs so that two transdu ­

cers could sample pressure simultaneously at the same distance from 

the seaward end of the platform. Seven pairs of holes were drilled 

one inch either side of the platform centerline . The distances from 

the centerlines of the seve n pairs of holes to the seaward end of the 
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platform are listed in Section 6 . 3. As in the 40-ft tank, each hole 

not occupied by a transducer was fitted with a plug, so that the soffit 

retained a smooth plane surface. 

As it was desired to keep the soffit as smooth as possible, the 

number of holes was minimized by 9-rilling no holes at a distance from 

the leading edge greater than half the platform length. The structure 

was designed so that the supporting bars, the struts, and the vertical 

front plate could be attached to either end of the basic plate. To mea­

sure pressures on the rear half of the platform, therefore, the unit 

could be removed from the tank, and the basic l /2-in. plate (but not 

the front plate, the supporting bars, or the struts) could be turned 

through 180°, and the unit reassembled and returned to the tank. 

The platform was levelled by measuring the soffit clearance 

along the front and rear edges with a hook gauge on a vernier scale 

accurate to + 0. 0005 ft. 

4. 4. Apparatus and Techniques of Measurement. 

The parallel-wire resistance gauge shown in Figure 4. 15 was 

used for continuous measurement of the water surface elevation at a 

given point. The wave gauge was composed of two 0. 010-in. -diameter 

stainless steel wires 9 in. long, stretched taut and parallel between 

the arms of a stainless steel G-frame . The w ires were electrically 

insulate d from each other, e x c e pt that current could pass from one 

wire to the other through the water in which the g auge was immersed. 

The recorder output signal w a s proportional to probe conductance, 

which in turn was proportional to the depth of immersion of the wires . 

(A typical wave gauge trace is shown in Figure 4. 18b, to b e discussed 

pres e ntly.) The gauge, moun t e d o n a rack-and-pinio n g raduate d in 
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F i gure 4. 1 5 . A parallel - wire resistance wave gauge . 
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feet, was calibrated by immersing it into still water a known amount 

and then retracting it. Typical wave gauge calibration curves are 

shown in Figure 4 . 16 for calibration approximately one hour apart. 

Three point gauges were used to measure wave front celerity. 

Each point gauge was wired to one channel of a recorder so that when 

the point was grounded by contact with water, the recorder pen would 

make a simple deflection. 

The signal from the wave gauge and the three point gauges was 

reGorded simultaneously by a four -channel Sanborn Series 150 re­

cording system. The circuitry consisted essentially of a Wheatstone 

Bridge circuit excited by 2400 cps alternating current at 4. 5 volts. 

The AC supply and half of the bridge elements were contained in the 

Sanborn Model 150-llOOAS Carrier Preamplifier . The external half 

of the bridge was constructed of precision wirewound resistors . 

As shown in Figure 4. 1 7, the probe formed part of one arm of 

the external half-bridge. The wave gauge was connected to terminals 

A and B, and the point gauges simply to terminals B in their respec­

tive channels. 

The use of an alternating excitation current prevented elec ­

trolysis on the wires of the wave gauge. 

To measure the celerity ·of the solitary wave, the three point 

gauges were mounted along the tank centerline, separated by known 

distances x 1 and x
2

, as shown in Figure 4. 18 a . The points were 

raised above the stilhvater level a common distance 6, roughly 1 /3 

to 2/3 the height of the waves to be generated. Using a multi-channel 

recorder, it was easy to measure the time interva l between initial 

deflections on two adjacent channels, as shown in Figure 4. 18b. 
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This time interval divided into the distance separating the correspond­

ing gauges is the average wave celerity between the gauges . 

The pressure measuring system is shown schematically in 

Figure 4. 19 and in Figures 4. 20 and 4. 21. Two strain-gauge type 

pressure transducers shown in Figure 4. 20, each excited by a D. C. 

voltage sour.ce, were mounted in the test platform so that their ex ­

ternal sensitive diaphragms were flush with the platform soffit. One 

transducer was a Statham Model PM 131 TC, in which an unbonded 

strain gauge containing all four arms of a Wheatstone Bridge circuit 

was connected to the center of a thin, circular stainless steel dia­

phragm of 1/2-in. e xternal diamete r. The excitation voltage used was 

12 V. From this transducer the signal was amplified 1000-fold by a 

Dynamics Model 6450 differential D. C . amplifier, and recorded on a 

multi-channel Consolidated Electrodynamics Corporation Model 5 - 124A 

recording oscillograph, equipped w ith two model 7-362 fluid -damped 

galvanometers and with a flash timer. According to the manufacturer's 

specifications, the Model 7-362 galvanometer has an undamped natural 

frequency of 4150 cps. An external resistance of 2000 was connected 

in series with each galvanometer, as recommended by the manufac ­

turer, to provide a damping ratio of 0. 64. The timer, consisting 

essentially of a mercury dischar ge l amp in a resistance -capacitance 

circuit, marked the moving r ecorder paper at intervals of 0 . 01 + 0. 0003 

sec. (A warm-up period of about 20 minutes was necessary to ensure 

a constant. flash rate .) The other transducer was a Schaevitz-Bytrex 

Mode l HFD-2, enclosed in a special adapter for reasons to be dis­

cussed presently. Two Wheatstone Bridge e lements, cornposed of 

semiconductor filaments, we re in the probe its e lf, and the othe r 
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elements were in a separate unit. The excitation voltage used was 

7. 5 V. The output signal was amplified 300-fold through a Dynamics 

6450 amplifier and 20-fold through a Kintel Model 111 BF D. C. am­

plifier, thence recorde d on the CEC oscillograph. Occasionally a 

Tektronix Model 310A cathode-ray oscilloscope was connected in par­

allel with the oscillograph on one or the other of the transducer 

channels. 

As will be explained in Chapter 5, analysis of spatial transducer 

resolution requires knowledge of internal transducer structure. Ac­

cording to a publication of the manufacturer (Stedman, 1967), the sen­

sitive diaphragm of the Statham Model PM 131 TC is machined in one 

piece, with a reinforcing boss in the center and a stiff ring around the 

outside, as shown in Figure 4 . 22a. Therefore, while the external 

diameter of the diaphragm is 1 /2 in. (i.e. the radius is 1/4 in. or 

0. 0208 ft), the radius of the sensitive area is somewhat less than 

0. 0208 ft, due to the thick outer ring providing reinforcement. The 

effective radius, or radius of the sensitive area of the diaphragrn, is 

estimated to be O. 016 ft, based on the diagram accompanying the man­

ufacturer 's notes (Stedman, 1967). The reinforcing boss in the center 

is connecte d to the unbonded strain gauge containing all four arms of 

the Wheatstone Bridge circuit . 

The 1/8 - in. Schaevitz-Bytrex pressure transducer was employed 

because its smaller size provided improved spatial resolution, as w ill 

be explained in Chapter 5. Yet as originally mounted, with its sensi­

tive diaphragm exposed directly to the air or water beneath the test 

platform, it suffered a significant shift in output signal due to changes 

in temperature. The silicon semiconductor tr ansducing element 
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4. 22a. A cutaway view of the Statham 
1/2-in. transducer . 
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4 . 22b. A sectional view of the 1 /8-in. 
Schaevitz - Bytrex transducer 
in its 1 /2-in. adapter . 

'° N 



93 

carried an electric current when operating and was thus a source of 

heat, which was conducted away to the metal of the platform and to the 

air beneath the platform. When water in a wave touched and flowed 

past the transducer diaphragm; the rate of heat conduction was in­

creased and the sensitive element was cooled significantly, causing 

a shift in output obscuring any pressure signal which should have 

been recorded. 

To solve or at l east ameliorate the temperature-shift problem, 

three tactics were tried. The first was to . reduce the excitation volt­

age, to reduce the amount of heat generated; the second was to cool 

the transducer, or heat the water in the wave tank; the third was to 

insulate the transducer thermally from the water in the wave . 

Reduction of the excitation voltage from the rated value of 25 V 

to 1. 5 V reduced the temperatur e shift considerably with respect to 

the recorded pres sure function. However, reduction of the excitation 

voltage led to a small output voltage, so that the signal-to-noise ratio 

was reduced. 

It was found that by heating the water in the tank a few degrees 

Celsius, the zero shift could be nullified or reversed. However, it 

was evident that to h eat the t ank water above room tempe r a tur e would 

introduce unwanted problems of temperature control, and convection 

and stratification of the fluid. As an alternative it was attempted to 

cool the transducer by enclosing it in a brass jacket through w hich 

ice -wate r was circulated. Here, too, the zero shift could be nullified 

or reversed, but again it was impractic'ably diffi c ult to determine the 

flow of cool a nt nec essary for consistent nullification of the zero shift. 
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The problem was eventually solved to an acceptable degree by 

mounting the transducer in an adapter, so that the sensitive diaphragm 

was recessed behind a 1 /8-in. x 1 /8-in. oil-filled chamber sealed with 

an external diaphragm of polyethylene, as shown in Figures 4. 20 and 

4. 22b. The adapter housing was machined out of stainless steel, with 

external dimensions equal to those of the Statham 1 /2-in. transducer 

so that holes drilled in the platform could accommodate either the 

1 /2-in. transducer or the 1 /8-in. transducer in its adapter. The 

1 /8-in. diameter, 1 /8-in. long chamber was drilled from the plane, 

circular end of the adapter, and connected with a 1I4-in. threaded 

access hole drilled from the other end of the adapter. A 1 /32-in. re­

lief vent was drilled from the side of the adapter to the chamber, and 

a tapered hole for a plug to close the relief vent was drilled through 

the adapter, intersecting the relief vent perpendicularly. A diaphragm 

of adhesive polyethylene tape, 1 /2-in. in diameter and 0. 006 in. thick, 

was attached to the plane, circular end of the adapter. Since the 

transducer as provided by the manufacturer was cylindric a l, a 1I16-in. 

thick by 1I4-in. outer -diameter ring was cemented to it to provide a 

flange for purposes of mounting. 

The transducer was mounted in the adapter as follows: the 

adapter, w ith polyethylene diaphragm attached, was immersed in a 

bath of oil deep enough to insure that the chamber, relief vent, and 

tapered plug hole were completely filled with oil, w ith no air bubbles 

remaining . The oil used w as Dow Corning 11200 Fluid 11 silicone oil 

with a dynamic viscosity of 1 centipoise at 2 50C. The transducer was 

set in place , v.rith a washer of polyethylene between the transducer 

flang e and the end of the access hole; and the n secured firmly by a 
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threaded bolt screwed into the access hole. (The core of the threaded 

bolt was drilled out to accommodate the wires leading from the trans­

ducer). With the adapter containing the mounted transducer still 

immersed in oil, a smooth, tapered teflon plug was driven firmly into 

the plug hole to seal the relief vent_.. thereby completing the assembly 

procedure. 

(The unit as shown in Figure 4. 20 is partially disassembled. 

The polyethylene diagram, shown lying separate from the unit, has 

been removed, and the oil has been drained, permitting a view into 

the oil chamber. The diaphragm of the transducer itself is partially 

visible at the inner end of the chamber. As the unit lies on the table, 

the outer end of the relief vent is visible on the top of the adapter. 

Both ends of the tapered plug hole are visible, indicating that the plug 

hole passes through the adapter above the oil chamber, intersecting 

the relief vent. ) 

The diameter of the sensitive area of the external polyethylene 

diaphragm was 1 /8-in., as was that of the unmodified transducer. 

Pressure was sati~factorily transmitted through the polye thylene 

diaphragm and silicon oil to the transducer, yet the thermal insula­

tion provided by the oil reduced the temperature shift to a small frac­

tion of its forme r value. Using an excitation voltage of 7. 5 V, less 

than one third the rated voltage of 25 V, also helpe d reduce the tem­

perature shift. 

To determine the extent of amplitude distortion and phase shift 

introduced by the pressure meas ure1nent system, the dynamic pro­

perties of the pressure transducers, the amplifier s, and the r e cording 

oscillogr aph were analyzed. It was as sumed tha t the t ransduce rs and 
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galvanometers could be treated as damped single-degree-of-freedom 

harmonic oscillators, for which the equation of motion is (White, 1948): 

j (t) = Ky(t) + B ~ + M ~:l , ( 4. 9) 

where j(t) is the applied forcing function, y is the resultant displace­

ment or output, K
1 
is the static proportionality constant of input forc e 

to output displacement, B is the damping coefficient, and Mis the 

mass. The undamped natural frequency of such a system is f = n 

..{¥!/(Zn ,/M.), and the damping ratio is (, = B/(4nfnM). For a sinu­

soidal input function j = j 0 sin [ (Znf) J, the output w ill be y = y 0 sin 

[ (Znf)t - E: J, where th~ ratio of output to input amplitudes is given by: 

, 
Kyo 1 
~~ - ~~~~~~~~~~~~~~ 
jo 

and the phase shift is: 

€ = t a n-i[2(,f/fn J. 
1 - (f /fn)2 

Equation 4. 10 may be r ewritten as: 

1 = 1 - (f/f )2 
n 

The n atural fr e quency f and the d amping ratio (, of the two 
n 

(4. 10) 

( 4. 11) 

( 4. 12) 

transducers wer e d e t e r mined exper imentall y by lightly tapping the 

transducer hou s ing with a sharp obj e ct in o r d e r to excite free oscil-

lations at the natural frequ e ncy of the ins trume nt . The output, after 

amplif i cation, was dis played on the cathod e- r ay oscilloscope, w h e r e 
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the trace was photographed. Tests were made with each transducer in 

air, and with the sensitive diaphragm immersed in water to simulate 

operating conditions. Figure 4. 23a shows a typical output trace from 

the 1 /2-in. transducer in air; Figure 4. 23b shows a typical output 

trace from the 1/8-in. transducer with oil-filled chamber, with the 

outer diaphragm of the unit in contact with water. 

The free damped oscillations of the instrument may be described 

by Equation 4. 9 with the forcing function j set equal to zero. A solu-

tion to the equation is: 

( 4. 13) 

When (B/M)2 is less than 4K1/M, the second term in the exponent is 

imaginary, and gives the functi on y(t) the form of a sine wave whose 

amplitude is y = y 0 exp( - Bt/2M), and w hose diminished fr e qu ency is: 

(4. 14) 

The d amped natural frequency fd was obtained directly from the 

photographs of the o scilloscope traces by dividing the number of cycles 

shown per screen divi sion by the oscilloscope beam sweep rate, 

measured in seconds per division. The r atio B/2M was comput ed by 

comparing th e amplitudes of oscillation Y = y 0 exp(- Bt/2M) measured 

at two different times t 1 and t
2

: 

y 
1 _ Yo exp {- Bt1 /2M} 

Y 
2 

- y 0 exp (-Bt2 /2M}' 
( 4. 15 ) 
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Figure 4. 23a. Damped free oscillations of the 
1 /2-in. Statham transducer in a ir. (Horizontal 
scale: 2 millisec/div.) 

8996 
-Figure 4. 23b. Damped free oscillations of 
the 1/8-in. Schaevitz-Bytrex transducer 
with oil chamber, in water. (Horizontal 
scale: 500 microsec/div.) 
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which when rearranged becomes: 

(4. 16) 

With fd and B/ZM known, the undamped natural frequency 

f = ~(Zn ./M) and the d~mping ratio C = BI ( 4nf M) were computed. 
n n 

The two sets of measured values for the 1/6-in. Schaevitz-Bytrex 

transducer with oil chamber were obtained before and after the test-

ing program, a time interval of approximately one year. 

The measured values off and C for the two transducers in air n 

and in water are presented in Table 4. 1. Also presented is the rated 

natural frequency of the 1 /2 in. transducer, supplied by the 

manufacturer. A value of natural frequency for the 1 /8-in. trans-

ducer with the oil chamber, computed from known characteristics of 

the unmodified transducer, considering the mass of oil, but neglect-

ing the stiffness of the external polyethylene diaphragm, is also in-

eluded. (Details of the computation are provided in Appendix C. ) 

Manufacturer's rated values off and C for the CEC 7-362 galva­
n 

nometer are also include d. 

The amplitude response of the two types of amplifiers used were 

tested by exciting each amplifier with a sine wave of variable frequen-

cy, and displaying the result on the oscilloscope screen. The dis-

playe d amplitude was measured for frequencies rangin g from 1 

kilocyc / sec to 16 kilocyc I sec . To e liminate the effect of amplitude 

variation in the sine-wave generator, amplitude of the generated wave 

displaye d directly on the oscilloscope without amplifiers was measured 

over the same range of frequencies. At each frequency t ested, the 



Table 4. 1. Dynamic characteristics of components in the pressure-measurement system. 

EXPERIMENTS 
PREDICTED 

COMPONENT 
I N WATER OR RATED IN AIR 

f n c fn c f n ' (kilo eye/ sec) (kilo eye/ sec) (kilo eye I sec) 

CEC 7-362 
galvanometer 4 . 15a o.64a 
(with 200 0 in 
series) 

1/2-in. Statham 
3.61 0.00090 3.50 0.00122 3.50a 

transducer 
(in air ) 

1 /8 -in. 24. 3b 
20.8d Schaevitz- Bytrex 

0.00808 20.3 0.01904 transducer with 24. le 
oil chamber 

·Notes : a) ManufactUrer' s rating. 
b) Measured before testing program was begun. 
c) Measured after testing program was completed. 
d) Calculated value, with mass and stiffness of outer diaphragm neglected 

(see Appendix C). 

-0 
0 
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ratio of amplifier output amplitude to signal generator input amplitude 

was normaliz e d with respect to the ratio obtained a t a frequency of 

1 kilocyc/sec. 

In Figure 4. 24, the amplitude response Ky /j , determined 
' .o 0 

from Equation 4. 10, is plotted as a function of frequency f for the 

1/8-in. transducer and the 1/2-in. transducer 6-ising measured values 

of fn and C from tests in water) and for the CEC 7-362 galvanometer 

(using rated values of fn and C: ). The measured amplitude r esponse , 

or normalized ratio of output to input amplitude s, is also included for· 

two models of amplifier us ed. 

It should be note d here tha t the Tektronix 3 lOA oscilloscope 

used to d e termine the curves presented in Figure 4. 24 is rated as 

having a fr e quency range of zero to 4000 kilocyc/ sec., with an accu-

racy of + 3%. Since the frequency range examined is well w ithin the 

range of capability of t he oscilloscope, the measur e ments should be 

free of error introduced by that instrument. 

For accurate measurement, amplification, and re cording of the 

pressure signal, it is necessary to have constant amplitude r esponse 

over the range of frequencies represented in the input pressure func -

tion. Figure 4. 24 shows that all system components except the 1 /2 - in. 

Statham transducer have an amplitude respons e of 1. 00 +. 0 5 up to a 

frequency of 3 kilocyc / sec, above which the galvanometer r esponse 

d ecreases steadily . The amplitude response of the 1 /8-in. Schaev itz -

Bytrex transducer with its oil chamber, and the r e sponse of the two 

amplifier models, is 1. 00 + . 0 5 up to 4. 5 kilocyc I sec. (It is of inter-

est to note that the amplitude r espon se of the sub-syste1n consisting 

of the 1 /8 - in. tr ansducer , the Dynamics 6450 amplifier, and the 
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1/8-IN. TRANSDUCER ' ""-

WITH OIL CHAMBER '\ . ~ 
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Figure 4. 24. Dynarnic a mplitu d e r espon s e a s a function of 
input fr e que n cy, fo r each compon e nt of t he 
pres su r e - measu rin g s y stem. 
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Kintel 111 BF amplifier will, at a given freque ncy, be the product of 

the amplitude respons e s of the three. components at that frequency. 

Thus computed, the amplitude response of the subsystem is 1. 00 + . 07 

for frequencies up to 14 kilocyc/sec.) 

Therefore, for recorded measurements obtained with the 1 /2-in. 

transducer, the Dynamics 6450 amplifier, and the CEC 7-362 galva­

nometer, the upper limit of the range of useful fr e quencies is set by 

the transducer. On the other hand, for m e asurements ·obtained with 

the 1/8-in. transducer with the oil chamber, the Dynamics 6450 and 

Kintel 111 BF amplifiers, and the CEC 7-362 galvanometer, the upper 

limit of the range of useful frequencies is set by the galvanometer. 

The phase shift inhe rent in an harmonic oscillator, as expressed 

in Equation 4. 11, may cause a distortion in recorded rise-time of the 

peak-pressure function. The phase shift E: has been plotted as a func ­

tion of input frequ e ncy fin Figure 4. 25 for the CEC 7-362 g alvanometer 

and for both transducers, using value s of fn and C obtained as described 

previously. It is evident that for frequencies ranging from z e ro to 3 

kilocyc/se c , E: is the greatest for the CEC galvanometer. 

To determine whether the m e asure ment system was capable of 

measuring p e ak pr e ssure s ade q u ate ly, seve ral typical uplift e x peri­

ments w ere conducte d, w ith pressures measured by the 1/8-in. trans­

duc er. The sig n a l w as amplified by the Dynamic s and Kint el ampli­

fiers, and displayed simulta neously on the oscilloscope and on the 

recording oscillog raph with the 7 - 362 g alvanome ter. A calibration 

(using the oscilloscope) of the r e cording o s cillogr aph was m a de to de­

termine the rate of stat i c galva n o m e t e r trace d efle ction p e r millivolt 

excita tion of the gal v anomete r. F o r the o scilloscop e , it was assume d 
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Figure 4. 25. Phase shift E: as a function of input frequency, 
for the pressure tr ansducers and the recorder 
galvanomete r. 
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that the rate of trace deflection per millivolt excitation was accurate ­

ly indicated by a dial setting. For each test, the p eak pres sure was 

measured in terms of trace deflection of both the oscillograph galva­

nome ter and of the oscilloscope, and converted to an equivalent pair 

of values of millivolt static excitation of the oscillograph galvanometer 

and of the oscilloscope. P eak pressure in terms of equivalent milli­

volt excitation is plotted against corresponding peak pressure value s 

recorde d by the oscilloscope in Figure 4. 26a, to determine the ampli­

tude response of the galvanometer to the generated and amplified peak 

pres sure signal (it again being assumed that the oscilloscope intro­

duced no error). As shown in Figure 4. 26a, the amplitude response 

of the galvanometer was approximately O. 98 for the typical pressure 

input func tions. 

As shown in Figure 4. 24, the galvanometer amplitude response 

is 0. 98 or greater for frequencies les s than 3 kilocyc/sec but de­

creases rapidly above this frequency; therefore, one may conclude 

that components of .the pressure pulse who se fr equency is greater 

than 3 kilocyc/sec are of negligible amplitude . One may also conclude 

that within the range of important compone nt frequencies, i. e . fre­

quencies l ess than 3 kilo cyc / sec , that the amplitude response of the 

1 /8--in. transducer will be. within two per cent of unity and that of each 

of the amplifiers w ill b e within one p e rcent of unity, so that for the 

measuring system consisting of the 1 / 8 -in. tr ansducer, the Dynamics 

and Kintel amplifiers, and the CEC 7-362 gal vanometer, the overall 

amplitude response w ill be within six per cent of unity. The measure ­

ment system containing the 1 /2 - in. transduce r, on the other hand, 

may h ave an overall amplitude response f a r i n exce ss of unity . 
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I millivolt D.C. excitation 
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Figure 4. 26a. Comparison of peak pressures recorded by 
oscillograph and by oscilloscope_ to test oscillograph response . 
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On the same records of peak pressure obtained in the amplitude 

response tests, the rise-time tr was measured, a n d comparisons 

made between values obtained with the CEC galvanometer and the 

oscilloscope, as shown in Figure 4. 26b. ("Rise-time" is defined as 

the interval between the time of fir st major d eflection of the record 

and the time of peak deflection; see Section 6. 3. ) Aside from a small 

amount of scatter there is no measurable diffe r ence between rise -

times as recorded by the two instruments . Therefore, there is no 

measurable error introduced by galvanometer phase shift. Since the 

range of important component frequencies inc ludes only frequencies 

less than 3 kilocyc/sec, and since for the 1/8 -in. transducer the phase 

shift, E:, is much l e ss than that for the galvanometer, one may con-

elude that no error in rise -time measurement is introduced by the 

1 /8 - in. transducer. For frequencies less than 3 k ilocyc I sec the am-

plifiers show an amplitude response deviating from unity by O. 01 or 

less. If in Equation 4. 12 all devi ation of Ky /j from unity is at-
. 0 0 

tributed to the pha~e shift E:, the maximum possible value of E: is about 

0. 01 radians, or about half a d egr ee , w hich is mu·ch less than values 

obtained for the galvanometer, as shown in Figure 4. 26b. One may 

then conclude that the amplifiers introduce no rise-time error . 

With no measurable error i n rise-time, and with amplitude re-

sponse within six percent of unity when the pressure-measurement 

system using the 1 /8-in. transduce r is excited by a typical peak -

pressure distribution, it appears that measurements o f peak pressure 

obtained with the 1 / 8 -in . transduce r are free of distortion due to dy-

namic characteristics of the measurement system. Measurements of 

peak pres sure obtained with the 1 /2 - in . transducer, however, a re 
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subject to consider able distortion due to the previously mentioned fact 

that amplitude response may be much greater than unity. The smaller 

1 /8-in. transducer therefore has a dynamic advantage over the 1 /2-in. 

transducer as far as measuring peak pressure is concerned, in addi­

tion to the advantage of spatial resolution to be discussed in Chapter 5. 

The pressure transducers were calibrated in place before and 

after each series of tests. The reference pressure was applied uni­

formly and statically to the sensitive diaphragm. The calibration 

apparatus, shown schematically in Figure 4. 27, consisted of a water 

reservoir, a manometer, and a tube connecting the manometer to a 

gasketed cup, which could be raised into position beneath the trans -

ducer mounted in the platform. Valves A and B connected the mano­

meter with the reservoir and with a drain, respectively. 

To calibrate, the cup and jack we r e placed in the tank beneath 

the transducer. Valve B was closed; valve A was opened s lightly to 

permit a small bleed from the reservoir to the cup and over the rim 

of the cup, to ensure that air would not be trapped between the trans­

ducer diaphragm and the cup. The cup was then raised and firmly 

seated against the soffit around the transducer, thus conne cting the 

transducer hydraulically with the manometer. With the recorder 

running slowly, the valves were ope rated to stepw ise increase and 

decr e ase the head on the system, by amounts read on the manometer 

to 0. 002 ft . After calibration, the cup and jack were removed from 

the tank . . 

Typical calibration curve s for the two transducers are shown in 

Figure 4 . 28 for a tin~e interv al of approximately two hours between 

calibrations . 
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Single-image photographs of the wave profile, such as those 

shown in Section 6. 2, were obtained by setting two Edgerton high­

voltage flash-tube lamps b ehind the 100-ft tank at the test section as 

shown in Figure 4. 29. The outside of two panes of the far glass wall 

was covered with translucent paper, and the flash lamps adjusted to 

illuminate the pape red panes as evenly as possible. With the labora­

tory darkened, the 4-in. x 5-in. Calumet came ra with a wid e -angle 

lens, set in front of the tank, was kept on open shutter as a wave ap­

proached the test section. At the d e sired instant, the fl ash lamps 

were triggered manually, a fte r which the camera shutter was closed. 

A number of multiple-image photographs we r e made to study 

visually the progress of the wave beneath the platform and to mea­

sure the wave front celerity, as described in S ection 6. 4. Most such 

photographs, such as that shown in Figure 4. 30, were taken at the 

40-ft. tank; a few, such as that shown in Figure 6.2la,we;re takenatthe 

100-ft tank. The two xenon helical flash tube s providing illumination, 

positioned as shown in Figure 4. 29, were driven by a 4-kilovolt powe r 

supply and regulated by a variable-frequency oscillator and variable­

duration time r. The flashes could be triggered electrically. Thus, 

a burst of flashes, at 10 flashes per second lasting 1 second, say, or 

100 flashes per second lasting 0. 2 seconds, could be trigger ed when 

a wave made contact with a sensitized point gauge mounted in the tank 

near the test section. 

The 4 in. x 5 in. Graflex Crown Graphic camera was kept on 

open shutte r. The lens cap was removed when the wave approached 

the test section, and replaced soon after the lights had flashed. 
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Figure 4. 29. Plan view of the photographic set-up. 
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Figure 4. 30. A typical multiple-image photograph (40-ft tank). 
(Wave is propagating from left to right; flash 
rate is 100/sec.) 
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To photograph a wave profile in a glass -walled tank is actually 

to photograph the meniscus at the intersection of the air-water inter­

face and the near glass wall. As described previously, it was possi­

ble to photograph a single image by covering the far wall with trans­

lucent paper and backlighting it. The profile appeared dark on a light 

background. For a multiple-image photograph, however, it was neces -

sary to produce light profiles on a dark background, to avoid exposing 

the entire frame of film on the first flash. Experimentation showed 

that the best technique for this was to have the tank bottom painted 

white, to cover the top half of the far wall with black, opaque paper 

and the bottom half with white, translucent paper, and to backlight the 

white paper as evenly as possible. It was necessary that the still 

water level be above the boundary of black and white paper. Light 

reflected from the bottom and from the lower wall reflect e d in the 

m ·eniscus, illuminating the wave profile in contrast to the dark back­

ground of black paper, as shown in Figure 4. 30. 

4. 5 Operating Procedure. 

Each experiment consisted of the generation of a solitary wave, 

and the recorded obse rvation of the wave and its resultant effects on 

the platform. 

Experiments were conducted in groups of six or more, for which 

geometric parameters such as the still-water d epth, the soffit clear­

ance, and the transducer location were unchanged, and the wave height 

H was kept as constant as possible . The large number of repetitive 

experiments was made necessary by the large deviation inhe rent in 

the measured pe ak pressure . 
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The "universal mean" m' of a variable quantity zi (such as the 

peak pressure) is defined as the mean of a sample of infinite size 

(Parr a tt, 1961, p. 76). The mean m of a sample of finite size n pro-

vides an estimate of the unive rsal mean. A measure of the deviation 

of the m easured quantity zi is the experimental standard deviation S, 

define d in this study as: 

(4. 17) 

Corresponding to the experimental standard deviation S is the 

"universal 11 standard deviation S', defined as the standard deviation 

of a sample of infinite size. A measure of the reliability of the ex-

perimental mean mas an estimator of the universal mean m' is the 

experimental standard d eviation in the mean S , defined in this study . m 

as Sm = S/Jn, and the corresponding "universal" standard deviation in 

the mean S'm = S' 1,;;;. 
The standard deviation i n the mean Sm may be interpre t e d as 

follows: for a quantity that is norma lly distributed, there is 68% 

probability that the universal mean m' lies within the confidence in-

terva l m±_ S'm· There is 95% probability that m' lies within the con­

fidence interval m+ 2 S~ (Parratt, 196 1, pp. 94, 174), where the 

"universal" value s'm may be approx imated by the experimented 

value 8.rn· 
For a given confidence l imit such as 68% o r 95%, the experi -

mental mean M become s a more r e liable estimat e of the universal 

mean m' as the sample size n increases . H owever, the re is a 
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diminishing return in accuracy with increasing sample size n. For 

example, when n is increased from one to four, the interval within 

which one may expect rn with 95% probability is reduced from a half­

width of ZS to S; yet to achieve another t<no-fold increase in accuracy 

would require a further increase in sample- size to n = 16. 

Since the wave-testing procedure was time-consuming and thus 

did not allow for large sample sizes to be obtained throughout the pro­

gram, a value of n = 6 was chosen for most of the experiments, while 

for selected cases n was equal to or greater than 30. As will be 

shown in Section 6. 6, the ratio S/m of experimental standard devia­

tion to mean peak pressure was usually less than 25o/o. For Sim= 25%, 

there is therefore 95% probability that the sample mean m is within 

ZS/(m,fii'J= 20. 4% of the universal mean m for n = 6, and within 

ZS/(mJil}= 9. 1% of m for n = 30. 

In preparation for a group of experiments, the water level in 

the tank was adjusted to its proper elevation within + O. 001 ft, and 

the water surface was wiped clean. To wipe the surface a piece of 

unglazed paper nearly the width of the tank was gently laid on the sur­

face and slowly towed the length of the tank. A considerable amount 

of dust, oil film, and algal growth could be so collected. 

The electronic apparatus was allowed time to warm up, after 

which pressure and wave transducer calibrations were taken. The 

flash frequency of the CEC recording oscillograph timer was checked 

with the oscilloscope. The wave generator motor was turned on, 

causing the cam to rotate unloaded at a constant velocity, adjusted 

for generation of waves of desired height. After water disturbances 
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caused in calibration and other preparation died out and the water was 

sensibly still, the first wave was generated. 

The wave and pressure recorders were engaged as the wave 

approached the test section, and disengaged as soon as the wave had 

passed complet"ely beneath the platform. The wave generator was 

then immediately reset and the water was allowed to become still 

again. 

The time needed for the water to become still was found to be 

5 minutes in the 40-ft tank and 8 minutes in the 100-ft tank. When 

the required stilling time had elapsed, the next wave was generated. 

After every 4th experiment the wave gauge was calibrated; a 

pres sure transducer calibration was performe d after every 16th wave. 

Occasionaliy calibrations w ere n1ore frequent. At the end of the day's 

operation, the wave gauge was rais e d out of the water and wiped clean 

with methyl alcohol. 

In the hydraulics laboratory, situated in an air-conditioned 

·building, the air temperature was maintained between 70°F and 

75°F. 
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CHAPTER 5 

DEFECT IN PEAK PRESSURE MEASUREMENT 

DUE TO TRANSDUCER AREA 

In Chapter 1 the recorded pressure function was described as 

having an initial peak of short duration, followed by a more slowly-

varying part, usually of lesser amplitude. In Chapter 3 such a 

pressure peak was predicted at the advancing wavefront where the 

rising water surface makes initial contact with the platform soffit; 

in Section 6. 3 it will be shown that the pres sure peak is indeed sus -

tained at the advancing wavefront. Moving along the soffit with the 

celerity Ud of the wave front, the pressure distribution may be ex­

pressed as P (x- Udt) as shown in Figure 5. la, if changes in form 
ac 

and amplitude are neglected. A pressure transducer mounted in the 

soffit, having been calibrated with a reference pressure applied uni-

formly, i.e. , without spatial variation, to the sensitive transducer 

surface, generates an output displayed on the recorder. The re-

corded output function may be mapped point-by-point into a pressure 

function P (t) shown in Figure 5. lb by multiplication by the calibra­
r 

tion factor. The recorded pressure function P (t) therefore indicates 
r 

the time-depende nt pressure P exerted on the transducer, provid­
ac 

ing the pressure is exerted uniformly, as in the calibration. 

With respect to the actual non-uniform pressure distribution, 

P (x-Udt), shown in Figure 5. la, the rise-length bis define d as the 
ac 

distance between the region of zero pressure and the locus of maxi-

mum pressure. Correspondingly, the rise-time t of the recorde d 
r 

pre ssure function P (t) is defined as the t ime interval between the 
r 
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Figure 5. la. A travelling pressure distribution approaching 
a transducer. 

Figure 5. lb. 

PLATFORM 
SOFFIT 

The r ecord ed pressure function. 

Figure 5 . le. Increase in recorded rise-time due to finite 
transducer a rea. 
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initial condition of zero recorder deflection and the condition of max-

imum recorder deflection as shown in Figure 5. lb. If pressure is 

measured at one point, i.e. if. the transducer radius a is vanishingly 

small, the rise-time tr will be equal to the time needed for the 

pressure wave to travel a distance equal to the rise-length b: 

tr = b/Ud. Therefore if one is interested in measuring the rise-length 

b, one need merely measure tr and Ud: b= Ud tr. 

Early in the experimental program, however, it was noticed 

that the rise-time tr multiplied by the wave front celerity Ud resulted 

in a length quantity that was usually of the same order of magnitude 

as the transducer radius a; and it was recognized that a "delta-

function" pres sure distribution, i.e. one with vanishingly small rise-

length b, would be recorded as having a rise-time t equal to the time 
r 

needed for the narrow pressure peak to travel from the edge of the 

sensitive transducer area to the point where the transducer is most 

sensitive to the pressure p e ak, i.e. the transducer center. In such 

a case it would be wrong to believe that the product Ud tr was equal 

to the rise-length b, when in fact i t would merely be a measurement 

of the transducer radius a . 

For a pres sure distribution where b is not vanishingly small, it 

is reasonable to assume that the product Ud tr is equal tci the sum of 

the rise length b and the transducer radius a, as shown in Figure 5. le. 

At time t A' the toe of the moving pres sure distribution has just 

reached the edge of the sensitive transducer area, causing initial re-

corder trace deflection. At a later time tB' the peak of the distribu­

tion is at the transducer cente r . If it is assumed that p e ak transducer 

output occurs whe n the peak of the distribution is at the trans ducer 
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center, then the rise-time tr = tB - tA is equal to the distance pro­

pagated b + a divided by the rate of propagation U d: 

(5. 1) 

Equation 5. 1 shows that unltfss a<<b, derivation of b from Ud and tr 

will be affected by transducer size. As will be discussed in Section 

5. 1, measurement of the peak pressure P
2 

will also be affected by 

transducer size if a is not much smaller than b. 

This problem of transducer size was recognized during pre-

liminary tests with the 1 /2-in. transducer. To improve spatial 

resolution, i.e. to reduce the transducer radius, a, the 1 /8-in. 

transducer was procured. (As described in Section 4. 4, the 1 /8-in. 

transducer had dynamic response characteristics that made it a much 

more suitable instrument than the 1 /2-in. transducer for measuring 

peak pressures, from the point of view of dynamics as well as of 

spatial resolution.) With the 1/8-in. transducer too, however, the 

product of rise-time tr and wave front celerity Ud was of the order 

of magnitude of the transducer radius a, indicating that the problem 

of spatial re solution had not yet been completely obviated and still had 

to be taken into consideration. 

5. 1 Mathema tical Formulation of the Problem. 

One may consider a spatially varying distribution of pressure 

exerted on a plane surface, and the problem of measuring the pres -

sure magnitude at any given point on that surface. As shown in 

Figure 5. 2, any real pressure transduce r, mounted in the surface 
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Figure 5. 2. Diagram showing how a spati ally-v.a;rying pressure 
distribution is averaged over the sensitive transducer area A. 

c ------'----r 
Y
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1 
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---------J_ c 

Figure 5 . 3 . D efinition sketch of the limits of integration 
for Equation 5 . 4. 
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and centered at the given point, will sample pres sure over a finite 

area of the surface; and thus report an average pressure for the 

finite, although perhaps small, area surrounding the desired point 

of measurement, rather than report the pressure at just the point. 

In the analysis that follows, the dynamic response character-

istics of the transducer are not considered. (This has been justified 

by the discussion of Section 4. 4.) Deflection of the sensitive trans-

ducer surface by a pressure distribution is assumed to be indepen-

dent of the time rate of change of the pressure distribution, i.e. it 

is assumed that analytical expressions for static deflection are ade-

quate for expressing the deflection at any instant due to the pres sure 

distribution on the transducer surface at that instant. Furthermore, 

it is assumed that transducer output may be considered equal to a 

linear superposition of outputs due to unit forces applied at points 

distributed over the sensitive transducer surface. 

The recorded pressure function P (t) may be related to the 
r 

actual pres sure distribution P (x, y, t) by an integral equation of 
ac 

the form: 

Jj G 1 (x,y)P (x,y,t)dx dy=P (t). 
A ac r 

(5. 2) 

As shown in Figure 5. 2 the (x, y ) plane is that of the surf a ce, with the 

transducer centered at the origin; P (x, y, t) is the pressure di s tri ­
ac 

bution; the region of integration is the sensitive area A of the trans-

ducer; and the spatial r e sponse function G (x , y) describes the r e lative 
1 

sensitivity of various parts of the transduce r surface. The condition 

that the recorded pressure P equal the actual pressure P when the 
r ac 



123 

latter is distributed uniformly over the transducer area A, i.e., 

P is independent of x and y, is satisfied if: 
ac 

JI G1 (x,y)dxdy= 1. 
A 

(5. 3) 

Now if pressure distributions varying in one direction only are 

considered, such as P (x, y, t) = P (x, t), the left-hand side of 
ac ac 

Equation 5. 2 may be expressed as: 

a y (x) 

II Gi(x, y)P (x, t) dx dy = J [ P (x, t) J 2 

G1 (x, y) dy J dx, (5. 4) 
A ac _a ac Y. (x) 

1 

where the notation is defined as shown in Figure 5. 3. If: 

where now: 

Y. (x) 
2 . J G 1 (x, y) dy = G(x), 

y (x) 
1 

a 

I G(x) dx = 1, 
-a 

Equation 5. 2 becomes: 

a 

I G(x) P (x, t) dx = P (t). 
ac r 

-a 
(5. 5) 

When the pressure distribution move s across the transducer surface 

as a wave of unchanging form, as in Fi gure 5. la, or Figure 5. le, 

Equation 5. 5 has the particular for m : 
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a 

I G(x)P {x- Udt)dx = P (t), 
ac r -a 

(5. 6) 

where Ud is the wave celerity. 

The spatial response function G 1 (x , y) describing the sensitivity 

of various parts of the transducer surface may be considered propor-

tional to the static transducer output due to a unit force applied at the 

point (x, y) on the transducer surface. The integrated spatial response 
Y. (x) 

function G(x) = J 2 
G1 (x, y) dy may be conside red to be proportional 

y (x) 
1 

to the static transducer output due to a unit line load applied along a 

chord of the sensitive transducer area, perpendicular to the x-axis, 

situated ·a distance x from the center of the transducer, such as the 

line C-C in Figure 5. 3. The actual pres sure P (x , t) may be con­
ac 

sidered. a weighting function, indicating at a given time t the amplitude 

of the line loads at every value of x. The total transducer r esponse 

P (t) is then the summation of component r esponses to the line loads 
r 

distributed over the sensitive surface area of the transducer. 

The integrated spatial response function G(x) may be derived as 

follows: G 1 (x, y) = QF1 (x , y), where F 1 (x, y) is proportional to the 

calibrated transducer output due to a unit force applied at the point 

(x, y). The constant Q is determined by Equation 5. 3: 

J J G1 (x, y) dx dy = Q J J F 1 (x, y) dx dy = 1. 
A A 

(5. 8) 

Similarly, G(x) = QF(x), where F(x) is proportional to the calibrated 

transducer output due to a unit line loa d appli e d along a chord a 
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distance x from the. transducer center, and where Q is determined 

by the relationship: 

a a 

J G(x)dx = Q J F(x) dx _ 1. 
-a -a 

The relationship between F 1 and F is the same as that between G 1 

and G: 

F(x) = J Y:a 

~ 

(x) 

F 1 (x,y)dy. 
(x) 

(5. 8) 

(5. 9) 

The spatial r esponse functions G(x) are derived for five differ-

ent transducer configurations in Table 5. 1. The first two cases pre-

sented in Table 5. 1 are for transducers w ith spatia lly uniform sensi-

tivity, in which the transducer output due to a unit force i _s independent 

of the location on the sensitive surface a t which the force is applied. 

Case 1) is for a square surface; Case 2) is for a circular surface. 

Case 3) is for a transducer whose sensitive surface is a circular 

membrane, r esisting deformation by a resistance to stretchi ng; where 

the transducer output is proportiona l to the average d e flection to the 

membrane. Cases 4) and 5) are for transducers whos e sensitive 

surfaces are circular diaphragms, resisting deformation by a resis-

tance to bending, with the slope of the diaphr agm surface a t the peri -

phery constrained to be zero. In Cas e 4) transducer output is propor-

tional to average diaphragm d e flection; in Case 5) transducer output is 

proportional to deflection at the center of the diaphragm. 
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Table 5. 1 

Derivation of spatial response functions G(x) 

1. Square piston or piezometer tap, sides of length 2a, sides 

aligned with x, y axes. Output independent of location of applied 

force. 

a) The output due to a unit point force exerted at {x, y) is 

proportional to: F 1 {x, y) = 1 (or any other constant); 

a 
b) F=JF1 dy=2aj 

-a 

c) 

d) 

-a 

a 
G(x)dx = Q J F 

-a 

1 
G(x) = 2a 

dx = 4a2 Q _ 
1 

1; Q = 4a2 ; 

2. Circular piston or piezometer tap of radius a. Output independent 

of location of applied force . 

a) The output due to a unit point force exerted at {x, y) is pro-

portional to: F 
1 

{x, y) = 1 (or any other constant) 

+ Ja2-x2 

b) F = J F 1 d y = 2 Ja 2 -x2 

c) 

d) 

-Ja2 -x2 

a 
J G(x)dx 
-a 

2 
G( x) = 

rra 

a 
= Q J F dx = 

-a 

/1- (~/. 
a 

Q = 
1 

TT a2 
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Table 5. 1 (continued) 

3. Circular membrane of radius a. Output proportional to 

average deflection of entire membrane. 

a) The deflection at point ( r , 8 ) due to a unit point load 
0 0 

exerted at (r, e) is proportional to: 

ro 
r 

F 2 = z[ ~n{ a0 
) - I ! 

n=l 

for r < r < a; 
0 

ro 

F 2 =2[-~n(~)-I* {(;
0

)n -(r::)n}cosn(e-9
0
)] 

n=l 

for r < r. 
0 

(Morse and F e shbach, 1953, p. 1189.) 

The ave r age deflectio n o f the e ntire membrane due to the 

unit point load is proportional to: 

F
1

(x ,y) = 1 
TT a2 I as 2TTF2 

0 0 

r d 8 dr 
0 0 0 = 
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Table 5. 1 (continued) 

+ Ja2-x2 

b) F(x) = J F 
1 

(x, y)dy = 

- Ja2-x2 

sin 

c) 
a J G(x)dx = 

a 2 oJ F(x)dx = ; Q _ 1; 

- a - a 

d} 3 J x3 x3 
G(x)= 2na - n(-) +2(-) arcsin(~) _ a a a 

4. Circula r diaphragm of radius a, edges clamped. Output 

proportional to average deflection of diaphragm. 

a) The deflection a t point ( r , 8 ) due to a unit point loa d 
. 0 0 

exert e d a t (r, 8 ) is proportional to: 

r (a2+r 2 ) (a2 - r 2 ) 
F

2 
= l(r 2 +r2 ) -e,n(~ ) + 

0 J + 8 -de p e n dent terms L o a 2a2 

for r 
0 

< r <a ; 
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Table 5.1 (continued) 

(a2+r 2)(a2-r2) 
Fa = ·[er 2 + r 2 ) ,e,n ( .E.) + 

0 J + 8-depen:dent terms 
o a 2a2 

for 0 < r < r . 0 

(Timoshenko and Woinowsky-Krieger, 1959, p. 290.) 

The average deflection of the diaphragm due to the unit point 

load is proportional to: 

1 
TT a 2 

b) 

c) 

d) 

a 2n · 

r S a2 [ r 212 . F 2 rd8dr = F 1 = 64TT 1 - (a-) _ 

0 0 

+ Ja2-x2 

F(x) = J F 1 (x, y)dy = 
3 2 5/2 

6~n [ 1 - (~) ] 

-Ja2 -x2 

J a J a Qa4 5n 
G(x)dx = Q F(x)dx = bOiT T6 = 1; Q 

-a -a 

16 2 5/2 
G(x) = - [1 - ( ~) ] 

5na a 

192 
=~ 

5. Circular diaphragm of radius a, edges clamped. Output 

proportional to deflection of center of diaphragm. 

a) The deflection at point (r , 8 ) due to a unit point load 
0 0 

exerted at (r, 8) is proportional to: 

(a2+r 2) (a2 -r2) 
Fa =[(r

0
2+r2) tn(f) + 

0

2
a 2 J + 9-dependent terms 

for 0 < r < r 
0 

·proportional to r 

(Timosh enko and Woinowsky-Krieger, 1959, p. 290.) 

0 
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Table 5. 1 (continued) 

The deflection at the center of the diaphragm is proportional 

to F 
2 

when r 
0 

= 0 : 

+ Ja2 -x2 

b) F = J F 1 (x, y)dy = 
- Ja2 -x2 

c) 
a a 3 J G(x)dx = Q J F(x)dx = Q TT~ _ 

8 l,· Q . = rra3 ' 
-a -a 

d) G(x) 16 [ x 3 x 3 x = 3-- TT ( - ) - 2 ( - ) arc sin ( - ) 
rra a a a 
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For each case, the function F 1 (x, y) is derived in Step (a); the 

result is integrated with respect to y to yield F(x) in Step (b); the 

proportionality constant Q is evaluated in Step {c); and the integrated 

spatial response function G(x) = QF(x) is presented in Step {d). 

5. 2 Mathematical Solution of the Integral Equation. 

If the recorded function P (t), the spatial response function G(x), 
r 

the transducer radius a, and the wave celerity Ud are known, it is 

theoretically possible to solve Equation 5. 6 for the actual travelling 

pressure distribution P (x- Udt). The mathematical procedure is out­
ac 

lined in this · section for interest. However, it should be noted that the 

procedure was not applicable to the present study, for reasons to be 

shown presently. 

As in Section 5. 1, dynamic response characteristics of the 

transd1.i.cer are not. considered, and it is assumed that analytical ex-

pressions for static deflection of the transducer diaphragm are ade-

qu;;i.te for expressing the deflection at any instant due to the pres sure 

· distribution at that instant. As in Section 5. 1, it is .assumed that 

principles of linear superposition may be applied. 

The Fourier transform of Equation 5. 6 is: 

co 

[J
a G{x)P {x-U t)dx] e iwtdt=Jco P (t)eiwtdt. 
-a ac d -co r 

(5. 10) 

When the left-hand side is multiplied and divided by e iwx/Ud' and 

·when factors are rearranged, Equation 5. 10 takes the form: 
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[I co P (t-~ )e iw(t-~ ) dt] dx 
-CO ac ud d 

co 

= J Pr(t)eiwtdt. (5 . 11) 
- co 

In the bracketed factor on the left-hand side of Equation 5. 11, the 

argument (t-x/Ud) may be replaced by the symbol s, where ds=dt 

and the range of integration may be expressed as - co < s < co. The 

bracketed factor, after integration, is therefore a function of w alone, 

and therefore independent of t and x. The bracketed factor is simply 

the Fourier transform of P (s), and may be labelled 11" (w) . 
ac ac 

The right-hand side of Equation 5. 11 is the Fourier transform 

of P (t), and may be labelled 11" (w). The integral 
r . r I

a iw ~ 
G(x)e Ud clx 

-a 

on the left-hand side may be labelled I(w, a, Ud). 

5. 11 may be written in abbreviated form as: 

Therefore, Equation 

I (w, a, Ud) 11" (w) = 11" (w) . ac r 
(5. 12) 

With complete knowledge of P (t), one may determine 11" (w); r r 

with knowledg e of the transducer radius a, the wave celerity Ud, 

and the spatial respons e function G(x), one may determine I(w, a, Ud). 

The function 11" (w) is then simply the ratio 11" /I, and the actual 
· ac r 

pressure distribution P (x- Udt) is the inverse transform of 11" (w). 
ac ac 

s 
a 

However, it should be noted that the integral I(w, a, Ud) = 

G(x) e itox/Ud dx may become zero for certain values of w. 
-a 
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For instance, in the fourth case listed in Table 5 . 1, where 

G (x) = ~ [ 1 - ( x t· J 5 I 2, 
5;ra a the integral I becomes zero for 

wa/Ud = 8. 92 and for certain greater values. When I= 0, infor­

mation is lost concerning the value of ;r (w) at the corresponding 
ac 

value of w, i.e., there is no way to learn the value of ;r (w) from 
ac 

;r (w) at that value of w. Thus there is an obstacle to complete 
r 

r etrieval of the input pressure function Pac· Only if it is known 

that the Fourier transform ;r (w) of the actual pre ssure input is 
ac 

itself zero for values of w at which I(w, a, Ud) equals zero can the 

function ;r (w) be retrieved from the transform ;r (w) of the re-. ac · r 

corded function P (t). 
r 

It was attempted to apply the correction procedure so described 

to the recorded pressure function obtained with the 1 /8-in. Schaevitz-

Bytrex trans ducer described in Section 4. 4. For this transduce r, the 

radius, a, was 0. 0052 ft (or 1/16-in. ). It was assumed that the poly-

ethylene tape covering the exposed end of the modified transducer 

assembly acted as . a diaphragm, in which there is resistance to de-

flection by bending; rather than as a membrane, in which there is a 

resistance to deflection by stretching. Pressure causing deflection 

of the outer polyethylene diaphragm was transmitted through the oil to 

the reces sed transducer. Transducer ·output was the refore propor-

tional to average d e flection of the outer diaphragm, indicating that 

the appropriate spatial response function was the fourth one listed in 

16 I :a-]5/2 
Table 5. 1: G(x) = 5na L 1 - (i) _ . 



134 

The wave front cele rity Ud, corresponding to the pressure 

function P (t) examined, was measured experimentally. The con­
r 

tinuous recorded function P (t) was put into digital form. With the 
r 

aid of an IBM 7040 /7094 high- speed digital computer, the integral 

I(w, a, Ud) and the Fourier transform rr (w) of P (t) we re computed. 
r r 

Next, the inverse transform of the ratio rr /I was computed to give 
r 

P · (x- Udt). 
ac 

An application of the correction procedure is illustrated in 

Figure 5. 4a, for a transducer radius, a, of O. 0052 ft, and a wave 

front celerity Ud of 6. 0 ft/ sec. In the top panel, it is seen that values 

of both the real and· imaginary parts of rr (w) are relatively small for 
r 

w > 3000 sec - 1 compared to values for w < 1000 sec - 1
• Therefore 

for purposes of computation it has been possible to limit w to the 

range O< w < 4500 sec - 1 with only negligible loss of information in 

rr for w > 4500 
r 

For 0 < w < 4500 sec - 1
, the integral I(w, a, Ud) 

is positive, ranging from unity to about O. 35. In the s econd panel, 

the real and imagina ry parts of rrac(w). = trr(w)/I(w, a, Ud) are quali­

tatively similar to ·TI (w). In the b o ttom panel, the inverse transform 
r 

of rr (w) results in a predicted pressure fun c tion P (t) that is quite 
ac ac 

similar to the recorded function P (t), except for slightly i ncreased 
r 

peak pressure and slightly reduced rise-time . 

The application of the corr ection procedure illustrated in 

Figure 5. 4a i s 1 'succe ssful" in that a coherent pressure distribution 

P (t) is obtained, yet since the difference between P and P is 
ac ac r 

quite small, it would seem that the correction needed in this particu-

lar case was not g r eat to begin with, i. e . the rise - l ength b may be 
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sufficiently greater than the transducer radius a that the error 

introduced by finite tr a nsducer size is small. 

Another, less successful, application of the correction pro-

cedure is illustrated in Figure 5. 4b, for a transducer radius, a, of 

0. 0052 ft and a ·wave front cel erity Ud of 4. 1 ft/ sec. In the bottom 

panel it is seen that in this case the rise=time t of the recorded 
r 

function P is about 0. 0008 sec, considerably less than in the case 
r 

illustrated in Figure 5. 4a, where the rise-time is about O. 0019 sec. 

Correspondingly, the range of values of w for which 1T (w) is of sig­
r 

nificant amplitude is greater in Figure 5. 4b than in Figure 5. 4a: 

. -1 
for example, at w = 4500 sec the real part of 1T is of significant 

r 

amplitude in Figure 5. 4b, whe reas it is of n egligible amplitude in 

Figure 5. 4a. For purposes of computation it is therefore necessary 

to extend the range of w, so that all significant values of 1T are 
r 

included. 

