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PREfACE 

Ten experi men t s were conducted at th Coasta l Engineering Research Center (CERC) 
from 1970 to 1972 as part of an investi gat ion of the Laboratory Effects in Beach 
Studies (LESS), to relate wave height vari ab i li t y to wave reflection from a movablc­
bed p rofile in a wave tank . The investi gat ion also identified the effects of other 
lab or atory constraints. the LESS proj ec t is directed toward the solution of probl ems 
facing the laboratory researcher or enginee r in charge of a model study ; ultimate ly , 
the results will be of use to field en gi neers in the analysis of model s tudies. The 
work was carried out unde r the CERC coas t a l processes research program. 

This report (Vol. VII I ) is the last in a series of eight volumes on the LEBS ex­
per iments. Vo l ume I descri bes the pro ce dures used in the 10 LEBS experiments, and 
serves as a guide for conducting co astal engi neering laboratory studies; Volumes II 
to VII are data reports covering a l l experiments. 

This volume is a comprehensive analysis of results from all 10 experiments, and 
includes a further analysis of each experiment and how it relates to the other 9 ex­
periment s on wave height var iability, p rofile equilibrium, and laboratory effects. 

This report was prepared by Charles B. Chesnutt, principal investigator, under 
t he general supervision of Dr. C.J. Galvin, Jr., Chief, Coastal Processes Branch. 

The author gratefully acknowledges the assistance of the following CERC employees 
who were involved in the LESS data collection or reduction: J.C. Ahlquist, R.J. Brown, 
W.J. Brown, S.M. Bruce, J.W. Buchanan, E.G. Burroghs, D.A. Clark, D.M. Clark, G. Davis, 
W.O. Doll. J.M. D'Ottavio. J.M. Fairchild. E. Fishman, A.B. Frankie, D.C. French, M. 
Fuhr. H. Goldstein. B.H. Gwinnup, I'/.J. Herr. F. Holcombe, R.R. Kohler, F. Lago, M.W. 
Leffler. F.S. Moore, J.J. Moore. D.A. Mowrey. M.J. Murphy, P.C. Pritchett, B.D. 
Schiappa. K.E. Schreiter, Jr •• R.M .. Sm all. L.C. Tate, C.F. Thomas, W.A. Thompson, T.M. 
Thrall. and C.V. Willard. Computer programs used in the data reduction were written 
by J.C. Ahlquist. S.M. Bruce. J.I'/. Buchanan , and B.A. Sims; programs written by J.C. 
Ahlquist used techniques developed by W.R. James and 0.5. Madsen. Significant contri­
but ions were made by C.H. Everts, R.J. Ha llermeier. C. Mason, and E.F. Thompson through 
numerous discussions with the au~hor and by reviewing one or more of the early manu­
s cripts. 

The author extends special appreciation to the following: M.W. Leffler for his 
assist ance in the prep aration of the ei ght manuscripts; C.J. Galvin, Jr., for his 
gui dance and assistance ; and R.P. Staff or d . f or the high quality of the data collected 
and who coauthored the firs t seven vol umes. 

Comments on this publ ication are i nvi ted . 

Approved for publication in accordan c with Public Law 166, 79th Congress. 
approved 31 July 1945, as supp'lemcnted by Public Law 172. 88th Congress, approved 
7 November 1963. 
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CON VE RSION FACTORS, U. S. C USTO~~RY TO METRIC (SI) 
UNI TS OF MEASUREMENT 

U.S. cus t omary units of meas ur ement used in this repor t can be conver ted 
to me t r ic (S I) units as f ollows : 

Hul t ip ly 

inches 

s quare inches 
cubic i nches 

feet 

s quare feet 
cubic f eet 

yards 
square yards 
cub ic yards 

mil es 
square mi l es 

knots 

acres 

foot - potmds 

mi llibars 

ounces 

pounds 

t on , l ong 

ton, short 

degrees (angl e) 

Fahrenheit degrees 

by 

25. 4 
2. 54 
6.452 

16 . 39 

30 . 48 
0. 3048 
0. 0929 
0. 0 283 

0. 9144 
0. 836 
O. 7646 

1. 609 3 
259 . 0 

1. 85 2 

0. 4047 

1. 3558 

1.0197 

28 .35 

453.6 
0 .4536 

1.0160 

0 .9'0 72 

0.01745 

5/9 

x 10- 3 

mill imeters 
centimeters 

To obtain 

square centimeter s 
cubic centimeters 

centimeters 
meters 

sq uare meters 
cub i c me te rs 

meters 
square met er s 
cub i c meters 

kilome t ers 
hectares 

kil ome t ers pe r hour 

hectares 

newt on meter s 

kil ograms per s quare centimeter 

grams 

grams 
kilograms 

metric t ons 

metric tons 

radi ans 

Celsius degrees or Ke lvins 1 

lTo obtain Ce l s i us (C) t emperature readings f r om Fahrenheit ( F) readings , 
us e f or mul a: C = (5 /9) (F - 32). 