Howe ver, the extended range of w now includes the value 

w = 7040 sec - 1 = 8. 92 Ud/a, w here I(w, a, Ud) becomes zero but where 

the real and imaginary parts of 1T (w) have positive, albeit small, 
r 

values. In the second pane l of Figure 5 . 4b, the function 

1T (w) = 1T (w) /I(w, a, Ud) is dominated by the very great values that 
ac r 

result for w near 7040 sec - 1 The appearance of both rea l and imagi-

nary parts of 1T (w) is not unlike tha t of the Dirac d e lta function 
ac 

o(w-w ), where w = 7040 sec - 1
• The resultant inve r se tr a n s form 

. o 0 

P (t) resembles more the inverse tr ansform of a delta function, i. e . 
. ac · 

a cosine function of angular fr equency w = 7040 sec - 1
, than it re­o 

sembles a corrected pres sure function qualitatively similar to the 

r ecorded function P (t). 
r 
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Therefore, the correction procedure derived in this section 

either provides a coherent but not particularly informative result, 

as in Figure 5. 4a, or its produces an incoherent result, as in 

Figure 5. 4b. For this reason another correction procedure was 

developed, as will be discussed in Section 5.3. 

Several studies concerning the loss of signal resolutim due to 

transducer size have been reported in the literature. All studies 

known to the writer (Uberoi and Kovasznay, 1953; Liepmann, 1952; 

Willmarth and Roos, 1965) have been concerned with the measure­

ment of stochastic properties of a random field, rather than of a 

particular pressure distribution as in the present study. 

The work of Uberoi and Kovasznay (1953) and of Liepmann (1952) 

showed that if the properties of the recorded stochastic function and 

of the transducer are completely known, the properties of the original 

stochastic function can b e recovered. The mathematical formulation 

of the problem by Uberoi and Kovasznay is essentially similar to that 

presented in this section: the recorde d function is assumed to be re­

lated to the actual function through a convolution integral, as in 

Equation 5. 2, where the kernel represents the spatial respons e char­

acteri s tics of the transducer. The convolution integral equation is 

solved by the use of Fourier integrals, as i n Equations 5 . 10 to 5. 12. 

Willmarth and Roos (1965), in measuring fluctuations of pres­

sure on a flow boundary beneath a turbulent boundary layer, attempted 

to correct measurements made with finite-sized transducers by the 

method of Uberoi and Kovasznay. As in the present study, difficul­

ties arose in applying the correction procedure to a ny but l ow spec ­

tral fr equencies, because of zeroes in the transform of the func tion 
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representing transducer characteristics (corresponsing to the function 

I(w, a, U d) in Equation 5. 12 ). 

5. 3 Correction of Rise-Time and Peak Pressure. 

Since the correction procedure described in S e ction 5. 2, which 

was to provide a corrected time-dependent pr e ssure function, was not 

capable of producing useful results, an attempt was made to devise a 

procedure to provide corrected value s f o r at least the peak pres sure 

P
2 

and the rise-time tr, the two parameters which describe in a fun­

damental way the pressure distribution near the w ave front. 

To gain fundamental understanding of the defect process, 

Equation 5. 6 w as evaluated for several mathematical mode ls of actual 

pres sure distribution P {x- Udt). Three of the mode ls chosen were ac . 

of the form of single , symmetric pulses of unit amplitude and width 

2b, viewed at the time t when the pulses are centered at the trans-

ducer cente r: 

for x ~ b, (5. 13a) 

P {x) = 0 
ac 

for x > b, (5. 13b) 

Thre e value s of n w er e e x amined: n = 1 (for triangular distribution), 

n = 2 (for a. para bolic di s tributio n), and n = ro (for a top-hat distri -

bution). A f ourth mode l distribution was a c o sine func tion w ith a 

wave leng th, 4b: 

P {x) = cos 
ac 

1TX 
2b . . (5. 14) 
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If it is assumed that peak transducer output occurs when the peak of the 

pressure distribution is at the transducer center, a pressure <listri-

bution with its maximum situate d at the transducer center _may be con-

sidered a model of the pressure distribution at the instant when the 

recorded pressure is a maximum. The "defect ratio 11 R is now de-

fined as the ratio of recorded peak pres sure P 2 r to actual peak pres -

sure p . 
2 ac· 

G(x) P dx = 
ac 

when the recorded pres sure is a maximum. 

(5.15) 

Figure 5. 5 shows the dependence of the defect ratio R upon the 

form of the pressure distribution, and upon its width b normalized with 

respect to the trans'ducer radius a, for the four models of pressure 

distribution describe·d by Equations 5. 13 and 5. 14. The normalized 

width parameter b/a varies from 0 to 3. Each of the three single sym-

metric pulse functions (top-hat, ·parabolic, and triangular) .is inte-

grated with each of the last three spatial response functions listed in 

Table 5.1 (for a membr~e, output proportional to average deflection; 

for a diaphragm, output proportional to average deflection; for a 

diaphragm, output proportional to deflection at the center). The cosine 

distribution is integrated with the fourth function listed in Table 5.1, 

for the case of a diaphragm whose average deflection is proportional 

to transducer output. 

Figure 5. 5 shows that for the single-pulse distributions, R in-

creases i:nonotonically from zero at b/a = 0, and approaches unity as 

b/a increases. The defect ratio R sometimes has negative values for 

the cosine distribution for small b/a, but again R approaches unity as 

b/a increases. It is apparent that for a given va~ue of b/a, the defect 
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ratio R depends more strongly on the form of the pressure distribu-

tion (top-hat, parabolic, triangular, or cosinusoidal) than it does on 

transducer structure. (For b/a > 0 . 5, the defect ratio for the cosinu-

soidal pressure distribution is in close agre ement with values of R 
2 

for the parabolic distribution, Pac = 1 - ( ~) , a result that is not 

surprising when it is remembered that the first two terms of a 

Taylor's series expansion about x = 0 for cos(;~) are Pac=1-i(;~
2

~ 
similar to the parabolic distribution). 

The effect of finite transducer area on measured rise-time was 

hypothesized at the beginning of the section, assuming that peak trans-

due er output P 
2 

occurs when the peak of the actual distribution is 
r 

loca ted at the transduc e r c e nter: as shown in Figure 5. le, the re-

corded rise-ti m e t , the time inte rval between the time of zero de­
r 

flection, is the time interva l b e tween the time t A whe n the pres sure 

distribution first arrives at the edg e o f the tr ansducer dia phragm, 

causing initial deflection, and the time tB w h e n the peak of the 

pressure distribution arrives at the transduce r center causing maxi-

mum d e fle ction: tr = tB - t A" The distance travelled in the time 

interval t is the rise-length b plus the transdu cer r a dius a, i.e., 
r 

tr = (a+ b)/Ud' where Ud is the cele rity of the pressure distribution 

(Equation 5. 1). Correspondingly, the ris e -length b may be derive d 

in t e rms of the rec orded rise -time t : 
r 

(5. 16) 

The e ffect of finite transducer size may ther e f o re be sum mar -

ize d as follows: the recorde d p e ak pre s sur e P 2 w ill be le s s tha n r 
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the actual peak pressure P 2 by a factor R, and the recorded rise-
ac 

time t will be greater than the actual rise-time (i.e. the rise-time 
r 

that would be recorded by an ideal, infinitesimal transducer) by an 

amount a/U d' where a is the transducer radius and U d is the celerity 

of the pres sure· distribution. 

The correction procedure described next, which was applied 

to peak pressure and rise time data in the present study, does not 

depend on a particular spatial response function G(x) , as did the cor-

rection procedure described in Section 5. 2. It is actually an extra-

polation procedure using peak pressure and rise time data obtained 

with a transducer of finite size to predict v a lues that would be ob-

tained with an infinitesimal transducer, i.e. one for which a = O. 

The procedure is b a sed on qua litative considerations of peak pres-

sure defect and ris e time increme nt as expre ssed in Equations 5. 15 

and 5. 1. 

The following assumptions w e re made: 1) the celerity U d of the 

wave front (and of the pres sure distribution) is approximately con-

stant for the time taken for the wave front to cross the transducer, 

i. e 
dtJd 

dx 
a 

ud 
is much less than unity; 2) the wave form does not vary 

in the trans verse direction over the transduce r w idth; 3) pressure 

distributions at the wave front are similar for all experimental con -

ditions, and are time - dependent only as a propag ating w ave form, i.e.: 

P -p (x-Udt), 
ac - 2 ac cp b 

(5. 17) 

where P 2 ac a nd b m a y v a ry, but the form function cp depe nds sole ly 

on the valu e of the ar gu ment (x - Udt)/b; 4 ) the gr eat est tr a nsd u cer 
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output P 2 occurs when the actual ·pres sure peak is centered on the 
r 

transducer center; 5) the defect ratio R increases monotonically with 

the ratio of rise -length to transducer radius b I a, from a value of 

zero at b/a = 0 to a value asymptotically approaching unity as b/a 

becomes large (as shown in Figure _5. 5); 6) hydrodynamic models of 

different absolute size that are geometrically similar exhibit kine-

matic and dynamic similarity according to the Froude modelling law, 

i.e. scale effe cts due to viscosity or surface tension are assumed to 

be negligible; and 7) dynamic properties of the transducer may be 

neglected in the analysis. These assumptions are re-examined in the 

light of experimental data in Section 6. 6 

With the wave celerity U d' the measured rise-time tr' and the 

transducer radius, a, known, the rise-length b is obtained directly 

from Equation 5. 16. The corrected rise-time is then the ratio 

To correct the recorded peak pres sure P 2 , it is necessary to 
. r 

construct empirically the function R=R(b/a) such as shown for several 

mathematical models in Figure 5. 5. The ratio R of recorded peak 

pressure to actual peak pressure cannot be determined directly, but 

ratios of Rat two different values of b/a may b e obtained by conduct-

ing two experiments, similar in every respect except for the value of 

b/a. Such a pair of experiments could be performed with two trans-

ducers of differing radius, a, operating simultaneously and side-by-

side, sampling pressures generated by a single wave; or the pair of 

e~periments could be performed with one transducer operating at two 

diffe rent model scales m a intaini ng compl e te geometric, kine matic, 
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and dynamic similitude except for the ratio b/a, which would be pro-

portional to the absolute length scale. 

For purposes of discussion (and because it was the procedure 

actually used, as will be described in Section 6. 6), it may be sup-

posed that data obtained from a pair of similar experiments, with a 

single tran'sducer operating at two model scales, are to be compared. 

The subscript ( )M will be used to denote the larger model scale, and 

the subscript ( ) will be used to denote the smaller model scale. 
. m 

Since it is assumed that there is dynamic similarity between 

scales, the actual normalized peak pres sure obtained in the two ex-

periments will be the same at both scales: 

p p 

(~) =(~) 
yd M yd m' 

(5. 18) 

where y is the unit weight of water and where the still water depth d 

is used as a measur e of scale size. There will also be equality of 

normalized rise -length: 

(5. 19) 

The only systematic difference between these e x periments would be 

in the ratio of characteristic lengths to the transducer radius, such 

as b/a: 

(:M) ( ~) 
m m 

(5. 20) 

The defect ratio R is assumed to b e a function of b/a that is common 

to both model scales. Therefore, since from Equation 5. 20: 

> (~) 
m 

(5. 21) 
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it is expected that: 

> R , 
m 

. (5. 22) 

for a given set of experimental conditions. 

From Equations 5. 15 and 5.18: 

RM( P2ac/yd)M . 

= = 
Rm (P2ac/yd) 

(5.23) 

m 

At this point the functions I'= log 10R, 13 = log 10 (b/a), and r' = 

dI'/d 13 are introduced. (The choice of ten as a logarithm base is 

arbitrary.) The unknown function R = R(b/a) is sketched schemati-

cally in Figure 5. 6a, its form derived from the assumption that R 

increases ~onotonically with b/a from zero at b/a = 0 t o values 

approaching unity, a s shown ·by curves in Figure 5. 5. The function 

I'= 1(13) is sketched schematically in Figure 5. 6b. From the general 

form of R = R(b/a), one may infer that I' w ill have negative values 

that asymptotically approach zero as 13 increases . The function 

I''= d I'/dS is sketched schematically in Figure 5 . 6c. Figure 5. 5 

shows that as b/a increase s, the rate of change of R with b/a de­

creases. Similarly, the rate of change dI'/d13 V:,iil decr e ase w ith 

incr easing 13. 

The subscript notation may be extended to I' a n d (3: 

log 1 0 (b I a) M 

I' ' m 

s . m 

(5. 24) 
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(a) . 

b/a 

------------ -

(-b) 

/3= log 10 {b/a) 

Figures 5. 6. The defect ratio R = R(b/a) a nd the associated functions 
I'= I'\8 ) and r ' = 1 1 (13 ) used to determ in e R = R(b/a) from 
experimental dat a . · 
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Now from Equations 5. 20, 5. 23, and 5. 24: 

loglO 
UP2r/yd)MJ 

loglO [:~] P2r/'yd)m I'M - r m 
= = 

log 10 
[b/a)M J ·. [dM J SM - Sm (bf a)tn loglO dm 

(5.25) 

The ratio of differences on the far right-hand side of Equation 5. 25 

may be approximated as a differential: 

ar 
as = r•. (5. 26) 

The differential r I may be supplied with an argument s equal to the 

arithmetic average of SM and Sm: 

13 = (5. 2 7) 

(5. 28) 

From each pair of e x periments performed at the two model · 

scales, values of P 2 , b, d, and a may be obtained so that I' 1 and 
r 

a corresponding value S may be computed. Experimental conditions 

are then varied in each mode l to generate as wide a range of values 

of P 2 /'(d and b/a as possible, so that a range of values of I' i and S 
r 

as wide as pos s ible may be obtaine d. The differential I'' is then 
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plotted against f3 as in Figure 5. 6c, and a curve is fitted to the data. 

The function is then integrated numerically to give I'(f3). As an inte-

gration condition, it is assumed that since R approaches unity as 

dR/d{b/a) approaches zero, as shown in Figures 5. 5 and 5. 6a, then 

r(f3) should become zero at that vali.:e of f3 where I'' (13)=dI'/df3 equals 

zero. · The final step is to transform I'{f3) = lo g 10R to R = R(b/a). 

Now each recorded peak pres sure P 2 . may be corrected by the 

appropriate value of R. Two values of P 2 /-yd obt~ined for similar 
r 

experimental conditions at the two model scales, after each value 

has been corrected, should yield the same value of P 2 /-yd~ as indi­
ac 

cated by Equation 5. 18. 

The logarithmic correction procedure just described was applied 

to the rise-time and peak pressure data obtained in the present study. 

The details and discussion of the r esults of the procedure as actually 

applied are presented in Section 6 . 6; 

An extrapolation procedure that was simpler and more direct 

than the logarithmic extrapolation procedure just described was used 

by Willmarth and Roos ( 1965 ). After attempting to correct measure-

ments made with finite- sized transducers by the method of Uberoi 

and Kovasznay (1953), Willmarth and Roos compared data t .aken with 

transducers having four different d~ameters, and were able to extra-

polate the results linearly to estimate the function which would be 

recorde d by· an infinitesimal trans ducer. The measured power spec-

trum of pressure fluctuations on a flow boundary beneath a turbulent 
. 

boundary layer varied approximately linearly with transducer radius 

as the radius approached zero . The extrapolation procedure "was 

not difficult, not did it appear uncertain" (Willmarth and Roos, 1965, 
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p. 88, footnote). The measured power spectrum function integ rated 

with respect to frequency, that is the measured root mean square 

wall pressure, also varied linearly with transducer radius, and a 

value for zero radius could apparently be obtained by linear 

extrapolation. 

Correction of the peak pres sure data by linear extrapolation, 

as suggested by Willmarth and Roos, is presented in Section 6 . 6, 

and is compared with the corrections made by the logarithmic 

extrapolation method outlined in this section. 



150 

CHAPTER 6 

RESULTS 

As indicated by the Table of Contents, the measurements of 

profile, celerity, and decay rate for the incident wave are presented 

and discussed in Section 6. I. In Section 6. 2 the. observed flow in the 

neighborhood of the platform is discussed, accompanied by several 

series of photographs showing generated waves striking the platform. 

Measurements of water surface elevation at the seaward edge of the 

platform are also presented. 

In Section 6. 3, the pressure records and methods o f data re­

duction are discussed, in light of the discussion of operating proce­

dure presented in Section 4. 5. 

In Section 6. 4 the elapsed travel times and celerities of the ad­

vancing wave fronts and the waves of recession are present e d and 

discussed. In Section 6. 5 the functional form and the amplitude of 

the slow ly-varying pressur e is presented, and in Section 6. 6 the peak 

pressure is corrected for transducer area defect, and its functional 

depend ence on other parameters is examined. 

Exce pt where indicate d, all data are derived from experiments 

made in the 100-ft wave tank. 

6. 1 The Incident Wave. 

In Chapter 1 , it was stated that the requirements for the inci­

dent wave were that the wave b e a singl e intumescence (or at least 

the first of a train of waves) propagating into still water; that the wave 

form be subject to accur ate mathematical repres entation; and that it 

be a r e levant model of finite -amplHude ocean waves propagating 

through shoal water. 
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As stated in Chapter 1, the so-called solitary wave was chosen 

as the incident wave. The definitive solitary wave characteristics set 

forth by L amb (1945) and by Stoker (1957), mentioned in Section 2. 4, 

were that the solitary wave has a single, symmetric elevation, propa­

gates without change of form, and may be of finite amplitude-to-depth 

ratio. The profile, celerity, and other characteristics of the solitary 

wave have been theoretically ·analyzed by Bous sine sq ( 1872), Mc Cowan 

( 1891 ), Lai tone (1963), and others. Munk ( 1948) has argued that the 

solitary wave may be used as an approximate model for a finite­

amplitude ocean wave propagating into shoal water . The solitary wave 

therefore satisfies the requirements that the incident wave be a single 

elevation, mathematically describable, and a r e l evant model of a 

wave in shoal water . As desc:ribed in Section 4. 2, the wave generators 

iri the present study were designed accordi ng to the solitary wave 

theory of Boussinesq (1872). 

However, it should be borne in mind that precisely speaking, 

the solitary wave is an ideal wave whose exact form is unknown. On 

the one hand, all the theoretical expressions for the profil e a n d 

celerity of the solitary wave are to some degree approximate . On 

the other hand, "solitary" waves generated in the laboratory are 

generally accompanied by a follow ing train of parasitic wavelets, 

albeit often of relatively small amplitude. Therefore, when theo­

retical profiles and celerities for the solitary wave are compared 

with profiles and celerities of the generate d waves, it is fruitless to 

attempt to judge how well the generated wave represents a 11solitary 

wave", since the precis e f o rm of the solitary wave is unknown. 

R ath er, it is more pertinent to judge how well the generated wave i s 
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described mathematically by the approximate solitary wave theories, 

and to judge which solitary wave theory describes the generated 

wave best. 

In Section 4. 4, a typical wave gauge trace was presente d in 

Figure 4. 18b. Other wave gauge traces shown in Figure 6. 1 show 

more clearly the time history of water surface elevation at four lo­

cations before and after pas sage of the principal intume scence. 

The record of four wave g auge traces shown in Figure 6. 1 was 

obtained in a test to determine amplitude d e cay of the generated wave, 

to be discus.sed later in this section. Four wave gauges of the type 

described in Section 4. 4 were mounted along the wave tank centerline 

at 10-ft intervals. The order of the recorded trace s in Figure 6. 1 

corresponds to the spatial order of the corresponding wave gauges. 

The lowest trace was produced by a gauge mounted 45 ft from the 

generator. The uppermost trace was produce d by a gauge mounted 

7 5 ft from the generator, at the section of the w ave tank where the 

test platform w as normally located (the platform was removed for 

the tests described in this s e ction) . The uppermost trace the r e fore 

indicates the form of the wave s incident on the platform. 

Before the a rrival of the principal wave, the w ave g aug e a t each 

loca tion r e cords no disturbance , sinc e before the gener ation of the 

wave all disturbance s of the fluid have b een allowed to die out. Afte r 

the principal wave , the train of w a ves of small amplitude arriv es a t 

the w a ve g auge, a s shown most clearly in the lower two traces in 

Figure 6. 1. However, .the amplitude of the follm,vi n g w aves is gener -

ally only of the order of 5 p er cent o f the height of the p r i n c ipal wav e . 
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tFigure 6. 1 . Profiles of a wave recorded simultaneously by four wave gauges mounted 45 ft to 
75 ft from the wave generator. (Still water depth d = 1. 25 ft; generator stroke 
length D = 1. 67 ft). 
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The theoretical expressions for solitary wave profile and celerity 

as derived by Boussinesq (1872), McGowan (1891), and Laitone (1963) 

are presented in Table 6. 1. (The expressions for profile by McGowan 

(1891) are as arranged by Munk (1948).) The expressions for the free-

surface profile · are given in terms of the surface elevation above still 

water level Ti = ri(x ), and thus describe the profile as viewed by an ob-

server moving with the wave at its celerity of propagation U . To a . 0 

fixed observer, the time history of the surface elevation may be ex-

pressed by replacing x with the quantity U (t+t ), where t is a constant, 
0 0 0 

as was done in Equation 3. 30 in Chapte r 3. The value of U t is equal 
0 0 

to the distance between the location of the fixed observer and the loca-

tion of the wavecre st at t = O. If one defines t = 0 to be the time when 

the wave crest arrives at a wave gauge, then U t = 0, and throughout 
0 0 

Table 6. 1 one may replace x with (U t) to obtain analytical expressions 
0 

for profiles observed at the location of the wave gauge as the wave 

propagates past. 

In each of the figures in this section indicating experimental and 

theoretical wave profiles, the surface elevation Ti has been normalized 

with respect to its maximum value, the wave height H. The argument 

(U t) has been multiplied by the normalizing factor ffJI" 1 Thus 
0 J4 d d. 

normalized, the theoretical p rofiles by McGowan and by Laitone a re 

still d ependent on the r atio of wave height t o still water depth H/ d; but 

the profile by Boussinesq assumes the simple form: (ordinate)= sech2 

(abscissa), where the ordinate is ri/H and the abscissa is '3H U 0 t. 
,J4 ~Ci 

Thus normalized, the profile by Boussinesq is not d ependent on H/d in 

the same way as the other theories pres e nted. 



Table 6 . 1, Summary of theoretical solitary wave profil es and celerities . 

INVESTIGATOR PROFILE CELERITY 

Boussinesq .!l = H sech2 m~ Uo=}l+H 

(1872) d d 4 d d Jgd d 

.!l = 
sin M ( l + J) ' U0 = j ta~ M 

Mc Cowan d 
cos M( 1 + J) + cosh M ( J ) Jgd 

(1 891) H 
[M is a function of d (Munk, 1948 n (_as presented by Munk, 1948] 

.D. = H sech2 ax . d d 

Lai tone 3(H)2 i ~ ~ 1 + t ~ -/o (~)' (1 963) - 4 d (sech2 ax - sech ax) 

I ax = ' l H (1 - ~ H) ~ l 
c.. .y 4d 8d d _ 

,_.. 
\J1 
\J1 
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The three theoretical profiles presented in Table 6. 1 are com-

pared with an experimental profile- for a ratfo of waveheight to still 

water depth H/d = 0. 241 in Figure 6. 2, for H/d = O. 386 in Figure 6. 3, 

and for H/d = 0. 620 in Figure 6. 4. (In each figure there is only one 

experimental profile from the present study, because rarely do two 

experimental profiles have exactly the same value of H/d, and since 

the normalized profiles by McGowan and by Laitone are not independent 

of H/d, a separate profile must be plotted for each value of H/d.) 

Figures 6 . 2 through 6 . 4 show that at each value of H/d, no theoretical · 

profile fits the data better than that of Boussinesq in the re gion of the 

crest (i.e. for '11/H > O. 5); although far from the crest the Mc Cowan 

profile provides the best fit, a nd may be judged the b est over-all 

represe ntation of the wave~profile data thus far examined. The Laitone 

profile gives consistently poorer agreement with data than either of the 

other two profiles, predicting g reater values of '11 /H than those 

measured, everywhere except for the trivial cases of large t and zero t. 

In Figure 6. 4, four experimental profiles obtained by other 

workers are included. Two profiles by Daily and Stephan (1952), one 

for H/d = O. 232 and one for H/d = O. 610, are in good agreement with 

the writer's data. The water depth was r e ported to be 0. 4 ft. A wave 

profile by P e rroud (1957) for H/d = 0. 57, obtained i n a uniform rec-

tangular channel, agrees well w ith the · data of Daily and Stephan and 

of the pre sent study. The data from a profile by Perroud for 

H/d = 0. 62, obtained in a channel w h ose width was decreasing in the 

dir ection of propagation, lie well above 'the data obtained from waves 

in uniform channe ls, and exhibit marked asymmetry with respect to 

the crest. 
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The profiles obtained by Daily and Stephan (1952), and by 

Perroud (1957) for a wave in a uniform channe l, are best represented 

by the profile of Bou s sinesq (1872) in the region n ear the crest. 

Despite the overall agreement of the profile of McGowan (1891) with 

the data shown in Figures 6. 2 through 6. 4, the Bous sine sq profile has 

been used in this study as the basis of some of the analysis of Chapter 

3. Because much of the study involves impact of the wave on a plat­

form with a finite soffit c l earance, g reat accuracy far fr om the crest 

.is not neede d, and close to the crest the Boussinesq profile is as good 

or better tha n that of McGowan. Furthermore, the s impler form of 

the normalized Boussines q expression does not change with H /d. Use 

of the proper normalization parameters as employe d in Figures 6 . 2 

through 6. 4 permits meaningful superposition of several experimental 

profiles of different H/d onto one g r aph where they may be compared 

with a s ingle theor e tical profil e. 

With the Bous sine sq the ory s ingled out as the most convenient, 

and most accurate in the important r egion near the wave crest, 20 

additiona l e x p e rime nta l profiles a r e s how n in comparis on with the 

Boussinesq profile in Figures 6. S thr ough 6. 8. The d ata repr e s e nt 

diffe r ent values of H/d, o f wat e r d epth d, and of wave gene r a tor 

s troke l ength D. In Figures 6. S, 6 . 6 and 6. 7, the d a t a are from 

experi ments w h ere d = 1. 2 5 f t , 1. 00 ft, 0. 75 ft, and 0 . SO f t, and the 

wave generator stroke was 1. 6 7 f t (20 in.). The normalized profiles 

show no measurabl e dependence upon e ither relative wave height H/d, 

r e lative generator s troke- l ength D/d, or absolute wat er d epth d. As 

in Figures 60 2 through 6 . 4, the experimenta l profil es are well repre­

sented by t h e theor e tical profile o f Boussinesq (1 8 72 ) in the region 
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near the crest, while farther from the crest the experimental values 

of T1 are greater than the theoretical values. 

The wave generator was designed to operate for a depth d of 

1. 00 ft to 1. 25 ft: for lesser depths it was necessary to operate the 

generator at a shorter . stroke in an improvised manner described in 

Section 4. 2. Figure 6. 8 shows four profiles from experiments where 

d = 0. 64 ft and the stroke was 0. 83 ft (10 in.). The normalized ex -

perimental profiles are very nearly the same as those presented in 

Figures 6. 2 through 6. 7, demonstrating that operating the wave 

generator with a shortened stroke did not cause the normalized wave 

profiles to be appreciably different from normalized profiles obtained 

with full- stroke operation. 

That the normalized profiles obtained in the present study are 

the same whether g_enerated by full-stroke or by shortened- stroke 

operation of the generator, and that they agree with profiles obtained 

by other experimenters studying waves in uniform channels, indicates 

that the form of laboratory-generated approximations to the ideal 

solitary wave is relatively independent of the method of generation. 

(The wave generators used by Daily and Stephan (1952) and by Perroud 

(1957) are d e scribed briefly in Section 2. 5.) Similitude between pro-

files obtained by Daily and Stephan (1952) at a water d epth O. 4 ft and 

those obtained in the present study at a depth of 1. 25 ft indicates that 

scale effects are negligible, and that the p r edominant forces in the 

wave are gravity forces and inertial forces. 

The measured celerity U of the generated waves, normalized 
0 

by division by J--gd_, i s plotte d aga inst r e lative waveheight H/ d in 

Figu re 6. 9. In instances where l arge sampl es of waves (16 to 32 
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waves) were generated at waveheights held as constant as possible, 

mean celerity is plotted as a function of mean wave height. Data 

from individual waves are also plotted. The theoretical celerities 

by Boussinesq (1872), McCowan (1891), and Laitone (1963), and data 

by Daily and Stephan ( 1952 ), are plotted for comparison. 

Data from the present study agree well with those by Daily and 

Stephan. Of the theoretical curves, that of Boussinesq provides fair 

agreement with data, that of Laitone is in very good agreement, and 

that of Mccowan shows very poor agreement with the data. The writer 

has not investigated why Laitone' s theory predicts celerity so well, 

when it is inferior at predicting wave profile; nor why the Mc Cowan 

analysis, in predicting the profile best, should be inadequate in 

predicting celerity. 

The rate of g radual deformation of the generated wave was 

examined by mounting four w ave gauges along the centerline of the 

loo..: ft t ank , spaced at 10-ft interva ls as describe d previously. Waves 

were· generat e d in water depths d of 1. 25 ft , 1. 00 ft, 0. 7 5 ft, and 

O. 50 ft. The change of amplitude and profile of a w ave could be 

studied by comparing the records of the 4 gauges, as shown in 

Figure 6. 1. 

Figures 6. lOa and 6. lOb each show two profiles of a singl e w ave 

m easured by wave gauges mounted 30 ft apart. One gauge was 

mounted approximately 45 ft fr om the wave generator; the othe r was 

mounted 75 ft from the wave generator. In Figure 6. lO a , the w ater 

depth dis 1. 25 ft; in Figure 6. lOb, the depth dis 0. 50 ft. Each wave 

profile was normalized w ith respect to the local wave h eight H, and 

with respect to the local celerity U determined from the l ocal wave 
0 
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height H and the still water depth d by the Laitone ( 1963) expression 

for celerity. In neither Figure 6. lOa nor 6. lOb is there an appreci-

able change evident in the shape of the normalized profile. However, 

the figure legends indicate that there is a decay of wave height with 

distance travelled; the wave height._ measured 75 ft from the gener­

ator is several per cent less than the height of the same wave 

measured 45 ft from the generator. 

The measured rate of amplitude decay, as a function of distance 

travelled tsx, still water depth d, relative wave height H /d, channel 
. 0 

width B, kinematic viscosity \!1 and gravitational acceleration g, is 

plotted in Figure 6. 11. The ordinate of the graph is H/H , where H 
0 0 

is a measured wave height, and H is the height of the same wave, 

measured at a later time, at a distance tsx from the place of the first 

measurement. (On the right-hand mar gin of the graph the quantity 

tiH = 
H 

0 

H -H 
0 

H 
0 

is also presented as an ordinate. ) The abscissa is 

merely the right-hand side of a version of Keulegari's (1948) equation 

for amplitude decrement due to e nergy dissipation (see S ection 2. 4): 

( 6. 1) 

In the present study, the abscissa of Figure 6. 11 was evaluated 

as follows: the tank width B was 1. 29 ft; laboratory ambient temper-

ature was always about 70°F, from which one may infer a kinematic 

viscosity\! of 10 -s ft2 /s ec for water (Rouse, 1950); and the gravi-

tational acceleration g was 32. 2 ft/sec. 2 The still water depth was 

d, the heights H and H were m easured by any two of the four wave 
0 . 

gauges n1ounted at 10-ft interva ls; the separation distance tsx was 

therefore 10 ft, 20 ft, or 30 ft . 
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In Figure 6. 11, data from the present study are compared with 

data by Ippen, Kulin, and Raza (1955), and with a curve r epresenting 

Equation 6. 1. The data from the pres~nt study show considerable 

scatter, falling to either side of the theoretical curve. Data obtained 

by Ippen, Kulin, and Raza, while sc_attered throughout the same re-

gions in which data from the pr esent study are found, also are 

scattered in regions indicating greater decay rates Af-1/H than indi­
o 

. cated by Equation 6. 1 or by the data from the present study. 

For the present study, it is of interest to know the extent of 

amplitude decay that prevailed in the uplift tests between the point 

of measurement of the incident wave and the seaward edge of the plat-

form. The distance t:sx between the edge of the platform and the wave 

gauge was approximately five ft. Thus for a still-water d epth d of 

O. 64 ft ~d a r e lative waveheight H /d of 0. 40 , and for B, v, and g 
. 0 

evaluated as described earlier , the right h and side of Equation 6 . 1 

takes the value 0. 001 9 . For an abscissal value of O. 0019, Equation 

6. 1 indicates a fractional decay 6H/H of 0. 0076, implying an error 
0 

of 0. 0076 or approximately one per cent in the measurement of the 

height of the wave i ncident on the platform. 

When designing the wave generator, as described in Section 4 . 2, 

it was deemed important to be able to generate waves reproducibly, so 

that a wave would be as nearly as possible identical to its pr e decessor, 

for constant water depth, generator cam speed, and generator stroke 

l ength. 
. 

For the pressure measurement experiments, waves were gen-

erated in samples of five, six, or as many as 32 waves of nearl y 
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constant height. The mean height and standard deviation were com­

puted for each sample (see Table B2 in Appendix B). 

In Figure 6. 12, eight cumulative_ frequency diagrams show the 

frequency distribution of the wave height H normalized with respect 

to the sample mean wave height H. The two still water d epths repre­

sented are d = 1. 25 ft and d = O. 64 ft. The sample sizes range from 

16 to 32. Plotted on arithmetic probability paper, the distributions 

may in most cases be fitted by a straight line, indicating an approxi ­

mately normal distribution. The ratio of sample standard deviation 

to sample mean, which is equal to the slope of a straight line fitted 

to the data in each sample, appears to be independent of the mean 

relative wave height H/d. 

Of all the samples of wave height data obtained during the study, 

the arithmetic mean of the ratio of sample s tandard deviation to 

sample mean wave height was 0. 0074 for a water depth d of 1. 25 ft; 

0. 0096 for d = 1. 00 ft; and 0. 0115 for d = 0. 64 ft. As the wave gen-

. erator was therefore capable of generating a sample of waves whose 

standard deviation in wave height was approximately one per cent of 

the sample mean wave height, it may be considered a s having suc­

cessfully fulfilled the r equirement of reproducibility. 

Section 6. 1 may be summarized as follows: the profile of the 

generated wave is w e ll approximated by the Boussinesq r e pr esentation 

for a solitary wave, except far from the crest. The wave form is not 

measur a b.ly different from experimental profiles measured by other 

workers using other l aboratory channels of constant rectangular 

corss - section, and u sing other methods of wave gene r a tion. The 

celerity is best r e presented by L aitone 1 s theory, and is in general 
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agreement with the data of Daily and Stephan. As the wave propagates 

along the channel, it is subject to a decrease or d ecay of amplitude, 

but its form does not change when normalized with respect to local 

amplitude and celerity as shown in Figures 6. 10. The m easured rate 

of amplitude decay indica t e s that there is a decay of approximately 

one per cent in amplitude in the five-ft distance between th<:'! wave 

gauge and the seaward end of the platform. Reproducibility of wave 

. height, measured as the ratio of standard deviation to mean value, 

is about one per cent. 

6. 2 Flow Beneath the Platform: Photographic D e scription. 

In this section the flow beneath the platform will be described 

qualitatively, illustrated by sequences of photographs . In Sections 

6. 3 through 6. 6 quantitative measurements of the flow are discussed. 

The photographs presented on the following page s are grouped 

in series, each series being given a figure number. Each series con­

tains several photographs of waves of a common height H , t aken at 

different times during the impact process. Viewed in sequence, the 

photographs of a series help one visualize the progress of a wave as 

it approaches, strikes, propagates beneath, and recedes from the 

platform. (It should b e stated that a fresh wave was generated for 

each photograph; operating conditions did not permit mor e than o n e 

photo · to b e taken of e ach wave . ) 

Eac·h figure, or series of photographs, represents one value of 

relative wave height H/d and one value of relative soffit clearance s/d. 

Figures in this section represent two or more values of H/d at each 

of the three values of r e l ative soffit clea rance at w hich uplift pr e ssure 

e xperiments were made: s / d = 0. 2, 0. 1, and 0. O. The range of 
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conditions represented by the photographs in this section is approxi­

mately the same as the range of conditions at which uplift 

measurement experiments were performed. 

For convenience, the distance of the platform d + s above the 

channel bottom was held constant at 0. 77 ft for all photographs pre­

sented in this section. Thus for s '/d = O. 2, the still water depth d 

was O. 64 ft, one of the two depths at which uplift pressure tests were 

performed. For s /d = 0. 1, d was 0. 70 ft, not the depth at which 

experiments were performed; however, the appearance of the flow is 

similar to the appearance of the flow for d = 1. 00 ft, the d epth at 

which uplift experiments were performed, e xcept that the r atio of 

platform length L to still water depth d was greater in the photographs 

than in the uplift experiments . For s /d = O. 0, the depth d was 0. 77, 

the d e pth at w hich uplift experiments were performed. 

In the descriptive text tha t ac companies the photographs that ar e 

to follow, reference i s often made to the chronology presented in 

Figure 3. 5 , S ection 3 . 3. Below each photograph is indicated the 

chr.onological time interval w ithin w hich the photograph was t aken. 

The waves in Figures 6.13, for which H/d = 0.450 and s/d = 0.2, 

are somewhat large r than those studied extensively, yet some of the 

interesting phenome na are more evident in this series than in photos 

of smalle r waves. In Figure 6. 13a the und isturbe d wave p r opagates 

shoreward approaching the platform. In Figure 6 . 13b the wavefront 

propaga t es beneath the pla tform, whil e the hi gh v e rtical front fac e of 

the platform causes a jet of fluid to s h oot upwards . At the wavefr ont 

there appears to b e a turbulent cond i tion, with spume driven ahead of 

the wave front and with ai r b e ing entraine d i n the · fluid behind the wave 
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(b) 0 < t < ta 9546 

(c) O < t <ta 9 547 

(d ) O < t <ta 9548 

_ ] 
9549 

(£ ) th < t < t c 9550 

Figur e 6. 13. Waves striking the pla tform, d = 0. 64 ft, 
s/d = 0. 2, I-I/d = 0. 450. 
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front, in action reminiscent of an hydraulic jump. In Figure 6. 13c 

the wave front has advanced further; the amount of spume created 

appears to have increased with distance from the seaward edge of the 

platform. The jet on the front face has also grown wide r with vertical 

distance from the platform edge. In Figure 6. 13d the wa.ve front has 

continued to propagate and grow more turbulent; the vertical jet 

grows no taller but descends to form part of a reflected wave train. 

In Figure 6. 13e the seaward edge of the platform is again exposed to 

air, and the wave of recession has begun; t >t , the time at which the 
a 

fluid recedes from the seaward edge of the platform. At this instant 

the water depth at x = 0 is considerably less than d. In Figure 6. 13f 

the wave front has moved past the end of the platform; t > tb, the time 

after which the wave front is no longer defined. At x = 0, the water 

d epth has almost completely returned to its original value d. 

In Figures 6. 14 the value of s/d is a gain O. 2, but H/d has been 

reduced to 0. 250. In Figure 6. 14a, the undisturbed wave approaches 

the platform. In Figure 6. 14b the wavefront propagates beneath the 

platform with much less spume and air entrainment than in Figures 

6. 13. A modest upward j et of fluid is visible at the front face. In 

Figure 6. 14c the time t h as passed, and the wave of recession h as 
a 

begun. Somew hat more air is being entrained now than in Figure 6. 14b. 

In Figur e 6. 14d the flow is slightly more advanced. In n e ither Figure 

6. 14c nor Figure 6. 14d has the wave of recession develope d into its 

final form; the wavefront is still definable in both pictures . In 

Figure 6. 14e , the time tb has p assed; the wave propagates without 

wetting more of the platform. A small seconda ry wave of r eces sion 

m ay b e seen propagating seaward to meet the first wave, which is 
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Figur es· 6. 14. Wave s striking th e platform, d = 0. 64 ft, 
s / d = 0 . 2, H/cl = 0 . 2 5 0. 
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now fully developed. Figure 6. 14f shows the progress of the waves 

of recession. In Figures 6. 14e and 6. 14f the fluid at x = 0 is quite 

still, and the depth is again equal to the still water d e pth. 

When Figure 6. 14e or Figure 6. 14f is viewed inverted, the 

waves of recession, with characteristic head formation, resemble 

the gravity currents reported by Keulegan (1958), Middleton (1966), 

and others. As Benjamin (1968) points out, the present cas e of a light 

fluid or cavity propagating into a heavier fluid along the uppe r 

boundary may itself be classed as a gravity current. 

Figures 6. 15, for which s/d = 0. 2 and H/d = 0. 203, illustrate 

the case of a wave just high enough to make contact w ith the soffit. 

Figure 6. l 5f shows flow conditions at t = t , when the last of the fluid 
c 

in the wave recedes from the soffit. To the right in Figure 6. l 5f the 

trans mitte d wave may be clearly see n propagating beneath the soffit, 

resembling the undeformed waves show n in Figures 6. 15a and 6. 15b, 

but of diminished height. 

Figures 6. 16 and 6. 17 for s/d = 0. 1 show behavior qualita tively 

similar to that described for s/d = O. 2. In Figures 6. 16, H/d = 0. 436 , 

a rela tive height compa rable t o the value in Figures 6. 13 for s /d = 0. 2. 

One may note that for silnilar values o f H/d, there w ill be more dis -

tortion of the wave at the lesser value of s/d. The vertical j e t is 

highe r a nd thicker in Figures 6. 16 compa r e d to that shown in F igure s 

6. 13. 

In Figures 6. 16 it happens that bis less than ta: the wave front 

r e a c h e s the sho r eward e nd of the pla tfo rm b e for e fluid r e cede s fr om 

the s eaward e nd. Whe the r or n ot tb i s g r eat er tha n ta d epe nds o n the 
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Figure 6. 15. Waves striking the platform, d = 0. 64 ft, 
s/d = 0. 2, H/cl = O. 203. 
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(a ) t < 0 

(c ) 0 < t < ta 

(e ) t < t < t 
a c 

Figure 6 . 16. Waves striking the p l atform, d = O. 70 ft, 
s/d = 0. l_.., H/cl = 0. 436. 
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(b) 0 < t < ta 

(c} O< t < ta 

(d} O < t < t 
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Figure s 6. 17. Waves striking the platforn 1, d = 0. 70 ft, 
s/d = 0. 1, H/cl = 0. 157 . 
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relative soffit clearance s/d, the relative waveheight H/d, and the 

relative platform length L/d. 

Figures 6.17 illustrate the case for s/d=O. l, H/d=0.157. 

In Chapter 3, one of the assumptions underlying the analysis 

was that the form of the free surfac:e profile near the wave front and 

near the wave of recession did not change appreciably with time. 

The assumption may be tested by examining and comparing the pro-

files shown in Figures 6.13 through 6.17. For example, if the pro-

file near the wave front shown in Figure 6. 13b is traced onto vellum, 

and the tracing is laid over the profiles shown at different locations 

(and hence times) in Figures 6. 13c, d, and e, no change in profile 

shape with respect to distance travelled is detectable, except for an 

increase in the amount of spume driven forward of the main body of 

fluid, and in the amount of air entrained. With no change in form 

detectable, one may conclude that the assumption of constant form 

introduces no error into the analysis as far as the wave front is 

concerned. 

For the wave of recession, however, there is obviously a 

change of form when the wave is initially formed, as shown in 

Figures 6. 13 through 6. 17. Therefore, one may expect error in-

traduced into the analysis by the assumption of constant form for the 

time following t during which the wave of recession is initially 
a 

developing. 

Figures 6. 18, for which s/d= 0. 0 and H/d= 0. 426, show that 

as the wave arrives at the platform ther'e is an immediate increase 

in water l e vel shoreward of the platform. With no soffit clearance, 

there is obviou s ly no w ave front beneath the platform. At the front 
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Figures 6. 18. Waves strikin g the p l atform, d = 0. 77 ft, 
s / d = 0.0, H/d = 0. 426 . 
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face the reflecting wave shows fewer characteristics of the upward-

shooting jet, and resembles more a clapotis created by a vertical 

wall extending to the tank bottom. At x=O the water level drops to less 

than d, in Figure 6. l 8d. In Figure 6. l 8f the depth at x = 0 is again 

approaching its origina l value d. Figures 6. 19 show the process for 

s/d = O. 0, H/d = 0. 172. In Figures 6. 18f and 6. 19f, air-filled cavi-

ties following waves of recession are visible. The air is eventually 

driven back to x = 0 as the system returns to rest. 

For s/d = O. 0, chronological times have not been listed on the 

photographs for the simple reason that the times t = 0, t , and t 
a c 

cannot be defined when s/d = O. 0. As stated in Section 3. 3, study of 

the case for s/d = 0. 0 demands an approach fundamentally different 

from the approach used in the pre sent study for finite soffit clearance, 

which has been to relate flow conditions to the position and celerity of 

the wave front and of the wave of recessi on. 

6. 3 Pressure Recording Procedure; Qualitative Discussion 

· of the Records. 

Sections 6. 4 through 6. 6 are devoted to quantitative measure -

ments of the flow b e neath the platforin. All such measurements, 

including those of uplift pressures, and of time s of arrival and 

celerities of the wave front and of the wave of recession, wer e re-

duced from pressure-time records obtained with the 1/2-in. trans-

ducer and the 1 /8-in. transducer with oil chamber, describe d in 

Section 4. 4, mounted flush with the platform soffit. Except for 

pressure measurements made for zero soffit clearance (s/d = 0. 0), 

which were recorded with the Sanborn recorder, a ll pressures were 
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recorded with the Consolidated Electrodynamics Corporation Model 

5-124A high- speed oscillograph described in Section 4. 4. 

The flow quantities measured were: the slowly - varying pres-

' 
sure P 1 , the peak pres sure P 2 , the rise-time tr (that is, the time 

interval between zero deflection and maximum deflection on the record 

at the pressure peak), the time td needed for the wave front to travel 

from the seaward edge of the platform to the transducer, and the time 

t at which the transducer became free of the fluid in the wave, as the 
e 

fluid fell away from the platform. The quantities may be found in 

Tables B 1 and B2 of Appendix B. The wave front celerity U d and the 

celerity U e of the wave of recession are quantiti es derived from td 

and t , r espectively. 
e 

The conditions under which uplift experiments were performed 

are listed in Table 6. 2. As stated in Section 6 . 2, there were three 

values of relative soffit clearance studied: s/d = 0 . 2, 0 . . 1, and 0. 0. 

For each value of s/d, the rel ative wave height H/d range d from 

approximately O. 2 to O. 4. 

Holes in which transduc e rs could be mounted were drilled in the 

platform at seven locations, x, ranging from 0. 148 ft to 2 . 520 ft., the 

latter value being approximately equal to half the platform l ength L. 

To obtain measurements at x > L/2, the platform was turned end- for-

end, as described in S ection 4. 3. Values of x for which the platform 

was turne d end-for -end fro1n its normal position are indicated in Table 

6. 2 by the supe rscript ( )a. To ensure that flow conditions were n ot 

altered when the platform was turne d end-for- end, pressures re-

corded at x = 2. 525 ft w ith the platform turned were compared w ith 

pressures recorded at x = 2. 520 ft with the platform in its normal 
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Table 6.2 . Summary of transducer locations, relative soffit clearances, 
and relative platform l engths. (Arrows relate comparable 
values of x /d at two model scales.) 

s/d = 0.2 s/d=O.l s/d = 0.0 

RANGE OF H/d: 0.23-0.46 0.15-0.38 o. 16-0. 42 

d(ft) 1. 25 0.64 1. 00 0.77 

x(ft) x/d x/d x /d x/d 

o. 148 o. 118 __;-:_o. 231 

0.270 0.216~0.422 0.270d 

0.522 0.418~0.816 0.522 

1. 020 o. 816kl. 594 1. 02od 

1. 520 1. 216 2. 374 1. 520d 

2.020 1.616 I 3 .15 6 

2.520 2.016 r-3. 938 2 . 520d 

2.523a,b 2.020 

3.025a 2.420 3.940 

3.525a 5.510c 

4.025a 3.220 

4.525a 7.070 4.525 

4.900a 3.920 6.380 

Relative platform 
length L/d 4.00 7. 81 5. 00 6 . 50 
(L = 5 ft) 

a) Plate turned end-for - e nd . 
b) D ata obtained limited to p eak pres sure J?2 . 

c) Slowly-varying pressure P 1 , rise-time t , not obtained. 
d) Data obtained limited to td. r 
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position. Comparison of the peak pressure s thus obtained i n dicated 

no d ifferenc e in flow conditions for the two cases . (For that t e st, the 

relative soffit clearance s /d was O. 2, and the still water d e pth d was 

1. 2 5 ft. ) 

For s/d; 0. 2, the case mo s t e x haustive ly studied, two complete 

seri es of expe riments w e re perf ormed at diffe rent mode l scales in 

order to apply the corr e ction proc edure for measured p eak pres sure 

described in S e ction 5. 3. At the larger scale, the still w ater depth 

d was 1. 25 ft; at the smalle r sca le, d was O. 64 ft , the r eby providing 

a scale r a tio of approximately two t o one . In Table 6. 2 the r a tios 

s/d of transducer location to still wat e r depth a re listed for e a ch 

value of the still water d e pth d . As shown by the arrow s, there are 

seven ins tances in w hich a v a lue o f x /d for d = 1. 2 5 ft i s approximately 

equa l t o a v a lue of x /d for d = 0. 64 ft. Th erefore data obta i ned for 

d = 1. 25 ft at one of a matching p a ir of value s of x /d m a y b e compar e d 

with data obtained for d = 0 . 64 ft at the compa r a ble value of x /d, thus 

providing geometric simila rity between the two s cales . 

The pla tform h a d a constant l ength L of five f t, so that t he rela­

tive platform l e ngth L/d v a rie d w i th the still w a t er depth d, as show n 

in Table 6 . 2 . At d = 1. 2 5 ft, L/d = 4 . O; at d i=: 0. 6 4 ft, L/d = 7. 8 . 

The diffe r ence in L/d gen e rally caused a diffe r e n ce in flow pattern 

b e tween the two m odel scal es , as w ill b e shown i n S e ction 6 . 5 , but 

only after th e wave front had propagat e d fr om the s eaward e nd o f the 

pla tform a r e l a tive distance x /d g r eat e r than 4 . 0, the r e l ati ve pla t ­

form l e n gth a t the l a r ger scal e . When the wave front was at r e l a tive 

l ocat i o ns x / d l ess than 4 . 0, there was no e ffect ive geometr ic diffe r­

enc e between scal es . Since th e purpose o f p e rforming experimen ts 
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at two scales was to measure peak pressure and rise-time at two 

scales, and since peak pressure and rise-time were measured as 

the wave front propagated past the transducer, it was unimportant 

whether geometric similarity was lost after the wave front had passed 

the transducer. · Therefore, de spite dissimilarities in relative plat-

form length L/d, the re was otherwise adequate similarity in con-

ditions at the two scales for obtaining information to correct measure-

ments of rise-time and peak pres sure. 

For s/d = 0. 1, the water depth d was 1, 00 ft. Pressures were 

recorded at .distances x = 0. 522 ft and 4. 525 ft from the seaward edge 

of the platform. Elapsed travel times td were measured at x = 0. 2 70 ft, 

0. 522 ft, 1. 020 ft, 1, 520 ft, and 2. 520 ft. For s/d = 0. 0, transducers 

were mounted at x = 3. 025 ft and 4 . 900 ft. The still water d epth was 

o. 77 ft. 

It was the practice at each value of x/d and s/d to generate waves 

at only a limited numbe r of wave heights (usually 4), but at each wave 

height to generate a reasonably large sample of waves . Generally the 

sample s ize was five or six, but in selected i nstances it was as g reat 

as 32 . For each sample , the mean, standard d eviation, and d e viation 

of the mean were computed for the wave h eight H, the peak pres sure 

P 2 as recorded b y both transducers, the rise-time t as recorded by 
r 

both transducer s , and the w ave front travel time td, as measured by 

the 1/8-in. transducer. As discussed in Section 4 . 5 , a sampl e size 

larger than one or two was needed to obtain meaningful ave r age values 

for the peak pressure P 2 , which was subject to consid erabl e scatte r . 

The slowly-varying pres s ure P 1 and the time of arrival t of the wave . e 

of recession, judged to b e much l ess v a riable than the peak pres s ure 
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P
2

, were obtained from only one or two records of each sample, and 

treated as individual data, not ave raged. 

Two typical pressure records are shown in Figures 6. 20. The 

record shown in Figure 6. 20a is characte ristic of records obtained at 

s/d = O. 2 and 0. 1. The CEC Model 5-124A recording oscillograph 

was operated at a paper speed of 64 in. /sec, in order to give as much 

recorded resolution as pas sible to the pres sure peak. The vertical 

grid lines indicate intervals of 0. 01 sec. The two traces on the re­

cord, representing the outputs of the 1/2-in. transducer and the 

1 /8-in. transducer, are characterized by a short train of prelim­

inary oscillations followed by a high deflection of short duration (the 

"pressure peak"); followed by a slowly-varying deflection, at first 

positive and then negative; followe d by a return to zero defle ction. 

At approximately the point wher e the slowly-va::rying deflection passes 

from positive to negative, there are superimposed on it a series of 

oscillations which may be termed "secondary oscillations 11 in order 

to distinguish them from the preliminary oscillations m entioned earlier. 

For positive soffit clearance, i.e. for s/d = O. 2 a nd 0. 1, the 

1 /2-in. pres sure transducer and the 1 /8-in. pres sure tr ansducer with 

the oil chamber described in Section 4. 4 were mounted side-by-side in 

the platform at the same distance x from the seaward edg e. The 

side - by-side arrangement was necessary for recording the peak 

. pres sure accurately: the 1 /8-in. transducer more accurately re solved 

the peak pressure function, as stated in Chapte r 5, but suffered a 

troublesome drift in zero-pressure output due to a temperature shift, 

in spite of ameliorative measures . The record of the 1 /2-in. trans -

ducer, w hich suffered negligible ternpe ratur e shift, was used to 
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re-define the zero-pressure oi: baseline deflection for the 1 /8-in. 

transducer at the time of peak pressure, as f o llows: 

On the trace representing the output of the 1 /2-in. transducer, 

at a time about 0. 02 sec after the pressure peak, the pressure de-

flcction is slowly-varying, and the transducer may be considered to 

be functioning accurately. It is assumed that the pressure m easure d 

at that time by the I /2-in. transducer i s simultaneously exe rted by 

the fluid on the 1/8-in. transducer. By subtracting the d e flection 

that would be due to the known pressure from the actual deflection 

of the 1 /8-in. t ransducer's output trace, the zero-pressure or base -. 

line d e flection for the 1 /8-in. trans duce r i s obtained for that time. A 

straight line is drawn connecting the trace before the pressure p eak 

with the derived zero-pressure point. The straight line, visible in 

Figure 6: 20a (and in Figures 6. 22, to be discussed presently}, is 

us e d as the zero-pressure line or bas e line, from which the p eak 

pressure is measured . Due to the h eat-insulating properties of the 

oii chamber, described in Section 4. 4, the baseline correction neces-

s a ry i s only a small fraction of the peak pressure deflection . 

The slowly -varying pressure P
1 

was obtained from the I /2-in. 

transducer output trace, since for slowly-varying press ure no prob-

leni. . of area defe ct was cons ide r e d to exist, and the 1 /2-in. tra ns-

ducer was free of t emperature shift. 

For a relative s offit clearance s / d of 0. 0, the re was no ob -

served pr e ssure peak, a s shown in Figure 6. 20 b . 

va r ying pos itive defle c tio n is n ea rly symrn.et ric. 

/ 

The s ingle slowly-

Since a high - speed 

' 
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recorder was not need ed for this case, the S anborn record e r was 

used, operating at a spee d of 100 mm per s ec . With water in con ­

tact w ith the platfonn and the t rans ducers at all thnes , the proble1n 

of transie nt temperature shift i n the 1 /8-in. transduce r did not exist. 

With no pressure p eak, the problen1 of spatial and dynamic response 

did not exist for either transducer. Therefor e, at s/d= 0. 0, b o th 

transduce rs could b e u sed. 

The preliminary oscillations , visible in Figures 6. 20a and 

6. 22a, while originally unexpe cted, fortuitously provided a means of · 

determining a zero point for the time coordina t e . It may b e shown 

that the oscillations are not caused by v ibration of the platform: if 

t he transducers are mounted in the platform but not exposed to the air 

spac e b eneath t h e platforn-1, n o oscillations are recorded. The oscil­

lations may rather be a ttributed to vibrations in the a i r chan1ber 

fann e d by the water surface, tank walls, and the five -ft platform, 

where the air chamber i s c l osed a t the seaward end and open at the 

shoreward end of the platform . This conj ec ture i s supporte d by agree­

m ent b etween the m. eas ured p eriod of oscillation, 0. 0176 sec, and the 

computed n a t u ral period of a five- ft organ pipe c l osed a t one end, 

0. 01 77 sec (w here the ve locity of sound in air is t aken as 11 3 0 ft/ sec) . 

The os c illa tion s are thu s n ot to be expec ted in ·mode l or prototype pres -

sure m eas urement s on a narrow pier w ithout side walls to confine an 

a i r chamb er. 

Although not created intentiona lly, the preliminary osc illatio n s 

did indicat e on the pr ess ure record the tim e at which the wave fir s t 
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struck the platform, thus providing an origin for the time variable t. 

With the aid of Figure s 6. 21 a and 6. 21 b, the oscillations may be 

shown to occur when the wave first strikes the platform. (The wave 

propagates from left to right.) Figure 6.2la is a multiple-exposure 

photograph of the wave front as it makes initial contact with the plat­

form. For each image in Figure 6. 2la: the re is a corresponding 

pulse in the record shown in Figure 6. 2lb. (The pulses actually are 

"noise 11 in the pressure transducer circuit; caused by high-voltage 

electrical dis charge to the lamps as they flashed to form each image. ) 

There are six images and seven pulses; it was found that generally no 

image appear e d at the first pulse. Therefor e the six image s in 

Figure 6. 2la correspond to pulses 1 through 6 in Figure 6. 2lb, with 

no image for the 0th pulse. 

Figure 6. 21 a shows that the wave made initial contact with the 

seaward edge of the platform shortly before the second image was re­

corded on the film. In Figure 6. 21 b, corre spondingly, the first and 

greatest maximum of the trace oscillations occurs shortly before the 

second puls e . One may therefore conclude that the wave makes initial 

contact with the platform w hen the first maxim urn of the train of pre -

liminary oscillations is recorded; that time is take n to b e t = 0. 

To have available a time scale with an origin common to experi­

ments of all values of H/d and x/d has proved most valuable, in that 

it has allowed the results of many experiments to b e combined to con­

struct such functions as the celerity of the wave front Ud and the 

celerity of the wave of r eces sion Ue, and to observe func tional rela-
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'+54 
Figure 6.2la. Multiple image photograph of wave first striking the 

platform. (Transducer location marked i n w hite, 
indicated by arrow, 100 ft. tank, d = 1. 25 ft. , 
s/d = O. 2, x/d = O. 270, H/d = O. 302.) 

Fi gure 6. 21 b. Pres sur e record from 1 /8 i n. transducer mounted at 
x /d = 0. 270, as shown in Figure 6 . 2 l a. (Pul se marks 
(1) to (6) correspond to the six iinages in the photo­
graph. ) 
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tions hips b e t ween the s lowly- varyi ng pres s ure P 1 and distance x. 

To obtain these fun ctions and functi onal re l ationships otherwise would 

r e quire several transducers operating s imultaneou s l y a t d iffe r ent 

v a l ues of x/ d. 

Figures 6. 21 als o support the prediction d er i ved in Section 

3 . 2 that peak pressure occurs when the wave front a r rives at the 

transduce r. The six th pulse in Figure 6. 2lb i s seen to occur l es s 

than a pul se interval b e fo re the pressure peak is r ecord ed . Corre­

spon ding ly, the t r ans ducer l ocation indicated in F i gur e 6. 2l a i s l ess 

than an image i nterval dis tant fr on1 the six th image . It thus app ears 

like ly tha t if by chance one of the strobe flashes were to occur at the 

instant that maxin1um pressure was b e i ng recorded, then not only 

would a p u lse n1ark be superimposed on the pres sur e peak in Figure 

6 .2lb, but there would a l so be an image in Figure 6 . 2la of the wave 

front i ntersecting the soffit at the trans duce r lo cation. Hence, the 

wave f ront may be defined as . the l ocation of the peak pressure . 

Figures 6. 22 show 3 samples of p eak-pressur e records pro­

duc ed by the l /8 - i n. t ransducer. Often the records show a simple 

deflection, a s in Fig ur e 6. 22a, but occasionally, especially a t l a r ge 

x/d, the records show random fluctuat ions superimposed on the prin­

cipal deflection, as shown if1: Figure 6. 22c . Such fluctuations, w h ich 

may b e attributed t o the condition of tu rbul ence and air entrainment 

at the wavefront indicate d i n Section 6 . 2, n1.ade measurement of peak 

pressure and rise- t irne difficult a nd son1.ewhat subj e ctive . Rise-time 

was taken as the i nterval b e t ween the time of fir st major deflec tio n of 

/ 
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L 

a) x/d = O. 118, H/d = O. 379, P 2 / yd= O. 340 

--+---+---+--- -- -, 
b) 

I·· 
c) x/d = 3.92, H/d = 0.376, P 2 /yd = 0.516 

Figur es 6. 22. Examples of r ecorded pres sure peaks. (For each case, 
s/d = 0. 2 and d = 1. 25 ft. Ordinates are not to a com­
mon scal e. Vertical lines indicate intervals of 0. 01 
sec. ) 
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the record and the time of peak deflection, as indicated in Figures 

6. 22. Peak pressure amplitude was measured from the corrected 

zero-level to the maximum deflection of the principal pulse, exclu-

sive of high-frequency fluctuations, as indicated in Figures 6. 22. 

The secondary oscillations indicated in Figure 6. 20a were 

not investigated extensive ly. Whe reas the preliminary oscillations 

have been shown to occur when the wave first makes contact with the 

platform, b efo re the transduc e rs are in contact with the fluid in the 

wave, the secondary oscillations occur when the fluid in the wave is 

in contact with much of the platform s offit, including the pressure 

transducers. The s econdary oscillations will b e discussed again 

briefly in Section 6. 5. 

Figure 6. 23 summarizes schematically the data obtained from 

the pressure records . From the trace representing the 1/2-in. trans-

' 
ducer_' s output, values of peak pressure P 

2
, rise-time tr, and reces -

sion time te are measured. The slowly-varying pressure P 1 is 

sampled frequently (at 0. 02 sec or 0. 05 sec i ntervals) for times t 

g rea ter than td but l ess than te. The 1 /2 -in. transducer 's output 

trace is used to make a baseline correction of the 1 /8 - in. transducer's 

t race , from which values of P
2

, tr, · and wave front time of arrival 

td are measured. 

6. 4 The Advancing Wave Front and the Wave of Recession: 

Times of Arrival and Celerity. 

The tim e of arr ival of the wave front td is defined as the time 

neede d for the wave front to propagate from the seaward end of the 
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platform, at x = 0, to a given posit ion x = xd. In Section 6. 3 it was 

indicated that td is taken to b e the time between the recording of the 

first maximum of the preliminary oscillations and the recording of 

the peak pressure maximum, as shown in Figure 6. 23. 

The function td' multiplied by the normalizing factor /fTci, is 

plotted against the relative wave height H/d for a number of relative 

distances xd/d;for s/d = 0.2 inFigure6.24, andfor s/d = 0.1 in 

Figure 6. 25. Each value of td and H represented is a sample mean 

value. 

In Figure 6. 24, for which s / d = 0 . 2, data from both model 

scales d = 1. 25 ft. and d = 0. 64 ft are includ e d . Comparison of data 

from the two scales at the same or nearly the same value of x d/d 

shows generally good agreement between scales, and no cons is tent 

differ ence in measurement due to scale size, except for the effect of 

relat~ve platform leng th L/d. Obviously, there can be no data for 

x d/d > L/d. Ford= 1. 25 ft, L/d = 4. 00 ; the greatest value of xd/d 

for which there are data is 3. 92. For d = 0. 64 ft, L/ d = 7. 81, and 

there are data for as large a value of xd/d as 7. 07. 

Figure 6. 24 shows most, but not all, of the measured data. 

The purpose of the figure has been to indicate functional form, com ­

p a rison of data from two experimental scales , and comparison of 

analytical results w ith data. For the sake of clarity, data for which 

d = 1.25 ft , xd/d = .118, 1.216, and 2. 016have not b een included in the 

figur e but may be f ound tabulated in Tables Bl and B2 of Appendix B. 

The data in Figure s 6. 24 and 6. 25 indicate a monotonic increase 
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Figure 6. 24. Normalized time of wave front arrival taJg/d, for s/d = o; 2. 

040 

0.35 

0.30 

.tl 
d 

0.25 

0.15 

\ 
\ 
\ 
\ 
\ 
\ 

~:0.f 

d=l.OOft. I -+--
EQUATION 3.35 --

NUMERALS INDICATE VALUES OF 
x 
: FOR EACH CURVE. 

Q~'----o~.5---L~o--~1.5 ___ 2~0---2~.5---rag-3~-0---3~.5---4~.o--~4.~5---5~0,-----~~5 

k·1 'd 

Figure 6 . 25·. Normalized time of wave front arrival td .jiTd, for s /cl = O. l·. 



203 

of td/g/d with xd/d for constant H/d, and a d ecrease of td/g/d 

with increasing H/d for consta nt xd/d. This b e havior is to be ex­

pe c t e d when it is considered that the relative wave front celerity 

ud/;ga (to be discussed pres e ntly} increases with relative wave 

height H/d. At constant H/d, greater relative distances xd/d r equire 

greater trave l times td/g/d; and at constant rela tive di s tance xd /d, 

an increased rel ative wave height H/d, causing an increased relative 

cele rity Ud;gcI' will result in reduced travel time td,fg7d. 

I n Section 3. 2, Equation 3 . 34 expresses the relative wave 

front ce l erity Ud/h'l in terms of the re lative wave h eight H/d, 

the relative soffit clearance s/d, and a function ri /d whose dep endence 

on time tis expressed by Equation 3. 30 (in which t
0 

is defined in 

Equation 3 . 31 ) . As shown in Equation 3 . 35, the wave fron t location 

xd is s imply the integral of U d with respect to t frorn t=O to t =td' 

the time of arrival of the wave front at xcl. By combining Equations 

3.30, 3.3 1 , 3.34, and 3.35, it is possible to d e termine functi ona l 

relationships between td, Ud' and xd for all values of s /d and H/d 

cons idered. Since Equation 3, 34 is conside red v a lid only for the 

range 0 < t < t , where t is the time at which fluid b egins to r ecede a a · · 

from the platform soffit at the seaward e nd of the platform ·( see 

Section 3. 3 ) , values of Ud and x d may be computed only within 

t he range 0 <tel < ta. 

Values of td/gld thus d e rive d a r e plotted as functions of 

xd/d and H/d in Figures 6.24 a nd 6 . 25. In Figure 6.24, for 
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s/d=O. 2, the re is generally good agreement with the data, except that 

predicted values of td,;g?Cl are less tha n the experimenta l values for 

large H/d, and are greater than the experimental values for small 

H/d. Agreement is best for small x d/d. In Figure 6.25 for s/d=0.1, 

analytical values are in fair agreement with experimental values for 

xd/d l ess than or equal to 1. 520. For greater values of xd/d, the 

analytical values of td;gTci are in fair agreement with data for H/d less 

than 0.2, but are significantly less than measured values for H/d 

greater than 0. 2. Since the analysis relating td to x d is intimately 

relate d to the analysis for ud' further discussion of the analysis is 

deferred to the discussion of wave front celerity, to follow presently. 

The variation in measured values of td is examined first in 

Figure 6. 26, where td is ploUed in cumulative frequency diagrams on 

arithmetic probability paper for the samples of 16 to 3 2 experiments 

made at x d /d=O. 816. In each sample, the valu es of td are normali zed 

with r esp ec t to td' the sample mean value of td. In most cases, the 

d ata appear to be approximately normally distribute d. With respect 

to the entire study, the ratios of sample standard deviation in td to 

sample mean were generally less than one p ercent. (Standard 

deviation in measured values of td will be referred to later in the 

dis cussion of standard deviation in ud.) 

The wavefront celerity Ud is derived from experimental data as 

follows: each curve fitted to experime ntal d ata i n Figures 6. 24 and 

6.25 indicates the travel time (td). taken by the wavefront to propagate 
l 

a particular distance (xd). from the seaward edge of the 
l 
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platform. At a p articular relative wave height H/d, the normalized 

time interval 

between adjacent curves corresponding to transducer locations 

was evaluated. In the region of the platform between the locations, 

the average wave front celerity is simply: 

_ [<xd\+1 - (xa)J 

-[ (t d\+1 - (t d)J 

( 6. 2) 

This value of celerity is expressed as a function of the average 

value of xd Id in the region: 

(x: ) = 2~ l(xd)i+l + (xd)i l 
av - ~ 

( 6. 3) 

The function 

f( :a) 
av 

is thus computed for the intervals between all adjacent curves (includ-

ing those which were omitted from Figure 6. 25 for clarity) for several 

values of H/d; for s/d = 0. 2 at both d = 1. 25 ft and d = 0. 64 ft; and 

for s Id = 0. I. 

Figures 6. 27 show (Ud/Jgd) for s/d = 0. 2. Included also 
av 

are data from the 40-ft wave tank, for which d = 0. 50 ft, obta ined both 

by the method just describe d,and from multiple-image photographs. 
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In experirnents rnad e in the 40 -ft tank a l a r ge number of multip l e­

image phot ographs (such as those s h own in Figures 4 . 30 and 6. 2 l a ) 

were taken of t he wave f ront as it progress ed beneath the platforrn. 

The di stance x of each wave fr ont image from the seaward edge of 

the platform was m eas ured di rectly from the photograph. The 

s pac ing 

of two adjacent in1ages, whe n d ivide d by t he t ime i n t e rval b e tween 

light flas hes, gave the ave rage wave ce l e rity as a f uncti on of the mean 

image posi t ion 

There is considerabl e scatt er among the nl.easured values of 

Ud I /gd, · yet within the range of scatte r there is no obs ervable 

difference in measured cel e rity w ith r es pect t o scale size . The da ta 

obtained photographically from. the 40 - ft t ank are in fa ir agreement 

with those obtained from the pressure records in experim e nts in both 

the 40-ft tank and the 100-ft tank. 

Figur es 6. 2 8 show the corre sponding variation of Ud / /gd 

with x d Id f or seve r a l r e l ative wave h e ights H/d for s/d = 0 .1 . 

S o lid curves h ave b een fitt ed t o the d ata points in Figures 6. 2 7 and 

6. 28 so that inte rpolated values of Ud I /ga may b e obta ined f or any 

d esi r e d value of xd/d. 

As descr ibed ear lier , a conl.bination of E quat i ons 3. 30, 3. 31 , 

3. 34, and 3. 35 provided the analytica l functiona l r e l a tionship b etween 
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Figures 6. 28. Normalized wave front cel erity Ud/jgd for s/d = 0. 01. 
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normalized wave front ce l e rity Ud / /g2f and relative wave front loca :.. 

tion xd/d. Values. of ud I ;gcr predicted by the analysis are shown 

b y dashed curves in Figures 6. 27 and 6 . 28. Again, the analys i s is 

limited to values of xd/d coresponding to the range 0 < td < ta 

At x = 0 the wave front celerity is simply the celerity U of 
0 

the und eformed incident wave . F or both s/d = 0. 2 and ·s/d = 0 . 1, 

both the predicted and measured ce l erity values show that with in-

creasing xd/d, the wave front celerity increases to a maximum 

value, then decreases again. H owever, the analytica l function attains 

its maximum value at a .grea t e r value of x /d than does the ineas ured 

function, and thereafte r it decreases n1ore r apidly with respect to 

distance x/d than does the measured function. For s/d = 0. 2, the 

b est agree1nent i s found when H/d = 0. 36 . For s/d = 0. 1, the best 

agreement ·between pr e dicted and measured values is found when 

H/d = 0. 20. The degree to which anaytical val ues of td agree 

with experi1nental values in Figures 6. 24 and 6 . 25 m ay b e directly 

related t o the d egree to which anaytica l values of U d agree with ex ­

perimenta l value s in Fig ures 6. 27 and 6. 28. Figures 6 . 27 and 6. 28 

show predicted values of Ud l ess than exper imental values for small 

relative wave height H/d, which in Figures 6. 24 and 6 . 25 i s generally 

· reflected in predicted times of arrival td'1g7cI which a r e greater 

tha n mea sured values . Conve1~sely, for l arger H/d, predicted value s 

of Ud are ·gene rally g reater than measured v a lues , corresponding to 

predicted td l ess than meas ur e d td at l arger v a lue s of H/d . 
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To de t ennine the cause of disagreement between predicted and 

experimenta l values of Ud (and therefore of td), the assumptio~s. 

underlying the analysis inust be re-exa1nined. The two assum.ptions 

involved were that the forrn of the free s urface wave remains approxi­

n1ately constant, although the wave celeri t y may change with time; 

and that the horizontal fluid ve la.city beneath the seaward edge of the 

p latform and the wate r surface e l e vation at the seaward edge are 

approxima tely the same as for the case w h en there is no pla tfo rm 

present. The photographs o f the surface profile near the wave front 1 

presented in S ection 6 . 2, showed no discernible change 

of profile with time, indicating that little error is int rod u ced into the 

analysis by the assu·mption of constant wave form. On the other h and, 

as stated in S ect ion 3. 3, the assumption that fluid velocity a t x = 0 

(the seaward end of the pla tfor1n } is the same as that found w hen no 

p l atform is present, int roduces little e rror for (8:-s) / d < < 1, but 

becomes l ess valid as (H-s}/d increases. Figures 6.27 and 6.28 

show that generally as H/d increases, i.e . , as (H- s ) / d i ncreases, 

agree1nent between predicted and measured U d dee reases . For 

s/d = 0 .1 the disagreement is more severe than for s /d=0.2, because 

(H-s}/d is greate r for the same value of H/d. In ge n eral, a t 

s / d = 0. 1 the wave is more p erturbed by the platfonn than at s Id= 0. 2. 

The photographs in Figure 6. 2 show that indeed the presence of the 

platform causes a significant perturb ation of th e flow in the incident 

wave, as indicated by the fonnation of the vert i cal jet on t.he fr ont 

face o f the pla tform, and by other featur es not characteristic of an 
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undisturbed soli tary wave . The refore the discrepancy b e tween analyt-

ica l and experimental values of Ud and of td may be ascr ibed chief­

ly to the assumpti on that the fluid ve l ocity at x.:: 0 is that which woul d 

be found if the platform. we re not the re. 

The standard deviation in the measured value of Ud/ Jgd may 

b e es timated from the standard deviation of td rgrcr, following the 

procedure outlined by Parratt (1961) in a discussion of the propaga-

tion of errors. If a qua ntity U is a function· Of n ind ependent varia­

bles ti, which have known standard d evi a tion (st). 
1 

ard devia tion of u is: 

then the stand-

In the present case, the d er ive d quantity is Ud , and the independent 

variables are (ta) and (t . ). . The partial derivatives may b e deter-
i d Hl 

mined by differentiating Equation 6. 2 first with respe c t to(td\ and 

then with r es pect to ( td). : 
i+l 

Thus the standa rd cleviation becomes : 

s 
u = 

uaJ(stF\ + (St):+1 

[( ta\+ i - ( ta> i J 

( 6. 5) 

(6. 6 ) 

and the ratio of sta ndard d evi ation in celerity to mean ce l e rity S /U is: 
u 
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s 
u 

ud 
( 6 . 7) 

Equation 6. 7 indicates. that the r atio Su/Ud of standard deviation to 

m e an celerity is directly proportional t o the magnitude of deviation 

i n td/gTJ ' and inversely proportional to the diffe rence in value s of 

td/gld from whi ch Ud//gd is computed. In other terms, fo r a 

given d eviation in td' ud computed from sn1all differences in td 

will have a m.uch larger deviation than the deviation in td. 

Values of Su/Ud are plott ed in Figure 6. 29 , wher e they may 

be compared with values of the ratio of standard deviation to mean 

for td. That the fracti,ona l standa rd d eviation of celerity Ud thus 

estimated is considerably greater than the fractional standard d ev ia-

tion of travel time td is due to l arge values of the partial derivatives 

in Equation 6. 5. This .·explains why there is considerable scatter 

appea ring in Figures 6. 27 a nd 6. 28 in values of Ud / j gd computed 

from m e asured values of td/g7d' when there is l ittle scatter appar ­

ent in measured value s of td/g /d plottte d in Fig ures 6. 2 4 and 6. 25. 

The tin-ie of arrival t i s d efined a s th e time that e lapses b e­
e 

t ween t = 0 , when the incident wave makes initial contact with the 

s eaward end of the platfonn, and the time when fluid re cedes from a 

given position x on the pla tform soffit. As indicate d in Figur e 6. 23, 
e 

t is t aken t o be the time between the record i ng of the first maxin1um 
e 

of the preliminary oscillations and the final return of the recorded 

trace to zero defl e ction. 

Figur e 6 . 3 Oa shows t , norrnaliz cd by multipl ication by 
e 

rgrd, p l otted as a function of H/d for various values of xe /d, for 



Standard 
Deviation 

Mean 

0.0 3 00 

-?-
0.0 250 

+ 
0 .0 200 

0.0 150 0 

+ 
0.0 10 0 

0 

0.0050 ° 0 

+ 
+ 

0 
0 

2 1 5 

-9-

+ 

+ 
+ + 

+ 

0 
0 0 

0 & 
0 

+ 
d= 1.25 ft. d=0.6 4 ft. 

st 
_d_ 0 0 

td 

Sud 
-<:>- -4-

Dd 

0 

0.000 0 ---------~----~---------
0 2 3 4 5 

Figure 6. 2 9 . R a t io o f s t andard d eviatio n t o sarnpl e mean, m easured 
for td , e stin1at e d f o r u d. 



\ 

. / • s/d=0.2 
0.45 

·r i' . l d• l.2511. --0--

• d•0.64 !). -------
' 7.r:Jr ' 

0.40 ~ 1 
I I 

0 ·~ 
..... i;~ 

f 1-~ 
2.374 / 2.420 I - {al I 

. \ ' 

f /. 
I 

·~ . / I ' 

·r 
I I I I I I 

I t224 I I I I I I 
I I I I I I I I I I 
/ 1 I j I / I / . I I 
1// I I I I I I I 

I '"'I /""" I,,. /'"" f, ""' j ., ,,., I· <f•5.51 • 1701 
I {b) 

/11 j J I I I I I 
I I 1 !/I I I I 

I// I I I I I I I 
1/I I I I I I I I 

0.35 

0 35 

0.30 

0.25 

H 
d 

0.40 

0.30 

0.25 

~ . ~ 
0 ~ ~ m w ~ M ro M M 00 w ~ M ~ M " 

tft 
e d 

· Figures 6. 30. Normalized time of arrival t jg1d of the wave of rece ssion for s/d = O. 2 ~ 
{a) Experimental data; {b) p1~edicted values . 

N 
...... 
O' 



217 

s Id = 0. 2. (The number adjacent to each curve indicate s the value of 

x /d.) Data from both scales, d = 1. 25 ft and d = 0. 64 ft, are in­
e 

eluded. Unless otherwise indica t ed, the plo tL·ed points represent not 

sample means, but data from individual wave records . Curve s have 

been fitted through t he data points for purposes of interpol a ting 

t /gTd for any value of 'Hf cl. e . 

The curves labe lled ''0. 0" actually indicate values of t , the 
a 

time at which fluid recedes fro1n the seaward end of the platform. · 

The values of (t ) - = t were obtained with a parallel-wire wave 
ex= 0 a 

gauge mounted 1 /4-in .. seaward of the seaward end of the platform . 

The water l eve l indica ted by the gauge showed an increase fro1n 

still wate r l evel to the soffit elevation s , then to a maxim.um value, 

followed by a decrease again to s and to the still wate r l evel. The 

recorded interval betwee n the tim e when the rising wat_er l e ve l was 

equal to the soffit c l earance s and when the falling water l eve l was 

equal to s •.Nas taken as the value of t 
a 

The dashed curves i n F i gure 6. 30b represent anal ytical values 

of t predicted by Equation 3. 52. For _clarity, the anal ytical curves 
e 

have b een presented separately in Figure 6. ?Ob , rathe r than super-

imposed on the experimental data in Figure 6. 30a. 

I n Figure 6 . 3 Oa, com par is on of data froin the t wo rnodel 

scales indicates that fo r x / cl l ess than about 1. 0, values of 
e 

t JgTd for cl = 1. 25 ft are consistently les s than for d = 0. 64 ft. The 
e 

cause of the difference is not und e rstood; apparently it is not due to 

error i n measur.e1n2nt, since the difference betwe en scales exists for 

,, .. · . 
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x / d = 0. 0, where data were obta.ined with a wave gauge, as we ll as 
e 

for x / d = 0. 2, 0 . 4, and 0. 8, where data were obtained in independ­
e 

ent measurements with the pressure transducers . 

There is fair agreement be tw een scales for values of t /g/d 
e 

measured at x /d = 1.6 , 2.4, and 3 . 2. For x /d > 3 . 2, there 
e e 

appears a ve r y l arge difference between scal es: for d = 0. 64 ft, 

t /gldd continues to increase with x / d , whereas for d = 1. 25 ft , e · e 

t fi1d appears to decrease w ith increas ing x / d. This d i fference 
e e 

is most likely due to the difference i n r e lative platform l ength L/d. 

For d = l. 25 ft, L/d = 4. 0, and the portion of the soffit for whi ch 

3. 2 < x/d < 4 . 0 is affected not by the principal wave of recession 

but by the secondary wave of recession, shown in several figures 

in Section 6. 2. For d = 0 . 64 ft, whe re L/d = 7. 68, the principal 

wave of recess ion propagates ovc r the approximate region 

0 < x / d < 5. 5 ; the secondary wave propagates over the region 

5. 5 < x /d < 7. 68. (The behavior of the secondary wave of recession 

will be illustrated more clearly in Section 6. 5.) 

Comparison of Figure 6. 30b w ith Figure 6. 30a shows predicted 

val ues of t /"gTd to be consis t ently le ss tha n m.easured values . The 
e 

curves for x /d = 7. 07 are an exceptio n: the position i s affected by 
e 

the secondary wave of recession, whereas the predicted val ue is coni.-

puted as if it were subject to the principal wave of recession, g iving a 

value of t .;-gJd much greate r than actually measured . The analysis 
e 

c l earl y cannot be expecte d to predict accurate valu es of t in regions 
e 

of x /d whi ch are subject to the secondary wave of recession, since 
e 
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the secondary wave is not considered at all in the analysis. 

In Figures 6. 30, the difference betwe en measured and pre-

dieted values of t /gld for 0 < x /d < 5 . 51 is everywhere approx-
e e 

imately equal to the difference between measured and predicted values 

of t rgrd indicating that the error in the analysis lies mainly in the 
a 

first t e rm in Equation 3 . 52, which is t .fgld., and l ess in the second a 

term, which is proportional to the reciproc al of the predicted value 

of celerity u e 

Figure 6 . 31 shows measured and predicted values of t ;g{d 
e 

for s / d = 0. 1, for the two values of x / d at which measurements of 
e 

t were obtained . .There is close agreement between ineasured and 
e 

predicted values of t ./g/d for x /d = 0. 522, but for x /d = 4. 525 e . e e 

the predicted value i s much greater than the measured value, from 

which one may infer that x /d = 4. 525 lies within a region subject to 
. e . 

the secondary wave of reces s ion, rather than the principal wave. 

As explained in Section 6. 3, the trave l time t of the wave of 
e 

recession, as well as the s l owly-varying pres s ure head P
1 

/ y, were 

in most cas es obtained from only one or two wave records of each 

sarn.ple of fiv e or six r ecc;i rds. · However , for the samples of 16 to 32 

waves generated at x/d = 0 . 816 , t was obtained for each r ecord so 
e 

t hat several large samples of t would be available for statistical anal­
e 

ysis . For each sample the ratio of t to sample meant is presented in 
e e 

· cumulative frequency diagran1s in Figure 6. 32, simil ar to those for 

td/td presented in Figure 6. 26. Like td' the trave l tiine t appears 
e 

to be normally distribute d. For these samples, th e· average ratio of 
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standard deviation to mean is 0. 015. 

The celerity U of the principal wave of recession is computed 
e 

from measured values of t in the sarne manner in which the advanc ­
e 

ing wave front celerity U d was cornputed from td. For s / d = 0. 2, 

the normahzed celerity U / ~ is shown in Figure 6 . 33 as a fun ction 
e 

of distance x /d, with the relative wave h eight H/d i ndicat ed . The 
e 

constant value U /;gd = 0 . 615 predicted by the anal ys.is for 
e 

s/d = 0 . 2 (Ec~uation 3. 49) is also shown . The exp erimental data vary 

with x /d and H/d, but show no consistent trend dependent upon the se 

par a1ne ter s . The analytical value of 0. 615 is close to the value of the 

avera,~e celerity in the range 0. 5 ~ xe /d ~ 5. 0. The values represent-

ing one scale are not consistentl y greater or l ess than the values fr om 

the other scale. 

Equation 3. 49 is b as e d upon the f o llowing assumptions: 

1. that there is a location shoreward of the wave of recession 

(Point l in Figure 3. 3b) at which the h or i zontal fluid velocity does not 

depend on depth; 

2. that the surface profile of the wave of re cession is of 

unchanging form; 

3. that effects of viscosity, surface· t ens ion, and air entrain-

m ent are negligible. 

These assun1ptions are among t hos e upon whtch the analysis for slowly-

varying press ure is based . D e tailed discuss ion of the 2.S sum pt ions is 

deferred to Subsection 6. 5. 4 in the discussion of slowly-varying 

pressure , rather than presented in this section, becaus e for this study, 
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slowly-varying pressure i s considered to be a more irnportant t op ic 

than is the ceierity of the wave of recession. A s expressed in Sub-

section 6. 5 . 4, the assumption of velocity cons t ant with depth is most 

valid for large xd / d . A comparison of Figures 6 . 30a and 6 . 31 with 

Figures 6 . 24 and 6. 25 show that f or tim es when the wave of recession 

exists (t > t), xd/d is greater than 2. However, it has not been 

p oss ible to measure quantitatively how well the condition of uniform 

flow has been met. A s staled in Subsection 6 . 5 . 4, photographs in 

S ection 6. 2 show d i s tinc tly that the assmnption of constant wave pro-

file i s not valid for the wave of recession for the tirn.e immediately 

following t when the wave is beginning to form . (For time s suffici­a 

ently greater than t , however, the assumption n.J.ay be valid. ) Frorn 
a , 

the discus;;ion presented in Subsection 6. 5 . 4, the effects o f v iscosit y 

and -of surface tension may safely be neglected in the analysis f or the 

cel erity of the wave r ecession . The photographs in Fig ures 6 . 1 3 . 

th rough 6 . 17 in S ection 6 . 2 s h ow practically no ai r ent r ained at tbe 

wave of r ecession, except perhaps during initial fonnation of the wave 

(see Figures 6. 1 3e, 6.13f and 6. 16e); h ence the entrained air will. not 

affect the anal ys is for u 
e 

It is interesting to note that despi t e the 

questionable validi ty of the assumptions of unifornJ. ve l ocity at P oint 1 

(see Figure 3. 3b ) and of constant profile, and despite variations in 

measured U , E quation 3. 49 predicts well an ave r age value of the 
e 

c elerity U of the wave of re ccs s i on, as shown in Figure 6. 33 . 
e 

For s/d=O. l, where t /g/d has been measured at onl y t wo 
e 

values of x /d, i t appears t hat the location x = 0. 522 is subject to 
e e 
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the principal wave of recession, whereas the location x/d = 4. 525 

is subject to the secondary wave of recession, as stated 

earlier. In such a case, it is meaningless to try to derive 

a wave celerity U from the two measurements of t , since 
e e 

there are in fact two independent waves of recession propa-

gating in opposite directions with different celerities. There-

fore, with no other data for s /d = 0. 1 available, no measure-

ment of U is possible. (The matter is discussed further in 
e 

Section 6. 5.) 

The magnitude of the standard deviation in "measured" 

U may be estimated by the same procedure used for the 
e 

wave front celerity U d' Adapted for the variables t and 
e 

U , Equation 6. 7 becomes: 
e 

s 
u 

u 
e 

= - (t ) . 
e i 

The standard deviations St of the six samples of te plotted 

in Figure 6. 32, normalized by multiplication by Jg/d, have 

a mean value of 0. 076. If one assumes that this average 

normalized value of standard deviation represents the order 

of magnitude of the standard deviation in teJg/d at all values 

of x /d, then the ratio of standard deviation to mean celerity 
e 

(6. 8) 
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U of the wave of recession is of the order of: 
e 

s 
u 

u 
e 

= 
(0. 076)2 

- (t g d). 
e 1 

Again, the ratio of standard deviation to mean celerity 

is inversely proportional to the difference in values of t Jg/d 
e 

from which U /,Jgd is computed. Figures 6. 30 show that for 
e 

(6. 9) 

x /d < 0. 42, the difference 
e 

(t jgld).+l - (t jgld). is about O. 4; e i e i 

therefore, by Equation 6. 9, S /U is approximately O. 27. 
u e 

For O. 4 < x /d < 3. 9, the difference is about unity; there­e . 

fore S /U is approximately 0. 11 for this range. 
u e 

6. 5 The Slowly-Varying Pressure. 

In this section measurements of slow ly-varying pressure, 

obtained with the 1 /2-in. transducer, are presented and dis -

cussed. The total uplift force, the average pressure, and 

the cente r of pressure, d e rived from the distribution of 

measure d pressure, ar e also pre s e nted and d i scusse d. The 

data which correspond to the slowly-varying pressure 

are tabulated in Table Bl of Appendix B. 
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6. 5.1 Statistical considerations . 

To estimate the deviation inherent in m easurern.e nts of the 

s lowly-varying pr e ssure head, P 1 /y, one measurement of P
1 
/y was 

obtained frorn each of the pressure records obtained at x/d = 0. 816 

for various r atios of wave height t o still water depth, H/d, and for a 

time t which was constant for all records in a sample. (At this 

location b e tween 16 and 32 ·expcrirnents were conducted for each w ave 

h e ight. For d = 1. 25 ft, the time t was 0. 14 sec, so that t.;grd 

was 0. 712; for d = 0. 64 ft, the time t was 0. 12 sec, so that 

t;gTcr = 0. 852 . ./;teach each scale the choice of wc.s arbitrary, it 

being necess a ry only to choose a val u e sufficiently greater than td to 

ensure tha t slowly-varying pr e ssure rather than peak pressure was 

b e ing measured.) 

Cumulative frequency diagrams for six sa1nple s, shown in 

Figure 6. 34, indicate an approximately nonnal distr ibution. The 

average ratio of measured standard deviation of slowly-varying 

pressure to incid e nt mean wave h e ight is 0. 029. 

6. 5. 2 Pressure. 

Figures 6. 35 through 6~ 40 repre sent an attempt to a id visual ­

i zation of the functional p at tern of pressur e , in i ts d ependence on 

time, t and distance, x The ordinat e of each graph is th e 

norn1 a lized tin1e coordinate t ;gTcf, and the abscissa i s nonnalized 

distance x/d. The graphs are similar to the characteristics 

diagrarns co1nmonly used in t he one-dimensiona l anal ysis of shock 

waves or shallow-water waves. The plotte d values which d e fine the 
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locus of the wave front are obtained from the experimental curves pre­

sented in Figures 6. 24 and 6. 25 ; plotted values defining the locus of 

the waves of recession are obtained from the experimental curves 

presented in Figures 6. 27 and 6. 28. Determination of the loci is 

aided by interpretation of photographs of the wave beneath the plat­

form, such as shown in Section 6. 2. The data which d efine the line 

separating the regions of positive and negative uplift are d e termined 

from the pressure data presente d in Table Bl of 1\ppendix B. Solid 

curves are fitted to the data; dashed curves represent estimated or 

extrapolated values. Theoretical curves are not included in these 

figur es, since a comparison of theo retical and experimental values of 

td and te has been presented in Figures 6.24, 6.25, 6.30, and 6.31 

in Section 6. 4. 

Figures 6. 35 through 6. 40 may be interprete d as follows : at 

x/d = 0, t/"'g7d = 0, the wave first makes contact with the platform . 

The wave front, defined in Section 6. 3 as the lo cation of the pressure 

p eak , propagates along the platform as shown by the curve d labeled, 

"locus of wave front and p eak pres sure". The platform used in all 

experiments was 5 ft long; hence for s /d = 0. 2 and for a d e pth 

d = 1. 2 5 ft, the wave front curve terminate s at x/d = 4 , whereas for 

d =:: 0. 64 ft, the curve continues to x /d = 7. 8 (except in Figures 6. 35, 

as will be note d presently). For s / d = O. 1, pressure tests we re made 

at a d e pth of d = 1. 00 ft, for w hich the maximum value of x/d is 5. 00; 

photographs presented in Fig ur es 6. 16 and 6. 1 7 w e re made ·at 

d = 0. 70 ft, for which the platform extends to x/d =-7. 16. The l ength 
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of each vertical line labeled, "shoreward end of the platform" 

indicates the length of time for which the shoreward end of the plat-

form is submerged. The time at which the vertical lines intersect 

the wave front curve is tb, the time beyond which the advancing 

wave front is no longer defined (Table 3.1 ) . 

.At x/d = 0, t/gld = t ./gTd, the principal wave of recession 
a 

b eg ins to form and propagate shoreward, as shown b y the curve 

labeled "locus of principal wave of recess ion". Similarly, from the 

shoreward end of the platform, the secondary wave of r ecess ion pro-

pagates seaward, as shown, meeting the principal wave of recession 

at t/g7d = t .;grd. In each figure a curve which d e fines a secondary 
c 

wave of recession is indic a ted for each model scale, in the same 

manne r a s the shoreward e nd of the platform was indicate d for each 

model scale. 

In Section 3. 2 it was noted that the normalized distance 

xd /d in which the wave propagates beneath and in contact with 
max 

the platform may be expected to -increase with increas ing relative 

wave height H/d. In Figures 6. 36 and 6-. 37 for s /d = 0. 2, and in 

Figures 6. 38, 6. 39, and 6. 40 for s/d = 0.1, H/d is great enough so 

that the normalized maximum distance xd /d is greater than the 
max 

relative platform l e n gth L/d; i.e., the wave front is in contact with 

the platform over the whole leng th of the platform, as in the cases 

illustrate d in Figures 6. 13 and 6. 16 in Section 6. 2. However, for 

Figure 6. 35, H/d is s ufficie ntly small th a t ~he wave front is not 

define d for a relative loc a tion x /d greater than about 5. 8, which for 
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d = 0. 64 ft is less than the relative platform l ength L/d = 7. 81. The 

condition i s shown i n F i gures 6. 14 in S ection 6 . 2: the wave front 

that rnay be seen in Figure 6. 14d is no longer defined in Figure 6. 14e, 

in which the wave crest (which is seen approachi ng the shoreward end 

of the platforrn ) propagates without wetting more of the platform. .At 

t /g7d = tb ./gld, which in this case is the time when the wave fr ont 

· can no longer remain in contact with the platform, . the secondary 

wave of recession immediate ly fonns and propag a tes seaward . 

In each of Figures 6. 35 through 6 . 40, the polygon enclosed by 

the curves is subdivided into shaded areas labeled, "positive uplift" 

and "negative uplift". At any given value of relative time t/gld, 

values of x/d within the polygon represe nt the portion of the platforrn 

soffit in contact with, or wetted by, the wave. For any given value of 

x/d, the polygon and its shaded areas indicate th e relative tim.e of 

wave front arrival, the subsequent duration of positive and negative 

pressures ; and the rel ative time of arrival of the principal or s e cond-

ary wave of r ecess ion. 

The chronological events t ' a 
and t , define d in Table 3. 1 

c 

of Section 3 . 3, are indicated in each of Figures 6 . 35 through 6. 40. 

In Section 6. 2, each of the pho tographs in Figures 6. 1 3 through 6. 17 

shows the flow within a particular time range (such as 0 < t < t) . By 

reference to photographs taken at co1nparable values of s / d and H/ d, 

· one may visualize the flow conditions at corresponding times plotted 

in Figures 6. 3 5 through 6. 40. 
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Since the primary concerns of the pre sent study were the peak 

pressure (to be discussed in Section 6 . 6) and the positive slowly-

v a rying pressure, the r e was no a ttempt made to m easure e ithe r the 

celerity of the secondary wave of r ecess ion or the v a lue of t , the 
c 

tim e at w hich the princ ipa l and secondary wave s of recession mee t. 

Y et photographs suc h as shown in Figures 6 . 14e , 614.f, 6.15e, and 

6 . l 5f clearly indica t e the exis t ence of the second a ry wave of reces-

sion, and its r ep re sentation in Fig ures 6. 35 through 6. 40, even if 

its position is only estin1.ated , pcnnits one to in ake seve ral observa-

tions about pressure as a function of tin1e t and dis t ance x. 

It i s of interes t t o s tud y the curve which separates the regions 

of pos it ive and negative uplift in F i g ures 6 . 35 throug h 6 . 37 . The 

points d efining the curve were obta ine d for seve r a l val ues of x /d by · 

d e t ermining the ti1ne at which press u re records, after indicating 

pos itive pressures, ind icated zero pressure b e f ore indicating riega -

tive values . It was o ft en difficult t o d e termine meaningful values ·of 

tilne of ze r o pr e ssure b e cause of seve r e oscilla tions in the record 

which a lm os t a lw ays occurred at the tin1e of z e ro pressure . (These 

os cill a tions, the " secondary oscillations l 1 indicat ed i.n Figure 6. 20 a , 

of i n t erest in themsel ves, will be dis c uss e d prese ntl y. ) On each 

record e xamined for ti1ne of zero pressure , a curve was fitted 

thr ough the r eg i o n of oscill a tion t o r e present the m ean value abou t 

which pres s ure v ar i e d . The curve connected sn1oothl y with the 

press ure t race in the reg ions b efo re a nd after the r egions of os c illa-

t i.on . The tirne a t w hich the fitt e d curve indic a t e d ze r o pressu r e was 
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t aken as the time of zero pressure, separating regions of positive 

and negative pre ssure. 

It may b e noted that the curve separating the regions of pos i-

tive and negative uplift in Figu res 6. 35 through 6. 37, when extrapo-

lated to x / d = 0, t endsfo a.value of t/gld approximate l y equal to 

t rgJd, the time whe n the water level at x/d = 0 has decreas e d to a 

the e levation of the platform · s off it. From. hydr os tatic considerations, 

it is very reasonable that at x/d = 0 the uplift pressure should be 

zero at the nondime ns ional time t ./i]d. when the elevation of the 
a 

ne arby wate r surfac e is equal to the el e vation of the p o int of pressure 

m eas ure1n e nt. 

For x/d = 0. 2, in Figures 6. 35 through 6 . 37, it is notable 

that the tin1e of zero pressure does not va ry sig nificantly with in-

creasing x/d, except at l arger values of x/d where the curve 

approaches the curve which d e scribes t he wave front. With the tim e 

of zero press ure r emaining relat ively constant w ith x/d co1npared to 

the time of arr ival of the wave front or of the wave of recession, 

Figures 6. 35 through 6. 37 show clearly that the ratio of duration of 

positive uplift to duration of negative uplift at any given point on the 

platform decreases with increas ing x/d. 

Us e of the sarne absolute platform l ength (five ft) at the two 

model scales (d = 1. 25 ft and d = 0. 64 ft) provides information on the 

pres sure -time -distance distribution on platforrns of different re l ative 

l engths L/d f or similar values of r e l ative soffit clearance s /d and 

r e l ative wave height H/ d. To extend the obe r va tion just mentioned, 

/ 
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tha t the ratio of positive uplift duration t o negative uplift durat i on de­

creases with inc r eas i ng x/d, the principal effect of i ncreased re l a ­

tive.pl a tfo rm l ength L/d i s t o increase considerabl y the duration of 

t ime for w h ich p or tions of the p l a tform are subj ec t ed t o negat ive up ­

lift, with litt l e inc rease i n the duration of time for wh i ch the p l atform 

is s ubj c cted to pas itive uplift. 

For r e l at ive soffit clearance s/d = 0. 1 , Figures 6 . 38 through 

6. 40 show th a t the time of zero pressure increases w i th x /d; ye t i n 

this c.ase a l so the r a t io of the durations of positive and negative uplift 

apparently decreases w ith i ncreasing x /d, and a n increase in plat­

f orm l ength L/ d increases the duration of negative uplift n1ore than 

it i ncreases the duration of positive uplift . 

Figures 6. 35 through 6 . 40 show that for all x /d the r atio of 

the ·duration of the positive uplift pressure t o t hat of the negative up­

lift pressure increases with r e l a t i..;e wave h e i ght H/ d , for b o th 

s/d = 0.2 and s / d = O.l . Comparison of Figur es 6 . 35through6 .37 

f or x/d = 0. 2 with Figures 6. 38 thro u g h 6. 40 for s/d = 0 . 1 indi­

cate s tha t for any val ue of x / d the ratio of t he du r ation of the pas i­

tive to the n egat ive uplift pressur es i ncreas es w ith d ecreas ing r e la­

tive soffi t clea rance s /d . (It should b e kept i n m ind t hat these r esults 

w e r e obtained for a p l atform as wide as the wave t ank, w h ere air was 

not permitted to flow betwe e n the platform edges and the tank walls to 

r e l.ieve n egative pressures. For a nar row pier w ithout confini ng side 

walls , the qua litative picture may b e different . ) 

In Section 6. 4, Fig ure 6 . 30a for s /d = 0. 2 showed that the 
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time of arrival of the wave of recession t ' after initially increasing 
e 

with x /d, decreased markedly with increasing x/d. In particular, for 

d = 1. 25 ft the value of te ~ for x/d = 3. 920 was considerably less 

than for x/d = 3. 220; and ford= 0. 64 ft the value of te ;gTd. for 

x/d = 7. 070 was less than for x /d = 5. 510. It was suggested in Section 

6. 4 tha t this behavior could be a ttributed to the presence of the 

s e conda ry wave of recession, as is now shown in Figures 6. 35 through 

6. 37 for s/d = 0. 2 . Ford = 1. 25, values oft ,rgTd obtained at all 
e 

transduce r locations except x/d = 3. 920 lie on the curve r epresenting 

the principal wave of recession and increase w ith increasing x /d. The 

transducer location x/d = 3. 920 is subject to the seconda ry wave, 

where values of te J g/d decrease with the increasing x/d; the value 

of te J g/d 'at x/d = 3. 920 may therefore be less than at x/d = 3. 220. 

Ford = 0 . 64, the transducer l ocation x/d = 7. 070 is subject to the 

secondary wave of recessi on, and the value of te ~may therefore 

be l ess than at x/d = 5 . 510. (One may note that at d = 0 . 64 ft, the 

location x /d = 3. 938 is subject to the principal wave of recession and 

the r e is hence a great difference in values of te ,rgTd for this location 

and the c or responding l ocation x / d = 3. 9 20 at d = 1. 2 5 ft, which was 

subjected to the secondary wave of ·recession. Other differences 

b e twe e n pressure values obtained at these two corresponding locations 

will b e discussed presently.) 

In Figure 6. 31 for s/d = 0. 1 , it was shown that despite good 

agreement b etween theoretical and experimental values for te ~for 

x/d = 0. 522, there was very poor agreement between theory and 
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expe riment for x/d = 4. 525; because, it: was suggested , the location 

x/d = 4. 525 is subjected to the secondary wave of recession rather 

than the principal wave of recession, as assu1ne d in the analysis. 

Figures 6. 38 through 6 . 40 for x/d = 0. 1 for d = 1. 00 ft show an ex­

perimental value of t rgrd at x/d = 4 . 525 on the curve for the 
e 

secondary wave of recession, as suggested . The slope of the curve 

which r epresents the principal wave of recession in Figures 6. 38 

through 6 . 40 (define d as d(x/d)/d( t/gld)) is the normalized celerity 

. U / ./gd = 0. 3 18, where the numerical value is obtained from. Equation . 
e 

3 . ·45. The re are at least two observations which can be made to 

support the use of estirrtated curves of the l oci of the principal and 

secondary waves of recession as constructed in Figures 6. 38 through 

6. 40, as opposed to sirn.ply passing a straight line thr ough rn.easurecl 

values of te/gld at both x/d = 0. 522 and x/d = 4. 525 . Such a line 

-would result in a normalized celerity U / /gd of about 0 . 7. First, it 
e 

may be pointed out that in Figures 6 . 3 5 through 6. 3 7 for s / d = 0. 2, 

the slope of the curves for the principal wave of recession is in excel-

l ent agreement with the value U / ;gd = 0. 615 predicted by Equation 
e 

3. 49, giving one confidence in the analysis resulting in Equation 3. 45 , 

and hence in using the val ue U / ;gd = 0. 318 predicte d fro1n Equation 
e 

3. 45 for s/d = 0. 1. S econd, as stated earlier with respe ct to 

s/d = 0. 2, it is r easonable to expect that x/d = 0 the time of occur -

rence of zero pressure should coincide w ith t rgTd , the time at 
a 

which the water l evel has decreased to equal the soffit elevation. In 

Figures 6. 38 _ throug h 6. 40, the curve for the princ ipal wave of 
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recession, extrapolated to x/d = 0 , i s in clos e r agreement with the 

time of zero pressure (also extrapolate d to x/d = 0) than it would be 

if a curve had simply been placed through the two plotted values of 

t lg1d shown. 
e 

The values of the slowly-varying pressure w:~ich correspond to 

locations and times shown in Figures 6. 35 through 6. 40 will now be 

presented and discuss e d. In Figu r es 6. 35 through 6. 40, where time 

is the ordinate and distance is the abscissa, the relative p ressure 

head P
1 

/yd may be considered to b e plotted with respect to an axis 

normal to the plane of the p aper . Figur es 6. 41 through 6. 4 7, showing 

relative pres sure he a d as a function of tim e, and Fig ure s 6. 4 8 through 

6. 50, 'showing relative press ure h ead as a function of distance, may be 

considered s ec tional views of the function plotted in Figures 6. 35 

through 6. 40. For instance, S ectio n A-A i ndicated in Fig~re 6. 35 is 

shown as Figure 6. 41 a, and Section C- C in Figure 6. 35 is shown as 

Figure 6. 48a. 

The data pres ented in Figures 6. 41 through 6. 47 are obtained 

directly from the pressure records such as shown in Figures 6. 20 and 

as tabulated in Table Bl of Appendix B. Because it was difficult to 

control precisely the values of H/d at which waves were generated, 

the r e lative wave h eight H/d associated with each pressur e record is 

only approximately equal to the value of H/d association with the 

entire figure. For instance, in Figure 6. 41, associated with 

H/d = 0. 24, the relative wave heights H/d for the records plotte d 

range from 0. 240 to 0. 252. However, the values obtained are 



0.2 

0.1 

0 

-0.1 

P1 
yd 

H-s 
0.1 d 

_L 
0 0 

0 

-0.1 

-0.20 

••• 

244 

H-s 
d 

_l_ 

0 0 

• • • • • • • • 

EXPERIMENT ::~~ :: ~ o.24 

BlUATION 3.40 ~· = o.240 -
• I 

I 
I _ ___________ __J 

3 4 5 6 7 8 9 10 

tJg/d 
II 

Figure 6 . 4 1. Pressure as a fun c tion of time for s /d = 0. 2, H/d o. 2 4 . 

0 

- 0.1 

I ~ 
o o t o_, . 

__ __!_J 

P1 

yd 0 

0.2 

01 

0 
0 0 0 

0 

I 
- 0 1 

. . • I 
---- - - - - - - - --_.--..J 

-02 
0 4 6 9 10 II 

Figur e 6. 42 . Pressure as a fun ction of time f o r s /d = 0 . 2, H/d = 0 . 32 . 



245 

0.4 

0.3 

0 .2 T 
H-s 

0.1 
d 

0 .. 
-0.1 

0.2 • 
0 T 

0.1 H-s 
d 

- 0 .1 
• • • • I . . . ,. 

--------------------~ 

0.1 

SECTION M - M 
s/d • 0 .2 x/d •0816 

d•l.25 f l 0 
EXPERIMENT d •0.64 f l 0 

EQUATION 3.40 

SECTION N-N 
s/d • 0 .2 x/d = 3 .9 

d•l.25 ft 0 
EXPERIMENT d •064 ft 0 

EQUATION 3.40 Udmm -­
Udcom ---

• 

SECTION 0-0 
s/d = 0.2 x/d = 7.07 

Hid 
0394 
0.408 

0401 

H/d 
0.374 
0.368 

0.371 

H/d 

EXPERIMENT l.>d!..':•.hl.h25;.uif t _ __J..,::'.::::,,.J-< 
d •0.64 ft 0.403 

(a) 

{b) 

EQUATION 3.40 Udmm - 0.403 
udcom ---

0 1---+---+---+---+-...L__.,i-:I ::_.--+--.-.-+.--.-+-.--+-.-~.==.=:;=~=::;':!:'!'===::!;:===:!..-1 -( C) 

• • 
- 0.1 

----------------------------------~ 
-02 ~--.._ __ .._ __ .._ _ _ ..._ __ ..._ _ _ ..._ _ _ ..._ _ _ ..._ __ ..L_ __ ..L_ __ ..L_ __ _L_ __ J_ __ ~ 

0 2 3 4 5 6 7 8 9 10 II 12 13 14 

I ../g/d 

Figur e 6. 43 . Pressure as a f unction of time for s/d = 0 . 2, H/d o. 40. 



246 
0.3 

SECT ION S-S 
0.2 H-s s/d • 0. 1 x/d • 0.522 Hid 

0.1 

d EXPE F< IMENT d • 1.00 fl o 0 .147 
ud --

0 

_l EQUATION 3.40 U "'"" 0.14 7 

1-lL-~-1-_.,___:;,.,.,._-+-~~--1--~~-+~--.~-+-~~--i1--~~-.~~~.,-d-com_•~~,--~~-1· (a) 

P, 
yd 

0 .2 H-s 
d 

0 .1 .-L 
0 0 

0 

-0.10 2 4 6 8 10 12 

t,/g/d 

SECTION T-T 
s/d • 0. 1 x/d • 4 .525 H/d 

EXPERIMENT d • 1.00 f f 0 0.149 

u<ko --
EQUATION 3.40 U ' 0.147 %,...,---

I __ __, 

14 16 18 

(b) 

20 

Figure 6. 4 4 . Pres s ure as a fun ction of time for s/d = 0. 1, H/d = O. 15. 

0.7 

. 0.6 

0.5 

0.4 

0.3 

0.2 

0 .1 

0 

~ 
yd 

0.6 

0.5 

0.4 

0.3 

0.2 

0 .1 

0 

-0.1 
0 

,.. 
I 
I \ 
I \ 
I \ 
I \ 

I
I , \ 

I \ 

I 

r 
h 
I 
I 

1 

I \ 
: o\ 
I \ 
I 0 \ 

I \ o 

I 0 

I } o0 iDoo 
\ 0 0 0 

2 4 

0 0 

6 , 8 

T 
H-s 

d 

T 
H-s 

d 

10 

t..AiTcf 

SECTION u-u 
s/d • 0 . 1 x/d • 0 .522 Hid 

EXPER IMENT d• 1.00 fl 0 0 .3()7 

EQUATION 3.40 
udmecs - -

0::1:)7 
udcomp ---

(a) 

SECTION v-v 
s/ d • 0.1 , x/d • 4.525 H/d 

EXPERIMENT d · 1.00 fl 0 0.3()6 

EQUATION 3.40 ud'°"" --- 0.307 

(b) 

I 
~ 

12 14 16 18 20 

Figure 6. 45 . Pressure a s a fun ction of tirn.e for s/d = O. 1, H/d = O. 31. 



SECTION w-w 
s/d • 0. 1 x/d • 0.522 Hi d 

EXPERIMENT Id· 1.00 ft 0 0 .375 

1ud --
EO'..JATION 3.40 '"'"" 0.375 

judcomo ---

SECTION x-x 
s/d•O.I, x/d • 4 .525 Hid 

EXPERIMENT d • 1.00 ft 0 0.376 

EO'..JATION 3.40 udcornp --- 0 .375 

T 
H-s 

d 

14 16 18 20 

Figure 6. 46 . Pres sure as a function of tin~e for s Id = 0. 1, H/ d = O. 38 . 

0.2 

0.1 

0.2 

0.1 

0 0 
0 0 

0 D 
0 0 

0 0 ° 
0 0 0 

0 0 

0 0 

0 0 

0000000000 

0 0 0 

0 0 0 0 0 

0 0 0 

sld • 0.0, x/d • 3.939, H"/d • 0.424 

EXPERIMENT • 

sld • 0.0, x/d • 6.380, Hi d • 0.424 

EXPERIMENT • 
00000000000 

~6.__~~~-~4~~~~-2~~~-=0~~~~2::--~~~4~~~-6.__~~~8~~~-,~o~~~~,2~~~~,4 

t.JgTcf 

Figure 6 . 47. Pressure as a function of tin~e for s /d = 0. 0 , H/d = 0 . 42 . 

(a) 

(b) 

(a ) 

(b) 



0.4 

0 .3 

0.2 

0 . 1 

O!J-g 

0 .1 

0 

-0.1 -
P 1 

0 .3 
yd 

0.2 

· 0 . 1 

0 0 0 
0 

-0. I 
e 

0 

0 . 1 

0 0 

- 0 .1 
ol 

-0.20 

F i gures 6. 48. 

I 

248 

s/d=0.2, H/d=0.24 

EXPERIMENT 
d =l.25 ft 0 

d=0.64ft t) 

EQUATION 3.40 Udmeos -- (a) 
udcomp __ _ 

t 
I 
I 

0 0 

2 3 · 4 

x / d 

5 

SECTION C- C 
I ....19/d = 0 .653 

SECTION D-D 
I .Jg7cl = I. 74 

SECTION E-E 
tJg/d =3.01 

SECTION F - F 
I ...f9/d. = 4.60 

6 7 

Pressure as a function of distanc e f o r s / d = 0. 2 , 
H/d = 0 . 24. 

(b) 

{c ) 

(d) 

8 



0 . 1 

0 
t; 

cJ 0 
0 -0. 1 

- 0 .20 2 

249 

0 

3 4 

x / d 

5 

SECTION L - L 
t ..;g7d = 4 .60 

6 7 

Figure 6 . 49 . Pressure as a function of di s t a nce for s /d = 0 . 2, 
H / <l = 0 . 32 . 

(cl) 

8 



250 

0 .6 

0 .5 

--- t 
0.4 ---

I 

0 .3 I 
I 

~ 0 .0 I 
0 .2 

~ ~ I 
I 

0 .1 I 
I 

0 .3 

0 .2 

P1 
0 .1 

yd 

0 

- 0 . 1 

0 .3 

0 .2 

0 . 1 

0 
0 I o o ~ 

-0. I lo-- - ---
2 3 

0 

4 

x/d 

5 

s/d = 0.2 , Hid= 0.40 

EXPERIMENT 
d=l.25 ft 

d =0.64 11 

ud --
EQUATION 3.40 m•o• 

Udcom ---

SECTION P-P 
tJg/d = 1.22 

SECTION Q-Q 

I ..,/97d = 3 .00 

SECTION R-R 
tJg/d = 4.60 

0 

6 7 

(a) 

(b ) 

( c ) 

8 

Figure 6. 50 . Pressure as a function of distance for s/d = 0. 2, H/d = 0. 40 . 

/ . 



251 

sufficiently close to the value H/d = 0. 24 to illustrate the functional 

behavior of the slowly -varying pressure. 

In Figures 6. 41 through 6. 4 7, solid curves indicate the 

normalized pressures P
1 

I yd which are predicted by Equation 3. 40 

using measured values of the wave front celerity ud (obtaine d from 

the solid curves fitted to the data in Figures 6. 27 and 6. 28), and 

using the associated measured values of xd and dUd/dt. Pressures 

derived from measured Ud (labe l ed, "U " in the figures ) are 
dmeas 

applied in the range of validity 0 < t < tb, as defined in S ection 3. 3. 

Long-dashed curves indicate normalized pressures predicated by 

Equation 3. 40, but using values of xd, dUd/dt and Ud (labe l ed, 

"U ") computed from Equations 3. 34 and 3 . 3 5 . Press ures 
dcomp 

derived from comput e d Ud are pres e nted for the range of validity 

0 < t < t , as defined in Section 3. 3. Long --dashed curves also indi­
a 

cate the constant negative pressure in the specialized form of Equation 

3 .40 predicted b y Equa tion 3 .51 ~ithin the range of t < t < t , as a c 

defined in Se c tion 3. 3. The solid and dashed vertical arrows indicate 

the measured and predic t ed occurence, respectively, of peak pressure. 

(Peak pressure val ues, not shown in these figures, are presented in 

S ec tion 6. 6.) 

Fig ures 6. 41, 6. 42, and 6. 43, for relative soffit clearance 

s/d = 0. 2, represent relative wave heights H/d of approximately 0. 24, 

0. 32, and 0. 40, respe c t ively. In each figure, records a r e shown as 

obtained at relative locations x/ d = 0. 816 a t both model scales, and 

at x/d = 3.920 at d = 1.25 ft and at x /d = 3 . 938 at d = 0.64 ft. 



252 

In addition, Figure 6. 43 f or H/d = 0. 4 0 shows a record obta ine d at 

x/d=7.07atd=0.64ft. For s/d = 0.1, Figures 6.44, 6.45, and 

0 6. 46 represent relative wave heights H/d of 0.15, 0. 31, and 0. 38, 

respectively. The locations repre.sented are the two l ocations a t 

which data w e re obt a ined, x/d = 0. 522 and x/d = 4. 525. Similarly, 

Figur e 6 . 47 for s/d = 0. 0 shows dat a obtained from x/d = 3. 940 

and 6. 380, the t wo l ocat ions at whi ch pressures were n1easured, for 

a relative wave height of H/d = 0. 425 . 

In each figur e the time axes have b een aligned so that at any 

given relative tirn.e, t.rgrd, one may eas ily compare the pressures 

exerted at diffe rent transducer loc ations . 

For s/d = 0.2 and x/d = 0.816, Figures 6.4la, 6.42a, and 

6. 43a show a period of time during which there are positive pressures 

following. the arrival of the wave front. The pressu r e h eads P
1 

/yd 

are at most a pproxirnate ly equal to (H-s)/d.; this result suggests a 

siinple hydrostatic relationship between incident wave height Hand 

·slowly-varying pres sure h ead P 
1 

I y in ea sured fron1 a station loca t ed a 

distance s above the still water level. 

Thes e figures show that for relative transducer l ocation x/d = 

0.816, there is reasonably good agreement betwee n. the t wo scales for 

measured pressure over the full range of tim e from t = td when the 

wave front arrive.s at the location, to t = t , when the principal wave 
e 

of reces sion reaches the location. (It should b e note d that the H/d 

for a record at one scale i s never precise ly equal to t hat a t the o ther 

scale, and that the record with the greater relat ive pres s ure s is 
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associated with the greater relative wave h e ight. Therefore, the 

differences in measured pressure between the two scales during the 
,, 

p eriod of positive uplift may be attributed in part to these small 

differe nces in incident w ave height. A more definitive comparison of 

pressure values obtained at the two model scales will be presented 

later.) 

Figures 6 . 4lb, 6. 42b, and 6. 43b, for s/d = 0. 2 and x/d = 

3 . 920 at the depth d = 1. 25 ft a nd for x/d = 3. 938 at the smaller 

depth, d = 0. 64 ft, show pressure functions where the duration of 

pos itiv e uplift pressure s i s very short, and the periods of negative 

pressure are correspondingly rn.uch longer than for x /d = 0. 816 . As 

mentioned previously, the ratio of durations of posifive to negative 

pressure decreases w ith increasing x/d. In cont r as t with conditions at 

x/d = 0. 816, the r e is poor agree1nent between scales at x/d = 3. 9, except 

for values of relative time of wave front arrival td/gTcf. The d iffer ­

ences m.ay be attributed to the difference in relat:.ve platforn1 length, 

'L/d. At d = 0. 25 ft, the wave front reaches the shoreward end of the 

platform. at L/d = 4 shortly after reaching the tr ans ducer locate d at 

x/d = 3. 920. Pressures recorded b y the transduce r after the time tb 

when the wave front reaches L/d = 4 r eflec t flow conditions influenced 

by the end of the pl atfo rn1: negative pressure value s are not great, 

and the tr ansducer location i s shortly relieved of fluid fr om the wave by 

the secondary wave of recession. At d = 0 . 64 ft, the relative platforrn 

l e n gth L/d = 7. 81 is sufficiently g r eat er th an th e transduce r location, 

x/d =-3 . 938, that fluid rernains in contact with tr a nsduc e rs until the 
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arrival of t he principa l wave of recession . Figures 6. 35 through 6. 37 

show that the relative duration of negative p ressures is cons iderably 

gre ater at d = 0.64 ft tha n at d = 1 .25 ft. Figures 6 . 4lb, 6.42b, 

- · and 6. 43b show for these two scales that the negat ive p ress ures at 

d = 0. 64 ft are s01newhat greater than those me a sured than at 

d = 1. 2 5 ft. 

Figure 6. 43c shows pressure as recorde d at x/d = 6. 06 for a 

d epth of d = 0. 64 ft and s/d = 0. 2 . (There is no r ecord for 

. d = . 1. 25 ft since f or tha t scale the relative platform l ength i s l ess 

than 7. 07 . ) .As it i s, the l ocation x/d = 7. 07 is quite near the shore­

'.-Vard end of the platform (at L/d = 7. 82) and the recorded pressures 

are the refore i nfluenced by flow conditions at the end of the platform, 

as was the case for x /d = 3. 920 at d = 1. 25 ft. The most noticeable 

effects of this proxi1nity to the trai ling edge of the p l atform are that 

the values of negative pressure are l ess t han those attained at smaller 

values of x/d, and the tim e of ar rival of a wave of rece ssion is less 

than x/d = 3 . 928 . 

F or s / d = 0. 1 , Figures 6. 44a, 6 . 45a, and 6 . 46a show slowly-

· varying pre ssures P
1 

/yd at x /d = 0. 522 whose maxim.um value s are 

equal to or slightly in excess of (H-s)/d. Figures 6 . 44b, 6. 45b, and 

6. 46b s h ow that at x/d = 4. 525 values of positive pressure ar e l e ss 

than at x/d = . 522, and that the ratio of the durations of the positive 

t o the negative pressure is l ess than at x / d = 0. 522. 

Figures 6. 47 s how pressure records obtained at ze ro soffit 

clearance at l ocations x/ d = 3. 939 and 6. 380. As shown i n Figure 
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6. 32, the records at zero soffit c l earance show only a slowly-varying 

increase and decre ase in pressu re, with no sudden increase or pressure 

peak and with no neg a t ive pressures. The re cords show that the 

maxirnurn press ure attained for a given incident \Vave h e igh t decreases 

with increasing x/d, and that the time a t which maximum pressure is 

reco r ded increases with x/d. The r e l ative press ure h ead P
1 

/yd is 

everywhere l ess than the r e l at ive wave height H/d . However, one 

should note that press ures were sam.pled o n ly a t x/d = 3. 939 and 

6. 380, and pressure amplitudes elsewhere, especially for les se r 

values of x/d, may b e greater than those measured. 

An inte r e sting f eature of the pressure r eco rds are irr egular 

oscillations which appear t o occur at the tim es t , whe n the principal 
a 

wave of recession b egins to form at the seaward end of the platfo rm, 

and tb, whe n the wave front reaches the shoreward end of the plat-

fonn. The oscillations l abelled, "secondary oscillations", are indi-

cate d on the sample record shown in Figure 6. 20a. Because the oscil-

-lations were not the prime concern of this study, their form, am.pli-

tude, frequency, and cause were not stu:lied in detail. In reducing the 

slowly-varying pressur e data from. r ecords, the sampling freque ncy 

was usually less than the oscillation fr e quency, and the r e fore the 

oscillations do not always appear clearl y in Figures 6. 41 through 6. 47 . 

.Yet Figure 6. 43a shows oscillations occurring at t /g/d for H/d = 

0.40 and s/d = 0.2 (Figure 6 .37 ; Fig ur es 6.45a and 6.45b show 

oscillations at t/g7cl """ 2. 9, the approxi1nate value of t /gTd for a 

H/d = 0. 31 and s/d = 0. 1 (Figu re 6. 39). Examination of certain 
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individual pressure records, not showr. ':'hows t~-iat oscillations begin at 

both ta and tb' and that they appear at all transducer locations with little 

apparent dependence on location. The period of oscillation appears to 

be independent of wave height, but the amplitude is strongly dependent 

on relative wave height H/d. 

Figures 6. 41 through 6. 43 for s/d = 0. 2 show that positive 

uplift pressures computed by Equation 3. 40 from m e asured value s of 

U d (solid curves) are generally greater than the n1easured pressures. 

However, the t imes of zero pressure indicated by these curves are in 

reasonably good agreement with measured values. For the duration 

of negative pressure. the values which are predicted by Equation 3 . 40 

(in the specialized forrn expressed by Equation 3_ 51) are again greater 

in absolute value than ri1 e a s ured v a lues. In Figure s 6. 44 through 6. 46, 

for x/d = 0. 1, the measured celerity data are lirn.ite d, which limits 

the t ime duration f or which the pressure n1ay be computed by Equa­

tion 3. 40 using measure d Ud. To the extent t hat data are available, 

however, the values predicted are again s on1ewhat greate r than 

measured pressure values. 

Figures 6. 41 through 6. 46 show that the positive pressures, 

when computed from Equation 3. 40 using analytical value s of Ud, 

are much highe r than measure d values; the predicted time at which 

the pressure goes to zero is conside rably l e ss than the value indi­

cate d by e xperin1ental data; and negative pressures are nH1ch gre ater 

than m e asured. (In fact the n1ax irnun1 negative pressure s predicted 

are not indicat e d on the se figur e s due to their m ag nitude.) 

/ 
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Figures 6. 4 1 through 6 . 46 s how t hat the pr e dicted n e g a-

tive pressure , d erived from cons ide r ation of the wave of recession, 

is gene rally greater than i s m easured; ye t Figures 6 . 41 a , 6 . 42a and 

b, 6. 43a and b, 6. 44a, 6 . 4:5a, and 6. 46a show m easured pressures 

which at son-ie time approach the predicted val ue. Where the t rans -

ducer i s m o unt e d n ea r the shoreward end of the platform (se e 

Figures 6.4lb, 6.42b, and 6 . 43b for d = 1.2 5 ft and Fig ure 6.43c 

for d = 0. 64 ft) th e measure d negat ive pressures a r e much l ess than 

the pred icte d value . 

For s / d = 0. 0, Fig ure 6. 47 shows no anal ytical values of 

pressure, simpl y because the anal ysis as d er ived cannot be applied 

to the case of zero s off it clearance, as stated in Section 3 . 2 . 

Rel at ive pressur e head P
1 

/ yd i s shown p lotted as a func tion 

of r e l a tive l ocation x/d f o r a soffit clearance of s /d = 0.2 in 

Figures 6. 48, 6 . 49, and 6. 50, fo r r e l a tive wave h e i ghts H/d of 0. 24, 

0. 3 2, and 0. 40, respec tively. Figures such as thes e h a v e not b ee n 

'deve l oped for s/d = 0.1 o r s/d = 0. 0, since in these cases d a t a 

were obtaine d at onl y two re l a tive l ocati ons x/d , which is inadequate 

t o show the fu nc tional d ependence satisfac torily. ) In e ach of Figu r es 

6. 48 throug h 6. 50, t h e press ure distributions are shown for a 

nmnber of r e l a tive times, t /g7d, r epresenting periods of positive 

. and n e ga tive uplift (s ee the cor res ponding ti1n e -dis t ance diagr an1s i n 

Figures 6. 35 t h rough 6. 3 7 ). 

In Figures 6 . 48 th r oug h 6 . 50, data h ave b ee n t a k e n fi·o1n 

r ecord s obtained a t seve r a l trans ducer l ocati ons . Values of H/d at 
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which waves were generated varied slightly from one transducer 

location to another. Therefore, in contrast to Figures 6. 41 through 

6. 47 where data are plotted directly without interpolation, in Figures 

6. 48 through 6. 50 it has been necessary to perform a simple inter­

polation in order to dete rmine pressures at a common value of H/d 

at all locations fo r a pa r ticular time . At each relative transducer 

location, x/d, and at each value of normaliz e d time represented, 

t/gTc:f, the measured pressure head P
1

/y is plotted against relative 

wave h eight H/d, and a curve is fitted to the data. Values from the 

curves at H/d = 0. 24, 0. 32, and 0. 40 are the n plotted in Figures 

6. 48 through 6. 50 as a funct i on of distance for the tim e of interes t. 

As in Figures 6. 41 through 6. 46, the pressure heads predicted 

by Equation 3 . 40 using measured values of Ud, xd, and dUd/dt 

are indicated by solid curves; positive pressure heads p redicted by 

Equation 3. 40 using analytical values of Ud' and negative pressure 

heads predicted by Equatio n 3. 40, in the spec ialized form of Equation 

3. 51, are indicated by dashed curves. A gain, solid and dashed 

vertical arrows indicate the measure d and pre dicted location, respec-

tively, of the wave front and of peak pressure . . 

For Figures 6. 48a, 6. 49a, and 6. 50a, the relative times 

t/gld were chosen to show maximum values of slowly-varying pres­

sure. In these figur es , as well as in Figures 6. 48b and 6 . 49b, values 

of relative pressure h ead P
1 
/yd approach or slightly exceed the 

value {H-s )/d, which was obs e rved in pressure- time curves discuss e d 

earlier (see Figures 6. 41 through 6 . 46 ). In no figure does relative 
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pressure head greatly exceed {H-s)/d. 

There is fair to good agreement between data obtained at the 

two model scales {d = 1. 25 ft and d = 0. 64 ft) throughout Figures 

6. 48, 6. 49, and 6. 50, except in Fig ure 6. 48c, for H/d = 0. 24 and 

t./"gld = 3. 01. Figure 6. 3 5 shows that for this condition and relative 

time the wave front has traveled the relative distance x/d = 4, which 

is at the end of the platform for the scale defined by the depth d = 

1. 25 ft but not for the scale defined by d = 0. 64 ft . As described 

earlier, oscillations in the pressure record have been noted to occur 

at time t when the principal wave of recession forms, and at time 
a 

tb, when the wave front reaches the shoreward end of the platform. 

In Figure 6. 48c, it may be that at t/'gld""" 3 oscillations a re occur­

ring at d = 1. 25 ft, for which tb .rgrd = 3. 01 , but are not occur·ring 

at d = 0. 64 ft , for which tb /g7d has a value cons ide rabiy differe nt 

from 3 . 01; therefore a difference in measured relative pressure head 

between scales at t./"gld = 3 . 01 may be eYpected. 

One may note tha t the dependence of pressur e on relative 

distanc e , '-x. /d, predicted by Equation 3 . 40 using measured values of 

U d is in fair ag reeme nt with that shown by measured pressures; 

however, using analytical values of Ud in this expression, the depe nd­

ence of pressures on x/d is much gre ater than actually observed . 

In Figures 6. 48d, 6. 49d, and 6. 50c, measured pressures t e nd towards 

zero and towards positive values with increasing x/d, in cont rast t o 

the predicted constant n egat ive value P
1 

/yd = 0. 1 3 1. (The discussion 

of the analysis will be continued in Section 6. 5 . 4.) 
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For the benefit of the analysis of peak pressure to be under­

taken in Section 6. 6, it is important to determine the extent of agree­

ment between relative slowly-varying pressure heads P
1

/ yd meas­

ured at the two model scales defined by the depths d = 1. 25 ft and 

d = 0. 64 ft for similar values of s / d, . x/ d, and H/ d. For compar­

ison of slowly-varying pressure to be relevant to the peak pressure 

anc;.lysis, measurement should be made in a region near the wave 

front. Therefore, on from 12 to 32 records obtained for each wave 

height tested at both scales at x/d = 0. 816, the slowly-varying pres­

sure was obtained at a normalized time t./iTd= td;gTcf + 0.15; i.e. 

the pressures measured we re those recorded 0. 15 dimensionless time 

units after the wave front {and peak pressure) had arrived at the rela­

tive transducer location 0. 816. As may be determined from Figure 

6. 2 7 in Section 6. 4, the normalized celerity U d //gd of the wave 

front is of the order of 1. 5 for all relative wave heights H/d for 

s/d = 0.2. Hence after an interval of 0.15 dimensionless time follow­

ing the arrival of the wave front at the transducer, the wave front 

should be located at x/d = 0:. 816 + 0. 15(1. 5), or 0. 23 dimensionless 

units of distance shoreward of the transducer mounted at x/d = 0. 816. 

Measurements obtained at 0. 23 dim ens ionles s distance units seaward 

of the wave front may be considered close enough to the wave front for 

relevant examination for dynamic similarity in slowly-varying pres -

sure between scales, yet far enough from the wave front to avoid 

problems of measurement of the rapidly-varying peak pressure. 

The ave rage values of the relatively large samples of 
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slowly-varying pressure head P
1 

/y obtai ned at each scal e in the 

manner just described are presented in Figure 6. 51, normaliz e d with 

r espect to the still water depth d and plotted against relative wave 

· height H/d. The plotted values lie fairly close to a single curve, 

especially for the range 0. 24 < H /d < 0. 32, indicating a fair d e gree 

of similitude in slowly-varying pressure in the positive u p lift region 

neighboring the region of the wave front. It is assmned that similar 

agree1nent would be realized at other transducer lo cation;, x/d. 

6. 5. 3 Uplift force, average uplift pressure, and center of uplift 

pressure . 

For the larger mode l scale defined by d = 1. 25 ft at the rela -

tive soffit cle a rance s/d = 0. 2, . the total uplift force p e r unit width, 

F, the average uplift pressure P , and the center of uplift pressure 
av 

x are computed fro1n data similar to that pre sented in Subsection 
cp 

6.5 . 2. The quantities F, Pav' and x are also computed frorn 
cp 

considerations of wave front celerit y Ud through Equations 3 . 53, 

3 . 54, and 3. 55, respec tively , using both measured and computed 

values of wave front l ocation xd, wave front celerity Ud and wave 

front acceleration dUd/dt. From considerations of the wave of reces-

s ion, F, Pav, and x are co1nputed frmn Equations 3 . 56, 3. 51 , 
cp 

and 3. 57, respectively . The inaxirn.um uplift force per unit width 

F and the center of maximum pressure x are compared with 
max cmp 

values obtained by El Gharnry (196 3 ) for oscillatory waves. 

The quantities F, p 
.av 

functions of time for 0 < t/gTd < 

and x have been detennined as 
cp 

t ./gTd, whe re t is the tim e when 
c c 
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the wave is no longer in contact with the p latform {Figures 3. 5). 

Since the procedure involves a step-wise integration of the pressure 

data, as will be explained presently, the greatest accuracy is obtained 

where the number of transduce r locat~ons per unit l e ngth of platform 

is the greatest. Therefore, the cas e for s/d = 0.2, d = l.25ft, with 

data available at 1 0 locations for a relative platform l eng th of L/ d = 4 

{see Table 6.2 }, was the case chosen for study. 

From data p :cesented in Table Bl of Appe ndix B, values of 

time t are chosen at frequent intervals. For each chosen value of t, 

the pressure head P
1 
/y at eac h transducer location is plotted as a 

function of rel ative wave height H/d, and a curve is fitt e d to these 

data. The pressure heads at relative wave heights: H/d = 0. 24, 0. 28, 

0. 32, 0. 36, and 0. 40, are then determ ined by interpolation from these 

curves. This procedure having been repeated for each of the t en t r ans -

due.er locations used at the model scale cl= 1. 25 ft, the location of the 

wave front xd and o{ the wave of r ecess ion. x 
e 

are d etermined for 

each chos eri value of t. (For t < t , when the wave of recess ion 
a 

starts to form, xe = 0; for t > tb, when the wave front re aches the 

shoreward end of the platform, xd equals the platform l ength L, or 

a smaller value estimated as the l ocation of the secondary wave of 

recess ion.) 

.As a step-wis e approximation of the pressure distribution the 

pressure {P
1 
/y )i that is measured by transduce r {i) locat ed at xi, 

where xi is in the wetted r eg ion xe <xi< ~d, is assumed to b e 

exerted uniformly at all points x in the wetted region xe < x < xd 
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that are nearer to transducer (i) than to any other transducer . One 

may therefore define a length of influence (ll.x) . associated with each 
l 

transducer (i) as the length of that part of the platform in the wetted 

region xe < x < xd for which all point x are nearer to transducer 

(i) than to any other transducer. 

With this approxim ation, the total force per unit width may be 

defined as the sum of the products of pressure head and l ength of 

influence: 

F =) (Ri) (l~x) .. 
y - y i . 1 

( 6. 1 0) 

The average pressure is the force per unit width F divided by the 

wetted l ength of the platform (xd - xe) . 

is the first moment of the uplift force: 

The center of pressure 

l (~). (6x\ Yi 
1 x 

cp 
= ~~~-F~~~~~ 

y 

x 
cp 

(6.11) 

where y. is the distance from the seaward end of the platform to the 
l 

center of the region of influence associated with transducer (i). 

It should be mentioned that the characteristics of the secondary 

wave 9f recession for the depth d = 1. 25 ft were not measured, so 

that the position and slope of the characteristic which describes it in 

Figures 6. 35 through 6 . 37 are not precisely known (except for a value 

of t obtained for x/ d = 3. 92 0 at d = 1. 2 5 ft). Therefore, values 
e 

of force, average pressure, and center of pressure during the p e riod 

of time when the secondary wave exists can only b e estimated. I n 
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figu r es pres e nte d in this subsection, no values a r e available for t imes 

greater than the value of t .rg;d for x/d = 3. 220 (the greatest value 
e 

of t JgTd meas u r e d at d = 1. 25 ft), although the ac t ual val ue of 
e 

t .,rgrd, whe n the platform is fr e ed e nt i rel y of fluid, may be grea ter, c 

as shown in Figures 6. 35 through 6 . 37 . 

The upl ift force F p er unit width is presente d in Figur es 6 . 52. 

Normalize d with r e spec t to y d2 , whe r e y i s th e uni t weight of water 

and d i s the still water d e pth, the force per unit width is plotte d as a 

f unct ion of r e l ative time t~fd for re l a t ive wave heights: H/d = 

0. 24, 0 . 32, and 0. 40 . The norm alized forc e computed fro1n Equation 

3 . 53 u s ing measured values of U d' x d and U d / d t are indicated by 

solid cu rves in Figure 6 . 52, for 0 < t;-gTcf < tb .rg!d; t he normaliz e d 

force computed using a·nalytical values of U
0

, xd, and dUd/dt is 

i ndicate d in these figur es by dashe d curves .for O < t<t. 
a 

For t a< t < tc, the fo rce is compute d from Equation. 3. 56 (in which 

L /d is set e qua l to 4 . 0) . 

A t a ll val ues of H/d the normali zed forc e has an initial value 

of z ero at t !g7d = O; increases with. ti1ne to a maximum; then d e-

creas es with time, r eaching negative values; the n re turns slowly to 

zero. 

A s shown in the pre ssure r ecor d prese nted in F igure 6 . 20 a 

and as m entioned in Subsection 6 . 5 . 2, "se condary oscillations 11 appear 

in t he forc e computed from these pressures, indicating that osc illating 

press ures arc e_xer t e d uniformly over th e wetted l e n g th of t he p l atform. 

These o sc ill at i o n s a p pear to h ave fr e quencies ranging fro1n 3 . _6 cycles 
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per sec to 17 cycle s per sec . The period of oscill a tion appe a rs to be 

ind e p endent of wave h e ight, but the amplitude of oscillation appears to 

b e strongly d e pend ent on wave h e ight. As noted in t h e previous sub­

section, the oscillations occur at about the time the forc e becomes 

zero after having reached a maximum, and may b e related t o the time 

ta when the wave of rec es sion forms or the tirne tb when the wave 

front r eaches the shoreward end of the platform. As Jnay b e s een in 

Fig ures 6 . 52, the oscilla tions have an amplitude which may approach 

the value of m aximum uplift force, and are therefore a ph e nornenon of 

some importance. 

The values of force con1puted from pr es sure data indicate 

that m axini.um. positive uplift force is strongly dependent on wave 

height, with the duration of the positive uplift force some what d e pend-

ent on · wave h e ight. Howeve r, one may note that negative force as a 

fu nc tio n of time is n early independent of wave h e ight. The greate st 

negative value attained (apart from negative extre1na of the os cilla -

· tions) is approximately FI y d
2 

= - 0. 1 5, for all th ree values of rela ­

tive wave h e ight represented. The relative duration o f n egative force 

is about 6. 3 dimensionless units of t/g]d, independent of H/d. 

The ref ore, a wave of relative ly small h e i ght may exer t little upward 

forc e , but just as much negative or downward force as a considerably 

larger wave. 

Values of positive force computed fro1n m easure d values of 

the wave front celerity ud. appear to b e generally great e r than the 

force computed from measure d pressure, es pecially at H/d = 0. 24. 
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Agreement with values con1puted from the rn. e as ured pressure improve 

with increasing H/d. In Figure 6. 52a for H/d = 0 . 24, the time of 

zero force agrees well wi th the measured value . The time of maxi­

mmn for ce agrees with the measured value for H/d = 0. 24 and 0 . 40, 

but i s le ss than the measured value fo r H/d = 0.32. · 

The m aximum fo rce computed from analytical values of U d 

shows fair agreement w ith the value computed from pressure at 

H/d = 0. 24; howeve·r, for H/d = 0 . 32 and 0. 40, the predicted values 

are considerably higher than values fro1n m easure d pressure . The 

computed time of zero force is consistently l ess than measured. The 

values of negative force derived from Equation 3. 56 are generally 

about twice as great as values detennined from measured pressure. 

In Figure 6. 53 the maxim.um val ue of norrn.alizcd force per 

unit wid th F max/ y d 2 
is plotte d as a function of {H-: s )/ d, where H 

is inc ident wave h eight, s is the soffit cle arance, and d i s the s till 

wate r depth . Values d erived fro1n measured and co1nputed values of 

·wave front c e lerity ud are compared with those derived fro1n 

meas ur ed pressures. Values de rived fro1n measured \vave front 

celerities ud are generally s lightly greater than the f orces deter­

mined directly fron1 the experimental pres sures. The maximum 

normalized fo rce derived from computed wave front celerities Ud 

shows good agreement w ith pressure-derived values for {H-s)/ds O. 08 

( i . e ., H/d ·s: 0 . 28 for s/ d = . 2), but for la rger wave-heights the s e 

pred ictions are considerably greater than pr essure -derived values; 

this discr epancy can be noted also in Figures 6. 52 . 
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Maximum uplift forces measured by El Gha mry (1 963) are 

includ e d in Figure 6. 53 for comparison . Before examining the data, 

however, one should note that experirnental condition s used by El 

Ghamry differed from those used in the present study. As d e scribed 

in Section 2. 3, El Ghamry studied the case in which periodic pro­

gre s sive waves in a wave tank 1 ft wide by 3 ft deep struck the under­

side of a 4 ft l ong horizontal platform. The platform, which had no 

vert.ical front fac e , extended ne a rly the width of the wave tank, but 

with a g ap between the tank walls and the edge of the platfonn. Forces 

were n1easured directly by gau ges mounted on the two pl atform sup­

ports. Tests were p e rfo rrn. e d a t values of relative in c id ent wave­

leng th A/ d r angi ng from. 1 to 8 and rela tive soffit clear ance s/d 

rang ing from 0. 0 to·o. 1. Troug h-to - crest wave heights were 0. 262 

tin1.es the still water depth, or smaller. The still water depth was 

2.00ft. 

El Gham r y p resents wave h e ight d ata in terms of troug h - to­

crest wave h e i g ht. However, in the present study the h e ight H of a 

solitary wave is equal t o its amplitud e above still water l evel, and 

since the soffi.t clearance s in both El Ghamry's and the present 

study is d e fine d with respe ct to the still w a ter level, it is de e med 

most consistent to consider El Ghamry's data in t e rms of wav e ampli­

tude above still water l evel. If the waves a re considered to be of 

sm a ll amplitude , the amplitude above s t ill waler l e vel i s one - h alf the 

trough-to-cres t h e ight. (According to the second-order progre ss ive 
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wave theory of Miehe, present e d by Wiege l (1964), the error i ntro-

duced by the assurription of small a1nplitude , for the experimental 

conditions considered, is l ess than 10%.) Therefo re i n Figure 6. 53 

the value of H for the El Ghamry data is taken as one-half the 

r eported trough-to-crest height. 

Plotted in Figure 6. 53, the normallzed El Ghamry dat a for 

maximum uplift force represent values of (H- s ) /d ranging from 

zero to 0. 084, and th ree values of relative incident wavelength A./d 

r anging from 1. 25 to 7. 2. Values of F /yd
2

, which appear to 
max 

increase with A./d for constant (H-s)/d, generally do not exceed 

0.15. At (H- s)/d = 0. 04 the El Ghamry data a re as much as twice 

as great as the values indicate d fron1 the prese nt study; howeve r 

these values are only l 0% of the maxilnum force measured in this 

stLidy at the l argest values of (H-s )/d. 

Figures 6. 54 show relative average pressure p · I yd plotted 
av 

as a function of r e lative time t/g/d for H/d = 0. 24, 0. 32, and 0. 40. 

F eatures such as periods of positive and neg at ive uplif t , with oscilla-

tions near the time of zero pres sure, are qualitatively simil ar to 

those found in Figur e s 6. 52 for F /yd
2

. As with the individual pres -

sure records presented earlier, the maximum values i ndicated are 

equal to or s lightly exceed (H-s ) /d. The values predicted by Equa -

tion 3 . 54 using m eas ured or analytical values of Ud a re again 

greater than values determined fronl. measured pressure . A s with 

t otal fo rce presente d in Fig ures 6 . 52, the ne gative average press ure 

function appears to be indepe ndent of relative wave h e i ght H/d. 
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. Independence of negative pressure from H/ d is predicted by Equa-

tion 3. 51 from consideration of the wave of recession; yet the value 

of negative pressure is rarely more than half the value pre dicted by 

Equation 3. 51. 

The normalized center of uplift pressure .x is plotted in 
cp 

Figures 6. 55 as a function of relative time t;gyd for relative wave 

heights: H/d = 0.24, 0 .32 , and 0.40. The qualitative behavior of 

x /d, as shown by data d e rived from measured pressure, is initially 
cp 

to increase with respect to t ./gTd at a rate which is approximately 

one-half the normalized wave front celerity U d / ..rg--d. (Comparison 

of Figure s 6. 55a, b, and c with Figure s 6. 35, 6. 36, or 6. 37, respec­

tively, shows that for t/'g?d ~ 1, approximately, the value of x Id 
cp 

at a given value of t/gld is very nearly one-half the value of xd/d, 

the wave front location, at that value of t/g/d. 

Following this initial monotonic inc rease with time, it is diffi-

cult to define the center of pressure,due to ~he "s econdary oscillations 11 

of the force w hich are evident in Figures 6. 52. Since x is equ2.l to 
cp 

a quantity divid e d by the total force per unit w idth F, it is to be ex-

pected that x may diverge to infinity when F goes to zero. Since 
cp 

in the period of oscillations the force-time function derived from 

measured pressure crosses the zero axis repeatedly, large positive 

and n egat ive values of x /d rn.ay be expected in the period of 
cp 

oscillations. 

Following the oscillations there i s a period of monotonic in-

crease of x from zero or negative values to positive values; the 
cp 
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rate of increase of x /d with t/ild appears to decreas e with . cp 

time, until at t ./ gTcf, when the wave is no longer in contact with 
c 

the platform, the final value of x / d is the value of x/ d whe re the 
cp 

principal and secondary waves of recessio.n meet. 

Values of x /d predicted by Equation 3. 55 using measured 
cp 

and analytical v alues of U d ' xd and dU d I dt are indicated for the 

ranges of validity 0 < t < t and 
a 

0 < t < tb, respectively. The 

two sets of predicted values show excellent agreement with values de-

rived from measured pressure in the initial period of increase of 

x /d with time. At the time of zero force (or zero average pres -
cp 

sure), the curves diverge to + co, and with increasing time con-

verge from - co to finite positive values, eq11ivalent to values de-

rived from measured pressure in the period of monotonic increase o f 

x following the oscillations. 
cp 

In Fig ure 6. 55a for HI d = 0. 24, the values of x Id which 
cp 

were d erived from the measured wave front celerity, Ud , appear to 

predict quite well the values determined from the measured pressure 

in the period following the time of zero force. For H/ d = 0. 32 and 

O. 40, values after the time of zero force are not available because 

the tim e tb, beyond wh ich the wave front is no l onger defined (s ee 

Section 3 . 3), is l ess than the time of zero force. The time of zero 

force computed from analytical values of U d is less than measured , 

and predicted values of x /d following the time of zero force occur 
cp 

at smaller times than corresponding m e asured values . 

V alues of x /d determine d from Equa tion 3. 57 from 
cp 
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cons ideration of the wave of recess ion, indicated in the r ange 

t < t < t , are generally greater than value s d erived fr om measured 
a c 

pres sure. N egl ec t of the second ary wave of reces sion would t end to 

m ake computed values greater than measured values for th e p eriod 

during which the secondary wave of recess i o n exists. It was indicated 

in Figures 6. 30 i n Section 6. 4 th a t at a given l ocat i on xe , the com-

puted time of arrival t 
e 

is l e ss than the measured value; corre -

spondingly, at a given time t the computed l ocat i on of x of the 
c e 

wave r ece s sion is g re ate r than the m eas ure d l ocation . This, too , 

causes con1puted val ues of x to b e g reater than measured values . . cp 

A third explanation for dis crep ancy b e twe en x d erived from 
cp 

m eas ur ed pressure and tha t derive d from Equation 3 . 57 i s that in 

Equa t ion 3. 57, i t is assurn.ed that the pressure, as expressed in 

Equation 3 . 51, does not vary w ith respect to l ocation x . However, 

Figu r es 6. 4 8c , 6. 48d, 6 . 49d, and 6. 50 c indicate that in fac t n egative 

pres sur e d ecreases with incre asing x , so that the location of the 

c e nte r of pres sure x i s smaller tha n it would b e if pressure were 
. cp 

u n ifonnly di s tribute d, as assmned in the d er i vati on of Equation 3 . 57. 

The n o nnaliz e d center .of press ure xcmp /d obtained at the 

time of maxim.um uplift forc e is presented in Fig ur e 6 . 56, p l otted 

ag a inst (H-s)/d. Val ues d erived fr om measured pres sure are com-

p a red with values derived f rom. m easured and anal ytical wavefr on t 

c e l e rity , and w ith values obtained by El Ghamry for s e ver a l rel a tive 

wave l engths and s offi t c l ea r ances . 

A lthough Figures 6 . 55 showed excelle nt ag r een1ent between 
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predic t e d and measure d values of x /d plotte d agai nst t/gld, 
cp 

Figure s 6. 52 showed th a t the pre dicted tirne of maximum force did not 

always ag r ee w ith the ine asured v alue. Hence there is poor agreement 

shown in Figure 6 . 56 b e twe e n me;;isured and pr e dict e d values of 

J~ /d at (H - s )/d = 0. 08, 0.12, and 0 .1 6 . 
cmp 

at {H-s )/d = 0. 04 and 0. 20 . 

For relative soffit clearance s /d = 0. 2 and a r e lative wave 

height H/d r anging from 0. 24 to 0 . 40, m easur ed and predict e d 

values of x /d r a n ge fro1n 0. 6 t o 1 . 7, show ing a gene ral incre ase 
cmp 

with {H - s )/d. Val u es measured by El Ghamry, for relat ive plat-

form l e ngth L/d = 2. 00 and r e l a tive wave l eng ths A./d ranging from 

1. 25 to 7 . 2, r a n ged from 0. 1 to 1. 2, w ith most values being within 

the range 0. 4 t o 1.2. · .Although x /d appeared t o vary with A./d, 
cmp 

it did not appea r to vary significantly w ith (B - s )/d. Most values p1;e-

s e nte d i n Figu r es 6 . 56, from both El Gham ry's and th e present study, 

the r e f o r e lie w ithin t he range 0. 4 < x /d < 1. 6 . 
cmp 

.l\1easure d a nd predicted values of s l owly-varying press ure 

have n ow b een p r esented and compared, with respe~t t o individual 

pressure r ecords as we ll as variables s uch as total forc e , a ve r age 

p ressure, and cent e r of force. Con1p ar i s .on of m easure d and predic t e d 

values permits one t o reassess the validity o f the assumptions under-

l ying the analysis presented in C h a pte r 3. 

6. 5. 4 Discuss ion of the analysis. 

The p erfo rrnance of Equa tion 3 . 40 alone may be judged by 

c omparison of measur e d val u es w ith values predic te d fron 1 measured 
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Ud' xd, and dUd/dt. From comparison of measured values of 

pressure and force with values predicted from analytically derived 

Ud one may judge the performance of the complete analysis, Equa­

tion 3. 40 and EqLtation 3. 34 . Since Equation 3. 34 for the analytical 

value of Ud has already been discussed in Section 6. 4, it will not be 

treated here. Attention will rather be concentrated on Equations 3. 40 

and 3. 51 and :the assumptions underlying them. 

Equations 3 . 40 and 3. 51 are based upon the following 

assumptions : 

1. that t he horizontal fluid velocity beneath the platform does 

not depend on depth at the location where pre ssure is measured; 

2. that the surface profiles of the wave front and of the wave 

of recession are of unchanging form (although the wave celerity 

may change); 

3. that effects of viscosity, surface tension, and air entrain­

ment are negligible; 

4. that the flow in the neighborhood of the wave front or of 

the wave of recession may be simply approximated as having a step 

form, as expre ssed by Equations 3. 38. 

As explained in Section 3. 3, the assumption that fluid velocity 

is independent of depth should improve with increasing values of 

(xd - xe) /(d + s), the ratio of wetted length of platform to distance 

from the platform to channel bottom, in that the flow pattern in­

creasingly approaches that of uniform irrotational flow b e tween 

parallel plate.s of infinite extent. For a given ratio of (xd-xe)/(d + s) , 
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the flow should be most uniform at points far from the "ends" of the 

parallel plate , such as either end of the platform, or the wave front 

or wave of recession. 

At small values of relative time t./gld n ea r the seaward end 

of the platform where (xd - xe )/ {d + s) is small, one may expect that 

the horizontal velocity distribution w ith depth would reflect that of the 

incident solitary wave, in which velocity at the surface is greater 

than at the bottom. Figures 6. 48a and 6. 49a, for t/gld ~ 0. 6 and 

xd / d < 1, show considerable dispa rity between measured and pre­

dicted values of pressure. However, Figures 6.48b, 6. 49b, and 6. 50a, 

for which xd/d is greater than 2, show better agreement between 

m easured and predicted p ressure . In Figures 6. 54b and c, showing 

P /Yd for H/d = 0. 32 and 0. 40, respectively, the improved agree­
av 

ment betwe e n measured and predicted values that occurs with in-

creasing t./gld may be attributed i n part to the increasing uniform-

ity of fluid velocity. {However, in Figure 6. 54a for H/d = 0.24, the 

pre dicted values a re about three times as great as values derived 

from m easure d pressure for all values of t/ g/d, and it is d0ubtful 

· that part or any of this discrepancy may be attributed to the as sump-

tion of uniform velocity. ) 

The assumption of constant wave form may be considered 

valid as far as the wave front is concerned, if simpl y because examin-

ation of Figures 6. 13 through 6. 17 in Section 6. 2 revealed no change 

in profile shape with respect to time. 

However, Figures 6. 13 through 6. 1 7 do show an expected 



281 

change of profile shape for the wave of recession, especially at and 

immediately following the time t = ta, when the wave is beginning to 

form. In S ection 6. 4, Figure 6. 33 showed that despite variance in 

measured values of U at s / d = 0. 2 (which may be due to problems e 

of measurement), the average measured celerity is predicted well by 

Equation 3. 49. In many of the Fig ures 6. 41 through 6. 50 the neg a-

tive pressure is seen to approach the value predicted by Equation 

3. 51, at times shortly before t 
e 

(as shown in Figures 6. 42a, 

6. 42b, 6. 43a, 6. 43b, 6. 44a, 6. 45a, 6. 46a) or at locations close to 

the wave of recession (as in Figures 6 . 48c, 6. 49d, 6. 50c}. The l ast 

three figures mentioned show pr e s sure increasing with distance in 

the shoreward direction (implying a deceleration of fluid beneath the 

platform), as predicted by Equation 3 . 40 from U d for the period of 

negative pressure, rather than the constant, u niform pressure pre-

dieted by Equation 3. 51. Therefore d es pite the changing profile ob-

served, pres sures approach the predicted value near the wave of re-

cession; while the increase in pressure with distance reflects 

transient flow conditions which may be expected in the light of flow 

conditions at the wave-front. That average pressure shown in 

Figures 6. 54 is never greater than about half the value predic te d in 

Equation 3. 51 is consistent with the pressure distributions shown in 

Figures 6 . 48c, 6. 48d, and 6. 50c, where pressures increase from the 

predicted value to zero. 

The assumption that effects of viscosity and surface tens ion 

are negligible may be examined by evaluating the Reynolds number 
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and the Web e r nunl..ber , respectively . As i ndicated in Section 3. 3, f or 

considerations of pre.ss u re exerted over the entire wet ted l ength of the 

platform, a meaningful R e ynolds nmnbe r in ay be d e fined as: 

R -e 
nL/v, 

where u is a characteristic fluid velocity, L is the platform 

l ength, and V is the kinematic viscosity of the fluid. The p l atform 

l ength L was 5 . 0 ft; the kinematic viscosity of water at 70° Fis 

given by Rouse (19 50 ) as: 

v = 1 . 05 x 
-5 2 

1 0 ft /s ec . 

In Section 3. 3 it was noted that the effects of v i scos ity ar e greatest 

for s1nall R e ynolds numbe rs; h ence a cons ervative m e aningful value 

of Reynolds number is one conl.puted fr om the s1nalles t v a lue of fluid 

velocity u typical of expc ri1n e nt a l c ondi tions. From Equa tion 3. 32 a , 

u = Uds/(d + s); fo r s/d = 0 . 1, d = 1. 00 ft, and a co ns e rvative 

value Ud/gd = 1. 0 obtained from Figures 6. 28 for H/d = 0.12, 

u = 8. 524 ft/s ec inay be taken as a conservative val ue of fluid v e locity. 

"The r es ultant Reynolds number i s : 

. 5 
R =2.5xl0, 

e 

which is sufficiently large that effects of v i scous forces cornpare d t o 

other forces may be considered n e gligible . 

To estimate the contributio n of surface t ens i on to slowly-

varying pressure, i.e . to est im ate the average press ure due to sur-

fa ce tens ion acting on the free surface shoreward of the wave front or 

sea.ward of the wave reces s ion, one nl. a y consider the av e r age radius 

of surface curvature as b eing approxinl.ately eq ual to h alf the soffit 
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clearance s. Therefore a meaningful Weber number may be defined 

as: 

W = U j ps 
e d 2cr 

where p is the fluid density and a is the surface t e ns ion. For 

water at 70° F, the fluid density and surface tension are given by 

Rouse (1950): 

3 
p = 1. 94 slug/£ , 

a = o. 00497 lb/ft 

As with the Reynolds number, it was noted in Section 3. 3 that the 

effects of surface tension are greates t for small Weber number. The 

smallest non-zero value of s us e d in the expe rim ents was 0. 1 ft, 

for s/d = 0. 1. With s/d = 0. 1, d = 1. 00 ft, and the conservatively 

small value Ud/gd = 1. 0 obtaine d from Figures 6.2 8 for H/d= 0.12, 

the celerity Ud is 5. 68 ft/sec, and the Weber number takes the 

value : 

w = 25. 1 . e 

In Equation 3. 63 the term involving surface t is nsion is 1 /W 
2

, which 
e 

in this case takes the value 0. 00159. This value is much less than 

that of the other terms in Equation 3. 63, if it is assumed tha t they 

are of the order of unity ; hence the effects of surface tension on 

slowly-varying pressure may be considered n eglig ible. 

Air entrainment may b e partially responsible for measured 

pressures b e ing less than predicted pressures , since the influence of 

entraine d a ir is to reduc e the amplitude of pressure, as note d in 

S ection 3 . 3 . Yet figures 6.13 through 6.17 indicate tha t the degree of 
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air entrainment in.er.eases with H/d; and since agreement between 

measured and pr e dicted pressure values b ecomes b ette r with in­

creasing H/d, air entrainment can not be the principal r eas on for 

disparity between measured and predi c ted value s of pressure. 

The assumption. of a simple s tep-forn1 for the wave front, 

introduce d to simplify the term [xd - x)/(d+s)] (s/d)( dUd/dt) in 

Equation 3 . 40, apparently i n troduces littl e error as far a s the t e rm 

in Equation 3 . 40 is conce rne d, since the rate of change of pressure 

with distanc e predicted by the term shows good agreement with the 

data i n Figures 6. 48a, b, and c, 6. 49a, b, and c , and 650 a and c. 

(A s state d earlier, Firgure 6 . 50b repres ents the time during w hich 

measure d values rnay show considerable scat t e r due to os c illations . ) 

In r e gions of the platfo rm n ea r the wave front or the wave of r e­

cession (Points 2 in the a n a l ys is in S ection 3. 2), th e ass urnpt i on 

·inay be considered to introduce error w hich could also b e d esigna t ed 

a viola tion of the assurnption of a con. ,~tarit ve l ocity with r es pect t::> 

depth . In th e se regions , fluid near the p l atfonn attains a v e l ocity 

approaching. the propagation celerity of the wave front or wave of 

r eces sion, rather than the constant veloc ity assumed in Equa tion 3. 38;: 

viewed in a fra1n e of r e ference moving with the wave cel erity; the · · 

velocitie s approach zero, i. e . the P oints 2 at the wave fr ont and the 

wave of recession a re stagnat ion. points. A ssociated w ith these stagna­

tion points of zero v elo c ity re l ative to the w ave front or wave of re­

c ession are regions of inc r e as cd "stagnation" pressure, n a1ne ly the 

p eak pres sure at the wave front and the sn1oo th increase t o zero 



285 

pressure at the wave of recessio n. 

When bas e d on rnea s ur ed values of Ud, xd, and dUd/dt, · the 

ana lys is i s qua litat ive ly successful in p r edicting the form and du ra-

tion of forces and pressure, and ~r edi cts the cente r of forc e w e ll as a 

function of time . P redi c t ed values of maxirnum f o rc e and pressure 

a re greater than the values determined from measur e rnents, but are 

sufficie ntly clos e to prov ide a co nse rva tive estimate of measur e d 

values. However, the simpl e h yd r os t a ti c r e l a tionship th a t app ears 

to exi s t b e tween inc ident wave height a nd maximurn average pressure, 

P / yd ~ (H- s)/d 
av is of a ttractive simplicity, a lthough not ac count-

ed for in the anal ys i s present e d here i n . 

N egative press ures at a g i ven l ocation rnay approach but 

h ave not b een observed to exceed g r eatly the value pre dicted anal y ti -

c a lly ; ave rage negat ive pressures h ave not b ee n obs erved to exceed 

half the predicted value. The anal ys i s thus provide s a co.ns e r vat.ive 

estirn a tc for n egative p ressures. Negative fo rces a nd p ressures 

appear to be ·l argely inde pendent of re l at ive wave h e i ght , but, as 

shown by Equa tion 3. 5 1, are strong ly dependent on ~e lative soffit 

clea r ance s /d. As s hovv n by Figures 6 . 35 through 6 . 37, the dura -

tion of n egat ive forc e is d ependent on r e l a.tivc pla tform l ength L/d. 

The r efo r e, for a long platforn1 high above the still water l evel, a 

wave only s lightly hig h e r t h an the soffit will cau se only a m o dest 

uplift pressure, but a negative pres sure of cons idera ble mag nitude 

and durat i on. 

/ 
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6. 6 The P eak Pre ssure 

Measuren1 e nts of t he peak pressure amplitude P
2 

and the 

p eak press ure rise-tim e t 
r 

are to be discus s ed in this section. 

The dat a are pre sent e d in Table B2 of Appendix B, showing P
2 

, tr 

and the wave h e i ght H for each wave, as well as the m ean, sta ndard 

d eviation, and de v iation of the mean of each quantity for each sample 

of record ed d ata . Unless othe rwise indicated, all values of P
2 

and 

t pres ent e d in this sec t ion are sample means. 
r 

6 . 6. 1 Statistic al Consider a tions 

To examine the d e viation inhe r e nt in measurem e nts of p eak 

p ressure h ead P
2
/y, as obtained by th e t wo transducers d esc ribed in 

S e ction 4 . 4, d a t a fron 1 individua l waves , norn>alized wit h r e spec t t o 

the rn ean wave h eight H, have b ee n plotted in Figure 6 . 57 on 

·arithrn e tic probability paper in cmnulative frequency d iagra1ns f o r 

each of the sampl e s of 16 to 32 w aves gene rat e d a t x /d = 0. 8 16. I n 

rr1ost cases the d ata in a sa1nple inay be fitt e d b y a straight line , 

· showing a nonnal distribution. For d a t a obtained with the 1 /8-in. 

trans du c er, the average rat i o of sample sta nd a r d d eviation Sp to 

s ample mean wave height H was 0. 200. For d a ta obtained with the 

1 /2 - i n. tr ansducer , the average r a tio was 0 . 01 36. Fig ur e 6 . 57 

show that deviation for d a ta m easur e d w ith the 1 /2-in . transducer 

was almost always l ess than for d a ta n >easured with the 1 /8-in. 

transducer . 

Figure 6. _5 8 s hows the ratio of sample standard deviation Sp 

to s ample m e an P
2 

a s a fun c tion of r e l a tive dista n ce x/d , for a ll 

,/ 
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values of H/d and relative soffit clearances s/d which were in.,,;.esti-

gated and for both trans duce rs. With a few exceptions, the values of 

Sp/.P
2 

fall mainly within the range 0. 025 < Sp/P
2 

< 0. 25. There is a 

tendency for Sp/P
2 

to increase with x/d No distinct influence of 

scale size, choice of s/d, or choice of transducer is detectable. 

Figure 6. 59 shows cumulative frequency diagrams for the 

rise-time t , normalized by multiplication by ./ g /H , where H is 
r 

the mean wave height for the sample. A gain, the sampl es plotted are 

those obtained at x/d = 0. 816. In most instances, the data appear to 

be normally distributed. For data obtained with the l /8-in. trans-

ducer, the average ratio deviation to mean value of t vf7H" is 
r 

o. 193; 

for data obtained with the 1 /2- in . transducer, the ratio is 0. 099. 

Figure 6. 60 shows the ratio of s t andard deviation to mean value 

of t , for sampl es obtained at several values of H/d, plotted against 
r 

x /d . For x/d < 2, the ratio is always less than 0. 30; for x/d > 2, the 

ratio increases to as much as O. 75. 

In an investigation of the cause of the deviation in peak pressure, 

the peak pressure heads P 
2 

/y obtained in one 32 - wave sample with 

the 1 /8-in. transducer mounted at x/d = 0. 816 (H/d = 0. 238 , d = 1·25 ft) 

were correlated respective ly with the wave heights H, the peak 

pressure heads P
2

/y obtained simultaneously with the 1/2-in. trans-

ducer, and with the rise-time s t obtained by the 1 /8-in. transducer 
r 

as shown in Figures 6. 6 1. In each figure, the quantity plotted is the 

deviation from m e an value , normalized with r espec t to the m e an value . 
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Cumulative fJeJuency diagrams for normalized 
rise-time tr g H . (Uncorrected data obtained 
at x/d = O. 816, s/d = 0. 2.) 
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For example, in Figure 6 . 61 a, (P
2 

- P
2

) I :P
2 

is plo~ted against 

{H - H) /H, where P
2 

is the peak pressure measured with the 1 /8-in. 

transducer, H is the incident wave height, and the bars denote 

san1ple mean values . 

In Figure 6 . 6 l a, there is no discernible cor1·elation between 

t he peak pressure P
2

, as measured by the 1 /8 - in. transducer, and 

the wave height H; nor is there discernibl e correlation in Figure 

6 . 6lb between the peak pressure P
2 

as nJ.easured by the 1/8-in . 

transduce r and by the 1 /2-in . transducer . However, in Figu r e 6 . 61 c, 

a negat ive correlation is discernible (i.e. the plotted points lie mainly 

i n the second and fourth quadrants of the gravh) between the peak 

pressure P
2 

and the rise-tin1e t , both measured by the 1 /8 - in . 
r . 

transducer. The absence of correlation betwee n wave heigh t and 

peak pressure indicates that deviation in p eak pressure is not attri-

butable to d eviation in the height of the incide nt wave. The absence of 

correlation b etween peak pressures m easured sim ulta neous l y by t_wo 

· transducer s mounted two inches apart {although at the same distance 

x fro1n the seaward edge of the platforn1 ) indicates that the n1echanism 

causing deviation in p eak pressure not onl y is independent of the inci- _ 

d ent wave, but acts upon each t ransduce r separately . It therefore 

appears reasonabl e t o assume that th e deviation i s due to local 

i nhomogeneity in fluid density caused by the spume and air entrain-

ment generated at the wave front, shown 1n the photographs in Section 

6 . 2. 

The negative correlation shown between peak pressure and 
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rise-time in Figur e 6 . 6l c indicate s that the uplift force in the peak, 

or the pressure integrated over the area of peak pressure, i s a 

quantity of l ess deviation than eithe r the peak pressure or rise-time 

· alone. The fact that the 1 /2-in . transducer shows l ess deviation in 

·p eak ' pressure and rise-time tha n the 1 /8-in. transducer in Figures 

6. 57 and 6. 59 is explained by .the fact that the la rger tr ans ducer is 

less sensitive to "details" of press ure distribution, and less readily 

d is tinguis h es between pressure distributions of equal total impulse b ut. of 

different rise- l ength and peak pressure, than does the 1/8-in. 

tr a nsducer. 

6. 6. 2 Correction of peak pressure and rise-time. 

The normalized peak pres sure P 
2 

/yd is presented in Figures 

6. 62, plotted as a function of relative wave height H/d, for each value 

of rel~tive location x/d and for each relative soffit clearance s/d 

for which expe riments were conducted. For s/d = 0. 2, data from 

both model scales d = 1. 25 ft and d = 0 . 64 ft a r e pres e nted. Each 

set of data is presented t w ice. In the l eft h and part of the figur es the 

sample mean values of P 
2 

/Yd are plotted against s an1pl e mean values 

of relative wave h e ight H/d. N ex t to each point, a number in brackets 

(curved for d = 1. 25 ft, square for d = 0. 64 ft and for d = 1. 00 ft) 

indicates the size of the sample. In th e right hand column, th e data 

corrected for the transduce r size are plotted. Curves fitted to the 

data will be discussed presently. The ris e- tirn.es t , n orn1a lize d b y 
r 

multiplication by the ratio Ud/d of ineas ured wave front celerity to 

still water depth, are present ed similarly in Figu r es 6. 63 . The 

/ 
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(continued). Uncorrected and correct e d norma lized peak 
pre s sure P 2 /yd, plotted as a function of H/d for seve ral 
values ofx/d. (s/d = 0 . 2.) 
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Uncorrected and correcte d nonnalized rise - time 
Udtr/d, plotted as a function of H/d.for several . 
values of x / d . (s/d = 0 . 2. Correcte d Udt / dis 
b/d = (Udtr-a)/d . ) r 
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300 

functional behavior of P 2 /yd and Udtr/d with respect to re l ative 

wave height H/d , r e l ative l o~ation x/d and relative soffit clea rance 

s/d w ill b e discus sed i n Subsection 6 . 6 . 3. Figures 6. 62 and 6. 63 

are presented in this subsection to illustrate the corr ec tion procedures. 

(D a t a obtaine d for s/d = 0. 2 at the two model scales at co1npar ab l e 

v a l ues of x/d are superim.pos ed on one graph . For example, d at a 

obtained at x/ d = 0. 231 at d = 0. 64 ft are presented with dat a ob­

tained at x/d = 0. 216 a t d = 1. 25 ft. For convenience , both sets 

of data may be termed collectively as data obtained at x/d = 0. 2'.) 

The peak pressure am.plitude and rise-time data are now to be 

correc t e d for transducer area defect. I n Chapter 5 it was hypothesized 

that a transducer of finite sensitive area woul d r ecord a pres sur e 

averaged over the area of sensitive surface, rather than record the 

pres sure exerted at a single point. In t:he present case where a single 

propagating wave puls e sweeps past the trans ducer, the effect of 

fin ite area is to produce a record of time- depend ent pressure in whi ch 

the r e corded pul se i s of longer duration and of l esser amplitude than a 

r ecord produced by a transducer of vanishingly small ar ea, or even 

simply of som.ewhat smaller area . This loss of accuracy, termed 

"t randucer are a d efect", may be expected to increase with decreasing 

values of the r atio b/a, where b i s the characteristic pulse l ength 

and a is the radius or other characteristic dim eqsion of the sensitive 

t ransducer surface . 

First, it should b e d ete rrn.ined whether there is evidence of 

t rans duce r are a defect. Exa1nination of a single pressure record, such 
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as shown in Figure 6. 20a, is not particularly u seful , in that from the 

record it is impossib l e to t e ll t he extent to which amplitude is de · 

creased and duration is increased by the area effect . One need s 

rather to compar e two or more records of pressure pulses ·generated 

und e r conditions mut ually indenti cal in all respects except for the 

r atio b/a of pul se r i se -length to transducer surface radius . 

I n the present study, such comparison may b e n i.ad e between 

the records produc e d with the 1 /8-in . and 1 /2 - in. transducers , oper­

ating side -by-side, or between r ecords produced with one transducer 

operat i ng at the two different model scal es for s /d = 0 . 2, d = 1. 25 ft 

and d = 0. 64 ft. One ni.ay first compare the data obtained with the two 

transduce rs operating side-by-side at a common scale. As shown in 

S ection 4. 4, the radius, a, of the 1 /8-in. transduce r is 0. 0052 ft; the 

effect i ve radius, a, of the l /2-in. transducer is believed to be 0. 0 1 6 ft . 

Therefore, provided that there was no lateral variation in wave front 

characteristi cs, includ ing th e pulse l ength b, the ratio b/a of pulse 

ris e- l ength to transducer radius woul d be about three ti1n es as great 

f or the 1 /8-in . transducer as for the 1 / 2-in . t r ansducer, for any 

given wave front. In Figures 6 . 62, for values of x/d where press ures 

obtained \;vi th both transducers are presented {x/d = 0. 2, 0 . 4, 0. 8, 1. 2 , 

1. 6, 2.0, and 2 . 4), the mean peak press ure head P 2 /y as recorded 

by the 1/2- i n. t ransduce r .is consistently l ess than the mean value re­

corded by the 1 /8-in . transducer, for which the values of b/a are 

greate r . I n Figures 6. 63, for the same values of x/d, the rise - tim e 

tr , ni.ultiplied by Ud/d, is consistently greater as measured by the 

/ 
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1/2-- in. transducer than as m.easured by the 1/8-in. transducer. As 

hypoth:~ i.zed , recorded amplitudes are less and recorded rise-times 

are greater in the case for which b/a is l ess, i.e. for the 1/2-in. 

transducer. 

One inay object that lateral variations in wave front character­

istics m.ight cause pulses with different characteristics to propagate 

past the two transduce r s ; but considerable effort was made to elimi­

nate lateral variation in the wave tank, the wave generator, and the 

platforrn. (Random fluctu a tions in pressure due to spume and en­

traned air, describ e d in Subsection 6. 6. l, while contributing 

randorn.ly to differences in tr ans ducer output, should not caus e the 

p eak pressure recorded by one transducer t o be consistently greater 

than that recorded by the other tr2.nsclucer.) 

-It is also true that the internal structure and dynam.ic character­

istics of one transducer differ fr01n those of the other. Yet consider­

ations of internal st!.'ucture and of dyna1n ic a1nplitude r esponse both 

would indicate a g reater response by the 1 /2 in. transducer than by 

the 1/8 - i n. t ransducer: in the 1/2-in. transducer, the output is pro­

portional to deflection of the c enter of the diaphragrn.; Figure 5. 5 in 

Section 5. 3 shows that where output is proportional to central deflec ­

tion, as in the 1 /2-in. transducer, one m ay expect less defect (i.e., 

a defect ratio R closer to unity) than i.n a case where output is pro­

po rtio nal to average deflection, as in the 1 /8-in. tr ansducer. In 

S ection 4. 4, it was shown that the co1npon.en.t frequencies of a typical 

recorded pressure pulse were 3000 eye / sec or l ess, and th a t in the 

/ 
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r ange of f req u e ncies f r o1n zero to 3·000 eye/s ec the 1 /2-in . t rans ­

duc e r was sus ceptibl e to an amplitude cons id erably g r eater than 

u nity , w h ereas the ampli tude response of the 1 / 8 - in. tr ansduce r was 

· ·clos·e to unity f o r that frequency range . Sin c e considerations of 

internal struc tur e and dyna1nic respons e both ind i cate that the 1 /2-in. 

transducer should provid e g r eater relative response t o a given input 

excitation, and since it i s found that i t i s rathe r the 1 /8- in . tr a ns­

ducer that p rovi des greater response, the diffe r e nces in t ransE!ucer 

output ni.ay be at t ribut ed to diffe r e n ces in tr ansducer s i ze , which 

therefo r e result in d ifferences in the ratio b/a of pulse rise -length 

to t ransducer radius. 

N ext, o n e may compare the val ues obt2~ ined with the 1 /8-in . 

transducer ope r at i ng at the two model scales. E xper im e nts at the 

't wo: 's c(a l cs . we re des i gned to b e georn.etr i cally s i1nil ar' as far as flow 

near the wave front was conce rned (s ee S ection 6 . 4 ). In Section 6 . 4 

it was s h own tha t there was kinern.atic similarity between the two 

,.sc·ales, i . e., norni. a l ized values of wave fron t time of arr ival td a nd 

of w ave front celerity Ud showed th e same d ependence upon dimen­

sionless paramete r s such as rel at i ve wave height H/d and rel ative 

location X/d at one scal e as at another scal e . ln Section 6 . 5 it was 

d emons trated tha t there was dynani.ic sin1ilarity b e t ween the two scal es 

in the normalized s l owly-varyi ng pressure P 1 / yd ni.easured a short 

disfancc b e hind (i. e. seaward of) the wave front . V.fith geometric and 

kine1natic si1ni l arity (and dynani.ic si1nil arity for th e slowl y-varying 

press ure ) es t abli shed, the important rem a ining d i.ffe r e n ee betwce n 
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scales was the ratio of a charac t er istic scal e size to the tr ansduce r 

radius a , which for both scales was 0. 0052 ft . If the peak pressure 

ris e- length b, defined in Chapter 5, is proportional to the ge ome tric 

length scal e, then the ratio b/a is similarly proportional to the 

geo1netric l ength scale, and will be about twice as great for d = 1. 25 

ft, as for d = 0. 64 ft. 

In Figures 6. 62. for the seven vc;.lues of x/ d where pressures 

obtained w ith the 1 /8-in . transducer at both n.1od e l scales arc co1n­

pared (x/d = 0. 2, 0. 4, 0. 8, 1 . 6, 2. 4, 3. 2, arid 3. 9; see Tab l e 6 . 2 in 

S ection 6. 3), the normalized mean peak pressur es P
2

/yd record e d 

for d = 0. 64 ft. ar e generally less than thos e for d = 1. 25 ft. In 

Figures 6 . 63, for the s ame values of x /d, norn.1alized mean rise­

ti1nes Udtr/d are ge nerally g r eate r for d = 0. 64 ft than fo r d = l . 25 

·· ' ft; '·:--.Again, the effect of transducer size (diminish e d p eak pr e ssure, 

augmented ris e -tim e ) is greater for the smaller values of b/a (found 

at d = 0. 64 ft) . The san1e qualitative stat en.1ents m.ay be made con­

cerning data obtained with the 1 /2 -in . transducer, whe re they are 

available . 

F or suc h a cornparison there is no que stion of l a teral variation 

or of different transducer __ cha racteristics; data from one t ransducer 

are con1p ared a t different scale s, \Vi th ratios suc h as H/d, x/d, and 

s/d held reasonably constant, but with b/a allowed to vary. Now, 

however , there is the ques tio n of scale effects such as viscosity, sur­

fa ce tension, and a ir entrainment which may of themselves cause 

differences in P 2 /yd and Udtr/d. 
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That significant difference s due to scale have not b ee n observed 

in incident \Vave forrn or in relative values of wave front travel tirne 

td, wave front celerity Ud ' or slowly-varying pressure P
1 

en-

courage one to believe that the peak pressure parameters P 
2 

' 
t ' r 

and b may also be fre e of scal e differ e nces. Yet one must reme1n':. 

ber that the wave front beneath the platform is a region of particular -

ly l arge pressure and velocity gradients, and fr ee surface curvature; 

therefore , one rnust attern.pt to estimate the characteristic s and 

extent of scale effe c ts with respect to flow conditions at the wave 

front. 

I 
According to Prandds boundary-layer theory (Schli chting, 

1960), pressure on the boundary is not directly affected by the 

viscous boundary l ayer, providing that the Reynolds numbe r R e 
is 

much greater than unity. For flow in the neighborhood of the wave 

front, a Reynolds nmnber may be defined as: 

R = e 
U . (Udt ) 

d r ' v 

where U d is the wave front cel erity, V i s the k inematic viscosity of 

the fluid, and Udtr is a characteristic length approximately equal to 

the ris e- length of the peak pressure distribution (see Chapter 5) . The 

value of V for water at 70° F is given by Rouse (1950): 

In ord e r to define a meaningful minirn.urn. Reynolds number, the 

follo w ing conservativel y low val ues of the measured flow properties 

are used: 
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ud "'"' 5 ft/sec, 

-4 
tr """ 6 x 10 sec, 

giving a Reynolds number of: 

R = 1430 . 
e 

Since this is reasonably large one expects little influence on pressure 

due to viscosity. {The indirect influence of viscosity on pressures is 

to cause gross changes in flow patterns, such as flow separation. 

However, once such flow patterns are established, pressures are 

probably not affected further by viscosity . ) 

In Section 3. 3 it was suggested that surface tension would act 

to reduce peak pressure by inhibiting the formation of the thin jet 

described in Section 3 . 2; and that the relative importance of 3 urface 

tension could be estimated by evaluating the Weber number~ 

where Udtr is a characteristic length which may reasonably be 

assumed to be of the order of the maxiinum radius of free surface 

curvature in the neighborhood of the wave front. For water at 7 o°F 

the surface tension and fluid density may be determined from 

Rouse (1950): 

cr = o. 00497 lb/ft) 

3 
p = 0. 94 slug I ft . 

' 

These values, corn_bined with the values of Ud and t given 
r 

previously, provide a conservatively small Weber number of 5. 41 . 
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The relative importance of surface t e ns ion is d e t ermined by 

comparing the magnitudes of the terms in Equation 3. 63. By con-

sidering that a typical value of normalized peak pressure P
2

/yd 

given in Figures 6. 62 is 0. 4, and that a typical value of Ud//'gd 

given in Figures 6. 27 in Section 6. 4 is 1. 5, the first term in Equa­

tion 3. 63 may be evaluated as P 2 i p u 2 
approximately e qual to 0. 2. 

The term in Equation 3. 63 involving surface tension is 1 /W 
2

, which, 
e 

from the Weber number just derived, is evaluated as 0. 0 34. The 

surface tension term, 17% as great as the pressure term , indicates 

that while surface tension effects are not predominant, they may be 

important. 

In Section 3. 3 it was indicated that the proportional amount of 

entrained air might be expected to increase with scale , and cause 

corresponding changes in relative pressure due to changes in average 

fluid density. However, the agreement as to the relative magnitude of 

slowly --varying pressure P
1

, despite the pres ence of entrained air as 

observed in many of the photographs in Section 6. 2 (see Figures 6. 13 

through 6. 17}, suggests that for a scale ra tio of approximately 1 :2, as 

in the present study, any scale effect due to a ir e ntr ainment i s pro-

b ably unimportant. Suc h a belief i s s upported by the laboratory exper-

iments of Smetana (1938 }, in which no consistent depe ndence of air 

entrainment on scal e was observed, even betwe e n models with a scale 

ratio as great as 1:10. 

Since the quantative importance of surface t ension has not been 

determined in these experiments, its consideration has been limited to 
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this discussion, and is not undertaken further . 

The question of s urface tension notwithstand i ng, the compar-

ison of relative pe ak press ure arnplitude and relative ris e time as 

measured by two transd ucers and at two scales indicates the presence 

of a transducer area defect as predicted in Chapter 5, and the correc-

tion proced ure pres e nted therein may nm•/ b e applied . Firs t, howeve r, 

the six assumptions upon which tb e procedur e is based, presented in 

Section 5. 3, must be discussed. 

The first assumption was that the wave front celerity Ud is 

approximately constant for the time needed by the wavefront to cross 

th e transducer, i.e.: 

< < l . 

Figures 6. 27 show that 

· is greatest, and Ud is le ast , wh e n. xd/d is small. The smallest 

value of xd/d .for which t es ts were n1ade is 0 . 118, where xd = 0 . 148 ft, 

and d = 1. 25 ft. For these value s of xd and d the quantity 

a 

ud 

co1nputed for seve ral values of H/d, h as values ranging from. 0. 0013 

to 0. 0036, considerably l es s than one p e rc e nt. The fiTst assmnption 

i s therefore considered valid. 

The second ass umptio1~ was tha t tb e wave fonn does n o t vary i n 
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th e transverse direction over the transducer width. A s stated pre-

viously, the t ank, generator , and p l atfonn were carefully aligned to 

eliminate tr ans verse variation. However, the d eviation observed 

within a sa1nple of peak pressures obtained in a series of similar 

experiments implies that spume and entrained air a t the wave front 

caus e the pe ak pressure to fluctuate from experiment to experime nt, 

as noted in Subs ection 6 . 6. 1. It is also reasonable t o suppose that 

spume and entrained air cause spatial fluctuations in pressure in any 

given wave front, implying a certain amount of transve rse variation in 

press ure. 

The third assmnption was ·that the peak pressure dist ributions 

are similar for all conditions, and that the y are tim.e-dep endent only 

as a wave fo rn1, i . e . : 

p = p2 ac cp ( x-Ubdt ) 

. whe re P
2 

and b may vary, but <(depe nd s sol e ly on the valu e of 

. (x -Udt)/b . This assumption may be questionable because of the 

fluctuating nature of the pressure distribution at the wave front, just 

mentioned. Furthermore, it cannot b e shown th a t the function cp i s 

truly inde pendent of suc h p aramete rs as the relative wave height H/d, 

the rela t ive l ocation x/d, o r the relative soffit cle arance s. 

The fourth assumption is that the maxi1num tr ans duce r output 

occurs when the actual pressure maxin1um is c entered on the transducer 

cente r. It may b e s h own th a t thi s assmnption is strictly valid only if 

the pressure is distributed syn1metr ically about the location of p e ak 



310 

p res sure. F or the somewhat asymmetric distribution shown 

s c h emat ically in Figures 5 . l a a nd 5. l c , i ndicated as typical distr i-

butions b y t he pres sure re cords shown i n Figures 6. 22, the peak 

r eco rd e d pre s sure will be obtained at a time short l y after the ac t ual 

pressure peak (as shown in Figures 5 . 1 a and 5 . l c ) has propagated 

p ast the center of the transducer cente r. 

The fifth assumpt ion, that the defec t ratio R i ncreases mono-

t onically with b/a, is v a lid if the actual pressure f unction, with i n the 

r ange -a< x < a , has the f orm of a singl e sy1nn-1etric or asy1nmet ri c 

pulse centered at the transducer center, and is nowhere negative. 

The spatial res ponse function G {x ) has no negative values f or 

- a< x < a,· for any of the five cases .exarnined in Table 5 . 1. There-

f ore, i f P (x ) h as no. neg ative val ues, Equation 5 . 1 5 indicates that 
ac 

R will not b e negative. If P · {x ) h a s ' the form of a singl e pulse, a 
ac 

sin1ple i ncrease i n the ratio b/a of pulse half -width t o t ransducer 

r adius a (with the rnaximmn val ue P 2 h e l d constant ) woul d serve 
ac 

'to increase or l eave unchanged, but not decrease , values of P (x ) 
ac 

within the range -a < x < a . Therefo re, th e i ntegral on the l eft -

h and side of Equation 5. 15, and h e n ce R on the right - h and si.de..t 

would increase monotonically with b/a. 

The s ix th ass mnpti on, that of geometr ic,kinematicJ a nd dynam i c 

simila rity b etwee n models at the t wo scales , has a lready been dis ·-

cussed i n this section. The seventh assmnption, that the d y narn i c 

prope rt i es of the t ransducer may be negl ected in the analysis , _i s valid 
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for the 1 /8-in. transducer, as shown in Section 4. 4. 

As outlined in Section 5. 3, the first step of the correction pro-

cedure is to collect pairs of recorded values of relative peak pressures 

P
2 

/yd and relative rise-lengths b/d measured at two mode l scales 
r 

with a common transducer of known radius a. Pairs of values of 

P
2 

/yd may be obtained from Figures 6. 62, for seven relative loca­
r 

tions of x/d: 0.2, 0.4, 0.8, 1.6, 2.4, 3.2, and 3.9, by fitting 

curves to the data obtained at each scale, as shown, and from the 

curve s con t a ining pairs of values of P
2 

/yd at common values of rela­
r 

tive wave height H/d. {It is n e cessary to fit curves to the data to 

compare values of P
2 

I yd for constant H/d becaus e of the practical 
r 

difficulty of precisely reproduc ing relative wave heig hts H/d at one 

scale as p r oduced at another.) When p a irs of values of P
2

r/yd at 

seve ral value s of H/d, for the seven relative transducer lo c ations 

x/d, have been tabulated, it is necessary to derive the rise-length b 

from Equa tion 5.16: b = Udtr -a. The normalize d rise - length b/d 

may be conside r e d a corre cte d no r malized rise -time, 
. 
1.e. a cor-

r e cte d ve r sion of Udtr/d, and is so pres e nted in the right - h a nd 

column of Fig ure s 6. 63. (Ris e -time d a t a obtained w ith the 1 /2-in. 

transducer, for which a = 0. 016 ft, are corre cte d a long w ith data ob-

tained with the 1 /8-in. transduc er, for whic h a = 0. 0052 ft.) 

In Fig ures 6. 63 for x/d = 0. 2, 0. 4, 0. 8, and 1. 6 , the car-

rection procedure has brought the d a ta from both transduce rs at both 

scales into a comm on function a l d e p e ndenc e on relativ e w ave h e i g ht 

H/d. The norm alized quantity b/d = (Udtr - a}/d appea rs t o b e 
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independent of geometric scale, indicating that p eak pressure 

phe nomena as well as slowly-varying pressure P 1 (as shown in 

Section 6 . 5) and wave front celerity Ud (as shown in Section 6. 4) 

exhibit similarity between scales. (In Figures 6. 63 for x / d = 2. 4, 

3. 2, and 3. 9, the agreement b e twe en sets of data is not as good; this 

is perhaps to be exp ected, since for larger values of x/d, the stand-

ard de v iation in t is greater, as shown in Figure 6. 60.) A curve 
r 

(labeled "logarithmic correction" in the legend) is fitted to the plotted 

values of b/d in the right-hand column of Figures 6:. 63 for each of 

the seven values of x/d us e d: 0.2 , 0.4, 0.8, 1.6, 2.4, 3.2, and 

3. 9. Values of b / d obtained from each curve for several values of 

H/ d are tabulated, to correspond to the pairs of values of P 
2 

/yd 
r 

already tabulated. 

Therefo r e, at each value of x/d, for each value of H/d, the re 

is tabulate d a pair of values (P
2 

/yd)M and {P
2 

/yd) , where the 
r r m 

subscripts ( )M . and ( ) refer to the scales represented by d = 1. 25 
m 

ft and d = 0. 64 ft, respectively; there is also a value b/d, common 

to both scales. It is now possible to compute the quantity I' 1 for all 

values of x/d and H/d by reference to Equations 5. 25 and 5. 26: 

(6. 12) 
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and the quantity j3 , b y reference to Equation 5. 28 : 

(6.13) 

When the values dM = 1. 25 ft, d = 0. 64 ft, 
m 

a = 0. 0052 ft are sub-

s tituted into Equation 6 .13 the following relationship is obtained for 

13: 

{3 = 2.188 + log
10

(b/d) . . (6. 14) 

The function r I is plotted against {3 in Figure 6. 64 . From 

the assumption that the defect ratio R increases monotonically with 

b/a and approaches unity, one expects r' = d(log
10

R)/d (log
10

(b/a)) 

to have the qualitative functional behav ior shown schematically .in 

Figure 5. 6c. 

The p oints plotted in Figure 6. 64 do show a general decrease 

in l I Wl[Il lnc r~a,; tag j:j , but the functional d ependence Of l 1 On 

f3 is not too well defined. For f3 greater than 0. 7, many values of 

I'' are l ess than zero, not as predicted in Figure 5. be. Tne scatter 

of points may be attributed in part to the deviation in p e ak pressure 

measurement, in pn.rt t o inacurracy in fitting curves to the data in 

Figures 6. 62 and 6. b3, and in part to imperfect matching of values 

of x /d between scales (e.g. x/d = 0.216 at d = 1.2 5 ft is n::>t pre-

cisely equal to x/d = 0. 231 at d = 0. 64 ft). 

A curve having the general fonn shown in Figure 5. be is fitted 

to the data in Figure 6. 64. The function r I = r I ({3), define d by the 

c urve, i s the n integrat e d numerically to give the function r = r ({3). 

using the integration condition that r approaches zero as r r 
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approaches zero, as d es cribe d in Section 5. 3 . The integrated function 

I'= I' {f)), shown by the solid curve in Figure 6 . 65, is the realiz e d 

fo rm of the function. show n schematically in Figure 5. 6 b . Since 

I'=- log 10R and f3 =log l 0 (b/a), the n ext step is to map 1 and f3 

into R and b/a, respectively. Tne function R = R(b/a) thus d erived 

is shown in Fig ure G. 66 in comparison with the expressions for R 

d erived mathematically in Section 5 . 3 for several t ransducer· model s 

and several idealized in:::>ut pressure fu nctions . 

To detennine the i1nportance of the d eviatio n of plotted val ues 

of rt from the solid CUl~Ve in Figure 6. 64, two dashed curves are 

fitt e d to envelop most of the data in Figure 6 . 64 . The das hed curves 

are sirnilar l y integrated numerically, as shown in Figure 6. 66. 

In Figure 6 . 66, · the d as hed curves i ndicate a range of v a lues of 

the de f ec t ratio R of from 0 . 35 to 0 . 85for b(a<l, of from 0 . 5 ·0 t o 

0. 95 for 1 < b/a < 2, of from 0. 65 to 0. 98 for 2 < b/a < 3, and of 

· fron1 0. 75 to unity for b/a > 3. The fractional differ e nc e betwee·n 

lhe values of R indicated by the dashed curves and by the empirically 

derived function {the solid curve) i s in approximate agreernent with the 

mathematically derived function for any of the tr ansducer ni.ode l s des­

cribed in Table 5. 1, for a triangular input pressure distribution. · {For 

b/ a < 0. 4 the d e fect ratio is no longer empirically defined, because of 

a l ack of data. However, i n the prese nt case R need not be d e fined 

for b/a < 0. 4 sinc e the re are n o val u e s of P
2

/y:J. to be corrected for 

which the corresponding value of b/a is l ess than 0.4.) 
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Each sample mean value of P 2 I Yd plotted in the left-hand 

column of Figure 6. 62 is corrected by multiplication by 1 /R, where 

R = R{b/a) is the empirically derived function in Figure b. 66 using 

the appropriate value of b/ a obtained from the product of the ratio 

a/d of transducer radius to still- water depth and the corresponding val ue 

of b/a presented in the right-hand and portion of Figures 6. b3. (Ex-

ceptions are values of P 
2 

/yd at x/ d = 5,5.1, which can not be cor-

rected because no rise-time data were obtained; hence no values of 

b are available for . x/d = 5. 51.) The corrected values of P
2 

I yd 

are then pL:>tted in the right-hand portion of Figures 6. 62. It was 

stated in S ection 5. 3 that two value s of 

P
2 

/yd obtained for similar experimental conditions at the two model 
r 

scale s, after each value had been correc t ed·, should yield the same 

value of P
2 

I yd, as indicated by Equation 5. 18. For those values 
ac 

of x/d (0. 2, 0. 4, 0. 8, 1. 6, 2. 4, 3. 2, and 3 . 9) where data from the 

two scales may be compared, the corrected v alues in the right-hand 

column of Figures 6. 63 indeed exhibit generally better agreement b e-

tween scales than do the uncorrected values in the lef-hand column; 

for x/d = 0. 816, the corrected values show an agreement between 

scales that is as good as that shown for slowly- varying pressure 

P
1 
/yd in Figure 6. 51. 

In the right -.hand portion of Figures 6. 62 for peak pressure and 

Figures 6.63 for rise-time, for x/d = 0.2, 0.4, 0.8, 1. 6, 2.4, 3.2, 

and 3 . 9, corrected values obtained by the direct extrapolation procedure 

suggested by_ the work of Willmarth and Roos (1965) are also included 
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(dott ed curves ). In t he direct extrapol at i on procedure, values of 

P 2 /yd or Udtr/d obt a ined with one or both transducers at the two 

model scales are obtained at a common value of relat ive wave height 

· H/d from the c urves fitt ed to the uncorrected data in the l eft- h and 

columns of Figures 6 . 62 or 6 . 63 . Each set of val ues obtaine d a.ta 

common H/d is plotted ag a ins t a/d, as shown in Figure 6. b7, 

where a is the t ransducer radius and d i s the st ill wate r d e pth. 

{Any other indicator of scale size, such as s,. x, H, or b, c o uld 

be used in place of d.) Graphs so p l otted show the influence of r e l a­

tive tr ansducer size a/d on the measure d value of P
2

/yd or 

Ud t r/d. A straight line i s fitt ed to the d a ta points a nd ex t ende d to 

i:he ordinate axis, w h ere a/d = 0, where the ordinate val ue pr o vides 

an es ti1n ate of the output: of an ideal, infin.ites t imal t ransducer. 

: '.i • ' In Figur·es b . 62 for x /d = 0. 2, 0 . 4, and 0. 8 , val ues of 

P
2 

/yd . corrected by direct extrapolation are 10% to 20% l owe r than 

those obtained by l ogarith1nic extrapolation. For x/d = 1. 6, 2. 4, 

· 3 . 2, and 3 . 9, there i s fair agreeme nt between values obtained by 

direct and l ogarithmic extrapol at i on . I n F igu r es 6. 63 for x/d = 0. 2, 

0. 4, and 0. 8, values of Udtr/d corrected by direct extrapol ation are 

in very good agreement with values obtaine d from the applicat i on of 

Equation 5. l b . F or x / d = 1.6, 2.4, 3.2, and 3.9, t here is poor 

agreern.ent between values ob t ained by direc t ex t rapolation a nd b y 

Eguation 5. l b, poss ibly b ecause the di sparity of the uncorrect e d dat a 

b e twee n scal es is due to the l arge s t and2vd dev i a tion shown for those 

values of x/d i n Figures 6. 60, hence h igh s tandard deviation in the 
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mean, rather than due to scale effects. The relative advantage of 

the logarithmic extrapolation procedure is that it involves a r easoned 

derivation of a correction function, which, once obtained, may be 

applied to any single peak pressure value, as long as the correspond­

ing val ue of the argument b/a of the defect function R is known. 

For instance, it has been possible to correct a ll peak press ures pre­

sented in the left-hand portion of Figures 6. 62 by the logarithm i c pro­

cedure (except at x/d = 5. 51, where b/a was not available), despite 

the fact that for only seven of the 1 4 values of x/d represented could 

data from similar experi~ents at t wo scales be compared. 

The advantage of the dir ec t extrapolation procedure is its 

sin1plicity . The dis advantagPs are that there is no appeal to analysis 

of the phenomena causing the defect; and that whereas the logarithmi ­

cally de rived correction function R. · ~ R (b / a ) is d ete rmi. ned from. 

many contributing pairs of peak pressure values, each direct extra-

. polation is subject to a set of at most four values . In :::~igures b. 63, 

.for x/d = O.lll:S, l.Zlb, 2."016, e tc., where val ues are not generated 

under sin1il ar geometric condihons at two (or more) model scales, no 

corre c tion by direct extrapolation is possible; and for those values 

of x/d where values at two or more scales are availabl e for compar­

ison, random fluctuations in the values may cause unstably magnifie d 

fluctuations in the corrected value . 

From. the earlier discussion of the assm11.ptions upon which the 

l ogaritnn1 i c correction procedure is based, from the prese ntation and 

discus sion of Figure 6. 64, and fro1n the for egoing discussion of the 
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direct extrapolalion procedure, it is apparent that the most serious 

obstacle to ineaningful interpretation and corrcclion of the d<1.ta is Lhc: 

rnagrntnde of the variations in measured peak. For both the logarith-

mic and the direct cor1·ection procedures, the large standard clevia-

tion within a sal'r'\i)rc of experin1ental values made il difficult to obtain 

meaningful 1nean values of peak pressure and rise-time. Within any 

s inglc record, random fluctations rendered the reduction of peak 

pressure and rise-time data much more liable to human judgment 

. than one would prefer. For the logarithmic procedure in particular, 

the s upe rpos it ion on the ·pressure re cord of random fluctuations due to 

spu1ne and entrained air renders partially invalid the assumptions 

in Section· 5. 3 that the pressure distribution is a traveling wave of a 

form which is similar for all values of x/ cl, H /cl, and s / d. 

Because of the problenY of fluctuations 1 .. and· because , of. the . 
... 

general inconvenience of having· to ' pel'form and establish confidence in 

a correction procedure, it is obviously we ll to avoid the necessity of 

' ·correction. · In Figure 6. 66 the e1npirically de rived defect function 

indicates that £.or b/a . greater than 3, there may be less than 10% 

loss in measured peak pressure due to defect; it may therefore be 

established that to avoid tr ansducer defect and the necessity of fOr-

rcction, one must use transducers of sufficiently small .size so that 

the ratio b/ a may be grcate r than 3, where b is half the character-

istic l ength or width of the distribution being.m_easur~, . and a is the 

transducer radius. 

Yet in the pre sent study ther.e are many instances where b/a 

is less tha11 3; and with respec t to these cases, the writer believes 
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that d espit e the uncertainties int roduced by the pre ssu re fluctuations 

and by the uncertain role of surface tension in scale effects mentioned 

earlier, application of the derived correction function R = R(b/a ) pro ­

vides the best means at present available for estimating the mean 

·values of actual peak pressure am.plitude and rise-time. (It is also 

sugges t e d that despite practical difficulties in application encountered 

in the present study, the correction procedure per se may r e1nain of 

general interest.) In the following presentat.i on and discussion of 

peak pressure d ata, the corrected values are those that are discuss ed . 

In most instances the uncorrected data ar e prese nted as well, h oweve1; 

· s ·o tha t r es ults of the study may be studied ind e pendently of the cor­

r ection procedure. 

6. 6. 3 Functic nal behavior of p eak pressur e and ris e -tirne. 

Figures 6. 62 pres e nted in Subsec tion 6. 6. 2 in conneCtion 

with the correc tion procedure indica te that normalized p eak pressure 

P
2

/yd increases w ith relative wave h eight H/d. The rate of i nc r e as e . 

of peak press ure head with wave height, d(P
2

/ y )/dH, is- approx imate l y 

1 /4 f or all val ues of relat ive location x/d and both values of r e lative 

soffit clearance exam.ined, s /d = 0. 2 and s /d = 0. 1. 

Figures 6.63 indicate that for x/d ~ 1.21 6, for both s/d = 0.2 

and s/d = 0.1, the normalized rise time Udtr/d (or the norm a lized 

rise-leng t h b /d} has prac tically no d epe ndence on r e l a tive wave 

h eight H/d . For greater values of x /d, tner e is an increase of 

Uat)d with H/d. A s noted i n Subsection 6. 6. 2, there i s a l so a 

marke d increase in scatter, i.e. a l ack of a comn1on function a l 

/ 

• 



324 

p a ttern among the plo tted points, for x /d greater than two a t 

s/d = 0. 2 . However, fo r, x/d = 4. 525 at s/d = 0. 1, the data appear 

to lie on a common curve. T h i s observat i on as to the presence of 

scatter will be referr e d to later i n this sub section . 

F igures 6 . 68 show the d ependence of peak pressure .on re l a-

tive location x/ d and on re l ative s off it clearanc e s / d. U near re cted 

-
mean values of p eak pressure h ead P

2
/y, normalize d w ith r espect 

to the mean wave height H, arc plotted against x/d in Figure 6 . 68a ; 

corrected val u e s of P
2

/yH are presented in Figure 6. 68b . {At any 

g i ve n x /d, values of P
2

/y H r eprese nting all val ues of H/d are 

plotted undifferentiated, giving a multiplicity of val ue s not due to 

scatter but due to an inconstancy of the ratio P
2

/yH for different 

values of H/d .) In Figure 6 . 6 8a, for s/d = 0. 2, d a t a from. the t'vvo 

transducers operating a t both model scal es are represented; for 

s/d = 0.1, only data from the 1/ 8 - i n . tr ansducer are available . For 

s/d = 0 .2, the data have been enveloped by solid c urves; for s/d = 0.1, 

"the d ata have b een envel oped by d ashe d curves . The dat a for 

s/d = 0. 2 shO\'il an i nitial increase of P
2

/ yH with increasing x/d, 

with a inaximum attained at approximately x/ d = 1 . 2. T he data the r e -

after show a decrease with increas ing x /d. The d ata for s/d = 0 . 1 

are insufficient to indicate a detail ed functional relat i onship, but a lso 

suggest an increase of P
2

/ yH with x /d. For b oth s/d = 0.2 and 

-0.1, the trend of P
2

/ yH .,_...;ith x/d i s rem i niscent of that o f Ud.;gci 

with x /d, shown in Figures 6 . 27 and b. 28. 

A s s h ow n i n Subsection 6 . 6 . 1, the ratio of standa1~ d evi at ion to 
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mean p eak pressur e generally did not exceed 0. 25. A ccord i ng to the 

theory of normal dis tributions (Parratt , l 9bl, p. 174) , if a quantity is 

norm.ally distribute d about a mean m, with a standard deviation S, 

there i s 98% probability that a singl e m e asurement will provid e a 

val ue l ess than m + 2S. For a value of Sp/ P
2 
~ 0. 2 5 as i ndicated 

by Figure 6 . 5 8, and for a maximum value P 
2 

/ y H = 3 . 1 indi cated in 

Figure 6 . 6 8b , there i s t he r efore a t l east 98% probai)ility that individ­

ual value s o f P
2

/ yH will be l ess than 3 .1 (1 + 2(0. 25)) = 4. 7; i. e . 

the re i s at m os t 2 % probability tha t the peak pressure h ead P
2

/y 

d ue to a wave will be greater than 4. 7 times the incident wav e h~ ight 

H, for the conditions of the present study. 

In F igure 6 . 68b, d ata obt a i ned with the 1 / 2 -in. tr ans d ucer do 

not appear, since onl y d a t a obtained with the 1 /8 -in. trans du cer were 

correcte d by the l ogar ithm ic p rocedure . A ga i n the data for . s/d = 0. 2 

arc enve l oped by solid curves, and the data for s /d = 0. 1 are 

envelop e d by das h e d curves . The re is l i ttle apparent difference be -

· t ween Fig ur es 6. 68a a nd 6. 68b for the range x /d > 1 . For x/d < 1, 

the data in Fig~re 6.68b indicate hig h e r val ues of P
2

/yH than in 

Figure 6. 68 a, and the r e i s b et t er agre e rnent arn. ong dat a frorn the t wo 

m odel scales. A s in F igure 6. 68a, the d ata for s /d = 0. 2 a t ta i n a 

maxi1num at a pproxi1nate ly x/d = 1. 2, whereas fron1 the dat a for 

s/d = 0.1 one may only i n.fer an increase i n P 2 /yH w ith increasin g 

x/d. For s/d = 0 . 2, the rnaxirnum value i ndicated is P 2 /yH = 2. 75 ; 

f o r s/d = 0 . 1 th e maxirnurn val ue obta ined is , P 2 /yH = 3 .17, with 

t he indication that greater val l.1es could be obtained at l arger x/d . 
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In Figures b. 69, 6 . 70 , and 6. 71, the corrected peak-pressure 

data obtained in the pres ent study are compared with p eak pressures 

obtained by El Ghamry (1963) and Wang (1967). However, as mention­

ed in Section b. 5, it should be r emembered that experime ntal condi­

tions used by El Ghamry and by Wang differed from those used in the 

pres ent study, and differed from each other. 

As d esc ribed in Section 2. 3, El Ghamry studied the case in 

which periodic progress ive waves in a wave tank 1 ft. wide by 3 ft. 

deep struck a 4-ft horizont a l platform. The platform, which had no 

vertical front face, extended nearly the width of the wave tank, but 

with a gap b etween the tank walls and the edg e of the platform. 

Pressure tr ansducers were mounted a t relative distances x/d = 1 

and x /d = 2, where x was the distance from the seaward edge of the 

platform and d was the still wat e r depth . Waves were generated at 

several wave lengths, but since it is reasoned that the wave of the 

greatest length is most comparable to a solitary wave, only the data 

generated at the greatest wave l ength (14. 388 ft) has been include d 

h ere for comparison. For t ests conducted at this wavelength, the 

relative soffit clearance of the platform above still water leve l s/d 

ranged. from 0 to 0. 050, and the ratio of trough-to-crest wave h e ight 

to still water depth ranged from 0.048 to 0.121. The still water 

depth was 2. 00 ft. for a ll tests. The tank bottom was horizontal 

b eneath the platform, for the data i ncluded he r e. 

l\s explained in Section 6. 5,it is deemed most consistent to 

consider El Ghamry's data in t erms of wave h eight above still water 
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l e vel, rather tha n of trough-to-crest wave height , as pres ented b y 

El G hamry. D e fined in this way the wave h eight H above still water 

l evel i s s impl y t aken as one -h a lf the t rough- to - crest wave h e ight. E l 

Ghamry noted that p eak pressure h ead never exceed e d 2. 5 times the 

trough-to-cres t wave h eight; or in the t enns of the present study, 

n eve r exceeded 5 ti1nes the wave h eight above still water l evel. 

Wang's (1 967 ) expe riments were performed on a model p ie r 

1 ft wide and 6ft long l ocated near a beach in a 92-ft. square wave 

basin . The pier, 1 . 5 inches thick, h ad no high vertic al front face . 

· The plunger- type generator prod uced a dispersive wav e t rain, the 

l eading wave of whi ch was positive if the plunger was sudd e n l y 

imn1ers e d, or neg·ative i f the plunge r was suddenly w ithdrawn. . Peak 

pressures and wave amplit udes gene r ated by p l unge r w i thdrawal did 

not .diffe r greatly fror.n thos e generated by im1ne r sion; since most of 

the av a ila ble d a t a were for the case of w ithd rawal, d a t a for the case 

of plunge r in1mersion h ave not b een in.elud e d h ere . Onl y pressure 

· generated by the fir st p os itive wave i n the train of waves generate d by 

plunger wi thdr aw a l h ave been included h e r e fo r compar i son . Pres sures 

were measured at four transducer l ocat ions . Corresponding wave 

h e i g ht s w e r e m e asured with respect t o still wate r l eve l by wave 

gauges mount e d a l ongs id e the pier a t distances fr01n the seaward e d ge 

egval to the distances of the t ransducers from. the seawaJ.·d e dg e . In 

the n e i ghbor h o od of the pier, the bottom of the basin had al : 1 4 

slope for most test s . The still wate r depth d u se d in this d i sc us sion 

i s the depth a t the l ocation of the tr a n s ducer. (The d e pth at the 
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seaward end of the pier ranged frorn 8. 2 in . to 30 in.) The relative 

distance x/d of the pressure transducers from the seaward ed ge 

ranged from 0.2 to 37.·9; the relative clearance s/d of the soffit 

above still water l eve l ranged from 0. 0 to 0. 16; and the relative 

wave height H/d ranged from 0. 045 to 0. 37. 

El Ghamry ' s (1963) and Wang's (19 6"t) experimental conditions · 

thus differ in several ways from the conditions of the present study, 

in which a solitary wave in a 1. 25-ft. wide wave tank with a horizontal 

b ottom struck a horizontal platforrn with a high vertical front, with nO" 

clearance between the side walls and the platform; where for most 

te'sts s/d = 0. 2, for a few tests s/d = 0 . 1 and s/d = 0. O; where H/d 

r anged from 0 . 15 to 0. 46. Furthennore, the values presented in this 

subsection are mean values of data from five, six, or more similar ex-

' p eriments, corrected for transducer area d efect, whereas val ues pre ~ 

sented for El Ghamry and Wang are data fro1n individual expe .rime nts. 

I n Figure b . 69, the pe ak press ure head P
2

/y, normalized with 

r espec t to the still '-.Vater depth d , is plotted as a function of H/d; ~ · ·· 

where H is the elevation of the wave crest measured with respect to 

the still water level. The El Gham ry and Wang data, together with data . 

"from the present study, indicate a general increase in. p eak press ure 

with wave h e ight. El Ghamry's upp er limit of P 2 /y l ess than. or equal 

to 2. 5 times the trough-to-crest wave height, or five times the height 

H above still water l evel, is exceeded by Wang's data i n. only a few in­

stances , and is never exceeded by data fr om the pres ent study. 

Furtherrnore, as expl ained in the discussion of Figures. 6 . 68, 
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experiments indicate a probability of at l east 98% that pressure head 

P 2 /y will not exceed 4. 7, or approximately 5, times the wave height 

H. 

Figure 6. 70 shows the p eak press ure head P
2

/y) this time 

normalized with r es pect to ' the wave h eight H, plotted as a function of 

rel a tive distance x/d from the seaward end of the pl atform . D ata 

fr on1 the present study are r e presented by the curves enveloping the 

range of data shown in Figure 6 . 68b . For all thr e e s :: udies, values 

of P
2

/yH are·less than 8. 25, with all but a few values less than 5. 0. 

For the present study, the functional dependence of P
2

/yH 

upon x/d has already b ee n discussed. El Ghamry's data for s /d= 0.0 

and s/d = 0. 025 show an increase of P
2

/yH with x/d, and a decrease 

with x/d for s /cl = 0 . 050; yet since the re are. only t wo values of x/d, 

' one ca11not confidently d isce r n .a functional d e pende n ce of Pz/YH bn 

x/d. Wang ' s data show no discernible dep e ndence of P
2

/yH on x./d, 

for any value of s/d. It may b e th a t for W ang ' s study P
2

/yH sirnply 

'does not depend significantly on x/d b ecause of the experime nt a l 

conditions, which as stated earlie r were considerably different fr 01n 

those of the present study; or it may b e that due to the large deviation 

inherent in p e ak pressure m e asurements it is rn.ore difficult to d e tect 

functional trends from individual plotte d d ata as provid e d by Wang 

than it is fro1n data ave rag e d fro1n several s imilar expe riments, as 

in present study . 

Fig ure 6. 71 shows the peak pressure head P
2

/y, again 

normalize d with r e spect to the wave h eight · H, plotte d as a function of 

/ 
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relative soffit clearance E /d. For th e d a ta of El Ghamry which is 

presented in Figure 6. 71 , s/d ranges from 0. 0 to 0. 05; for the dat a 

of Wang , s/d ranges from 0.0 to 0 .1 6. For s/d = 0.1 and 0.2, the 

rang-e of corre cted-data from the present study are indicated. All 

thr ee sets of data show a consistent tr e nd indicating a g e neral d e -

creas e of P
2

/yH with increasing s/d. It may b e not e d that such a 

trend is predicted analytically in Equation 3. 61: 1 2 
P 2 /p = -2 U . -gs. 

cl · 

For constant wave h e ight H, the wave front celerity Ud in Equa tion 

3.34 i s inve r se l y proportional t o s/d, indicating a d ec reas e in ud 

(h . l u 2) . h . . e nce 1n 2 d w1t 1nc reas1ng s Id. Furthe rmore, the second 

term (-gs ) on the right-hand side of Equation 3. 61 acts directly to 

reduce P 2 as s increases. However, it sho uld be remembered that 

the analysis as d evelop~d in this study is n o t n e cessarily applicab l e 

for experimental conditions such a s us e d by El Ghamry or Wang . 

While Equation 3 . 61 p er se may be considered a pplicabl e to c onditi.ons 

o the r than thos e of the pres ent study, Equation 3. 34 for Ud is 

· . restri c t ed Lo the conditions of the present study. No a tternpt h as be ·~ n 

made t o predict the wave front ce l erity Ud f or the conditions of El 

Gh am ry's or of Wang's study, nor was Ud m e asure d in those studies. 

Fig ures 6 . 69, 6. 70, and 6. 71 show th a t d espit e the d iffe ren ce s 

in ranges of H/d and s /d, and the d ifferences in expe rimental· con -

ditions, there is fair agreement among the El Ghamry study, the 

Wang study , and the present study as to the o r der of n1agnitude of 

P
2

/yH, the r at io of p eak pressure h ead to incident wave height a bove 

still water l evel. El Gh amry's uppe r limit of P
2
/yH :5: 5 sta nds for 

; . 
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a ll measured data in the present study and for nearly a ll of Wang's 

d ata . The value of P
2 

/ y H ~ 5 i s one t o tw o orders of magnitude 

l ess tha.n th e ratios of impact pressure head to wave height due to 

wa·ves breaking against vedical wall s, as reported by D enny (1 95 1 ), 

Ross (1954) , or G arc ia (19b8). It is true that neither El Ghamry nor 

Wang considered the problem of transducer area defect, but as 

shown i n the present study, neglect of area defect introduces error of 

the order of perhaps 50%, and hence does not affe ct an o rd er-or -

m agnit ud e co1nparison of dat a val ues. 

In Figures 6. 72, the peak press ure data of the present study 

is . com.pared with the v a l ues predicted i n Equation 3. 61. As the 

ordinate, the pressure h ead P
2 

/y is nonna l ized with r espect to 

2 
( ud / 2.g - s), where ud i s tb e loc a l wave front celerity, g is th e 

gravitational accele ratitm, and- s is the soffit clearance . The 

abscissa i s the relat ive distance x/d. The analyti cal value of 

P
2

/y(Ud
2

/2g -s), as expressed by Equation b. l, is unity . Figure 

· 6. ·12 a shows uncorrec t ed sampl e ine ans val ues ; Fig ure b . 72b shows 

correct ed values . 

For s /d = 0. 2, the corrected values shown i n Figure 6. 72b 

appear t o be independent of x/d, f or x/d l ess than 2, for t he n1os t 

part having values greater than 0 . 45 and less than 0. 80. For x/d 

greater than 2, the values of P
2

/y(Ud
2

/Zg-s) tend to decrease with 

x/d; this tendency will be dis c ussed further following presentation of 

Figures 6. 73. Fo r s/d = 0.1, the val ues a.re approximately 0.4 at 

both value s of x/d t ested . It i s not understood why values at 
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s/d = 0 . 1 sho uld be generally l ess t11an the values a t s/d = 0.2 . The 

variety of values at a g i ven value x /cl r eflects a tendency for 

P
2

/y '.U d 
2 I 2 g -s ) t o increase with rel a t ive wave height H/d . 

The assurn.ption.s under l ying the derivation of Equat i o n 3 . bl 

were : 

1 . that the acce l eration term I< d Ud/dt i n E<::_uation 3. 60 
)( 3 

{or more generally, the terrn l du /dt d x in Equati on 3 . 59) 
)<'._ . 

rnay b e n eg l ected; 

2. tha t the form of the f ree surface in the ne i ghborhood o f 

the wave fro n t rem a ins approxi1n a t ely constant, although the wave 

cele ri.ty may change w ith Lirne; 

3 . that the effect of surface tension, air entrainment, and 

bound ary shear stress a r e n eglig ible . 

· A s for the fir st assurn.pt ion, F igu r es 6. 2 ·t show that dUd/dx, 

hence dU d /dt = Ud{dUd/dx ), is greatest for small xd/d, a nd eqL1-al 

to z e r o at a relative l ocati on x d/d approximate l y equal t o 2, for 

a ll val u es of H/d shown. Si.nee the coeffi c i en t K in Equat i o n 3 . 60 

1s positive ( for Tl > 0, as in the flow ne ar the wave front), a positive 

contribution t o p eak p ressure by the term K dUd/ d t m ight b e expected 

for sm a ll xd /d, w i th no co ntr ibution a t xd/d approximate l y equal to 

2. H e n ce if th e te rm K dUd/dt i s sig nifica :i.t , values of 

. 2 
P

2
/y (Ud /2 g - s ) w ill be g re a t e r at small values of x 1 /d than at 

Ct 

x / d = 2 . However, in Fig ur e 6. 72b, correcte d values at s 1nall 
d 

x d/d are approx irn.ate l y equal t o values at xd /d = 2; a nd in Figure 

2 
6. 72 a, the u ncorrected values of P 2 /y/(Ud I 2g-s ) are l ess , r ather 
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than greater, at small xd/d than at xd/d::: 2. It therefore appe ars 

that n eglecting the accele ration term K dUd/d t Equation 3 . 61 does 

not int roduce sig nificant error. 

As not e d previously, the photographs prese nte d in Figures 

b. 1 3 through 6. 1 7 in Section b. 2 indicate littl e change in the form of 

the free surface near the wave front, except an inc r ease with 

distance of spume thrown forward and of air entrained. The spume 

and entrained a ir do not affec t the validity of the second assumpt ion, 

which, since no change in surface profile is observed, apparently in­

t roduces little error into the analysis. 

The entraine d air, howeve r, may affect the third assun1ption. 

As explained in Section 3 . 3, entrained air effectivel y reduces the 

average d ensity of the fluid, and ther e by reduce s hydrodynamic 

-_· ,pre ssure on the boundary. As described in Section 3 . . 3, viscosity and 

· surface tension may indirectly r e duce p eak pressure also by inhibit­

ing the forrnation of the thin jet postulated for ideal flow. Thus, 

'assurning that the procedure to correct f:ransducer area defect has 

p rovid e d correct value s of m.easured p e ak pressure, the diff~rence 

between actual peak pressure and the value predicted in Equation 3. bl 

may be attributed to real fluid effects through the mechanism.s 

d esc ribe d in Section 3 . 3. 

The d a ta fr01n the pres ent study have not been compared with 

values predl. c ted by the analysis of Wang {l 9b7 ) (s ee Section 2. 3 ), 

becaus e that analysis incorporates the vertical fluid velocity i n the 

wave, and no suitable expres sion for the v erti cal fluid ve l ocity was 
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obtained in the present study. Furthermore, w hile Wang's is d erived 

frorn an analysis by van Karn1an (1929) for the transient total force 

on an obtuse wedge penetrating the water surface, the writer believes 

that the m axirnum of a pressure distribution cannot validly b e d er ive d 

from an analysis wnich i s intende d only to predict a total force, or an 

average press ure, over the entire surface, rather than the maximum 

value at one location. 

It may be noted that peak press ure data fo r zero soffit clear­

ance (s / d = 0) we re obtained b y El Gham ry (1963) and Wang {1967 ), 

but t hat in the present study no peak pressure was eve r observed, as 

' noted i n Section 6 . 3. P eak pressure is associated wi th a wave front 

propagating into an empty or air-fille d s p ace, and for wave conditions 

where ther e are troughs in whi ch th e water l eve l is l ess than still 

watei= 'l eve l, the ·propagation of a trough beneath the platform. will pro­

vide the condition for the generation of peak pressure with the advent 

of the next wave crest, even though the platfonn soffit is at the still 

wate r l eve l. For the periodic progressive waves used by El Ghamry, 

and for wave trains used by Wang whose l ead ing wave was negative , 

pe ak pressures could therefore be obtained even for zero soffit clear­

ance . For solitary waves as us e d in the present study, no trough p re ­

ced e s the single positive wave, and there is thus no peak pressure for 

zero soffit c learance . (For wave trains in which the l eading wave was 

positive, Wang, too, observed no peak pressure for the leading wave 

for ze i·o s off it clearanc e. ) 
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Figures 6. 73 shov; the dependence of rise-time and rise 

length on r elative location x/d. Figure 6. 72a shows the uncorrected 

rise-tirn.e t , norrnalized by rn.ultiplication by JgTff, plotted as a 
r 

function of relative distance x/d. For s/d = 0.2, data from the two 

transducers at the two model scales are included. The data obtained 

for s /d = 0. 1, which are also included, are in functional agreement 

with the data for s/d = 0.2. The trend shown by the data indicates 

an increase in t /g[H with x/d, with a marked increase in some 
r 

values for x/d > 2. 

Corrected values of tr/glH plotted against x/d are pre­

sented in Figure 6. 73b. Again, data from both transducers and both 

ni.odel scal es, where available, have been included. Coni.pared to 

Figur e 6. 73a, the re is much better agreeme nt between inodel scales 

and between transducers, corresponding to the improved · ag reement 

(for x/d < 2) provided by the· correction 'procednre shown in Figures 

6. 63. Also shown is a range of ris e -ti1ne values derived using a 

method proposed by Wang (1967), that the total dur ation of the pre ssure 

peak in inilliseconds is 15 to 40 tini.es the square root of the incident 

·wave height measured in feet. If the ris.e -time t is taken as half the 
r 

. pressure peak duration, t he propos ed range, when nonnalizeJbecomes: 

0.043 < t /g/H < 0.114. 
r 

Many of the rise-tini.e data from the present study fall within Wang's 

proposed range, but for values of x/d l ess than 2, the rise-times are 

l e ss than indicate d by the range , and for s/d greater than 3, there are 

s e veral values of ris e- tim e greater than indicated by the range. 

/ 
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Figure 6. 7 3c shows the compute d rise l ength b, norn1a l iv::.d 

with r espec t to the wave height H, i:i lo tted against x/d . (A s expl a ined 

i n the disc u ss io n of the correction p rocedure: b = Udtr-a' where Ud 

is the m e asure d wave front cel e rity, a is the trans ducer radius, and 

t is the uncorrecte d ris e -tim e . ) The qualitative a ppearance of the 
r 

fun c tion b/H, as expected, is s i m il a r to that of the corrected function 

t /g!H, g e nerally increasing w i th r e lative distance x/d . 
r 

Figu r es 6. 7 3 show cons id e r a ble variance i n t rgrH a n d i n 
r 

b/H, for constant x /d , for val ues of x/d greater th a n 2, espec i ally 

for s/d = 0.2. In this connection it is noted th a t Figu r es 6. 72 

indicate a decrease i n 
2 

P 
2 

I y (U d / 2 g - s ) £o r x Id > 2 at ;.; Id = o. 2, 

that Figure 6 . 60 ind ic ate s an increase in the r at io St/t of stand a rd 
. r 

deviation to mean ri se-- tirne for x/d > 2 at s/d = 0. 2, and that, to a 

"les-se r ext ent, Fig ure 6. 58 indicate s an in c; r e a s e in the ratio Sp/ P 
2 

of stand a rd d evi at ion t o mean .peak pre ssure a. t x/d = 0.2 for 

x/d > 2 , particularly at x/d = 3. 9 and 7 . 07 . 

It may ·also b e note d th a t the photographs presented i n Fig u re s 

6 . 13, 6 . 14, 6.16, and 6 . 17 in Section 6 . 2 show that the amount of 

spume and entrained air generated at the wave front increases as the 

wave •propagates shoreward b eneath the platform . An in~r eas e in the 

amount of spume and entrained air n1ay be expected to inc rease the 

size of the region of activity at the wave f ront, h e nce increas e the 

ris e -tin1 c t and the rise-length b . By the assurnption in S ubsection 
r 

6. 6. 1 that deviations in p eak press ure a nd rise-tirne a r e caused by i n -

homoge n e ities in fluid density due to spurn e and entrained air , an 
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increase in spume and entrained air could be e x pecte d to cause an 

increase in the ratios Sp/ P 2 and St/tr of standard deviation to 

mean for peak pressure and rise -time, respectively. In Se ct ion 3. 3 

it was suggested that entraine d air, by reducing the average fluid 

density, could cause a decrease in pressure exerted on the platform; 

therefore an increase in air entrainment may be the cause of the r e ­

duction in P 2 /y (Ud 
2 

/ 2g-s) noted for x/d = 0. 2 in Figures 6. 72. 

Although the reasons for the increase in spume and entrained 

air that is observed with increasing x/d, especially for . x/d > 2 at 

s/d = 0. 2, have not bee n examined in detail in this study, it is con-

jec tured tha t the fluid that in a n ide a l flow would be shot forward from 

the wav e front as shown in Figure 3. 4, in the real case simply falls 
0 

to the fluid surface ahe a d of the wave front , e ntrapping a ir. As the 

wave propagates beneath the platform, the amount of fluid s o involved 

a c cumulates, increasing in size with relative location x/d . 

It may also be note d tha t for x/d = 0.2, Figures b.27 in 

Se c tion 6. 4 ind icate tha t the wave front cele rity Ud attains a maximum 

at x/d approximate ly e qual t o 2. Furthe r m o re , fo r s/d = 0.1, 

where the effects on t , b, 
r 

2 ' 
St/tr' Sp/ P2 , and P 2 /y (Ud /2 g - s) 

have not b e en note d for x/d >2, Figures 6. 28 indic a te that wave fr o nt 

c e lerity U d g ene r a lly att a ins a m aximum o nly at x/ d e qual to value s 

greater than thre e or four. The refore , the inc reas e in spume a nd e n-

trained air may be in s ome way associated with the dynamic s of d e -

cele r a tion of the wav e-front. 



344 

If the pressure-time distribution in the pressure peak may b e 

approximate d by an isoceles triangle of height P
2 

and base 2 t , 
r 

then the produc t P 2 t may b e considered an approximate value of the 
r . 

upward impulse per unit area imparte d to the platform in the vicinity 

of the wave front. Figure 6. 74 a shows the normalized impulse 

(P2 /y H) (tr/ g /H), where P 2 I y and tr are uncorrected values of 

peak pressure head and ris e-time, respectively, plotted as a function 

of x/d. 

and t 
r 

Figures 6. 74 b is similar, but for corrected values · of P
2 

/ y 

Since only data obtained with the l / 8-in . transducer we re 

logarithmically corrected, data from the 1/2-in. transducer do not 

appear in Figure 6. 74b. T he main difference between Figure 6. 74a 

and Figure 6. 74b is evident for x/d l ess than 2, where the correction 

procedure r educe s values and provides bette r agreement between d ata 

obtained at the two model scales. For s / d = 0. 2, the normalized pro-

duct (P2 / yH) (tr;gn:f) is shown in Figure 6. 74b to increase from a 

value approximately zero at x/d = 0 to a maximmn value of 0. 2 at 

approximately x/d = 3, thereafter decreasing with increasing x /d. 

For s/d = 0.1, there are again insufficient data to determine functional 

detail, e xcept for a general increase in (P2 / y ) (tr.rgrn) between 

x/d = 0. 522 and x/d :::: 4. 525. The greatest measured value for 

s/d = 0.0 . is 0.26 at x/d = 4.525. 

The normalized values of uplift impulse per unit area may be 

compared with the impulse per unit area due to waves breaking against 

a vertical wall, as measured by Denny 1 951}, Ross (1954), and 
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plotted as functions of x /d. 
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Garcia (1968). Values of (I/y H) .;gn:f, where I is the impulse 

per unit area and H is the wave height, that may be obtained from 

Denny's >:< data range from zero to 0. 71. For Ross 1 s data, the 

range is 0. 06 to 1 . 58 . For Garcia's data, the range is 0. 41 to 1. 37. 

The largest values of uplift inpulse (P
2

/y H) (tr/ g/H) obtained in the 

present study (0. 26 for s /d = 0. 1 at x/d = 4. 525) are therefore of 

the order of 20% of the largest measure d impuls e s exerted horizontally 

against a vertical wall. 

2 
Figure 6. 74c shows the product P

2
b/yH plotte d as a function 

of x/d . .As before, b = Udtr - a, where Ud is the wave front 

cele rity, 

radius. 

t is the uncorrected rise-time, and a is the transducer 
r 

By approximating the spatial distribution of peak press ure by 

an isosceles triangle of height P
2
/y and bas e 2b, one may define 

the product P
2

b as the uplift force per unit width due to the pressure 

peak. 

2 
For x/d = 0.1, the value of P

2
b/ y H at x/d = 0. 522 is in 

close agreement with the data for s /d = 0. 2, but at x /d = 4. 525, 

for s /d = 0. 1 this parameter is about twice as large as the correspond-

2 
ing value for x/d = 0. 2, the greatest measured value of P

2
b/ y H 

_,being 0. 97. This behavior of P
2 

/y H shown in Figures 6. 68 . 

.,_ .,. 
Denny presents his values for impuls e in the normalized form 

I/ p UH, where U i s the wave celerity and p us t~1e fluid density. 

If, foliowing Denny, it is assumed that for breaking waves 

U = /gH (1+ l /O. 78), Denny 1 s data may be transposed into the 

normalized r'orm (I/y H) / g/H . 
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The total for ce p er unit wi:dth imparted a t t he press ure p eak 

m ay n o t be l a rge cornpared to the tot a l uplift forc e p e r unit width due 

to the slowly-vary i ng pressure computed in Sec ti.on 6. 5. (For 

instance , at H/d = 0.4, s/d = 0.2, Fig ure s 6 . 62 a nd 6 . 63 for 

x/d = 0 .8 16 show typical values of P
2

/ yd and b/d to be 1.0 and 

0. 02, respective l y, giving a nonr1alized forc e per unit width of 

P 2 b / d
2 

of 0. 02, com.pared with a m axim um. value F / y dz of O. 6, 

shown in Figure 6. 52c.) However, to a st r uc tur a l. e n g ineer concerned 

with the stresses impos e d on individual parts of the platforrr1 soffit 

who se l eng t h i s of the or<l·~r of 2 b , the concentrated fo rce in th e 

pressur e p eak may be of greater i.rnportance tha n the n1ore widely 

distribute d force d ue to the slowly-varying p ress ure. 

For the samples of d ata obtaine d a t x/d = 0. 816, cmnul ative 

fr e que ncy diag ra1ns a re pres ente d for the iinpulse P
2
tr norn1 a li z ed 

with r espe ct t o the sample rn.ean value , P
2
tr, in Figur e 6. 75. The 

values of P
2

/ y and t are the uncorr ec ted values obtaine d with the 
r 

l../8 - in. trans ducer at bot h model sc a l es for x/d = 0. 2. As with the 

qua ntities H, t , the produc t P
2

t 
r r 

appe ars to be normally 

distribute d;_ for the samples obtaine d at x/d = 0 . 816, the ave r age value 

of standard deviation to mean value is Spt/P2 tr = 0. 174. 

D enny (1951), in a study of iinpac t pressure s and impul ses due 

to waves breaking against ve rtical wall s , found that whereas irr1p a ct 

pr~ ssur es t end to b e n onnally di s tribu ted , the dist ributi on of shock 

ilnpuls e per unit area tends to h ave a negative skewness; i. e . more 

tha n h a lf the values in a s z.rn.ple a r e greater than the n1ean value , 



~tr 
\ 

~tr 

1.701 . I : I I I I . I I ·. . t· . I I I l . I ·. t · I .. :\. . I ·. • : I . I: :,: : . j · j ·, i:: 1 .. I I . j ::!' .: ~Lt_._r . 

L!50~Uz:>..J; ·:: 11 · 1: : ' ·i "· : "·.r · 1 : '""'""'! ' i'·1 · . .r.1 I 11 .1::·: ::: ··.::··: i,: i""" 

1.25 

1.00 .::!T ' ! I : l H-H ' ' I : : i '. : T~ I i : i ' ·y· : I ' ' : ; I ; I I'll I I I : I '! :T: ' I ' • I . . ! ' I I '""'! I I · I 

I I . ---,-

p 
150 ·-. ;P,t, 

T .. -: .. ~. 
--'-

1.25 1 ··~··· 

.~ .. -

.. -)-
00 1 - - . 

I. "j·-· 
_L. 

h ' : ~Mu ' i !1 , i 1;,i. ,, .... ; .;,:.1.,. , ' · ~ ·u l ii J.: LkJ .. LL: ' lL : 1; i ! ; .. ~ J."i L.LL.: .. : .. .i LL:., ;,J .8·;-i, : ~H,fLL 1J ·- r--
'"Ei ·····-i 

. ~-··· 

30 0.500.1 0.5 2 IO 

Figure 6. 75. 

90 98 99.5 Q5 2 10 30 50 70 90 90 99.5 0.5 2 IO 30 50 70 90 98 99.5 

PERCEN~ LESS . 

Cumulative frequency diagrams for u plift impulse P 2tr. 
at x/d = O. 816 w ith 1/8-in. transducer . ) 

i 
0.5 2 IO 30 50 70 90 98 99.5 99.9 

(Uncorrected data obtained 

VJ 
,.p.. 
00 



349 

but the majority of values with la rge deviations fr om the lnean are 

l ess than the rneari. Plotted on arithme tic prob ability pape r such as 

u sed in Figures 6. 75 and e ls ewhere in this study, data in a negatively 

skewed distribution would b e fitted by a curve convex upw ard . . The 

d a t a fro1n the present study plotted in Figures 6. 75 show no 

consis te nt tend ency towards l ying on convex-upward curves; indeed, 

a m.ore common tend ency for sampl es not well-fitted by a st r a ig ht 

line is to lie on a convex-downward curve, indic ating positive 

skewness, in contrast to the trend found by D enny . 

.. ~ .. 

,/ 
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE STUDY 

7. 1 Conclusions. 

The major objective of the present study has b een to investi gate 

in detail the basic nature of the flow beneath a pier or offshore plat­

form, and the associated uplift pressures exerted on the platform, that 

result from the incidence of a solitary wave. Although there i s a great 

variety and r a nge of experimental conditions that may b e studied, only 

a limited range of conditions in a geometrically simple t\vo-dimensional 

model was examined. 

While this range may not be broad, the inve stigation has been 

inte nsive. P eak pressures were examined in detail, with careful 

attention given to the measure ment and recording capabilities and 

limitations of the pressure transducers and of the other components of 

the recording system. Since the peak pressur e was found to be a 

highly varia ble quantity, the normal experimental procedure was to 

perform f ive, six, or as many a~ 32 simil ar experiments to obtain 

meaningful ave rage values of peak pressure and of the rise -tirne , or 

characteristic duration of the peak pressure, for each value of rela­

tive wave height, soffit clearance, and transdu ce r location examined. 

The distribution of slowly-varying pressure with respect to time and 

location w as obtained for several values of relative wave height. 

Other quantities measured in detail were the celerity of the wave 

fr ont and the celerity of the wave of recession. To aid in the general 

under standing of the flow process , nume rou s singl e-exposur e and 

multiple-exposure photographs of the wave profile were taken, for the 
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range of conditions studied. 

Although the study was two-dimensional, and limited to the geo­

metrically simple configuration of a horizontal channel bottom and a 

flat horizontal platform, the conditions chosen for study are considered 

relevant to prototype conditions of interest. On the one hand, the 

solitary wave, used as a model incident wave, is considered a relevant 

model of ocean waves in shoal water, where piers or platforms are 

likely to stand. On the other hand, the values of parameters such as 

relative wave height and r elative soffit clearance are considered 

representative of prototype cases of interest. Most of the experiments 

were performed at a relative soffit clearance s/d of 0. 2, with a rela­

tive wave height H/d ranging from 0. 2 to 0. 4, and relative platform 

lengths L/d equal to 4. 0 and 7. 8. These conditions, would, for 

example, correspond to a prototype pier or platform 120 to 224 ft long 

situated six feet above the still water level, in water 30 ft deep, with 

incident waves six to twelve feet high. A few experiments were per­

formed at a relative soffit clearance s /d = O. 1, with relative wave 

h eight H/d ranging from 0. 15 to 0. 38, which could correspond to an 

offshore pla tform standing in 100 ft of water, ten feet above the still 

water l evel , subjected to waves 15 to 38 ft high. 

7. 1. 1 Correction of transducer d e fe c t . 

With r espect to the proble ms of measurement of peak pressure, 

it was found that: 

1. A pressure distribution whose characteristic width is of the 

same orde r of size as the radius of the sensitive area of the trans­

ducer may b e inadequately recorded by the transducer, due to a 

spatial averaging effect. 
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2 . · Theoretical analysis of the spatial r esponse of pressure 

transducers mounted flush in a rigid boundary indicates that if the 

characteristic half-length of a pressure pulse is greater tha n about 

three times the tr ansducer radius, the defect, i.e., the ratio of 

recorded maximum pressure to actual maximum pressure, will be 

reasonably close to unity, and areal effects of the transducer are rel­

atively unimportant. 

3 . Although in certain cases it is possible to apply an analytical 

correction procedure (derived in Section 5. 2), to retrieve the actual 

pr es sure distribution from the measured pres sure distribution, it has 

b een shown analytically that it is impossible to retrieve the Fourier 

components of the actual distribution for certain critical normalized 

frequencies wa/U d whose values depend on spatial re solution char ­

acteristics of the transducer. Practically, correction is pos s ible only 

if the actual distribution has no frequency components greater than a 

certain critical value; yet such distributions by nature need little cor­

rection to begin w ith. Therefore the analytica l correction procedure 

is of little practical value, a t l east as applie d in this study. 

4. When planning to measur e pressures exerted non :-uniformly 

on a surface , it is best to use a transducer of sufficiently small sen­

sitive area that problems of spatial resolution may be avoided. (As 

indicated in Item 2, a "sufficiently small 1
' transducer is one w h ose 

radius is less than one-third the characteristic h a lf -width of the pres ­

sure di s tr ibution to be m easured . ) 

5. In the present study, the problem of spatial r esolution coul d 

not b e avoided entirely, d espite the us e of the sn1allest commercially 

avail able s train- gau ge -type tr a n s duc e r. The refo r e an extrapol ation 
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procedure based on th e comparison of peak pressur e s measured under 

sin1ilar conditions but at two different n1odel scales was devised (in 

Section 5. 3) to correct values of rise -time and peak pres sure. Al-

though the procedure could not be applied with certainty, principally 

because of the randomly fluctuating nature of the peak pres sure di s tri-

bution, the corrected values appeared to be fr ee of effects of s cale 

attributed to problems of tr a nsduc e r r e solution, and were in fair 

a greem ent with values c o rrected by a different proc e dure described by 

Willmarth and Roos ( 1965 ). Both correction procedures incr eased 

peak pressures from a f ew p er c ent to as much as 50%. 

7. 1. 2 Peak pre s sure and rise -time. 

With r esp ect to measured p eak pressure P 2 and rise time t , 
r 

it was found that : 

1. Correct ed v a lues of peak pres sure a re gene r a lly 50% to 80% 

of the "stagnation pres sure 11 pr e dicted analyti c a lly from the measured 

wave front celerity a nd t he soffit clear a nce. The dis c r epan cy b e t ween 

m easured values and th e predicted v a lue may l a rge ly be a ttributed to 

air e n trainment and other real flu id effects. (Although air is entrained 

at the wave front in a region where the peak pressure i s exerted, the 

air is not considered in the analysis, as it was in Bagnold1 s a n a lysi s 

( 193 9) of the considerably diffe rent cas e of waves breaking against a 

ve r tical wall. ) 

2. The greatest p eak pressures a r e measur e d not at the sea-

ward end of the platforn1, but a t a location where wave front cele rity 

is g r eatest. The functional d ependence of p eak pressure on distance 

is similar to the v ari ation of wave f ront celerity w ith dis t ance, as 

p redicted b y the analys i s . 

. / 
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3. For relative locations x/cl where the "\Vave front is deceler-

ating (see Subsection 7. 1. 4, Item 2), there is a notable decrease in 

peak pressure P 2 , compared with the analytically predicted value; 

there is an increase in the rise-time t , hence in the rise-length b; 
r 

and there is a notable increase in the ratio of standard deviation to 

mean for peak pressure and especially for rise-time. It is suggested 

that these concurrent phenomena may be in some way related to the 

deceleration of the wave front. 

4. Corrected p eak pressures obtained in th e present study are 

of the same order of magnitude as those measured by El Ghamry (1963) 

and Wang (1967) for different incident wave systerns, showing approxi-

mately the same increase with r espect to waveheight and the same 

decre ase with increasing soffit clearance . However, the dependence 

of peak pressure on distance from the seaward edge of the platforrn 

found in the present study is not definitively shown by data from the 

other studies. 

5. All peak pressure data frorn the present study (and n1ost 

data obtained by Wang) are less than the empirical upper limit of pres-

sure h ead proposed by El Ghamry (1963), i.e., five times the incident 

wave height above still water leve l (2. 5 times the trough-to-ere st 

wave height for oscillatory waves}. 

6. Rise-times measured in the pres e nt study show approxi-

mately the same relationship to incide nt wave height as found by Wang. 

7. This general agreen1ent as t o p eak pressure and rise time 

measured in different studies exists despit e considerable differences 

in experimental conditions, indic a ting that the form of the incident 

wave and of the platform may not be important variabl es in the rela-



355 

tionship between peak pressure and wave height. 

8. The normalized peak pr e ssures were an order of magnitude 

less than the normalized maxilnunl. recorded shock pressures exerted 

by a breaking wave against a vertical wall reported in the literature. 

9. The normalized peak i1npulse, or the normalized product of 

peak pressure and rise-time, was at most 20% of value s r e porte d for 

waves breaking against a vertical wall. 

10. The peak pressure and the rise-time are found to be intrin­

sically subject to considerable variance, probably because of the 

spume and entrained air in the flow near the wave front. Despite a 

standard deviation in incident wave height of only about one p e rce nt of 

the mean h e ight, the standard deviation in peak pr es sure and rise- time 

was as much as 30% or more of the mean value. Since the values 

obtained in the present study are average values, individual peak 

press~res may therefore exceed the analytically predicted values, or 

the empirical upper limit suggested by El Ghamry (1963). 

7. 1. 3 Slowly-varying pres sure. 

With respect to the slowly-varying pressure P 1 , it was found 

that: 

1. A simple "one - dimensiona l" analysis relating slowly-varying 

pres sure to wave front c e lerity and to celerity of the wave of r eces -

sion predicts pressures that are usually greater than measured. 

2. Although pr edicting pressures tha t are p e rhaps excessively 

cons e rva tive , th e analysis provides a useful qualitative description of 

the hydrodynamic s beneath the platform. 

3. It was found that the n1axin1.um pressure h ead was equal to 

or slightly g r eater than the incident wave h eigh t l ess the soffit 
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clearance, suggesti ng a simpl e hydrostatic r e l ationship between max:­

i inum pr es sure a n d wave h eight s u ch as that s u ggested b y Wang ( 196 7) 

for the case of a narrow pie r. 

4. Whe reas positiv e s low ly -varying pressur e d e p end s strongly 

on wave height and soffit clearance , the negative slowly-varying pres­

sure depends on soffit clear ance , pla tform l ength, and l ocation, w ith 

little d e p e nde nce on wave h eight. 

5. The positive uplift due to a wav e only s lightly hi ghe r than the 

platform may be ins i gnificant, but the negative uplif t will be as g reat, 

and of the same duration, as tha t du e to a much highe r incident wave . 

6. At any given instant, the slowly-varying pressure di s tribu­

tion varies approxin1atel y linearly with r espect to distance from the 

s e award e dge of th e platform, as pr edicted by the analysis , w ith 

variati on apparently d e pending on accel e r a t ion or decele ration of the 

wave fr ont. 

7. For pres sure m easured at a particular l ocation, the r atio 

of the durations of po s itive uplift pressure to negat ive uplift pre ssur e 

d ecreases w ith increasing r e l ati ve distance x /d from the seaward 

e d ge of the pla tform. 

8 . The r a tio of the durations of positive to negative f o r c e per 

u n it width on the entire pla tform d ecreases with increasing r e lative 

length L/d of the p l a t fonn . 

9 . The normalized inaximum uplift f orce per unit width on the 

platforin, plotted as a fu nction of wave height l ess soffi t c l ear a nc e , i s 

in approximat e a g r ec1nent with values measured by E l Ghamry (1963) 

. f or oscilla tory waves . 

,/ 
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10. The center of uplift pressure predicted by the analysis is 

in very good agreement with measured values for positive uplift pres­

sure, and in fair agreement with measured values for negative uplift. 

11. The oscillations in the pressure records (herein termed , 

"secondary oscillations") that appear to be associated with recession 

of the wave from the l eading edge of the platform or with the arrival of 

the wave front at the shore\vard edge of the platform may be of sig ­

nificant amplitude, i.e., comparable to the maximum po sitive uplift 

pressure. 

7. 1. 4 Wave front and wave of recession: celerities and times of 

arrival. 

Since in the course of the analysis both peak pressure and 

slowly-varying pressure are expressed in t enns of the celerity of the 

wave front, and negative pres sure is associated with flow conditions 

at the wave of recession, it was important to derive analytical expres -

sions for the celei·ities and lo cations of the wave front and the wave of 

recession. It was found that : 

1. A simple analysis provided values of wave front celerity 

U d that were in fair agreement with measured celerity, and pre ­

dicted wave front location xd as a function of time that agreed well 

with measured values . 

2. · As a function of distance from the seaward end of the plat­

for1n, the wave front celerity increases, attains a maximu1n value, 

th.en d ecreases , as predicted by the analysis . For a relative soffit 

clearance s /d of 0. 2, the wave front celerity Ud attains its maximum 

value at a relative location x /d of approximatel y 2 . 0. 
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3. For the experimental conditions studied, it nJ.ay be shown 

that an incident solitary wave can piopagate beneath and in contact 

with a platform only for a finite distance from the seaward end of the 

platform, due to th e co11dition of energy dissipation at the wave front 

and to the finite amount of energy associated with the incident wave. 

The distance beneath the platform that the wave may propagate in con-

tact with the platform may be expected to increase with increasing 

incident wave height. 

4. An analysis predicting the celerity U of the wave of reces­
e 

sion, equivalent to an analysis by Benj anJ.in ( 1968) for the propagation 

of gravity currents, provided values that on the average agreed well 

with measured values. As predicted, the measured celerity U of the 
e 

wave of recession depends principally on the relative soffit clearance 

s / d, and little or not at all on incident wave height or on location. 

5. The profile of the \vave of recession, which rnay be con-

sidered a fonn of gravity current, resernbles the profiles of other 

forrns of gravity current, especially in the formation of its character-

istic ''head wave. 11 

7. 1. 5 The incident solitary wave. 

1. The form of the wave generated with the apparatus designed 

and built for this study was not measurably different from the forms 

of solitary wave profiles measured in a uniforn1 rectangular channel 

by Daily and Stephan (1952) or by Perroud (1957) using different 

methods of generation. 

2. The n1easured profiles are fitted best by the theoretical pro-

file of Boussine sq (1872), at least in the region near the wave crest. 

/ 
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3. The measured celerity, in its dep endence on incident wave 

height, was represented best by the theory of Laitone (1963). 

4. The measured rate at which the solitary wave amplitude 

decreased with respect to distance tr avelled, though variable, was 

approximately that predicted by Keulegan ( 1948 ). 

5. Although a d ecay of amplitude with respect to distance 

travelled was observed, the norn1.alized profile of the solitary wave 

did not change me asurably over the se distances. 

6. The wave generator designed and used in thi s study was 

capable of reproducing wave heights with a standard deviation of only 

about one percent of the me an wave h eight. 

7. The solitary wave, reproducibly generated as in this study, 

m ay b e considered a v a luable tool for basic research on wave action 

on coastal structures. By practically e limina ting variability in intial 

conditions , such as r ando1n dishubances on the water surface that 

are generated with a series of periodic pro g res s ive waves by reflection 

from the structure, it is possible to determine the extent of the innate 

variability of flow conditions, and to more easily determine meaning­

ful measurements of p ertinent quantities {such as peak pressure, in 

the present study). Furtherrn.ore, as stated at the b eginning of this 

section, the solitary wave is a relevant model of ocean waves near 

shore. 

7. 1. 6 Experimental techniques. 

In the course of the present study, a number of experimental 

techniques h ave had to be d eveloped that n1ay b e of general interest t'o 

those engaged in experimenta l fluid dynan1.ics re search. Among the 

iten1.s discus sed in Chapter 4 a re temperature insul ation of the 
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pres sure tr ansduce r, design of the solitary wave generator, c l eaning 

of the free water surface, and single- and multiple-irn.age photography 

of waves in a tank. Analysis of the spatial response problem of trans­

ducers and proposed c orrection procedures are presented in Chapter 5. 

7. 2. R ecomn1endations for Future Study. 

In the. present study, uplift pressures due to a solitary wave 

incident on a horizonta l platform have been studied in depth for a 

li1nited range of conditions . The qualitative behavior of peak pressure 

and slowly varying pressure may now be predicted by the analysis 

provided. 

The case having been studied in depth, it is logical to suggest 

that the case next be studied i n breadth. As noted in Chapter 6 and in 

Section 7. 1, the peak-pressure , rise times, slowly - varying pressur es , 

maximum uplift forces, and center of rnaximun1 uplift pressure as 

measured by El Gharnry (1963) and/or by Wang (1 96 7) were a ll of the 

same order of magnitude and often showed the sarne function a l 

behavio r as comparable quantities m easured i n the present study, 

despite important differences in experimental conditions, such as type 

of incide nt wave , relative soffit clearance, platform l ength and w idth, 

and bottom slope. An airn of the suggested study in breadth would 

therefor e be to determine the range of conditions for which the fun c ­

tiona l relationships d er i ved in the pr e sent study and in the work 

El Gha1nry and of Wang may validly be applied. Using a pres sure 

transducer of sufficiently small sensitive area and of sufficient dy­

namic r esponse capability , pressures could be recorded for a wide 

range of relative wave h eights , soffit clearances, tr ans du ce r loc a ­

tions a long the platform, and platform l ength s ; for both the 

/ 
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11two-dim.ensional11 case as examined in the present study, and for the 

"three - dimensional" or narrow-platform, case. In the latter instance, 

the ratio of platform width to still water depth could be v ar ied. Bottom 

slope and platform slope could be varie d. Several ·different class es of 

incident wave, such as solitary , <lisper sive, and periodic progressive, 

could be tested. 

I t would be of great interest to compare the e xperimental 1.1plift 

measurements obtained in the laboratory with measurements n1ade on 

prototype platforms. Instrumenta tion to measure uplift pressures on 

a pier or on an offshore platform, coupled with wave gauges to measure 

the incident wave conditions, would naturally provide the most com­

plete and useful d a ta. However, a survey of the damage sustained by 

platforms due directly to wave uplift forces (to be distinguished from 

darnage inflicted by the horizontal wave forces on piles or by the 

surging of vessels lying alongside the platforms), when correlated 

with incident wave height and othe r paran1eters; would add important 

practic al confirmation to the analysis and to the l aboratory measure­

ments of this and other studies. 

Perhaps it would be interesting and useful to undertake a com ­

puter sirnulation of the transient flow beneath a platforn1. due to an 

incident wave, as has been done for other flow conditions . 

It is suggested that the solitary wave propagating into still wate r 

is a good tool for basic res earch in situations where good reproduci­

bility of flow conditions from test to te s t i s desir able. Th e solitary 

wave is a reasonable n1odel of ocean waves near shore, as discussed 

in Section 2. 4, and is therefore pertinent t o coastal engineering wave 

research. Where the measured resultant quantity is subj ect to 
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considerable deviation, as was the peak pressure in the pres ent study, 

use of the solitary wave, reproducibly gene r ated, serves to reduce 

the amount of deviation in measurements, enabling a meaningful 

average value to be more easily obtained. 

With respect to the available techniques for measurement of 

p r es sure on a wall , there is a need for further experimental re search 

into the problem of spatial resolution of pressure distributions . The 

probl em has been theoretically analyzed in this and other studies (see 

Chapter 5 ). One could therefore design a n experiment to determi ne 

the accuracy and efficacy of the d efect correction procedures derived 

in this study or i n that of Willmarth and Roos (1965), using known, 

stati c experimental distributions rather tha'n fluctuating (and basically 

unknown} travelling distributions, as dealt w i th in this study. The 

experiment coul d also check the criterion proposed in this study that 

loss i n measured peak pressure will be onl y about 10% or less pro ­

viding that the half-width of the pres sure distribution i s at least three 

times the transducer radius . 
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APPENDIX A 

NOTATION 

(Sorne subscripts are defined at the end of the table) 

Area of the transduce r surface. 

Radius of the transducer surface . 

Width of the wave channel. 

Damping coefficient in dynamic analysis of recording 

system. 

Rise-length of the peak pressure distribution. 

Minimum distance of cam follower from center of earn wheel. 

Wave gene rator stroke-length. 

Still water depth. 

Young's modulus . 

Total uplift force per unit width . 

Maximum total uplift force per unit width. 

Functions proportional to transducer output du e to a line 

load and to a point l oad, r espective ly. 

Function proportional to d e flection of diaphragm or mem­

brane at one point due to a lo a d at another point. 

Excitation frequency. 

N atural frequency of oscillation. 

Spatial r espons e functions for the transducer. 

Gravitational acceleration. 

Thickness of transducer di aphragm. 

Height of th e incident wave . 

The first of two wave heights measured in d e termin a tion 

of decay of h eight. 
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NOTATION ( continue d) 

Impulse per unit area . 

Inte g r a l representation of transducer spatia l response 

function. 

Appl i e d for cing function . 

Positive coefficient of a cceleration in peak pres sure 

anal ysis . 

Static proportionality constant in tran sdu cer anal ysis. 

Stiffness of transduce r diaphragm. 

P latform length. 

"Mass" of system conside red in dynamic ana l ysis of 

r eco rding sy sten1. 

Sam ple m ean . 

1 1Universal'' mean 

Mass of transducer diaphragm. 

Mass of oil in chamber of modified transduce r . 

Sample si ze. 

Actua l pr essur e exe rted a t c e nte r of transduce r area. 

Pres sure r ecord e d by t ran sducer . 

Slowly-varying pres sure . 

Peak pressure . 

Ave r age uplift pressure. 

Proportiona lity constant in tra n s ducer d e fec t a n a lysis. 

Max im urn va lue of r( e ). 

Transduce r d e f ec t r a tio . 

R e yno l ds numb er 
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NOTATION (continued) 

R adius . 

Di stance of a point on the cam groove fr om the center 

of the cam wheel. 

E xpe rimental and 11 unive rsa l 11 stand a rd d e viation . 

E xperi mental and "unive rsa l" standard deviation in 

the mean. 

Standa r d deviation of quantity indica t e d by s ubscript. 

S offi t clea r ance, or distan ce of the soffit {underside 

of the platform) above still water l e vel. 

Time (For ta' tb' tc' td, 

A constant. 

t ' e 
see Figure 3 . 5 , Section 3 . 3 ). 

Ri se- time of p eak pressure distribution. 

Wave cel e rity. 

W ave front ce l erity 

C e l erity of wave o f r ece ssion. 

Celerity of incident wave . 

H or i z ontal fluid e le1nent v e l ocity. 

V ertical fluid e l ement ve l ocity . 

W eber number. 

Horizontal coordinate measured shoreward from the 

s eaward end of the platform. (In defect anal ysis, 

measured from center of transducer area. ) 

G ene ral horizontal limits of integra tion i n ana l ysis . 

Position of wave generator piston . 

C enter of uplift p r essure . 
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NOTATION (continued) 

Center of maximurn uplift pressure. 

Ampli tudes of damped free oscillations of transducers . 

Vertical coordinate measured from bottom of channel. 

Transverse coordinate in transducer defect anal ysis, 

measured from center of transducer area . 

Coefficient in solitary wave formula by Laitone. 

Funct ion equal to l og10 b/a in transducer correction 

procedure. 

Functions in transducer correction procedure equal to 

l og
10

R and its derivative, respective ly . 

Unit weight of fluid in wave. 

Boundary layer thickness . 

E l evation of point gauges above still water l evel. 

Phase -shift (radians), in dynamic analysis of r ecording 

system. 

Damping ratio, in dynamic analysis of recording systeni. 

Elevation of the free surface above still-water level. 

Function of time in Equation 3. 29. 

Angul ar coordinate measured w ith respect to a radius 

pas sing through the cusp on the cam whe el. 

Angular coordinate n1.easured with respec t to vertical 

r ·adius p assing through cent er of cam whee l. 

Wave l ength. 

Kinemati c viscosi t y. 
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NOTATION (conti nued) 

Abbrevia t ed argument of pressur e in transduc e r 

defect analysis. 

Fourier transforms of P , P , respe ctive ly. 
ac r 

Density of fluid in the wave. 

D ensity of the transducer diaphragm. 

Density of oil in chamber of modified transducer. 

Surface tension per unit length. 

Velocity potential. 

Poisson1 s ratio. 

A measure of velocity of the wave generator piston. 

Ang ular velocity or frequency. 

Denotes larger model scale . 

D enotes s1naller n1.odel scale. 

D enotes evaluation at the free surface. 

Denotes evaluation at Points 1, 2, 3 r e spectively. 

Denotes evaluation at the wave front. 

D enotes evaluation at the wave of r ecession. 

D e notes partial diffe rentiation with respect to x. 

(Overscore) D enot es mean value. 

Sy1nbol indicating that coefficient of 11 sgn 11 i s to take the 

same algebraic sign as that of argurnent of 11 sgn 11
• 
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APPENDIX B 

TABLES OF DATA 
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Table B 1. Slowly-varying pres sure head P, /-y(ft), tabulated as a function of time t and wave height H; time 
of a rrival of wave of recession te(sec)

7 
tabu-lated as a function of wave height; for selected experiments. 

d= I. ZS ft., 1 s: O. ZS h., x = 0. 148 ft. d. 1. 25 f t. . ,., o.z5 ft., x :O.Z1 0 fl. d~ I. ZS !t. 1:rO. ZS !1. xz O. Z70 ft. 

H(h) . 304 • )Q) • 370 . 370 H(fl) . 310 . 310 .37-1 . 383 . 371 H(h) . H:S • 4Z7 • 4 6Z . -477 . 307 

1(1rc) t{1e:c ) t(u·c) 

. oz 0 0 0 0 • 02 0 0 0 0 -. 0084 . oz 0 0 0 0 

. 04 . osz . 052 . I lb . Ill . 04 0 0 .34.6 .Z08 . 3630 . 04 . JZJ • Z98 • 310 . 4 53.Q . 180 

. OS . 052 . 052 . 107 . Ill . OS . 112 . t -11 . 121 . 125 . OS . 149 . 149 . 185 . 17S 
• Ob . 048 . osz . 101 . 123 . 06 . OSb . 061 • I OS . 107 • 1180 . 06 . . 136 .IZ7 . tn . 183 . 0573 
. 07 . 048 . 049 • 10? . 138 . 07 . 0·18 • 048 . 105 . 104 . 07 . 155 .145 • 175 . 188 . 057 3 
• 08 . 048 . 056 .123 .1-13 
. 09 .00 . 052 .IB . 112 

. 08 . osz . 05Z . 097 • 113 . 09Z8 
• 09 . 040 • 0.f9 . 105 . 101 

. 08 . 166 .153 • zoz . 114 . S73 

. 09 • 149 • 136 : 181 . 183 
• 10 . 050 • 0£,1 . 124 . 08 
,II • 055 • 061 .125 . 143 

. 10 . 0-10 . on . 097 . t IS . 0885 

. II . 048 . OH • 105 • 117 
. 10 • 157 • 1~9 .112 .,192 . 053Z 

' II . lb9 .157 . Z06 . z 10 
.IZ . 048 . osz .12 0 .14 3 . IZ • 044 • 040 . 105 • 108 . 1220 . IZ .in • 153 • 206 . 201 . 0409 
,IJ . OSI . osz . 130 . 1"8 ,IJ . 040 . 040 . 109 . 120 • 13 • 180 • 170 • z. 18 • zzz 
• 14 . 048 . 052 . 138 .153 • 14 . 037 . 040 . 101 .117 • 12ZO .14 . .IH • 179 • 2 20 . zzz • 0368 
.IS . OJ9 . 052 . 138 . 118 . 15 . OJ8 . 037 . 103 . 108 . 15 . 178 • 168 . zzs • ZZ2 . ,. • 04-l • 061 . 127 .153 
.ti . OJ? • 057 . 130 • 1·15 

• l b . 0·10 . OlS . 108 . IZI • tZZO 
. 17 . 040 . 035 . 117 . 121 

. lb . 192 • 179 • 234 . 237 . 0409 

. 17 • 187 . 178 • Z36 . 240 
• 18 , OH .OH . 131 . 133 . 18 . OZ8 . 036 . 109 .121 • IZZO • 18 • l?S • J78 . 2)4 • Z. 35 • 0552 
. 19 .0·-13 . OH . IH .133 • 19 . 036 . 036 . IZI .1 2 1 • 19 . 18<,I • 178 . 239 . 23! 
• zo . 040 • OJ9 ,14) , Ill • zo . 032 . 034 • 109 . 119 . 1050 . zo • 188 . 178 . 23 I '235 . 0450 
. ZI . 037 • 035 . 12.l . 133 . Z1 . 024 • OlZ . ! OS . 11 9 . ZI • 188 . 176 • ZJZ . 233 
. zz . 033 . OJS • 12. I . 153 • zz . 024 . 032 • 105 .117 , I 180 • zz . 19Z .IH • ZZ9 • ZJS • 0490 
.ZJ . 026 . 026 ' t 19 . 153 . Zl • 020 • OZb . 105 • I JO . Z3 • 187 • 170 .22) . ZZb 
. z; . 019 . 018 . 120 .1-14 . Z4 • 016 . 02.4. . 09) . 108 . 1135 . z; • !SS • 170 , ZZ4 . 2Z6 . 0-\50 
.ZS . 02.1 . 017 .111 . 133 • ZS . 01'1 • 016 , IOI . 106 • ZS • 180 . 170 . 2.24 . ZZ2 
.H . 0 17 . 017 • 104 . 128 • Z6 0 .OH . 097 . 100 . 1010 , Z6 . 17Z • 164 .Z l l • ZZ7 • 04.09 I 
• 27 . 009 .on . 103 • 118 • Z7 0 • 011 • 097 . 097 • Z7 . lb6 .157 . 198 . zoo 
. 28 . 005 . 008 • 0911 • 110 . 28 0 . oos • 095 . 09J . 0925 . Z8 • 165 • 14? . 189 . !9Z • 0409 
. Z9 0 0 . 091 . 105 . Z9 0 0 . 0938 • 091 .0%8 . Z9 . IS7 .14'1 . 18?Z . 19Z 
. JO 0 0 . 090 . 100 
. 31 -. 017 -. 008 .on . 100 

. JO -. 007 - . 00807 . 0938 • 08J . 0952 

. 31 -. 016 - . 0 1612 . 0913 . 07 1 . 0926 
, JO • 1S3 • 145 . 185 • 196 • 0327 
, J I .14 S • HO . 1676 . 179 

. JZ - . 017 -. 01) • 082. . 087 . JZ -. 024 -. OtZ I . 0830 • 075 . 0825 .n • H O • 136 . 1548 .114 • 0286 • 
,) ) •, 022 - . 017 • 017 . 087 . )) -. 028 -. 0 1612 . 08)0 . 075 • 0800 . lJ . 132 .115 . 1460 . 1<.2 
.H - . Oil 0 • 071 .OH 
.JS -. ozz 0 . 06 1 . 082. 
. lb -. 017 . 026 . 051 . 077 
. J7 •. 021 . 048 . OSb . 066 
. J8 0 -. ObS . OSb . 06 1 
.J? - . 061 -. 130 . 051 • 05Z 
• 'lO 0 -. 061 . 046 . 048 
. ;z -. OJS -. OZ67 . OZ6 . OJS 
.H - .OZ4 - . oz 10 0 . 011 ... -. 024 -. 0174 - . 05 1 -. 026 

"" -. 008 -. 0131 - . 051 -. 031 
. so ~ ~ -. 051 - . 0·14 

. " 0 . 044 

.54 -. 051 - . 102 

.SS -. 032 - . OJO 

. Sb lo?:"sb . 008 

.H -. 028 -. 01612 . 07-45 . 063 . 0785 

.JS -. oz8 - . OZ4 . 072 • 050 

. lb -. 028 - . OZ6 . 05Z . 050 . 0546 

. J7 - . 012 0 • 040 . 048 . 

. 38 0 0 • C45 . 04 l . 042.1 

. J9 0 • 00807 . OSZJ . 038 • osos 

.<O -. 07 18 -. OZ4Z . 0415 . OZ ! • 0421 

.<Z -. 0557 - . 061 . 0166 • ozo . 0378 ... - . 063'1 - . 0565 . 01?2 . OtS . 016'1 

.<6 -. 0718 - . on5 0 0 . 0084 

.48 -. 07 18 -.ons 0 - . 016 0 

. so -. 0319 -. 04 04 . 0!66 . 016 . Olb9 
• sz -. OZ79 le=. )2 . 0332 • 067 . 0757 
.54 tc =. :>'4 -. 105 -. 08J 
. 55 - . 07Z - . 050 •. 042 I 
.Sb -. 0664 - . ObZ -. 09Z6 

.H • 123 • 115 . 15.(8 . 170 • 0123 
, JS • 128 • 106 . HZ • 153 
. 36 . 123 . 102 • 138 • l~S . 0245 
. l7 • 106 • IOZ . IZI .131 
• J8 . 09< • 093 . 112 . 131 • 0492 
• 39 • 098 • 0935 . 120-4 • 126 
.<O . 08S. . OSSO . 1032 , l 18 -. l) 10 
.42 . 081 • 0680 . 1032 .096 • -. 074.5 ... . 077 . 0680 • 0'l03 . 096 -. 0204 
.46 . OS6 . 0595 . 0860 • 083 -. 0370 
.<8 . 042 • 0362 • 0731 . 083 -. Ol ·1S 
• so • OZI • 0323 • 07) I . 079 te=:'~ 
• sz . 017 . 0170 . 0258 0 
• S< 0 . 0298 -. OZI S . 01) 
.55 • 008 0 - . Olt -. 017 
• S6 . ozs • 0850 -. OZ IS -. 017 

. S8 . ooz 
. 60 ~9 

. S8 -. 0747 - . OS-4 •. 0884 
• bO -. 041 - . 054 -. 0506 
. bZ -. 005 - .OH 

"64 ~ -. 016 
. 6S -. 012 ~ 
. 6b -. 005 
. 68 l e 1;.07 

. S8 • !OZ . 12.Z? . 1301 . 035 

. 60 -. 170 - .1 11 . HS . IZZ 
, 6Z -. !OZ - . ! OZ 0 .114 
• b4 -. 076 - . 068 - . 15S -. 262 
• bS -. 068 -. 059 -. 138 -.0% 
• bb -. OSI - . 042 - . 086 -. 084 
. b8 -. 0-12. -. 008 -. 064 - . 06Z 
. 70 ~ te=. 70 • . 0"'3 - . 038 
. 72 -. 030 
• 75 te =. 73 -. 017 t e,.. . 75 
• 80 ~1 

VJ 
-J 
00 
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ll : 1. 25 ft. 

Jl (lt) .JM . )Oft 

-
l( ••"r} 

. 21 

. ll 0 

.21 . -12& 0 

. 2• .l b! • 1?4 

.ZS .1 12 , IZ9 

. !& . 0878 . 087 

. l7 . 068l • 069 

. 2• . 0545 • 055 

. 29 . 0487 '0433 

. JO . 04)? • 0368 

. ll . 0248 • OJS9 

. 12 . 018] . 0221 

. )] • 0137 . 01)8 

.H ' 01]7 . 009! 

. JS 0 0 

. l b 0 0 
• ]7 0 0 

\ L . JS 0 0 
. 19 . 0092 0 
. <O . 0041 0 
. ., -. 069 0-162 
.H - . 02) - . 03Zl 
. <6 - . 037 -. 0 18-1 ... - . 09l - . 0830 
. 50 - . 0-11 -. 0368 
.S2 - . 06-1 -. 0783 

. " -.on 0783 
.SS - . 00? 064 
. Sb - . 064 -. 066 '1 
. SS - . 0 92 - . 09b7 
. 60 109 -. 110 
.62 -. 078 -. 092 
. 6< - ;092 -. 106 
. 65 - . t 10 - . 115 
. 66 • 09Z -. 092 
. 68 -. 082 -. 09'2 
. 70 - . 100 -. 110 

. " - . 083 -. 083 

. 7 S - . O?O • . 0?9 

. 80 - .075 - . 099 

. as - . 080 •. 097 

. 90 -. 080 - . 097 
• qs -. 080 •• 090 

I. 00 -. 060 •• 060 
I. 05 - . 025 • . 030 
I. 10 i7?T.' 08 r;;-;T." 01 
I.IS 
1. lO 

Table Bl for P 1 /-y (ft) and t (sec). 
e 

II: o.zs h., ll,.. 2 .0ZO ft, d ,.. 1. ZS ft, •• ,.. 0. 2 5 ft. I )( ,.. z. 020 !I . 

. lS7 • 3S7 H(lt) ,4 1)' .1 !'3 • ~ c. I .. •u 

1(iicc) 

0 0 
. 3-IZ . Z?-1 
. 279 . -IOZ 
.21-l . Z·IS 
. li9 .1% 
. \(,20 .1 72: 
. 1-160 .1-17 
. 12&9 . 128 
. ! 170 . 13')0 
.1 11 1 . 1! 75 
, IObO . 1095 
• !OftO . 1076 
.09 15 . 0970 
. 08 18 . 0930 
. 087 . 088 
. 082 . 078 
. 079 • 078 
• 077 . 074 
. 0626 . 0685 
. 0626 . Ob36 
. 0 -IRZ . OS87 
. 0434 .04-11 
. 0337 . 0245 
. 0308 . 0-170 
. 0-04 . 0392 
. 0337 . 0-141 
-. 0723 0587 
-. 106 - . 078 
-. 1060 - . 065b 
- . 0578 -. 039Z 
-. 097 -. 082 
- .1·14 -. 123 
• . 087 -. 098 
- . 073 -. 068 
·.0% -. 098 
-. 121 -. 118 
- . 088 •. 08! 
- . 092 - . 102 
• , 0?7 ., 102 
-. 097 -.It! 
-. 097 - . 097 
-. 102 - . 097 
-. 107 -. 097 
- . 097 - . 087 
-. 078 -. 077 
•, 058 -. 0'18 

0 0 
t;71.ls ~5 

. 19 0 0 

. 20 0 0 • 77S . 097 

.! I . 7 !2 • 920 . 557 .ns 

. !2 . 405 .1% . 381 ."45 

. Zl . 305 . 309 • l 19 . 36! 

.Z< . 261 . ZS6 . 275 . 30-l 

. ZS • 237 . 217 .251 . 2i5 

. Z6 . 217 . 2 12 • 2-12 . 267 

. " . 198 . 193 . 237 • Z36 

. ZS . 189 . 187 . 227 • 2.32 

. !9 . 183 . 1840 . ZIJ . 2l6 

. JO . 183 .!Hl . 203 • 208 

. JI . 1645 . 16-1.5 . 203 • 198 

. JZ • 1645 • 1530 • 198 • 198 

.31 , 15b0 . t<t?O • 198 • 1885 

.H . 15 10 . t.n • 179 • 1935 

. JS • 135 • H O . 169 . 18 3 

. ]6 . 135 .135 . 16'1 . 169 

. 37 . IZS . 125 . 17'1 • t6<t 

.38 . 125 . 116 . 160 . IS? 

. 19 , !BS , IZb . 16-1.S . 1597 

.AO . ! 132 . I 130 . 1540 . IS50 

. <Z . IZOO • 1015 . \35-t . HBO 

.H . 1035 . 0910 . llS<t . 1296 

. 46 . 0929 . 087 . 1298 . I IZO 

. 48 • 0813 . 0842 . 1-162 • 1160 

. so . 0706 . 0638 . 0872 • 0950 

. sz . 0619 . 0435 - .0097 -. 0242 
• S4 -. 0300 - . 0290 - . 0194 -. OZ90 
• SS ·· OZ? - . 039 0 0 
• 56 -. 019"4 - . OHS . 0])9 • 0406 
• S8 . 0600 • 0532 • 0387 . 048-1 
. 60 - . 11 6 •. 0?6 . 024 . 009 
. 6Z -. 11 6 -. 164 0 . 039 
. 64 •. 019 0 - . 154 -. 097 
. 6S -. 000 -. 020 -. 173 -. 183 
. 66 - . 106 - . 097 - .!'IS -. 194 
. 68 -. 174 - . 193 0 0 
. 70 -. 029 -. 077 -. I l b -. 067 

. " - . 065 -. 095 · .O?Z 

.75 - . 082 ·.Ill - . 067 -. 0 "48 

. 80 •. 101 -. 106 - . 067 -. 082 

.as - . 105 -. 087 -. 082 -. 096 

. 90 -. IOI -. 077 · .0% -. 10 1 

. 9; - . 10 I -. 077 -. 106 •• 1 16 
t. 00 •. 09'1 - . 077 -. 106 -.Ill 
t. OS -. 086 - . 077 -. 096 - . 106 
I. 10 - . 072 •• 061 - . 082. -. 087 
1.15 · .OH - . 039 • · OS8 -. 0-1.8 
I. 20 te7ne tc7-r.20 i'C'*T. zo ~20 

VJ 
00 
0 



\ 

T able B 1 for P 1 /'{(ft) and te (sec) . 
.---~~~~~~~~~~~~~~~-----. 

H(h) 

t (1ec) 

.H 

.!7 
• !8 

·" .u 
.3 1 
.32 

" . H 
. J S 
.36 
. l7 
. 38 
. 39 ... 
. '2 
. H 
.<6 
.<S 
.H 
.sz 
.M 
.5S 
. H 
.~ 
. H 
.u 
.u 
. 6S 
. 66 
. 68 
• 70 
• 72 
. 75 
.~ 
• SS 
.H 
. 95 

· ·~ l.H 
I. 10 
I. IS 
t. zo 
I. ZS 
l.U 
1.)5 

• !93 

0 
• 183 
. 17'1 
• 11) 

. 172 
'061 
• o.-1 s 
. Oll 
. 026 
. 013 
• 017 
,OIH 
.OIH 
- . 0392 
- . 0087 

0 
- .·074 
-. oz 15 
- . 0<135 
•. 078J 
- . 061 
- . 0435 
-. 0653 
- . 087 
- . 070 
•. 096 
-, IZJ 
-. 109 
-. 074 
-. 091 
- . 087 
-. 087 
-.OH 
- . 078 
-. 083 
- . 087 
- . 087 
-. OBJ 
-.OH 
- . 06S 
-. 035 
~ZS 

d "' 1. ZS rt. I • 0. 25 h. x = 2. so !t. 

. 293 . 356 . 36 1 

0 0 
. '41l . 250 

0 . 346 . 3'46 
. 200 ' 230 . 21 4 
. 190 • 175 • 1&10 
. 1 114 . ISZ • 15Z 
. OH • 129 . 1240 
. 060 .115 .1135 
. 0435 . 102 . 1050 
• 022 • 093 • 09Z 
. 0 13 . 083 . 078 
, 011 . 018 .OH 
. 013 .OH .OH 
.OIH . 076 . 0647 
• 0131 . 065 . 0641 
- . OHS . 0416 . 0-162 
. 0087 . 0-IZ . 0416 

0 .OH . OZ77 
- . 0697 . 018 . 02305 
-. 04 36 . 037 . 0406 
- . 0348 . 0-12. . 0.015 
-. 087(1 - . 055 -. 0876 
-. 06 1 -. 069 -. t OZ 
- . 0653 - . 065 - . 0 832 
- . 06 97 - . 046 -. 0 507 
- .OH •• 083 -. 102 
-. 06 1 - . !OZ - . 125 
- . 087 - . 0 83 -. 078 
-. OS3 -. 074 -. 078 
-. 070 - . 014 -. 083 
-. 048 - . 102 -.1'1 5 
-. 078 -. 088 -. 088 
-. 057 -. 083 - . 088 
-. 01-1 -.09Z -. 097 
- . 079 - . 097 - . 097 
-. 077 -. !OZ -. 106 
-. 079 -. 106 - .Ill 
- . 070 •, I 10 - . 114 
-. 070 - . 110 -. 125 
-. 070 - . 110 -.I ZS 
- . 06-1 -. 11 0 -. IZO 
- . 0'4 -C -. 10Z - . 116 
-. 02 I - . 092 -.111 
te=T.'24 -. 06S -. 09Z 

- . OZ8 -. 030 
i'C'7T. 33 tc=T.33 

d :: I. 25 !t. 

Hilt) • <(1~ • 416 

t(sec) 

.2< 
• ZS 0 0 
. 26 t. 06 • 971 
. 27 . 378 . 369 
. 28 . 284 . 28 1 
• 29 . zzs . 197 5 
• JO . 215 • 22<1 
.JI • 1845 . l9Z 
. 32 . lb60 . 181 
• 33 . !615 . 1615 
• 34 . 1467 . 1524 
.JS . 138 • 138 
• 36 . 133 . IZ9 
. 37 . 12.0 • 129 
. 38 .115 . 120 
• 39 . 1144 . lJ 10 
.<O . 1070 • 1200 
.42 . 0945 • 1014 ... '1015 . 1082 
.<6 . 0823 . 0980 
.<S .ono • 0739 
.so '0628 • 0651 
. sz • 0314 • 0554 

. " - . 0462 -. 0271 
•SS - . 0-1 6 -. OS6 
• S6 -. 032:2 -. 0296 
• SS • · 05Z7 • 0618 
. 60 -. 092 -. 079 
• 62 -. 189 -. 194 
. 64 0 0 
• 6S . 040 • OS6 
. 66 -. 046 0 
• 68 -. 185 -. 208 
. 70 - . OSJ - . 046 
.n -. 0<"6 -. 023 
. 7S -. 138 -. Ot S 
• 80 -. I l l -. OIZ 
• SS •. 092 - . 088 
• 90 -. 08) -. 08) 
. ?S -. 092: -. 08) 

I. 00 -. 092 -. 09Z 
1. 05 -. 102 -. 106 
l. 10 - . 106 -. 106 
l.!5 -. 106 -, IZO 
I. zo -. 102 - . 102 
t.lS - . 01.; -. 09l 
1. 30 -. 04 1 - . 051 
1. 35 ~33 -. 005 
I. -10 tc =I . 36 

•• 0. 25 !t. x • z. 50 h . 

. 4 61 • 462 

0 0 
• J 29 • 6S2 
. 6S6 • 616 
. H .5 . 389 
. 329 • 328 
. 301 • 298 
. zss . 263 
• 25Zl • 252 
• 237 • Zl7 
. 217 . 212 
. 207 • 202 
. 182 • 197 
. 19Z • 187 
. 187 . 182 
. 171 . 177 
• 1718 • t6Z 
. 17!8 • 158 
, IH1 . 157 
.14 1"4 . 143 
• 1363 • 137 
. 1212 • 1 16 
• t l 10 • I OI 
• 0101 0 
. 0606 -. 051 
-.on 0 
- . 0202 • • OZJ 
• 0465 -. 029 
. 025 - . 032 
. 025 . 025 
- . 10 1 - . 126 

-. zzs 
-. 202 -. tSZ 

0 . 040 
- . 05 1 -. 101 
-. 197 -. 192 
- . 045 0 •· 
-. ! Ot -. 076 
- . 101 -. 10t 
- . I 16 - .Ill 
-. 116 - . IZ I 
- . l Z I -. 121 
-. 121 -. 106 
-. 132 -.11 1 
-. lZ I -. IOZ 
-. Il l -. 102 
-.ti t - . 086 
-. 06S - . 051 
-. ozo ~3S 
rc-=r.37 

VJ 
00 
...... 
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Table Bl for P 1 /y(ft) and te (sec). 

ds I. ZS ft., 1 s 0. ZS It., x s O. 1"8 Ct. ds 1,25 ft,. a•0.25 ft. , Jti•0.?70 ft. 

H(ft) . )04 . 303 . 370 '370 Hilt) . 310 . 310 . J74 • 38) • 3i'7 

l(u:c ) t(•ec) 

. 02 0 0 0 0 • oz 0 0 0 0 -. 0084 
• O< • 052 . osz . 116 • 1)3 . O< 0 0 • 346 . Z08 . 3630 
. 05 . osz . osz . 107 . 123 . 05 • 1 12 .141 . 121 .125 
. Ob • O-l8 . osz . 107 . IZl • 06 • 056 . 061 . 105 . 107 . 1180 
. 07 . 048 . 0-l9 • 10? . 138 • 07 . 048 . 048 '! 05 . t04 

. • 08 . o-.s , OS 6 '123 .143 • 08 . 05Z . 052 . 097 , I 13 .O?Z8 
. 09 • 0-18 • 052 . 12.3 . I IZ . O? . 0-10 .OH • 105 '101 
. 10 . oso . 061 . ll1 . 138 • 10 . Q.10 . 0 43 • 0?7 . 115 . 0885 
.II . oss . 06 1 .125 .IH .II . 0<8 . 0-t t . 105 .117 
. 12 . 018 .osz . 120 .1-&3 • 12 .OH . 040 • 105 • 108 . IZZO 
• I) • OS I . osz . 130 .118 .I) . 040 • 040 . 109 . 120 

·" • O-t8 . osz . 138 . ISJ • t< . 037 . 040 . 101 .117 • 1220 
.15 • 039 . osz • 138 . H S .15 . 038 . 037 . 103 '108 
.16 .OH . 061 . 127 .ISJ . 16 . 040 . 035 . 108 '12 1 • IZZO 
• 17 • 0}9 .057 . 1}0 ,1'4S . 17 . 040 . 035 • t 17 .1 21 
• 1& .OH .OH • 131 . 133 . 18 . OZ8 . 034 . 109 . 12 1 • l 2ZO 
• 19 .OH . O•Cl . 134 . 133 • 19 • 036 . 036 • 121 .IZ.t 
• 20 . 0"0 . 039 .t-43 . 133 .20 . 032 .OH • 10 9 . I 19 • 1050 

\ .21 .on . 035 . Ill . 13 3 . 21 . 024 . 032 . 105 . 119 
. 22 • 033 . on . 12 I .153 . 22 . 024 • 032. '105 . 117 . 1180 
.2) . 026 . 026 • J !9 . 153 .23 . 020 . 026 . 105 . 110 
.H . 019 . 018 • 120 • 14-4 .2 < . 016 '024 . 093 . 108 .1135 
.H . 02 1 .017 .Il l . 133 . Z5 • 014 . 016 '101 '104 
. 26 • 017 . 017 . 104 . 128 .26 0 . 01'1 • 097 . 100 . 1010 
• 27 • 009 . 013 . 103 , I 18 . 27 0 , 01 I • 097 • 097 . 
. 2& • 005 • 008 . 09< • 110 . 28 0 . 005 . 095 . 093 . 0925 
.29 0 0 . 091 . !OS .Z? 0 0 . 0938 • 091 • 0968 
. JO 0 0 . 090 • 100 • 30 - . 007 - . 00807 . 0938 • 083 • 0952 
. 31 - . 017 -. ooa . 092 • 100 • 3 1 - , 016 -. 01612 . 0913 • 07 t • 0926 
• )2 - . 017 -. 0 1) . 082 • 087 • 32 -. 02'1 -. 0121 • 0830 . 075 . 082S 
• 33 - . 022 -. 017 . 077 • 087 . )) - . 028 - . 01612 . 0830 • 075 . 0800 
.H • , 0 I) 0 • 077 . 074 .H -. 028 - . 01612 . 0745 . 063 . 0785 
.JS • · OZl 0 . Old . 082 • 3 S - . 028 ·· OH .on . 050 
. 36 - . 017 . ozti • OSI • 07i . 36 -. 028 -. OZ6 . 052 . 050 . 05<6 
. 37 • , 021 . 0-tS . OS6 • 066 • 37 -. 012 0 • O•IO . O·rn 
. J& 0 - . 06S • 056 . 061 . 38 0 0 • o.;.5 • 04 t • 0421 

• 39 - . 061 -. 1)0 . OSt . osz . 39 0 . 00807 . 0523 .·038 • osos 
.<O 0 -. 061 . O·H> . 048 

• <Z - . OlS -. 0267 . 026 . 035 
.< O - . 0718 •, Oz.42 . 0 415 • 021 • 0 421 

. " -. 0557 -. ci6 1 • 0166 . ozo • 0378 
. H -. 026 -. oz 10 0 . 017 .H - . 0639 -. OS65 • 0192 ' 015 . 0169 
.<6 -. OZ6 -. 017'1 •,OS I - . OZ6 ... - . 008 -. 0ll1 -. OSI -. 031 

.<6 -. 0 718 - . 0725 0 0 • 0084 

.<8 - . 07 18 • · 072.5 0 -, 016 0 
. so ~ ~ - . 05 1 -. OH 
. Sl 0 .OH 
.s• •,OSI -. IOZ 

. so - . 0319 -. 0404 . 0166 • 016 . 0169 
• sz - . 0279 te =. :i2 • 0332 . 067 '0757 
.s< te7:)4 - . 105 - . 083 

.SS -. 032 -. OlO .SS -. 072 - . 050 - . 0'421 

. S6 re-::-s6 • 008 

. 5& . ooz 
.60 ~9 

. • S6 -. 066< -. 062 -. 0926 
• S8 - , OH7 -. 054 -. 088<1 
• 60 -. 04 l -. 054 -. 0506 
• 6Z -. 005 - , 04Z 

.. 64 te =, t>J - . 016 
. 65 -. 012 ~ 
. 66 -. 005 
• 6S te ::.o7 

ds I. 25 Ct, 

H(!!) .HS 

t(sec) 

• oz 0 
• O< • .)23 
• 05 • H9 
• 06 . 136 
• 07 .15S 
• 08 • 161> 
. 09 • 149 
• 10 .IS7 
. I I • 169 
• 12 . 172 
.13 • 180 
.lol. .IH 
,15 • 178 
• 16 • t9Z. 
. 17 • 187 
• 18 • 195 
. 19 • 189 
.zo • 188 
• ZI • 188 
• 22 • l9Z 
.23 • 187 
.2• • !SS 
.ZS • 180 
.26 • 17Z 
. 27 • 166 
.28 • 16S 
. Z? • 157 
. 30 • IS) 
. 3 1 .145 
. 32 • 140 . )) . IJZ 
. 34 . Ill 
• 35 • IZ.8 
. )6 'Ill 
. 37 • 106 
• 38 • 094 
• 39 • 098 
• • o • 085. 

. " • 081 ... • 077 
.<6 • 056 
• <8 • 042 
"50 .oz t 
• sz • 0 17 
. 5' 0 
.SS • 0 08 
. 56 .025 
. 58 • 102 
. 60 •, 170 
. 62 •, \OZ 
. 6< -. 076 
• 6S -. 068 
• 66 -. 051 
• 68 -. 042 
. 70 ~ .n 
.75 le a. 73 
• 80 

a•O. ZS Ct. x•O. 270 ft. 

• -127 '46Z • 477 

0 0 0 
• 2 98 • 310 • 4530 
. 1 .. 9 • 185 , t7 S 
, IZ7 • 172 . 183 
. 145 • 175 . 188 
. 153 • 202 ,IH 
• 1)6 .'!SI • 183 
• 149 • 172 • 192 
• IS7 • Z06 . z 10 
.15) • 206 . Z.05 
. 170 • 2 18 .2Z.2 
. 179 . 220 • 22Z. 
• 168 . 228 . zzz 
• 178 .ZH • Z.37 
• 178 .Zl6 . 1.4 0 
• 178 .Z.H • Z.35 
• t78 • Z39 . 231 
• 178 .z.31 • 23S 
. 176 • 232 .ZH 
.tH . zzq ,2.35 
• 170 • 223 .Z.H 
• 170 .ZH • Z.26 
. 170 .Z.z.t . Z.22 
• 16'4 • 2 I I . 2i1 
• I S7 . 198 . zoo 
• l-49 • t89 . 19l. 
. 149 .t89Z . 19l 
. HS • 185 . 196 
• I.CO • 1676 . 179 
• 136 • 1548 .IH 
.ttS • 1460 • 162 
• ttS • 1!>'48 • 170 
• 106 .HZ • 151 
• ! OZ • 138 • 1'48 
• 102 .lZ.1 ' 1) 1 
• 093 • 1 12 . 131 
.09lS • 1204 . 126 
• 0850 • 1032 • 118 
• 0680 • IOlZ .096 
• 0680 • 0903 • 096 
• 0595 . 0860 . 08) 
• 036Z , 073 I . 081 
. 0323 • 0731 • 079 
. 0170 • 0258 0 
• 0298 -. OZ IS • Oil 

0 - . 031 •• 0 17 
• 0850 -. 0215 -. 017 
• IZZZ • !301 . 035 
- .Ill . 345 . 122 
•• IOZ 0 .11'4 
-. 068 -. !SS -. Z6Z 
- . OS? -. 138 -. 096 
-. o .. z -. 086 -. 08'4 
-. 008 -. 064. -. 06Z 

t;;":7o . - . 041 ~ 
-. 030 
• • 017 te •. 7S 
~1 

• 307 

• 180 

. OS73 
• 057) 
'573 

• 053Z 

. 0409 

.0368 

. 0409 

. 055Z. 

• 0450 

'0490 

• 0-450 

• 0409 

• 0409 

. 0327 

• OZ.86 

.0123 

• 0245 

, 04C?Z 

• · ll l O 
• -. 07'4S 
-. 020" 
-. 0370 
-. 02'4S 
r;=.;n-

v.> 
00 
H:>. 
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Table Bl for P 1 /-y (ft) and t (sec) . e 
d I: o. 64 Ct, o • 31: 0, 128 ft, I l( S Z, szo ft. d = 0, 64 Ct . • s 0. IZ8 ft. x • 4 , S25 ft • 

H(fl) • 153 • 194 . 235 . 281 H (fl) • 254 • Z5Z • Z95 • 294 ,____ 
t( • ec) 

t(1 ec) 

. )0 0 .S• 0 0 

. ll 0 . 056 . SS • 0096 . 0479 

,)Z • 0186 . 1055 . S6 . 070 . 105 

. ) J 0 . JZ8 . S8 . 107 . 108 

• )4 .037? . Z380 . 60 0 . 054) '0512 

• )S • Z64 . 204 . 6Z 0 , OZ9 . 03Z • 027 

. 3 6 0 • 1860 • 1765 . 64 . 038 • Doi I . ozz • 019 

. )7 • 0 15 • 1'49 . 151 • 6S . Ot9l • 019Z . 012.8 0 

• 38 • 1)00 • 1210 • 1425 • 66 • 0 19 . 009 0 -. 0 12 

• 39 . 099 • 105 . 139 . 68 0 0 - . 019 •• 0 t3 

• 4 0 • 0960 • 0900 . 1300 .70 0 -. 0160 -. 0096 •, 006<1 

• < Z . 0 12.'I . 06ZO . 1 175 .n 0 - . 019 -. 016 -.016 ... 0 . 03'11 . 0745 . 0990 . 75 -. 0159 -. 0319 -. 0096 - .006-t 

,46 0 . 006Z . 03 10 . 0960 . 80 -. 0064 -. 0255 - . 0096 0 

.48 -. 0 122 -. 0 105 . 0031 .0%0 . 85 -. 0065 - . OZZ4 -. 0128 - . 006-t 

. 50 - . 0 18) 0 • 0248 '-. 0434 
. 90 - . 0 095 -. 03 19 -. 0191 - . 0095 

• 5Z •. 0183 - . 0248 - . 0031 - . 0240 . 95 - . 0 128 -. 0319 -. OZZ <t • , 0160 

• 54 •, 0 18 -. 0 18 0 0 
. l. 00 -. 0191 -. 0383 -. 0256 - . 019 1 

\ I • 55 - .018 - . 027 0 -. 025 1. 05 - . 023 -. 038 -. 029 - . 0 25 

• 56 -. oz t - . 027 -. 031 0 1. 10 -. 02?4 -. ons - .031.9 -. 0287 

• 58 ·· OZ I -. on -. 012 0 1.IS -. 025 -. 039 -. 035 •• 0 28 

• 60 -. 01 83 - . 0248 -. 0279 -. 0150 l. 20 -. ozss - . 03 83 -. 0383 -. 0287 

. 6Z -. 018 - . 03 1 - . OH - .007 I. ZS -. 025 -. 041 - . 038 -. 035 

,64 -. 02 I -. 03 1 -. 031 -. 012 I. 30 - . 0 271 -. 0383 -. 0415 -. 0383 

. 65 -. OZ 14 - .037? - . 0)10 -. 0060 I. 35 -. 027 -. 035 - . 0-4) - . 038 

• 66 -. 02" :.. 036 -. 033 
I. "40 -. 0275 -. 03 19 -. 0'447 - . 0383 

I 
l;.l 

• 68 -. 024 -. 03 9 -. 031 -. 01 7 
1. so -. 019 1 - . 0319 - . 0383 - . Ol 19 00 

. 70 - . 0244 -. 0435 -.OHi -. 0120 I. 60 tt7Dz te=r:-;9 -. OZ56 -. 0160 

.n - .031 - . 043 -. 037 - . 031 te=T:"C7 iC""'C'T.'b4 
O' 

. 75 - . 0 30 5 - . 0435 -. °'403 -. 0360 

• 80 - . 0305 - . 0495 - . 0557 - . 0240 

• 85 -. 0336 -. 0537 •• 0"496 -. 01 50 

• 9 0 -. 0336 -. 05 57 -. 0<65 - . 0090 
• 95 -. 0306 -. 0620 -. 0496 ~ 

l. 00 -. 033 6 - . 0620 • , 0589 
I. 05 - . 055 - . 059 -. 058 
I. 10 -.OZH -. 068Z -. 06ZO 
1.15 -. 039 - . 0 7 1 -. 061 
t. zo -. 0305 -. 0114 - . 0683 
I.ZS - . 0 18 . , 068 -. 068 
J. )0 re;no -. 0605 - . 06ZO 
I. 35 -.056 - . 047 
t. '40 -. 0 279 - . 0217 

t. 50 ~5 !"C'7"ns 



. 
~ 

u 
Q) 
Cl) 

1-1 
0 

'H 

:: 
~ 
N 
~ .. 
:: 
2 
0 

-0 
0 

-N 
N 

:: 
2 
0 

.:: 
0 
0 

~ 
~ 

~ 
~ 

0 

.. 
~ 
N 
N 

0 

N 

~ 

0 

~ 
0 

;;. 
x 

~ 

~ 

~ 

0 

0 

. 
m 

~ 

"' 
~ 

"' 

~ 

387 

~T~~m~~NO~•~-~~-~ 
~o~~~m~~~~~Tv~~o~WN~~ o - -NNMn~~ v v•vvnn 

on~~no~~~c~mmm~~~MNN-000000000000000000 • 

~~~~~~o~~~~~~~~~~~~~~ ; ;;; ;; ; ;;;;; ;; ; ; ! 

~ aNv~moNv~mo~o~o~o~o~o~o~o~o~o~o~o~o~o~o~o 
vvvvv~~~~~~~~~m~~~oo-- NNMnvv~~~~ ~~ mm~~oo-

~ 

' ....................................... . ------ -- ------------NNN 
-

nn-m~mnnn~NNMn ~ NOOn ~v ·~ ~~O~MNNVM~~n- - ~~~~@ 
o~mvnv~~~=~onv~~mn--NNN---~-~OmNm-Nmovo-oo o" 

~~ ~~~~ ~~~~~~~~~~~~~~~~~~~ ~ ~~~~~~~~~ ~~ ;;; ;~ 

-
~m~ N ~N~~ ~~ ~ v mon~nv-mm-T~~ ~ nnv~vn-on ~ ~ ~~~~~ 

OvN~~~~~mo-Nnv~m ~-nnnnnN-- - omo~nm-vm-~oooooN 

~~~~~~ ~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ ;;;;! 

~ 

~m~nnv-=~~~Nv~ -~N~~~~~~ ~ vvo - ~~~~•~=o~~~~~@ 
O~•NN - ~~·~~~ ~~~- ~~~~~~~~~~~TO~~~~~ - ~NOOOOO tt 

~~~ ~ ~~~~~~~~~ ~ ~~~~~~~~~~~~~~~~~~~~~~;;;;;! 

N 

N -~~o~~ ~ ~~~~~-N~~-·~·T~~~o~~N~~o=~~~~~~~~~ 
0~T ~~~~·~ ~~~~ ~-N TT~~~~~~ ~~~~~~~~~~-~~00 000H 

~~~~~~~~ ~ ~~ ~~~~~~~~~~~~~~~ ~ ~~~ ~~~~~~ ;; ; ; ;! 

. ... . . . . .. ... . . ... . • . • . . .. .. .... .. ... . . . --



H(fl) . 326 
-

t_!!iCC ) 

•. 80 
•. 75 0 
• . 70 . Oil 
• . 65 . 019 
• . 60 . 028 
-. 55 . 033 
• . 50 . 0;9 
• . 45 . 070 
-. 40 . 089 
•. 35 . 117 
·. JO .1 4·\ 
•. 25 . 170 

20 . •?? 
15 . 199 
10 . 220 
OS . 220 
0 . 220 

. 05 . 220 

. 10 . 220 

. 15 . 220 

. 20 . 199 

. 25 . 182 

. 30 . 126 

. 35 . 075 

. 40 . 067 

. -15 . Ol l 

. 50 . 052 

. 55 . 050 

. 60 . 033 

. 65 . 037 

. 70 . 033 

. 75 . 033 

. 80 . 02-t 

. 85 . 015 

. 90 . 0 l ·I 

. 95 . OH 
I. 00 . 013 
I. 05 . 010 
I. 10 0 

Table B 1 for P 1 /y (ft) 
(concluded) 

d:: 0. 768 !t, ti=. 000 ft, x:: 3. ozs ft. 

. 122 . 240 . 233 . 125 H(ft) . 3l6 

t (sl.'C) 

0 •. 90 
0 0 0 . 011 •. 85 0 

. 010 . 010 . 014 . 015 ·.so . 005 

. 019 . Otl . 0 15 . 0 19 • . 75 . 005 

. 020 . 022 . 0 19 . 021 •. 70 . 005 

. 028 . 028 . 033 . 028 •. 65 . 009 

. 047 . 0·11 . 037 . 037 •. 60 . 011 

. 06S . 056 . osz . 039 •, 55 . 017 

. 07S . 067 . 070 . OS6 •, so . 023 

. t It . 088 . 089 . OS7 •. 4S . 029 

. 1·10 . 107 . 107 069 •. ·1 0 . 034 

. 169 . 126 . 126 . 075 •. 35 . 060 

. 196 . ! 41 . t-15 . 089 •. 30 . 080 

. 209 . IS9 . 16-1 . 09·1 ·.ZS . 083 

. 2 t S . 163 . 168 . 0?? • . 20 . IOS 

. 2 IS . 168 . 170 103 •. 15 . 11] 

. 209 . 170 . 170 . 107 • . 10 . 120 

. zos . 170 . 17 0 . 107 • , 05 . I 37 

. 196 . !70 . 170 . t07 0 . 1·10 

. 22·1 . 159 . 16-l . 10 I ·. 05 . I·!~ 

. 1?6 . 150 . 156 . 094 . 10 . 166 

. 178 . 13 I . t-15 090 . 15 . 169 

. I ] I . !OJ . t !1 . 078 .20 . 17 1 

. 078 . 078 . 107 . 072 . 25 . 17-1 

. 07S . 065 . 070 . 060 . JO . 172 

. 037 . 0·19 . OSI . 052 . 35 • 172 

. 0·17 . 0·17 . 051 . 04 1 .40 . 172 

. 039 . 037 . 033 . 037 .4 5 . 171 

. 034 . 029 . 033 . 037 .50 . 17 1 

. 037 . 028 . 033 . 026 . 55 . 171 

. 032 . 028 . 024 . 60 . 160 

. 023 . 028 . 0 19 . 65 . 157 

. 023 . 019 . 019 . 70 . 140 

. 0 19 . 013 . 019 

. 019 .()10 . 0 15 
. 75 . 132 
. 80 . 126 

. 01} . 010 . 010 . 85 . 115 
0 0 . 010 . 90 . 114 

0 . 95 . 110 
I. 00 . 100 
I. 05 . 090 
I. 10 . 086 
I. 15 . 086 
I. 20 . 086 
I. 25 . 086 
I. JO . 084 
I. 35 . 080 
I. 40 . 077 
I. •15 . 077 
I. 50 . . 074 
I. 55 . 074 

I. 60 

d=0.768ft, s=O.OOO!t, x=4.900ft. 

. 322 . 240 . Zll 

. 017 . 006 

. 023 . 006 

. 023 . 006 

. 014 . 011 

. 014 0 . 01 1 

. 017 . 009 '014 

. 021 . 009 . 01-l 

. 029 . 011 . 020 

. OJ I . 017 . 026 

. 034 . 023 . 029 

. 046 . 029 . OJ I 

. OS7 . 031 . OJS 

. OS7 . OS I . OS4 

. 07·1 . OS7 . OS7 

. 089 . 071 . 072 

.111 . 086 . 086 

. 117 . 095 . 092 

. 137 . 111 , Ill 

. 14] . tH .11 -1 

. 15 1 . 122 . 123 

. 157 . 134 . 133 

. 172 . 140 .-140 

. 172 . H 3 . HJ 

. 172 . 1'13 . 14] 

. 172 . ,,13 . 14] 

.1 72 . 143 . 14 3 

. 172 . 143 . 14 0 

. 168 . 140 . 140 

. 168 . 137 . 137 

. 160 . 123 . 126 

. 143 . 120 . 120 

. 143 . 114 . 103 

. 138 . 114 . 109 

. 120 . IOS . 097 

. 117 . 095 .on 

. IH . 086 . 066 

. 112 . 083 . 085 

. 100 . 083 . 080 

. 092 . 079 . 07 4 

. 080 . 079 . 069 

. 063 . 057 . 066 

.072 . 057 . 011) 

. 080 . 057 . 069 

. 080 . 057 . 060 

. 080 . 057 . 063 

. 080 . 057 . 06 3 

. 072 . 057 . 057 

. 066 . 057 . 057 

. 069 . 057 . 057 
. 057 . 057 
. 057 . 057 

. 125 

0 
. 0 ll 
. 0 17 
. 020 
. 026 
. 026 
. 029 
. 040 
. 052 
. OS< 
. 063 
. 080 
. 0 83 
. 0 86 
. 08 3 
. 090 
. 094 
. 09·1 
. 097 
. 095 
. 100 
. 086 
. 086 
. 086 
. 086 
. 086 
. 083 
. 060 
. 080 
'071 
. 066 
. 066 
. 060 
. 057 
. 057 
. OS4 
. 05·1 
. 051 
. 049 
. 0·10 
. 040 
. 0·10 
. 040 
. 040 
. 040 

w 
00 
00 



Table B2. Wave height H, peak p re s sure head P2/y, r ise-time t , w ave front . r 
time of arrival td tabulated for individual experiments. 

d :r I. ZS ft, 1 :r O. ZS rt, X "' 0, 148 ft d • 1, ZS ft. ' • 0, 2.S ft, X • 0. t.48 

Statham Modified Statham ModHied 
Pre11ure SchaevitT.- Dytrex Pre11ure SchaevitY.- Bytrex 

:rr anaduc er P r e1su r e T r .1n1<lucer Transduce r Pre1 su r e T r a.naduce r 

Exp. ·No. I H(fl) I -.!f 1n1 tr(m uc) ~(ft) tr{maec) td(sec) Exp. No. H({t) ~({t) tr(m sec) Ii{ft ) tr(m 1ec) tine) 
y v 

• 302 . l&S 3 . 47 .137 1. 10 . 0?578 l • 433 --- --- • 259 1.21 • OZZIO 
• )05 • 143 ) . lZ . !Z S I.ZS .02720 2 • 428 -·- -·- • 420 I.It • OZZ65 
. 30-l • 118 ) . 44 . IZS l.ZS . 02118 3 . 427 --- --- . 336 1. 14 . 02?33 
. 303 • 122 3.15 .IZS . 95 . 027l 7 • • 430 --- --- . 336 I. 28 • 02196 
• 305 • 122 3. 00 • 131 --- • 02620 5 • 4Z7 --- --- • 400 I.IS • 02:?.46 
• )05 • 161 3,64 . 125 I . 29 . 02718 b . 4ll --- --- . 40) I. 20 . ozzso 
• )04 • 139 3. 30 • 128 1, 68 • 02679 mea n .. no --- -·- • 359 l.18 . OZZll 

1t andard 1ta.nd::t.rd 
deviation • 00! .1)19 ·" . 005 • 13 . 00058 devi:Llion . ooz --- --- • 055 . 06 • OOOZ4 

deviation deviation 
of mean • 001 • 008 • 09 . ooz • Ob • 00023 of m ean • 001 --- --- • OZ) • 02 • 00010 

\ 
• Jb9 .2£ol 2. 89 . 271 I. 28 • 02398 l . 471 -- - --- . 54 1 I. 19 • 0Z l 69 
• 3(,8 . 276 2. 42 . 249 I. 36 • 02425 z . 479 --- --- . 541 . 97 • 02172 
• )70 • 2lob 2. 27 • Z47 1.J(., . OZ345 3 . 474 --- --- ,JIB l.51 . ozon 
. 371 • 271 ·3,1 2 • 246 I. 32 . 02378 4 . .;.74 -- - --- . 42S l. l5 • 02150 
• )70 • 261 3. 06 ·• 305 l. zq . 0 2417 5 . 478 --- --- • 375 1.43 • 02 127 
. 372 • 2!.6 z. 81 • 2-?2. • 94 • 02.39 3 b . 4b7 --- --- • 324 I. 43 • 02 1?0 

, 370 . 267 2. 76 . 2.68 1.2.6 . 02394 me.an . 475 --- --- • 42. l I. 2.8 • 02150 

I 
w 

ata ndard 

I 

1tandard 00 
devi ation • 001 • 005 • 32 . 023 .1 5 • 00026· deviation • 004 --- --- • 0'?2 • 19 • 00033 '° 
deviation <!evl.a.tion 
or me an • 001 . 002 . 13 :0010 • 04 . 00011 o( mean • 002 --- --- • 038 • 08 , OOOl J 



\ 

Table B2 (continued). 

Exp, :"-:n, 

1tancl:l. r d 
d"°vi•tion 

de,·lation 
of mean 

sta ndard 
deviation 

1leviatlon 
o! mea n 

M(ft ) 

. ISJ 

.IS3 

. Ill 

. IS'l 

.153 

.1 5) 

.153 

• l71 
,171 
• 171 

.171 

d" a. b40 ft, • "o. 128 ft , x a l. 020 !t 

St athitm 
Prruuure 

T r an•duce r 

:...todlficd 
Schaevit~- llytrex 

P r e,.1ur e T r :'ln•duce r 

~ (Itl I trim sec) j ~ (ft) j t,(m tee) \ td(aec) 

• 170 
• 174 
• 191 
.l'}Z 

• 182 

. 283 

. l79 

. 282 

. 281 

l.41 
z. 16 
I,q{, 

2. 00 

l. BS 

4. 32 
2. 07 
2. 5) 

2. 97 

• 171 69 
. 17S0 5 
. 17463 
. 17407 
• 17700 
• 173 51 

.17485 

• lf..258 
• ! UZI I 
. 16198 

. 16245 

Exp, No. 

1tanda.rd 
deviation 

deviation 
of mean 

1tandard 
deviation 

deviation 
of mean 

Hilt) 

• 199 
. zoz 
• 20Z 
• 201 
• 199 
• ?04 

• 202 

• 002 

• 001 

.zas 
• :!86 
. 286 
.Z&S 
. 2? 1 

• 287 

. ooz 

• 00 ~ 

d" 0.640 ft, 1 a O. IZ8 ft, X • LOZO !t 

Sta tham 
Prc11ur e 

T r a.n1ducer 

~ (!t)I t, tm1ec) 

M <>dlfie d 
S c haevil:r.- Dyt r cx 

Prc11u r e T r antduccr 

~ lft) I tr( n t ee) I td{ t cc) 

. 158 
• 408 
,)') l 

• 408 
• 378 
. 458 

• 400 

• 031 

• 013 

• &41} 

• 6?0 
. 6?0 
. no 
.no 
• 6?7 

. 030 

• 013 

z. 88 
Z.59 
z. 34 
z. 7 8 
Z. % 
I. 94 

2.58 

.JS 

• 14 

z. so 
2.,48 
Z. IS 
z. ?6 
:!, 88 

z. 45 

• 2 5 

.II 

, ISi I ll 
• 15124 
, tSl6<1 
• I SOR9 
, IS2MO 
. l517S 

. 15159 

• 00062 

. 000?5 

• 1)608 
, l })OJ 
• IHS-1 
• 13630 
• l)(,?(, 

, ll';R4 

. 000-19 

. ooozz 

VJ 

'° 0 



'l';dJ1 t• HZ (co11ti11ut•d) . 

d"' I.ZS ft, I .. o. zs ft, x . 0.2.70 Ct d .. 1. 25, ... o.zs. x. 0.270 

Statham 

I 
Modified Statham Mod Hie d 

Pre11ure Schaevitl: - Bytull P ret1ure Sch aevit% - Bytrex 
Tran1ducer P r e111ure Tr a n1ducer Tran1ducer Prc11ure Traruducer 

Exp. No. I H {f t) U
0

(ft / uc) ~(ft) t r(m sec) ~(ft) t r (m 1ec) td(•ec) Exp. No . H(ltl ~(ft) tl' (m sec) ~ (ft) t r (m 1ecl t d( 1ec) 
y y 

.310 7. 04 • 18-4 z..n • 238 I. 06 • 0*• 69 I . 4J.I . 467 z . 3Z • SS7 l, 33 • OlSS ) 
• 307 1. 03 • 171 z. 72 . 384 l. 04 • 04476 z .433 • 470 z. 58 • 595 l, 05 . 0) 60 5 
• ~ 10 7. 05 • 185 z . 6? -·- . . . ·-· 3 • -128 • 4 63 2. so • 5<19 l. 09 • Oll.t 7 
• JlZ 7. 01 • 194 z. 7Z • ZZI 1. 28 • 04532 4 • 433 • 446 z. 58 • 604 1. 10 • Ol6 1Z 

.. 30b 7. 05 • 17? z.n • ZZI l.IZ . 0 4 47Z 5 . .U7 • 455 z. 61 • 567 l,2.3 • OJ(,ZO 
• 107 7. 20 • 184 z. !:I? • 238 I. I Z • f) 44~8 • .·00 • 450 z. 72 . 624 I. 05 , 0361S 

• ! 09 7, 06 . lM 1.H , Z·IO l.I Z , O·UID mean • 4 ) 1 • 4 S9 Z. SS . s~n 1. 14 • 0 3609 

1t andard 1tandard 
deviatiol'I • ooz • 06 • 005 • 07 • OZJ . 08 . 00024 deviation • 008 • 009 . IZ • 027 • 10 • 00013 

de via lion ll<'vil'ltion 
o! m ean • 00 1 • 03 . ooz • 03 • 010 • 04 • 00011 o( mean . 0 01 • 004 • 05 • Oil ' O< . oooos 

• 38Z 7, 18 .HS z. 81 . sos . ? 4 . 03829 I • 4 7 1 . szz z. 58 . 676 1. 06 . 03490 

\ I z I • l76 1. 18 • lSI z. 90 • 499 1. ll • 03 829 z • 4&5 . 516 z.. 80 . 649 I. zo • 035 16 
• J14 7. IS • JS) ?.. 7? ,JIB . ?3 , 0 3747 3 • 46) • 538 z. 26 • 67? . "7 . OHH 4 
,)83 7.11'.i • ) 4 'J J .I(. .HZ I.I I ,Ol7M 4 • 4 62 • S}7 Z.U7 • 578 1. 13 • OJ.l<lS 
• )17 1. 17 . HJ z. 88 . 11c'.i l. 7.0 , OltlZO s . .no . Sl7 z. "42 • 6 7? • ?7 .OH1J8 
.371 7. 18 • 36Z z. ?8 . szz . 97 ,03834 6 • 477 • 532 z. 74 • li90 I. 01 . OHIZ 

• )78 7 , 17 • 351 z. 9Z • 455 l. OS • 03808 mean • 468 • 530 z. 58 • 658 I. 06 . OJ.199 

1tandard 

I 
• tandard 

devia tion .00) .01 • 006 • I Z • 067 • 10 . 00031 deviat ion • 005 • 008 • 19 • 038 • 08 • 00011 

de viation deviatlon I w 
ot m e;;in • 001 • 0 1 • 003 • 05 • oz8 . 04 . 000 13 o! mea.n • 002 . 00) • 08 . 016 • 03 . oooos '° ...... 

: · 



Table B2 (continued). 

d " 1.2s ft ,. ,.. o.zsn, x"' 1.sz ft d"' 1. 25 ft , • • 0, ZS ft, X • I. 52 ft 

Statham Modified Statham Modlfied 
P r e11ure Schaevitz-Bytrex Pre11ure Schu1vit1.·Bytrex 

Tran1dueer Pressure Transducer Tran1ducer Pre1 aure Tr1.n1ducer 

Exp. No. I H{rt) ~flt) tr(m 1ecj .fz(ft) tr{m ICC} td(uc) Exp. No, Hl!t) ~(ft} tr(m 1e c) ~(HI tr(m uic) td{•ec) 
v v v v 

• lb? , bZS 5. Sb • f,S,7 z. 67 • t b735 I . 429 '753 4. b l . 780 ). 50 • 1596'4 
• lb? .578 s. so . 864 z. 75 . 16758 2 • -+30 --- --- -- - --- ---
• 370 '537 7. 64 . 75.; 3. H • 1681 i l . 431 . 909 4. 11 • 864 3, 80 • IS99Z 
• 370 ,(,(,r, 4. 67 • bb9 3 . &7 . 16830 4 . 431 . 905 5. 00 I. 090 z. 03 ---
, 3L7 . 129 3. 30 . 638 4, 08 • 16802 5 . 43 1 . 8 00 4. 31 • 955 2.77 • 15897 • . 428 . 827 3. 44 1.187 z. 19 • 15993 
, lb8 • b43 5.17 • 71 5 3. 48 • 16788 

'mean '430 . 839 4. 29 • 972 z. 8b • lSCJ6Z 
1 tanc!ard 
deviat ion . 002 , Obb I. 34 • (17b6 , 63 . OOOl(, ltAndard 

cle\•!;1. t ion I • 001 I . 061 I • 52 I .151 I . 70 I • 00039 
devl•tion 
of m.:.ln . 00 1 • 027 . 55 . 031 . ,. . 00016 devia.tion 

o! me;an • 000 • 02.7 - 23 I . 067 I .l l I • 00020 

\ I I • 478 I. 01 9 --- I. 181 3 . 37 ---
"''l; --- --- I . 328 I. Sb • 15519 I • JIZ . 436 3. 22 
. 47 1 --- --- l. 160 1. 11 , lSSSt. 2 . 3!2. • 4U7 3. 37 
. 471 I. )4) 2.. 56 I. 198 3. 20 • 15617 ) . 309 --- ---
. HI --- --- I . 380 2.. S4 . 1559'; 4 • 310 • 482. 4.)) 
. 4b1 --- -- - 1.371 3.1-l . 157 16 5 • JOb . 138 4. 80 • 505 4. l7 • 18203 • • 303 . 433 3. 53 • 529 2. 57 • 18 165 
• -473 1. 176 l. 56 l. 2697 z. 57 • 15601 7 • 301 • 4 2. 7 2.. 67 • 416 3. ll 

• 18234 I VJ 8 • 300 . 422 3. 2.2 , SZl 2 . 42 • 18316 
1tanda r d 

I 
9 • 30 4 --- --- • 480 4. 2 1 '° deviation • 004 --- --- • 092 .n • 00067 10 . Jo.; • 36 5 4. 92. • 492 z. 88 • l~OH N 

deviation mea.n • JOb • 434 )', 76 • 49 1 3 , JO • 189 04 
of mean • 0016 --- --- • 0376 . 30 • 00030 

atandard 
d eviation 

I 
. 004 

I 
. on 

I 
. 77 

I 
• 037 

I 
• 76 

I 
. 00093 

deviation 
of mean • 00 1 . Oll • '7 . 01 5 • 3 1 . 00041 
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Table B2 (continued). 

d = . M , • • . IZ8, ·x • '1. 5ZS 

E xp. Nu, lllh) 

. 258 

. Z54 

.2:52 

. 252 

. l-15 

. Z55 

.255 

.ZSJ 

• tanda rd 
dl·viatiun I . OH 

d~:\· ia t ion 
u! nwa.n I . 00 1 

1Handard 

. 28 9 

. 295 

.29-t 

. 291 

. Z?l 

.295 

. Z9l 

cll•vi:a.1 iun I . 004 

d t•violtiun 
of mcOln I . 0008 

Stath;iim 
Pn.:••ur e 

T r an•ducer 

~ (ft ) t)m •ec) 

Modified 
Schaev iu -Bytrex 

Pr1.t••u rc T riln1duct' r 

~{ft) tr (rn sec) d (sec) 

. 101 1 ~ - 7S 

. 0535 5. 00 

. 0·120 16. 00 

. 101 1 10. oo 

. 04 59 7.4 1 
. OJSZ 9. 00 
. Oi64 12. 00 

. 0655 9. )t 

• 02:53 3. 53 

. 0096 1. )4 

11 6 5 7. 88 
.17% 8. 93 
. ll95 ! 8. 40 
. z 100 9. 37 
. 1950 9. 78 
. 103 1 10. 00 

. 1573 ·10. 73 

. 0400 ). so 

. 0 163 l. H 

Exp. No. H{!t) 

. zso 
. Z79 
. l78 
. l18 
. l18 
.Z8l 

. Z19 

1tandard 
devi::ltion" I . OOZ 

devia tion 
o{ mean I , 0007 

d: .6"4, • • . 128, X = 4. S?S 

Statham 
Pre s11ure 

T r ;insducer 

~(ft) 
v tJm sec) 

ModifiC"d 
Schal'vic r.- I\yt r ex 

Prt>S•llrl' Tr.in1d ucer 

~(ft) trim u:c) td (1ec) 

• 12: 10 19. 00 
. t8H 10. 00 
. 1500 30. 00 
. ZOlb 16. 00 
. 115? 18. -10 
, l lH 19. 00 ' 

. 1-176 18. 7J 

. OlSS 5. ?l 

• 0 1'45 l . 4Z 

lJJ 

'° ,i::.. 



Table B2 (continued) . 

d •• 64 , • = • 128 x • z. 520 d. '64, • • . 128, x : z. 520 

Stath•m Modl!iec! Statham Modified 
Pre11ure Schaevlt&-Bytrex Pre11ur• Schu:viti: -Byt r e>t 

Tl'an1ducer Pre11ure Tran1ducer Tn.n1duce r Pre11ure T ran1ducer 

?;x-p. No . • H(ftl I ~(ft} t)m 1ec) ~(fl) t,(m tee) td (1ec) Exp. No. H(lt) !'.z (!t) 
y 

tJm 1ec) ~(It) t, (m 1ec) td(tec} 

I • 168 --- --- . 202 z. 31 . 40 .. 82 I . Z3Z --- --- . 382 s. 77 . H819 z . 166 --- --- ---- ---- ------ z . 235 --- --- . 530 3 . 24 .3H'45 
3 . 168 --- --- ' 139 S. 45 . 1040:5 3 .236 --- --- • 372 5 . bl . 34676 • . 169 --- --- 066 7 . 20 -l.0·189 4 . 235 --- --- . 3 10 6. 80 '3-081 s . 169 --- --- . 088 '4. . 98 . -1.0153 5 . 235 --- --- . 181 <.78 . H6<6 
6 . 167 --- --- . IOI 3. 4Z . 403>5 6 . 237 --- --- . 288 5. 27 .H9-l6 
7 . 168 --- --- . 06 z. -46 . 40218 

mean . 235 --- --- . 361 5. ZS . H6SZ 
. 168 --- --- . 122 "'· 30 . 40357 

1tardar d 
standard devia.tion I 'DOZ I --- I --- I . 085 I !. 09 I . 00196 
deviation . 001 --- --- .OH I. 15 . 00 130 

clevi<1tion 
deviation of mean . 0006 --- --- . 035 ... . 00080 

o ( mean .·OOC --- --- . 017 . 71 . 00053 

\ I . 285 --- --- . 3 54 11. 68 . 3265-t I . 194 --- --- . z.;o 3. 08 . 37507 z . 281 --- --- . '408 4. 82 . lZHI 
. 195 --- --- . 187 11. 00 . 37 89 .. 3 . 281 --- --- • <t 17 ). 18 . ll482 
.PH --- --- . 178 11.27 '37698 4 . Z8Z --- --- . '461 z. 73 . lZH O 
. 19 .. --- --- . 238 8. -10 . li730 s . 281 --- --- .-Ill 5. 52 .)2Z.I') 
. 19>1 --- --- . 205 6 . 2-1 .38212 6 . 28 1 --- -- - . .. 04 7 . 00 , lZ-IH 
'196 --- --- . 165 12 . 70 ' 38061 

VJ mean . 282 --- --- . .. n 5 . 82 . ll-110 

I '° • 195 --- --- . 202 8. 78 . 37850 

1tardard \JI 1tardard 

I 
devlation . 002 --- --- . on 2. 98 . 00149 

devlatlon . oooa --- --- . 029 3.31 . 00235 

deviation 
I . on I I. 00060 deviation of mean I . 0006 I --- I --- l. 22 

of mean . 000 --- --- . 0 12 1.35 . 000?6 



Table B2 (continue d) . 

d s o. b4 ft, a s 0 . ! ZS ft, X s 0. 522 !t d . o. 6-4 ft , • "'o. 12 8 !t , x Ii 5. 22 !t 

St.uham M o dified Statha m !l.t odlfied 
Prc a sure S ch:..evit ?.: - !lytruc P r e1 au re Schae v it r: • Dytrex 

T r .u11duce r Pre11ure T r ans ducer Transducer Prc 11u r e Tra n•d uc or 

Exp, No. I H(ftl I U
0

f h / 1e c) ~ ( ft ) t r ( m 1ec) ~ ( ! t ) t r (m s e c} td(1ec) Exp. No. H(ltl U
0
(ft / u c) ~(ft) tr(m 1ec) ~(rt) t (m uc) ti •ec ) v v r 

. 2 11 s. 214 • )08 ) . 55 • 354 2. l O • 08253 l • 264 5. 368 • 4 10 3 . 40 • 509 Z. J 6 • Q-;' 7 17 

• 207 5. 1(.S • J ? J --- • 484 I. 87 • 082:47 z • ZoO 5. 30] . 433 z. 80 • '490 2. OJ . 0 7 74 2 
• 207 s. 218 . 304 3. 40 • 41 1 1. 47 • 0824Z ) • Z64 5. 34b . 430 3 . 44 . n o z. 62 • 07766 
• 210 5. ZZ7 • lZ l '4. 51 • 284 z. 38 --- 4 • 262 5. ) 6J . J ?Z -- - . s zo 2.. 19 --· 
• 2 12 s. 117 . J?.i ) . 17 • 398 z. 07 . 08250 5 . 26 4 5. 337 .46l ) , 79 . 505 2. 00 • 07b9-4 
• 210 s. 210 • 392 ) , 12 • 3 49 I. 87 --- 6 • ?.59 S.H6 • <i.38 --- . 4 ?2 Z. bZ • 07777 
. Zll 5. 198 . 4ll --- .118 l. 68 • 081 1 5 7 .160 I. 315 • 42.9 !. 88 . -'85 z.sz . 07736 
• 214 S. Zl 8 • 347 z. 88 . 384 I. BZ . oats~ 8 • Z59 5. 390 . 3 45 -1 . 68 • 475 l. ?O • 07674 
• 212. s. 181 • 33Z 3 . 13 . 365 . 148 . 08Z81 9 • ZbO 5. 355 . 39 1 ) , 50 . 4B z. 05 ---

10 , Zll 5. 181 • )48 ). 40 • 425 1. 98 • 08258 10 • ZS9 5. 35S . 5 10 --- .SSS I. 58 • 07750 
11 • ZI I I. 198 • 3 19 z. 81 . 3 43 2. 43 . 08233 11. . ZS? S. 3SS • 3 1!.6 --- , 443 I. 77 . 0 7697 
l l • 2 13 5. 210 . )43 3. 17 . 3 7 S 2. 08 • 08 169 l Z • 261 5. 294 • 41'J 4 . 25 • 483 z. Z7 . Oi'658 
I J . 2 14 5. 198 • 3 IS ). 70 . 346 l. 06 • 08160 13 • 260 5. 3?4 . 4 1? 3. 36 . .iss Z. ·H • 07730 .. • 21 2 5. 227 . 33? • Z88 • Jc:i9 l.H , 08ZZ5 l• • 261 5. 3SS . 4 19 3. 13 .HS 1. 98 . 0711 1 
15 • Zl3 5. 181 . 368 --- • 3 64 z. 54 . 08248 15 • ZS9 5. 32.8 • 434 J. 63 .. n 9 2. 24 . 07il9 
16 • 217 s. 202 . )}) z. 88 • 301 z. 06 • 08240 16 . Z6l --- . 410 l. 24 

I 
17 • 21 2. 5. 2 14 • 330 3 . 09 . 3 80 1. 70 . 08260 

\ 18 . 209 5, 185 . 32l ) , 52 • 3 67 I. 61 • 08 19 5 m ean . :!.61 5. 34 5 • 4 20 
J.;08 1 

• 4':"> 

I 
Z. 17 1.· 07705 l • • 210 5. 185 • Z?Z 3 , 38 . 4 0 1 I. 84 . 08280 

zo • 213 5. 185 • 36Z --· . 357 Z. Ii • 08254 • lanc! a.r d 
ZI • 209 5. 173 • 400 --- • 4 11 I. 74 • 0828(. devia t io n • ooa --- . OH S ,;l .0 .. 2 . ~o • OOOll 

" • 208 5. 2 10 • ?7-l -l. 24 • 401 l.RZ . oszs.; 
ZJ . 210 5. ICJO • 381 ). 13 • 429 I. 88 • 08l30 d c!:\1ation 

1 I I • 008? ! I ,. • 2 ! 0 I . Zl3 • JOS z. 78 , 4 Z7 1.85 • 0832 1 of mea.n . 000 ·-- • 148 • 0 100 I • 077 I . 0000• I VJ 
1S . Zit 5. ZOZ . 3ZO ) , 4 5 • 416 l. 80 -- · -..0 
Zu • zos 5. 2 10 -- - --- --- --· --- D°' 
l1 • Z08 5. l98 • Z96 3 . 38 • 35Z 2. 15 • 08206 
Z8 • 20t'.. s. 210 • 3ZJ . 339 • 344 z. 58 • 08ZICJ 

" • 208 5. 214 • 326 ) . 22 .351 2. 00 • 08285 
JO • 20 2 5. 2 14 , 4Z7 --- . 36S Z. 03 . 08?&9 
JI • Z0 4 5 . 21 0 • 325 ) , 2-1 . 405 l. 77 • 08l6S 
lZ • 209 5 . 2) 1 • 394 ), 44 • .; 67 J. 62 • 08 267. 

. Zl l 5. 202 • 344 ), 3l • 380 2. 00 • 082.40 

• ta nda r d 
d C' vi a tion • 003 ·-- • 0 -4 0 . 40 • 044 --- • 00044 

d e vi at ion 
of n1c~n • 00 1 --- • 001 • 08 . 008 --- . 00008 



Table B2 (continued) . 

d " 1. ZS It, • • O. 25 ft, X • 1. OZO ft d • l ,ZS ft, • • O.ZS ft, X • 1.0ZO ft 

St-..th.am Modlfled Stath.t.m Modlfled 
Pre11ure Sch.aevitz-Ilytrex Pros1ure Schaevitx.-nytrex 
Traru~ucdr Pre11ure Tn,n1ducer Traneducer Pre11ure T1'an1ducer 

£>ep, No. I H(ftl I U
0
1ft/u c) ~(ft) tr(m uc) ~(Ct) tr(m ICC) ti•ec) Exp. No, H(ft) U

0
(ft/1ec) ~ (ft) tr(m sec) ~(ft) l tr(m He) I tine) y y 

I • 415 7. 30 • 794 3. 68 • 781 z. 60 .101170 I .412 7. 39 l. 018 --- 1. 004 
2 ""O 7, 26 • 762 2. 97 . 945 2. 66 • 11000 2 . 480 7. 48 l. 013 ), 27 1. 100 I, ZS I • 10700 
3 • 412 7 . 2.7 • az5 2. 86 • 805 z. 54 • t0931 ) . 484 7, 41 . 965 3. 44 1. 182 z. 62 • 10754 
4 . 4ll. 7. 2.6 . 829 2. 79 . 885 z. 62 • 11036 4 • 485 1 . 31 1. 013 z. 74 • 989 Z. Z9 
I .412 1. 30 • 834 3. oz • 834 z. 80 --- 5 • 485 1, 43 • 970 ··- 1. oso -·-6 .412 1. 2.4 • 807 ), 75 • 817 2.H ... 6 • 487 7 . 38 .990 3. zz 1. 166 z. 71 1- . 10726 
7 • 412 7. 28 • 792 ) , 84 . 940 2 . 08 ·-- 1 • 480 7. 36 • 863 3 . IZ I . 130 Z.60 
8 . 423 1 . 2.4 . 834 ), 33 • 860 3 , 17 -·- 8 • 487 7. 39 l. 000 3. 64 1. 150 Z. Z7 
9 • 41 8 7. ZS • 79-1. :L l Z • 854 2. 19 -·· 9 • 481 7. 38 . 895 3. 13 -·· -· · 10 . 416 7, Z7 . 789 3. 78 . 867 I. 89 -·- 10 . 477 1. 41 1. 035 4, ZS . 989 z. 62 • 10776 

II • 42.3 7. Z7 • 834 3, 44 . ?64 z. 66 -·· II· . •85 7.H • 99 4 ), 90 I, 181 z. zz • 10707 
I Z ,426 7.28 • 798 2 . 86 • 530 4. ZS -·- 12 • 493 1, 36 • 927 3.35 I. 104 z. 08 . 10685 
13 .416 1. Z4 • 778 3. 08 l, 100 l. 85 --- 13 .481 1. 39 .965 z. 92 I, 089 z. 15 ·-14 . 416 7 , JI • 860 ), zz I. 014 l. 93 . .. 14 .479 1. 39 1. 026 3 . so • 878 3 . 18 • 10772 
15 • 411 1. Z4 • sos l. 07 . 969 2. 5.;. ... 15 .489 7. 40 I. 019 l. 27 1. 028 z. 38 • 10742 
16 • 4 11 7. 23 • 807 3.71 l. 130 1.93 -·· 16 • 482 7 . 39 . 9?0 J. 39 , 994 2. IS • 10782 
17 • 4 11 7. 25 . 910 z. 86 • 973 I. 27 . . . 17 • 488 7. 36 . 830 J, 62. I. 109 z .. 67 • 10700 

\ I l8 • 412 7. Zb • 771 J, 17 l. 22.4 ?. 67 ·-- 18 • 485 7. 39 l. 012 J, 54 I. 209 i. 57 • lOiOO 
19 • 4 12 7. 27 • 874 3.11 . 975 z. 22 · - · 19 • 485 7. JS • 913 z. 78 1, 039 z. 01 • 10606 
zo • 4 12 1. 26 • SJ6 3. 36 1, 212 I . 36 ·-· zo • 487 7 . 43 . 995 J, OS I. Jll z. 56 • 10668 

Zl • 48 4 7. 41 . 935 4 . 00 I . 030 z. 92 • l0764 
. 4 15 7. 26 • 817 3. 25 .9H 2. 33 ... zz • 470 7. 39 • 916 3. 32 I. 172 z. 37 • 10727 

23 • 483 7. 40 1. 01'2 3. 30 . ?JJ z. 47 • 10800 

I 
VJ • l•nda rd 

I 
Z4 • 479 7. )9 • 885 3. 60 I. 209 3.11 • 10788 

cle viatlo n , OOot --- • 036 ··- . 157 · - - ·-· 25 . 482 7, JO .961 2. 70 l. 052 2.ZZ • 1073 I '° 26 . 473 7. 39 • 959 z. 96 l. 193 I. 87 • 10645 -.J deviation 27 . 4;.; 7. 40 .980 ·-· 1. 104 
of mean • 001 --- -·- --- ·-- ··- --- ZS • 477 7. 40 1. 03 1 --· I. IZO 

Z9 • 47i 7. 39 l. 02.9 --· l. 062 
30 • 470 7. 46 l. 033 -·· I -·· I 10670 
ll • 473 7. 46 1. 031 ... l. Zl7 
l2 • 474 7. l8 . 990 -·· l. 2.17 

. 480 7. 39 . 975 J.H l. 100 z. 40 • 1073 

1ta.nda!'d 

I 
deviation . 01 --- • 053 • 38 . 098 • 41 . 0000 

deviation 
of mean . ooz -·· . 009 ' . 08 • 018 .09 • 00010 



Table B2 (continued). 

d . 1. 25 (t, • • 0. 25 !t, x . 1.020 !t 

Sta tham ~fodified 

P rea1ure Schaevih.·Dytrex 
T r an 1ducer Pre1eure Tran1ducer 

Exp, No. H(ftl U
0

(!t / Hc) ~(ft) 

' 
tr( m 1ec) ~ (ftl tr(m uc) td(.ec) 

I • ) 50 1 . 11 • 5b7 ) , 75 . 76) 2. 19 • 11437 
z .J.18 7. 10 • 551 --- • bOb -- - ---
J .HS 7. 08 • 563 z. so • 705 1.64 • 11530 
4 , 3<17 1, 12 . SS I z. 88 . 6 5? l. 70 • 1 179) 
5 .Htl 7 . 11 • SS? 2 . 'Jl • 674 z. 01 • l 18JZ 
b • ).t7 7.12 • 60Z · Z. JI .656 I. l? • 11776 
7 ,JH 7. 12 • 504 3. 66 • 671 I. b7 • 12013 
8 . H7 7 . 14 • 548 z. 90 . 617 l. 61 • 11 823 
9 .H8 7, 12 . 5 ) ) Z. 55 • 590 z. 70 . ! I SBO 

10 . H9 7 . 10 • 557 z. 88 . ssu 2. 40 • 11748 
11 . ns 7, 1) • 408 ·-- • 60 1 --- ---
12 . H O 7 ,16 • 537 z. so • 5?6 2. H ---
lJ .HO 7. ll .S61 z. 88 • 708 I. 76 . I 18b9 
14 , 347 7 . II . S·U ), 28 . 802 I , 90 -- -
I S .HZ 7. 13 • S8 7 Z. 9S • 6 18 2. 4 8 . 11881 

\ 16 .HS 7, I) ,545 ). 22 • 701 I. 'JJ • 1 1953 
17 .H6 1 . 1.- • 596 ), 16 • 6?7 2. 46 • 11750 
18 • 346 7.12 . 571 3. 25 • l. 1$0 z. 6 0 . 118)5 
19 .H7 7 . 14 , %1 3. 13 . 62-i z. 6b • 11825 
z o .347 7.11 • 506 3 ... 6 • 680 l. 7J • l 1869 
21 • 352 7. 14 • 584 z. 71 • b Oo 2. zo • l 1882 
zz • ) 4b 7. 12. • 547 3. 2.6 .S95 2. 45 • 11877 
2J .HZ 7 , 09 ,571 ). zz • 619 z. lb • 11 87 1 
24 • 3S2 7. 15 .S96 J . JO • 5?5 1. 97 • 11 877 
H . HS 7. 17 • 412 3 . OJ • 570 2, IZ .11 7-tO 
l b .HZ 7. 15 .S88 2. 88 • 67S I. 9Z • 11 762 
27 • J.40 7. 14 • 588 3. 44 . no 1. b4 • 11 766 
28 . H O 7.14 • 588 3 . 12 • 580 z. 34 • 1181>2 
29 • 350 7.09 • 609 ). 18 • 680 I. 4 3 • 11712 
J O .H4 7. 12 • 584 ). 10 • 708 2. 33 • 1184 1 
JI . HZ 7.1 5 • 594 J . OJ . 694 I. 91 • 11 813 
) 2 .H4 7,11 • bOO ) . 30 • obJ z. 07 ; 1193 1 

mean . HS 7. 1) • SS7 3 . 06 • b54 2. 06 • 118 

1tandard 
devi a tion . 001 --- • 046 . ) ) , OS7 • )6 • 00 121 

devi a tion 
of mean . 00 1 --- • 008 • Ob . 0 10 • 066 • 0002.3 

Exp. No. H{ft) 

I .3 00 
z • JOO 
l . 300 .. • Z?ll 
s • Z9b 
b • J OO 
7 • 2?2 
8 .296 
? .298 

10 • JOO 
II . 303 
IZ .297 
13 • 2?5 
14 • 300 
15 • 295 
16 • JOO 
17 • 300 
18 • J OO 
19 • 297 
20 • Z98 
21 • Z98 
22 • J OO 
2l .296 

" • l9'8 
25 • 301 
Z6 • 297 
Z7 • Z97 
28 • 301 
Z9 • Z9S 
J O • 29S 
J l • 297 
lZ • 304 

m ea n . Z98 

•tandard 
deviation . 003 

devia tion 
o! m ean , OO t 

d • I.ZS ft,• • 0 .25 ft , X • 1.0ZO ft 

StathAm Modi fied 
P r e 11u re Schaevitt- Bytru: 

Tran•ducer Pre1•ure Tran1ducer 

U
0

(ft / 1ec) .!:'.t. 1tt1 t r (m n c) .!?.!. (f t ) tr(m n c) td(1ec) y ' 
b.96 • 388 ) , 17 . 55) l. 43 • 121.iOS 
7. 00 • l9l l.Ol ,417 1.51 • 12.70 1 
7. 01 • 381 2. 66 • 537 I. 09 • 12610 
6. ?8 • 403 3, 10 • 488 I . 61 • 12'100 
6 , 97 • 407 z. 50 ,466 2 . 03 • 126 40 
b, ?8 • 437 z. 8 1 .'493 I. 56 ---
b. 78 • 44J z. 68 . 4 50 I. 89 ---
7. 00 • 438 z . 88 • 50-4 I. 82 • !2863 
7 . 01 • .40 4 2. 85 . 52? l, 58 ,12553 
7. 01 • 378 2. 86 • -&67 2 . 06 • 1?6.47 
6 . 9? . l9Z 2. 88 • 520 I . 76 • 12679 
6. 98 • 388 z. 64 • 506 l, 32. • 12767 
b. 99 • 378 2. 86· . ... 12. z . zz . 12827 
7. 0l • 400 z. 80 • 4?5 1. 2.4 • 1Z86S 
7. 00 • 377 z. 86 .490 z . 14 • 12801 
7. oz • 396 Z.8 1 • 517 1. Zl .1 2900 
6. ?1 • 386 z. 66 • 487 I. 41 • 1281? 
7. 0 1 • 381 z. 7Z • 457 l. 82 • 12950 
6. 9? . 380 z. 97 • 446 2. 03 • 12986 
7 . 00 • 395 3. 00 • 507 I. 67 • 12986 
1. 00 • 398 2 . 42 . 553 l , 51 • 12894 
7 , 00 • 405 z . 80 . 5n I. 13 .1 2919 
7. 00 • 404 2 . 8 1 • S69 1.12 • llc;i69 
1. 0 1 • 411 z. 90 • 572 1, 61 • ll?68 
7. oz • 362 2. 90 • 5(3 1. 45 • 12607 
1. 02 • 41 6 3. l8 • 4 57 1. 91 • 127 18 
1, 00 • 403 2 . 78 . 473 I. 85 • 12755 
1. 03 • ·415 3. 16 . 470 l . 33 • 12840 
1, 00 • 403 J, 12 • 490 1. 87 • 1Z8bb 
1. oz • 420 3 . 16 • 44'4 l. 90 • 128 16 
b. 99 • 436 2. 9S • 4? 7 I. 40 , 12.S l S 
7. 09 • 409 3 . 01 • 528 I. bb • 12860 

1.00 • 40 1 l.81 .496 1.65 .12806 

--- • 0 19 • 10 .04 t .29 .00110 

--- • OOl • 02 . M 7 • 0 5 • ooo zo 

w 
--D 
00 



T a bl e B2 (continu e d ). 

d • I. 25 , .. . o. 25, x • 4. 90 d • t. ZS, I • . ZS , x .... 90 

Statha m Modifird 1 I Sta tham Modified 
P r e ssur e Schaevil z- Bytre x P r t-a1 u r c S chacY i t z• Byt r e)( 

T r ansduc rr Prc 11urc T r a nsduce r Tr:t.n1ducer P re s sure Tra ncl 1uccr 

Exp. No. I H {!t) I ~ (fl) V,m sec) ~ (Ct) t,{m n c ) td(1e c ) Exp. No. H {!t) ~(!t) \{m ICC ) ~ (ft) t r (m .ec) I l d {sec) 
y y 

. 305 --- --- • ZZ9 6. 97 I • 4 29 --- --- • 4. 9 ) 1<!. 20 

. 297 --- --- . 238 b. 4 0 2 . 4 27 --- --- . ~ 97 7 . 12 

. 297 --- --- 16 1 b . 06 3 . ·127 --- --- . 611 7. bl. 
. 302 --- --- ' 17 9 IZ.JO { . 42.7 --- --- . -173 IZ. 60 
. )02 --- --- . lb>! 5. R9 5 . 426 --- --- . ~ \ ) 16. 10 
. 30 0 --- --- '151:1 7, 00 

, ' 426 --- -- - . 41 5 14 . 6 0 

. 30 1 --- --- . 20 5 7.H mca.n . 127 --- --- . 500 IZ. 04 

1t .1.nd ard 

I 
1t and;1Td 

d eviation ' 00 3 --- --- 011 2. 2l dev iat io n I . 001 --- I --- I . 0585 I J . '4 6 

dev iation d rv\11.tiun 

of m ee n . 001 --- --- . 0 17 . 90 of mean . 00 0 --- --- . 0239 l.'41 

' Jt.6 --- --- . 3 15 ---- I . 468 --- --- . 4 77 ll. 20 
\ I 2 I , 36 2 --- --- . 408 9. 1 0 2 .4<i7 --- -- - • <!.z.t 19. zo 

. 361 --- --- ' 308 15 .40 3 . 410 --- --- . 368 1-C. '.iO 

.363 --- -- - ' Z66 ? . l O { ,·"70 --- --- . 633 to. 45 
. 36Z --- --- . 37-l 14 . 30 5 . 468 --- --- . szz zo. 00 
. 366 --- --- . )28 13. 5 0 6 . 4.7 -1 --- --- . SJS 16. so 

. 364 --- --- . 333 12. -4 2 mea n . 470 --- --- . 493 IS.M 

1tandard 

I 
1 ta ndar d 

I I 
l..N 

d e vi at ion . ooz --- --- . 04 6 2. 50 deviation . 002 --- -- - . 085 . 3. 32 ---
'° d evia t ion devia tion '° of mean . 00 07 --- --- . 0 19 t. 2.0 of m e an . 00 09 --- --- . 035 I. 36 



Table B2 (continued). 

d :;. 0, 640 ft, I • 0 , 128 ft, X s l. 520 ft d . 0.640 Ct , I . O. I Z8 ft , x. l.SZO 

Statham Modified Sta.tha.m Modified 

Pre11ure Schaevi tr;- Dytrex P r e s sure SchaC!'vi ti: • Dytrex 

Trllnsducer Pressure Tr.in1ducer T ransducer Pre11ure Tu.n1d ucor 

Exp. No, I Hf ft) I fz lft) t {m ICC) -~(ft) tr fm s ec) tine) Exp. No. H(!t) ~(ft) tr( m sec ) fl (!ti tr(m ICC ) li1e c ) 
y ' y y y 

.IS7 • 196 4. 47 • ZOfl 2. ?8 • 24502 l • 223 ... . . . • 475 Z. SJ • 20966 

. 157 • l bO ) . 93 • 165 3 . 03 • Z4378 2 • 223 . .. . .. . l90 4. 96 • ZIOOS 

.157 • lb8 S. OS . l ll I. 42 . 24440 J . zzo ... . .. . 395 l. 00 • 20959 

.1 57 • 2 15 J. 39 • l8!t 3. 09 . 24417 • . zzo ... . .. • lbO 3. 30 • 21015 

. I S8 . 18S 3. 6J . 188 J. OJ . H4J6 ; • 218 ... . .. • 598 z. 10 . ZI 103 

. 157 • I 59 3. 75 . 204 2. 66 • 2:4519 & • 2. 18 ... . .. . lS2 s. 27 . 21126 

.157 • 181 ·L04 • 211 z. 70 • 24449 mean • 220 ... . .. • 4Z8 J.S3 • 21029 

1b .nd i. r d 1tanCard 

deviation • 000 • 020 • 56 . 048 ,;9 . 00048 deviation . 002 ... . .. . osb I 1. 17 I • 00064 

deviation deviation 

\ I o{ mean .000 .• 008 . 2J • 0 19 . 24 . ooozo or m ean • 001 ... . .. • 03.S . 48 • 000 ?6 

• 18(1 .NI s. 30 • .;l(, l. 87 . ?.Z4 31 I . ZS9 ... . .. • 367 8. ZS • ZOZ80 
• 181) . zzz 7. 27 • 407 l. 97 . . 2?48 4 2 • ZS7 ... . .. • 4'40 z. 3Z • ZOOIZ 
• 189 .334 4 . ZS . JOO 3. 04 • ZZSSI 

3 • Zbl . . . . .. • 585 1. 98 • 20032 

• 185 • ))4 3.43 . 424 I. 87 • ZZ4Z3 • . zss ... . .. • 454 '4.3S . 2006 Z 
• 185 ... 4. 38 . .. . .. . 224 14 s • 2SS --- ... • &&S 2. 12 • 2.0003 
• 187 • 3 IZ 4. 00 ... . . . . Z24Z8 

& • Z51 -·· ... • ·140 4 . 9Z • ZO l4Z 

• 18b . 289 4. 76 . 389 z. 19 . 22455 
mea. n • 256 ... . .. • 492 l. 99 • 20089 

I 
~ 

1tandard 1tandard I 
0 

de via lion 
/ · 002 

• 048 I. ZS . 052 . 49 . 00048 
devi,,tion • 003 ... --- • JO I z. zz . 00097 0 

deviation devi3.tion 

of me.a.n • 0006 • OZI .SI . 02b • 24 • OOOZ-0 
o l mea n I . 001 I ... I ... I • 041 I • 90 I • 000-40 



Table B2 (continued) . 

d •I . ZS ft, • z O.ZS ft, X • 2.020 !t , d • l. 25 !t, I • o. ZS !t, x • 2. 020 ft 

Stath.m Modi!ied S tatham Modlfled 
P re •ture Schaevit:t - Ilytrex Prc11ure Schaevitr.· Ilyt r uc. 
Tu.n1ducer P re11ure T ran11ducer T ran1ducer Pre11ure TrO\ntducer 

Exp. No. I H(!t) !~Utl tr(m sec) ~(ft) tr(m aec) td(1ec) Exp. No. HlltJ ~((t} tr(m I C C) ~(ft ) t r ( m uc) ti sec) y y 

, JOS • 485 4, 37 • b53 I. 88 • 23?59 I . 428 • 802 8. 75 . 905 3. 69 • 20737 
• 306 • 402 4 . f18 . 4 12 3.tz • 23362 2 • 4 18 • 830 s. 26 • 935 3. 28 --· 
• 306 . oll 3.55 • 446 3.55 . 23395 ) . 426 l, 061 s. 84 I. 188 ). 99 • 20746 
• 303 • 498 J, 22 . 743 I. 08 • 23322 4 • 423 • 942 ), 57 . 824 ) ... o • 2081 6 
• 304 • 4 84 ), 22 . 535 z. 42 • 2.3Z04 s . 422 • 917 s. 31 • 87Z 

" · 37 
.20772. 

• 299 • 478 ), 4) • ·110 l.4l . 23SOZ b . 4 !8 . 713 8. 70 l, 104 ) , 94 .2.0SH 

• 304 . 497 ), 75 .533 2. l'..8 • 23341 mean ,4?3 . 884 6. Z4 .971 ). 78 • 20781 

• t&.nd1rd 1tanda.rd 
deviation • 002 • o&9 .57 • 126 ... • 00090 ~evil\ ti on • 003 • 185 1. 59 .21) -·· • 0009li 

deviation devi.>.tion 
o( mean • 001 • 028 • 23 . 052 -·· . 00039 o( me:in .001 . 076 . 6S • 08 7 ... • 00043 

\ 
.3 57 . 780 ), 0 4 • 21428 I • 4b7 • 8:?0 7. 50 I. 050 3. 78 ... . .. 
. 358 • 700 ). 46 • BZB 3, 46 .21634 2 • •67 • 904 7. 70 t. 326 I.SS • 20158 
• 3S7 • f,)7 4. Ol • ':lflb z. 91 :21b45 3 . 467 • 912 6 . 9l 1. 082 3.83 • 20154 
• 35l) .927 3. 48 . 681 5. 70 . 217LO ·I . 466 I. Z75 b. ZS • 890 6. 37 • 20 1'}l 
. l57 .917 2. 70 I. 019 .;,11 -·- s • 475 I. JOO ),25 1.180 ) . l.8 • 20 178 
• 360 . 061 3. 87 • o6S 3.:?3 ·- · • • 46~ 1. 023 1 . 78 • 920 7. tU • 20-1 09 

• 358 • 781 3.51 . 834 3.H . 216 11 mel\n • 4b8 1. 039 6. 07 l. 125 4, SI • 20Z 18 

I 
*"" • tandard 

I 

• tandard 0 
devi•tion . 001 • 1)3 . 46 . 116 • ?6 ' 00120 dcviAtion . 003 .18 5 I, 59 • 213 --· • 00096 ...... 
devl:ition deviation 
of mean • 000 • 060 • 2 1 • 059 • 39 • 00060 of me \O • 001 • 076 . 6 S .087 -·· • 0001) 
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Table B2 (continued). 

d " 0 , 1>4 Ct, 1 t O. I 28 ft, X " 0 , SZZ rt 

E)(p, :""o, 

R 
9 

10 
II 
12 
11 
14 
IS 
16 
1; 
1• 
I? 
20 
2 1 
zz 
23 
l• 
ZS 
zc. 
27 
2• 
29 
)0 

31 
ll 

1tandard 
r!~viation 

devi at ion 
of niie a n 

11((1) 

• 158 
• I SS 
• I 57 
• !LO 
• l l.4 
, ILZ 
.I(..? 
, IC.Z 
.IC. 5 
.I C. 3 
, IC.J 
• H .. z 
. l<. l 
.1 6.l 
.I C.I 
,1 ('3 
. u.s 
.I LZ 
. ILJ 
.ILi 
• I OJ 
.JC.Z 
. ILO 
. I Li 
• 164 
.l t.Z 
. IS•l 
• IC.O 
• JtZ 
• lbO 
.l b J 
• 16-1 

• 162 

. 002: 

• 000 

U
0
((t/1ec) 

5. IO I 
1),050 
s. 069 
s. 08 1 
!J. OSB 
; ,o•n 
s. o.;;. 
5. Oil 
'5. 058 
S.054 
S.062 
S.O-it. 
s. 073 
5. 0liS 
S. OSfi 
S. 0/'! S 

.;,914 

.;, t1 H1 
4.'J?Z 
4. 98 S 
4. ? BS 
4. % 2 
.;,•)5 5 

"· 958 
4.970 
4. 9S8 
4. 947 
.;,974 
4. 970 

s. ozz 

Sta th:int 
Prcs,urc 
Tr ;anaduce r 

~ ( ft} 
y 

• 203 
• 205 
. 212 
,1 1)7 
, IH7 
• 18R 
.17? 
• 170 
, )(i1l 

• 201 
• l73 
• 173 
. 172 
• 17) 
. 16•) 
• 175 
• 204 
• 18) 
• 186 
• l lHi 
, I Hl, 
, !RH 
.l tJl.i 
. I K6 
• 191 
• 19 1 
• 183 

, IR7 
. 17J 
• 209 
.l ?O 

.187 

. Oil 

. ooz 

tr{m hie) 

), 27 
3, SS 
), I) 

), )2 

l.IA 
) . 70 
3,11 
], 30 
3. 18 
J , OU 
), l) 
), Zl 
l . 44 
), 10 
3.>6 
3.14 
l. Zi 
3. 42 
J • .;o 
),-IJ 
3.5 1 
),).; 

l, ZB 
3. 28 
). 49 
) . 4 5 
). 59 
3, Z? 
) .-15 

3.1 1 
), 31 

3. l3 

• 16 

• 03 

Modified 
Schaevit:t.·Oytrex 

P r cs1ur e T r ansducer 

~ lft ) 
y 

• 257 
• 283 
.215 
. ?.4 1 
.w. 
z. 84 
, l?I 
. ZSI 
• Z56 
• l'JO 
. HO 
.244 
. 2S4 
.NJ 
• Z20 
.2ZJ 
. zn 
• 273 
• 16? 
• 280 
. ZH 
. Zil 
. ZH 
. z.;s 
. ZSA 
• 268 
• 27.J 
. 2)0 

. 262 
• 267 
. Z6S 
. 2bl 

• 2)2 

• OZ4 

. 004 

tr fm I CC ! 

I. 49 
I.ZS 
I, 44 
I. 39 
L b7 
I.JI) 
2 . )? 
l.57 
!. 2.7 
I.bl 
I. (,b 
J·. SS 
I. St 
I. S4 
2.1? 
I. RS 
1. 511 
I. SS 
I.JI 
1,41 
I. JZ 
1.75 
I. 70 
Z. OJ 
I. 19 
1.J8 
1.41 
l. 88 
I.It.. 
1. 2b 
1.47 
1. 92 

I. 58 

,31 

. 06 

td(•ccl 

• 0')393 
• 0%10 

. • 095Z9 
. 0% 4S 
• 091JS! 
. Oi:>C.7? 

• 09668 
. 0?531 
• 0?".10!1 
. 09708 
• 09LSZ 
• O?CiU? 
. 0?71 2 
, O?blZ 
• 0~472 
. 09418 
• 0%21 
• 09Ci67 

• 0'.1676 
. 09711 
• 097 17 
. o•:if,bJ 
• 09 6! 8 
.0%"1 
• 09625 
. 09606 
. 09700 
. 09 700 
. 0%70 

. 0%30 

• 000?6 

• 00018 

Exp. No. 

I 
2 
) 
4 
s 
6 
7 
8 
0 

10 
I I 
II 
13 
14 
IS 
16 
17 
18 
19 
20 
2 1 
Z2 
13 
24 
ZS 
26 
27 ,. 
29 
30 
31 
32 

1tanrl;i rd 
devia tion 

deviatio n 
o{ nu•an 

Hf!t) 

• 19 1 
• 188 
.188 
• UIS 
.1 90 

.I" 

. l?l 
• 19J 
. 191 
, 191 
,180 
.1~7 
. In 
.188 
.I n 
.I n 
• 19? 
.187 
. l~R 
,1gs 
.1 g9 
.JR6 
.IU 
.1 81 
. I M 
.I SS 
.I RJ 
.l lH 
.IM 
• 187 
. IK4 
.I n 

• 188 

• 003 

.000 

d = 0 . 640 ft , I % O. IZK ft , x = 0. szz ft 

U
0
(!t/uc) 

s. 161 
s. 181 
s. 161 
s. 169 
s. 129 
s. Jbl 
5. 125 
S.ISJ 
S. lll 
s. 13 7 
5. 125 
5. lSJ 
S.15J 
5. IOI 
5. l l3 
s.on 
s. 153 
s. 109 
s. 141 
S. 14 1 
5,1 4 1 
s. 145 
5. 12'} 
5. 161 
5. 1)7 
5. 137 
s.1.;•1 
5. l4l 
5 . 157 
5. 137 
5. 149 
s. 125 

5. 141 

Statham 
Pr~s 1u rc 

T ran1ducer 

~ (fl) 
y 

• 28? 
• 273 
• 278 
• 355 
• 273 
. zso 
• 273 
• Z4Ci 
• 27l 
• JOI] 
• 2lo4 
. 2% 
• 262 
• 21.i8 
• 282 
• 282 
.2&-1 
. 305 
. 2t)I 
.JSS 
.ZS'J 
. ·110 
. 280 
• 282 
• 2(,8 
• l.82 
.3Sl 
. 4-:'3 
• 273 
• -114 
. 282 
.-11 4 

• 302 

. oss 

. 010 

tr(llllt-cl 

J, 7 S 
J.52 
], 72 
). 90 
). 34 
). (,•1 

3. 31 
), q5 
l.S3 
3. Ol 
). 44 
4. ()'] 
) . ll 
l . 50 
3 . 4H 
J.31 
) . 34 
), 40 
).J7 
3. 00 
3.4\J 
4. H 
3. ;1 
l . 18 
J.55 
J, JR 
l. 87 

l . 47 

3. 16 
?. C)~ 

J. 50 

• )I 

• 06 

Muriifil'd 
Sch&c\•itl'. - Uytrcx 

Pr~• •ur to Tran1duccr 

f: ( h) 
v 

. J i il 

. 415 

.J-12. 

.zr, 1 
• J.10 
• 320 
• 3ll 
, ]}\ 
• 320 
• 1?6 
• }3 1 

• 388 
• 270 
.HJ 
• ZHH 
.338 
. 29 4 
. Zill 
, Zf17 
. !:t.4 
. 346 
.]ti(, 

.l·i? 

. 318 

.Ht. 

. 31C. 

. J OS 

. 377 
• 303 
. 364 
• l-10 
. 342 

• 327 

. 038 

• 007 

t ,.( llll t"cl 

I .~ 

2.1s 
l.U 
Z.70 
L ~ 
2.~ 

l.M 
z. 04 
1.n 
1.H.? 
I.~ 

I." 
l. 1) 

l .Y 
2.SJ 
l.W 
1.W 
2. JI 
L~ 
LY 
I. S I 
I." 
l.H 
I . ~ 

?.OJ 
2.~ 
l. H 
l.Y 
I. ~ 
1.M 
l.U 
I, 73 

l .1'14 

• 39 

• 07 

t (lt.'..-1 

" 
• 08f;75 
, 08{.SO 

• OHti(,7 
• 08i1il 
• OR7ZK 
• OH(,•J H 
• OH74 1 
• Ot!M17 
• oi:iszz 
• OKMll 

. O:ild I 
• 0 1'((,4/i 
• Ot!lilU 
. OH'> H4 
• OH.;H4 
.OH/,•q 
• OKl1t. l 
. ois;n 
• OHlJ(;'l 
• OKiiOt. 
• OHil "i" 
• 08S'JS 
• 081165 
• t)H7K5 

.oesn 
• OHlol.7 

• ORDOO 
• 086 1? 
• 0801'1 

• OHl1SI 

>f>. 
0 
w 
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Tabl e B2 (continued) . 

d s 0.640 ft,•., O, 128 Ct, X s Z. 020 I I d •. 6'40 ft, •• . 128 ft , x "' z. ozo 

S tath •m Modified Statham Mod Hied 

Pre11ure Sch1.evit1- Bytrex Prc11ure Schu·vil£•I3ytrex 

Tran1ducer Pn•11ure Trans ducer Tran1ducer Pre1 1ure TrAn1duce r 

Exp. No. I Hffl) I ~l{t) tr(muc) ~ (rt ) trfm ICC) td(1ec) Exp. No. H(lt) lf (ft} t~m 1ec) ~(ft) tr(m1ec) td (uc) 

' ' 
• 147 --- ... • 074 2. 48 • 36575 I . 208 --- --· . 2'40 6 . 06 '28981 
• l4t ... --- • n59 2. 80 • 374 52 2 . 206 ... . .. . 288 s.n . 28877 

• 146 ... . .. . osz 2 . 00 • 3687-4 ) . 205 ... ... ---· ---· ---- --
• 147 ... --- • o<..; I. 9 1 , 36ZS6 4 . 207 --- -- - . 481 I. 7 1 . 2 8908 

• 116 -·· --- • 078 2. 49 • 36!75 S· . 202 --- --- , 3R6 3. S9 . 289)7 

.1 46 . .. --- . OH 2. 45 .31299 6 . 202 --· --- . 4.28 I. 86 . 29035 
7 . zoo . .. --- ' 281 6. 94 . 29046 

• 146 . .. --- . 062 2. 36 • 36777 
mean . 204 --- ... . 351 .. . )l . 28?6< 

1u.nd1.rd 
deviation. • 0005 --· ... • OIZ .31 • 0049Z 1tardard 

deviation '003 --- --- ' 087 2 . 05 . 00063 

d evil.l ion 
o! mean • 000 --- ... • 005 .1"3 • 0021)0 dev iation 

o f mean . cot ··- --- . OJS . 8< . 00026 

\ I 1 • 176 . 182. 4. 57 , 3 ! IZ4 . .. ---
• 173 ... . .. . !SS 6. 17 . 31308 I . z1j --- --- . 404 I. 8Z . Z6Z07 

• 17Z ... . .. , l ?S 3.-1Z • 31368 2 . 267 ... --- . -186 3.)) . 2.bZ05 

• 172 --- --- • 174 ), 97 • 31 lb8 3 . . 271 --- --- . 4.1 3 4. 2.4 . 2.60(,9 

• 17Z --- --- . 20Z 4, Z3 • 31261 • . 2.67 --- --- . 422 14. )) . 2.6£127 

• 173 . .. --- . 267 2,91 .311 !2 ' . 267 --- . 55 5 14. 00 . 26136 
6 .212 --- --- . b15 ). 77 . 26360 I H:>-• 173 --- --- • 196 4. 20 • 31Z:Z4 

mean . 270 --- --- . "183 6 . 92 . 26267 I 0 
•tanda -rd U1 
deviation 1 · 001 

--- -·- • 035 I. OS • 00096 • tanda. rd 
deviation . 003 ... --- . 079 s. 18 . 0018"1 

deviation 
o f mean • 0006 --· --- • Ol• • 43 • 00039 deviation 

of m e .tn . 001 --- ---- - . OJZ: I - z. 1 t I . 00011 



T able B2 (continued) . 

d " I. 2. S, I •• ZS, x I: -4 . 02.S d • t. ZS, • • . 2.5 , x • 4 . 025 

Sta tham Mod Hied Statham Modified 
Prt'11u re Schaevltr. - Jlylrex Pre••ur e Schaevil r.-Dyt rex 

T r an1duce r P n•11ure Tr;in1d ucer Tr;in1ducer Pre1 1ure Tran1duce r 

Exp. No. I H (ft) I f ttt) t)m sec) ~(h) \(m sec) td(aec) Exr. No. H(ft) ~(1t) tJm 1ec) ~ {rt) tr (m 1ec) I td(1ec) 

• ) 0 ) ... ... . 162 5. 00 . 4586 3 I . 415 -· · ... . 609 8. 75 I . 39970 
. 305 . .. -·- ' 343 4.H . 46! 18 z .4 14. ... ... • 5Z9 8. ) 8 ' 39979 
.303 ... . .. . Z3 1 S, 31 ... 3 . 414 ·· - -- · . 4SO 18. 00 
.301 -·· .. . . Z58 -1. 75 . . . 4 . 418 ... . .. . 663 7 . 7 5 
.301 ... . .. . 2.05 6 . 70 ... 5 .414 . .. . .. . 468 10. 1?0 
. 301 ... . .. . zn 1 . 90 . . . 6 . 4 14 . .. . . . . 619 1l. 70 

.303 . . . ... .Z-19 5. 71 . 4599 1 m t!an . {15 . .. . .. . 561 11. ZS I . 39975 

1ta ndar d 1ta ndard 
d e viation . ooz ... · ·- . 059 I. 18 . .. deviation . ooz I ... I -·- I . 073 I l . 6Z 

deviatl~n deviat ion 
ol m ean . 0 0 1 ... 

\ 
. . . . 024 . 48 ... of mean . 0006 --· . .. . 030 1. "'8 

. 363 ... . .. .HZ 10 . 00 ... I . 467 . . . · ·- . 565 11. 50 I . 38493 

. 36b .. . . .. • 509 11. 36 . 42.170 z 467 . . . . .. . 7 53 18 . 20 . 31'751 

. 369 ... . .. • 421 14. 70 '·12400 l ' 462 . . . ·-· . 889 10. 30 

. 362 ... ... . -06 12. '1 5 ... • . 4&6 -· - ·-· . 537 30. 00 

. J6Z ... ... . 427 11 . 00 . . . 5 . 467 ·-· . .. . 813 4. 2:7 

.362: ... · - · . 587 10. 00 · · - h . 470 ... ... . 702 I S. 10 

I . l86ZZ I ~ 
. J6< ... ... . <69 12:. 09 • 42:285 mean . 46 7 . .. -·· . 720 14. 90 0 

•tan•h.rd • taodard O' 
di:vi;i t ion 

1 · 003 
-·- --- . 058 1. 82 . .. di:v iat ion . 002 -· - ·-· . 136 8 . 01 

de via tion deviat ion 
I I I I of mi:an . 00 1 ... ··- . oz'-t .H ... o f mea n '001 . .. -· · . 056 ) . Z7 



T able B2 (continued) . 

d" 1.n tt, , . o. 2s !t, x. o.s2l ft d • 1. ZS ft, 1 s o. 25 !t, X • 0 , 5?2 ft 

Statham Modified SUtham ModHted 
Pre11ure Schaevitz.-llytrex Pre11ure Schutvit~- Bytrex 

Tran11duct1r Pre11ure Transducer T ranaducer Pre11ure T ran1ducer 

Exp. No , I H(ft) I U
0
{ft/uc) .!J (Ct) t ,.{m .eel _!j (!ti t?'(muc) ti sec) 

v v 
Exp. No. H(!t) U

0
(!t/uc) .f. 1r11 

v 
t ,.(m 1ec ) g,(lt) 

v 
t ,. (m ICC) td( • ec) 

.300 --- • 3Z6 Z. 5-4 . 438 • 96 . 07293 I .H7 7, 117 • 469 3. OJ • 508 l. 8Z • 06656 
• 300 7, Oll , lZ4 --- • 359 --- --- z .351 7. 104 • 465 z. 74 • 633 l. zz • 0671) 
• 300 b. 9?1 . ) )) z. 33 . H9 • 83 . 07388 3 • 352 7. 126 • 452 2. 49 . 6Z7 • 94 ---
, Z96 6, ??I • 318 z. 30 • 42'? . 96 • 07384 4 • 353 7 . lt5 • 469 z. 95 • 513 "?. l) , Ob735 
• Z97 7, Oil , JZO z. )0 • 4:!. l . 98 • 07)81 5 .353 7. 089 . 469 z. 51 • 597 l, 57 

• Z99 7. 001 • 324 2. 37 • 4 19 • 9) • 0736? mean . 351 7. 110 • 465 z. 74 .588 I. 54 • 06701 

1 ta ndard 1tandard 
de viation • 002 • 010 • 005 • 00 • Oll • 06 • 0004 deviation . ooz , Oil --- • 00 • 04 5 . ., • 00033 

deviation deviation 
o{ mean .oot • 005 • 002 . 00 • 014 • 03 • 0002 o ( mea n . oot • 006 --- • 00 .020 • 19 • 000 15 

\ I .387 7. ZOI • 580 3 . 06 . 707 1. 33 . 00407 I • 499 7. 437 • 750 --- I . 028 --- ---
• )82 7. 19? • 504 2.26 . 685 I. Zl • 06427 z • 500 7. 407 --- • 909 1. 97 • 05976 
• 385 1. zot . 575 2. 64 . 6Z9 l. 40 • 00·~ 2.S ) • 49? 7. 433 • 686 z. 78 • 8?5 l. 56 
• 185 7, 19 4. . • 571 3 . 3~ . 66Z I. OJ • 0634Z 4 • 483 7. 41 7 • 788 --- • 843 ---
• 391 7. 196 . ooz z. 47 . 685 1. }2 • 004 13 5 • 486 7. l 9? • HZ z. 54. • 8 18 z. ) 6 • 0597Z 

• 380 7. 198 • 579 z. SS • 074 I. Z6 . 06403 mean • 49 3 7. ·U9 • 742 z. 66 • 899 1, 90 • 059i4 

• tandard 

I 
ttandard 

I 
~ 

deviation .003 • 003 • Oil • S4 • 027 . 13 • 00031 deviation • 007 • 015 • 030 . lZ .073 • )3 • 00002 0 
deviation 

-...) 
deviation 
o! m ean , 001 • 001 • 006 . ,. • 0 12 • 06 • 00014 of mean :001 • 007 • 018 • 08 • 033 • 19 • 00001 



Table B2 (continued ). 

d,. I . ZS rt , 1 .. O. ZS !I , X " z. SZO Ct d" I.ZS ft , t • 0.ZS ft, X"' Z. SZO ft 

Statham M odified St.a t ha m Modified 
P r e11ure Schaeviti:~Dytrex Pre11ure Schaevi l<t - Dytrex 

T r1.n1duce r Preesur e TrAn11ducer T ranstluce r P r e11ur e Tran1ducer 

Exp. No, I H( !t) I ~(ft) t r (m u~c) ~lft) tr(m 1ec) td(1ec) Exp. No. H(ft) ~(ft) 
y 

tr(mucl .£? (It) 
y 

tr( m sec) tine) 

• za3 • 458 ) , 27 • 4Z9 z. 45 • 29114 I • 411) I . 080 5. 21 • 785 ). 70 .zsns 
. 29) . HI 4. JS . 4Zl ), 70 • 2?148 2 . 416 • 970 4. 50 I, 29 1 ... so • 25675 
. Z?tl • 33 ! 4 , )Z • JSS 4, 32 . 29184 J • 418 . on 4. 71 • 900 4. <10 ---
• 300 • 358 s. 13 • 471 3.53 • ZIJ196 • . 417 . % 0 s. oz .655 10. 00 • 25824 
• 302 . 436 l . 77 . 266 --- --- 5 • 417 . 818 6. 4S • 857 5. 3l • 25630 
• 295 ... l)(I 4. S(, .H4 z. 70 . 21?1~6 6 . 413 • 908 5. 3 5 I. 239 4, 25 • 25648 

• 297 . • 392 ... 23 • 361 3.34 • 29162 mean • 416 • 905 5. Zl • 946 5. 36 . Z5700 

1ta.nd~r d •h.nd~rd 

d c: viation • 003 • 053 • 59 , Ol.8 • 68 . 0002? deviation ! • ooz . 1Z3 • 63 • 2Zl 2. IJ • 00010 

I devia t ion devl~tion 

\ o! meia.n . 001 • 022 • 24 • OZ8 • 3 1 • 000!3 of mean • 001 • 050 • 26 • 090 . 87 • 00031 

• 356 • 6ZS 5 . 16 . 489 7. 90 , Z6917 I • 457 I. Z61 3.?Z 1. ZZ3 1. 30 • Z504 5 
• 357 • 619 4. 4Z • 50 1 10. 00 • 27157 2 • 4 &1 . 858 10. 00 l . 060 6. so • Z5079 
• 357 . 481 7. 43 • 648 5. 30 --- 3 • 4&1 • 914 IO. 00 • 993 s. 00 ---
• 356 . 887 5 . 09 • 61Z 9 .SS • Zb<J49 4 . • 461 . 900 6.,, I. Ill 6. 2 5 • Z41)04 

• J61 • 495 9. 00 • 781 4. 84 • 26745 5 • 465 1. 004 4, 87 . 871 1. 62 • 24918 
. 354 . Sll 6 . 25 .518 6. 88 • Z~? 46 6 • 46Z • 949 1. SS I. Z!S l . ?l • l-19·'3 

. 357 • 607 6 , Zl , S9Z 7 , 41 • Z6943 mean • 461 . 981 7 . 15 1.08 3 6. 61 . Z41'17R 

•t~nd a. rd 

I 
stand ard 

I 
~ 

deviation . ooz • 1)7 I . 57 • 10) l,'?5 • 00131 d eviation . ooz • 133 2. l2 • IZS l. 3 5 • 00071 0 

d eviation 
00 

deviation 
o{ mean • 001 • 056 • 64 , 04Z • 80 • 00059 of mean • 001 • 0S4 . 95 . OSI • SS • 00032 



Table B2 (continued). 

d • t.ZS, • • .250, X • 3.0ZS d • t. ZS, • "' . 25, X • 3. 025 

Statham ModUted Statham Modlfted 
Pre11ure Scha.evitz-Dytrex Pre11ure Schaevltz• Bytrex 

Tra.naduccr Pres 1ure· Trl\nsducor Tran1ducer Pre 11ure Tranaduce r 

Exp. No. I H(fl) ~(It) t)m ICC) .!?(fl) tr(m 1ec) lcl(sec} 
Exp. No. H(fl) ~ {ft) tJm sec) ~(ft) t,. (m sec) td(1ec) 

. )OZ --- ··- . 38Z 6. l9 . J.4129 I . 42.5 ·-· --- • 791 " · 82 . Z997l 

. Z9S --- --- . 512 1. 35 . 34228 z . 416 --- --- . 981 4. 17 . 30104 
• )01 ··- --- '461 2. 61 -·· l . 425 --- --- .6H 7 . bO . )0066 
.19S --- --- • 331 7. 18 • 3-1419 4 • 425 --· --- . 910 S. ZS . J0042 
. 300 --- --- • 502 5. 67 ··- s . 425 --· --- . 785 9. 79 . 303ZJ 
. 300 --- --- • 601 z. 90 . ).099 6 . ·l3 I --- --- . 7 18 .. . 60 . 300}) 

. 300 --- --- . 470 4. lS . 34294 me an . 425 --- --· . 603 6. O< '30090 

1t.11.ndard 1tandard 

dev iation • 001 --- --- • 097 2. 16 . 0012! devia tion I . 00'4 I ·-· I --- I . llS I z. 01 I ' 00111 

deviation deviation 
ol mean . 00 1 --- ··- . 038 • 88 . 00060 of m ean . 002 --- --- . 047 . 81 . 00o-t5 

.362. ... --- '876 5. 57 . 31647 I . 47.2 --- --- . 627 lZ.. 00 . Z9518 

I ; I . >61 ··- -·- . S9Z 7 . 97 . 31793 ' • 47Z -·- --- . 970 8. Z8 . Z9103 
\ . l6l --· --- . 877 z. 71 , 316ZS l • 470 ··- ·-· . 880 10. 10 ... 

. 360 -·· --- . S77 -1. 68 ' 3 1735 • ' '478 --· --- L 201 10. 30 . 291H 

. )60 -·· --- . t.21 6. )S . 31810 .5 ,475 --· --- . 880 9. 08 • Z9Z6l 

. l6l --- ·-- .721 4. sz . 311>?3 6 . 474 ·-· --- 1. 021 8. 99 . 29 158 

' 362 --- --- . 711 5. 30 '317 17 m e i.n '474 --- --- . 9l0 tl. tl ' 29231 

I 
;j:>.. 

• ta ndi.rd •tandard 0 
d ll!'v ia.tion 1 · 00 1 

--- --- . IZ6 t. 63 . 00069 deviation . OOJ --- --- . 173 8 . 47 . 00150 

'° devi&tlon dll!'viat lon 
of miran • 0005 --- --- . OSI . 67 '00028 O! mean . 001 --- --- . 071 ). 46 . 00067 
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Table B2 (concluded) . 

d t }, 0 I >:: • J X • 4. 52.5 d • l. 0 • • • 1 x • 4, szs 

Statham 

I 
Modified Statham Modif!.ed 

Pre11ure Schaevih - Bytrex Pre11ure Sch&evit%- Bytr ex 
Tr11.n1duce r P r e 11ure Tran1ducer Tran1ducer Pre111ure Tran•<tucor 

Exp. No. I Hf ft ) I ~11t> vm ICC} ~(ltJ t r (m ICC) td(uc) 
Exp. No. H(Ct) ~(rt) ym •ec) ~(It) tr(m 1ec) I td(uc) 

• lSO --- --- • )5.8 4. SS --- I • )08 --- --- 1. 112. 9. 06 

• J.19 --- --- • 379 3.lZ --- z • 306 --- --· . 850 • 850 

• I SO --- --- . llS 4. 15 ·-- 3 . • 308 --- --- . 850 7, 10 

, ISO --- --- • )79 3. 75 ... 4 • 307 ·-· --- • 132. 5,Jl 

• ISO ... --- • 2.83 5 , 31 ... s • 307 --- ·-- • 896 8 . 10 

• ISO ... ··- • 347 3. 61 ··-
6 • 307 --- --- I. 032 6. 17 

• 150 ·-- ·-- • 344 4. 08 ... mea n . 307 ·-· --- .91Z 7. ll 

standard 1tandard 

devl:a.tion 
1 · 000 -·· ·-· • OlS .71 ... devia tion I .0001 I --· I 

,. __ 
I , IZ6 l. 16 

devb.tlon deviation 

o f mean • 000 --· ·· - • 01-1 .Z9 --- o! m ean • 000 --- --- • 0 51 • 48 

I . 3so --- ·-- l. 180 •\. 76 ... I • ZZ4 · · - --- • 601 6, 67 

\ I z • )76 ... -·· I. 149 l l. 14 --- z .Z30 --- --- .82.5 4. 44 

• 377 ... . .. I . 02.0 8. 75 . ·-· ) • Z27 ... --- • 660 6. 50 
• 317 ... . .. • 8 33 14. 30 . .. • • lZ7 --- --- • 640 s. 3l 
• 377 ··- --- I, 035 10. 30 ··- ; • 2.2.7 ·-- --- • 710 "· -46 

l. 22S ··- --- 6 . 227 ·-- --- • 710 ... " 6 

. 377 ... --- I, 074 9. BS --- mean • 227 --- -- - • 719 ;, 03 I --- *"' 1t;rndard 
...... 

• h.ndard ...... deviation 
1 · 00 1 --- ... • 130 l, lZ --- c!eviatlon • 002 --- ··- • 101 l. )2 

deviation devlation 
ol mean • 0006 ·-- ··- • 051 l. 40 --- of mean I . 0001 I --- I --- I • 041 I • 54 

I I 

I 



T able B3. No r malize d force F /yd 2 , .aver age pres sur e Pav/ yd, 
fo r s/d = 0. 2, L/d = 0. 4 . 

~ t 

0 .ZOJ I 0.254 
o.3os 
0.3$5 
o.•0• 1 
0.45 7 j 
o. 50 8; 
0.55 8 
o.w• 
0 . 66/J 
0.111 
C 0 Ttd 
0. 612 
o.e,,1 

~: :~: i 
1.015 
1 . 06 6 
l o 167 
l . 2UJ 
1 . 269 
t. 320 
t .370 1 
t . 1o21 1 
l .ltlZ 
1 . 52 3 
l . 573 
1 . 62 4 
l . 6TS 
l. 726 
l. 776 
1. 1!27 
1.878 
1.c.izq 
1.9M 
2 . 010 
2 . 132 

, 3.~n 

2. ))5 
2 . 4)6 
z. 538 
2.619 
l o 741 
2.Hl 
2o 8't2 

1 - ~"" 
3. 045 
3. 147 
3 . 248 
l.299 
) . )50 
l o·Hl 
3 . S~) 

3. 65.C. 
).8'J7 
4o . 06(, 

::~!:I 
4 , 8221' 
,5. 075 
s.1zq 
5 . 583 
s. an 
t,.091 
6 . H.\ 
o. sqa 
6.852 
7 .106 
7. 3 5'.l 
7 .6l) 

I o.24 

0.00907 
0 . 01120 
o. ouo ... 
0 . 012lS 
0.0172 3 
0 ~ 013q3 . 
0 . 0240.tt 
o.02so6 
(l . 02Clll 
0 . 02212 
, . :>2 862 
c.OlCZn 
0.03 15 1 
O.l)J0:.2 8 
0.0 2907 
0 . 02101 
l).•;44 8 5 
0.l')Jbl't 
0.02e58 
C' . Gl'.81 
0 . 02434 
0 .(\\ ~b l! 

0 .01)00 
c . (\1828 
0.01650 
0.o1128 

- o.ocr11 
0 . 0 3730 

- 0 . 00(.)8 
- 0 . 0 1175 

0 . 03ltl 
V. 01 477 
O. Ol't76 
0 . 01828 
o . OC.6Cl 

- O. t'l 762 
- O. C9 C'64 
- 0 . 0611Z 

- 0 . 05553 
- 0 . 12162 
- 0.0710b 
- o . 07440 
-0. 14 293 
- 0 .. 1207& 
- o . 12 q 11 
-0 . 12134' 
-o. 1 ~540 
-0.17805 
-0 . 14 61 l 
- o . 1it's12 
- b.15"82 
- O. l8Q42 
- ci. l't,561 
- 6.13.633 
- 0 . 15U8 
- o·.15319 
-o. U368 
- 0 . 135'i 9 
-0. tJ2("8 
-o. 126\1 
- 0 . 11"54 
- 0 . 11CJ72 
-P . lOJ7• 
- O. C89!12 
- o .ce436 
- o . on53 
-0. 060't5 
-o . 0~200 

- 0 .• 0 35"' ' 
-0.0) 300 

F /yd 2 

0.28 0.32 0.36 0.40 
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APPENDIX C 

DERIVATION OF UNDAMPED NATURAL FREQUENCY OF 

OSCILLATION OF 1/8-IN . TRAN SDUCER IN OIL CHAMBER . 

For purposes of therma l ins ulation, the 1 /8 - in. tr ansducer was 

recessed b ehind a cylindrical oil chamber 1 /8 in. in diameter and 1 /8 

in. l ong, as show n in Figur e 4. 22b. The inne r e nd of the c h amber is 

forme d b y the circula r s t ainl ess steel diaphragm of the o r i ginal trans-

ducer, which in its unmodified s t a te h as a rated natural ·fr e qency fnd 

o f 60. 0 kilocyc /s ec . The outer end of the chamber i s forn1.cd by a 

piece of polyethylene adhesive t ape , whose mass and s tiffness are 

n egl ect e d in this analy s i s . The chamber i s filled with oil having a 

d e n sity pf approximately equal t o 1. 5 5 s lug /ft3
, or 7. 5 x 1 O :.. s l b -

sec2 / in. 4 

It is assu med th at the system behaves as a sing l e-d egree -of-

fr eedom harmonic oscillator, whose und ai-r1ped natural frequency i s: 

f - -
1- A n - 2n m Cl 

w h e re i n thi s case k i s the stiffness of the dan1ped circul ar diaphragm. 

of the ori g i nal transducer and m i s the m ass md of the d iaphragm o f 

the original tr ans duce r plus the mass m of the oil in the chamber. 
c 

The m ass and s tiffness of the diaphragn1. may b e derived as 

follows : the stiffness k of a clamped circular diaphr agm is r e late d 

. to the diaphragm di1ne nsions by the e quation: 

k = 192 nE h 3 

CZ 
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wher e E i s Young ' s modulus , h i s the diaphragm thickness (as yet 

u nknown, in this case), a is the transducer r adiu s, and 11. is Poisson's 

ratio . (Equation CZ was d erived fr om. Timo shenko and Woinowsky-

Krieger, 1959, pp. 5, 55. ) The diaphragm mass i s s imply 

m = p n a 2 h 
d d ' 

where pd i s the d ensity of stainl ess ste el. 

Since the natur a l fr e quency of the origina l tr ansducer f d is . n 

known, it i s us e ful to apply Equa tion Cl to the diaphr agm alone : 

Equati ons CZ, C3, and C4 may be combined to obtain h: 

h = rra
2 

z 

The stiffness a nd mass of the diaphragm. may now b e obt ained from 

Equations CZ and C 3 , r espectivel y . F o r E = 30 x 10
6 

lb/in. 2
, 

-3 
11. = 0. 3, pd= O. 735 x 10 lb- s e c 2 /in. 4

, and a= 1/16 in., 

h ::: 0. 00174 in., 

k ::: 2Z28 lb /in. , 

md ::: 1. 57 x 10 - 8 
lb-s ec2 /in . 

The mass of the oil i s : 

C 3 

C4 

cs 

C6 

w h ere pf i s th e d ensity of the oil, and ,f, i s th e l ength of the c h amb e r. 

/ 
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-5 
For pf= 7. 5 x 10 lb-sec 2 /in. 4 , and t = 1/8 in.: 

-7 2 
mf = 1. 15 x 10 lb-sec /in. 

By Equation Cl, in which m = md + mf: 

f = 20. 8 kilocyc/sec, 
n 

the c01nputed value of natural frequency that appears in Table 4. 1. 