To obtain Kelvin (K) re adings . us e fo r mul a: K = (5/9 ) (F - 32) + 273. 15. 
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LABORATORY EFFECTS IN BEACH STUDIES 

Volume VII I. Analysis of Results f r om 10 Movable-Bed Experiments 

by 
Charles B. Chesnutt 

I. INTRODUCT ION 

Laborator y effects, caused by di f fe r ences in tank width, initial 
slope, distance between the generator and the profile, gaps at the end 
of the generator blade, and, perhaps , even water temperature, can hinder 
the solution of coastal engineering problems in movable-bed laboratory 
studies by distorting the development of the movable-bed profile and 
causing spatial and temporal vari at ions in the wave height. Temporal 
wave height variability caused by the changing reflectivity of the 
developing profi Ie complicates the study of the laboratory effects, as 
well as the investigation of coastal engineering problems. Temporal 
reflection variability would pres umab l y be eliminated after the profile 
reached equilibrium, but equilibrium is difficul t to define and attain 
in the laboratory. 

1. Background. 

The Laboratory Effects in Be ach Studies (LEBS) proj ect (called the 
Wave Height Vari ability project unt il 1971) was initiated in 1966 to 
investigate t he sources of and pos s ib l e solutions to the wave height 
variability observed in l ongshor e t ran spo rt expe riments at the Coastal 
Engineering Research Cent er (CERC) in t he late 1950's and early 1960's. 
Three-di mensional experiments were perf ormed in 1967 to isolate the 
maj or s ources of wave height variabi l i t y . The superposition of incident 
and reflected waves was found to be a maj or source of spatial variability, 
and changes in the profile reflectivity was found to be a major source of 
t emporal variability. 

Two-dimensional t ests were performed in 1968 and 1969 to study wave 
reflection and s erved mainly to deve lop improved techniques for collecting 
and reducing profile surveys and wave reflection data. 

During 1970 to 1972, 10 lengthy experiments were conducted to define 
t he amount of wave height variability due to wave reflection and 'laria­
t i on in reflection. The se expe riments were to be continued unt il the 
prof ile reached equi l ibrium and t he t emporal wave height variabil ity 
ceased . The effect of tank width was to be studi ed by conducting tests 
in both 6- and 10-foot-wide (1.8 and 3.0 meters) tanks. The results of 
these experiments have also pointed out other laboratory eff ect s. 

2. LEBS Reports. 

This report (Vol. VIII), the l as t of a series of eight volumes on 
LEBS, analyzes the results of t he 10 experi ments. 

I I 



The experimental conditions, f aci lit ies an d equipment, quality con­
t ro l p rocedures , and data col l e ct ion an reduction p r o cedur es common to 
a l l 10 experime nts are documente in Vo l ume I (Stafford and Che snutt, 
1977). Data r e duction and collection p r oce dures unique to individual 
e xp e r iments are described in appendixes t Volumes II to VII (Ch es n utt 
and Staffor d, 1977a, 1977b, 1977c, 19 77d, 1978a, 1978b). 

Volumes II to VII discuss t he results from the 10 e xperi ments and 
dr aw conclusi ons f rom the one or two experime n ts de s c ribed in e ach 
vo l ume. Th e experimental conditions o f t he 10 exper i ments are summari ze d 
in Table 1; the volume in \vhich each experi ment is repoTt e d, and ref­
er ence to three other studies wh ich dis cuss some of t hes e experiments 
are also given in the table. 

Tab I 1 S II ummary a f e:xpenme t a d ' . can l.t lons . 
I nitial Initial Wave Nominal 

Experiment l test slope period wave MR 77-7 Other references 
length2 height 3 

(No. ) (ft ) (s) ( ft ) (Vo l.) 

72C- 10 54 . 7 0. 10 1.50 0 .4 1 V 

70X- 06 100.0 0.10 1. 90 0.36 II Chesnut t, et al. (19 72) 
Chesn utt and Galvi n ( 1974) 
Chesnutt (1975) 

70X-10 61.7 0.10 1. 90 0.36 II Chesnutt, et a1- (1972) 
Chesnut t and Galvin (1974) 

7lY-06 93.0 0.10 1.90 0.36 III Chesnutt , et al. ( 1972) 
Chesnutt and Galvin (1974) 
Chesnutt (1975) 

71Y- 10 54.7 0.10 1.90 0.36 I II Chesnutt, et a1. ( 19 72) 
Chesnut t and Galvin (1974) 

72D- 06 93.0 0.05 1. 90 0.36 IV Chesnutt (19 75) 

72B-06 93.0 0.10 2. 35 0.34 VII 

72B -10 54.7 0.10 2. 35 0.34 VII 

72A-06 93.0 0.10 3.75 0.31 VI 

72A-10 54.7 0.10 3.75 0. 31 VI 
lTho fi r s t t wo digits of the expe riment number indlcate the year of expe rl.ment ; th e 

letters X. Y, A, B, C, and D indi cate t he separate vol umes in the LE BS series of reports. 
The las t t wo digits indicate ei ther the 6- or lO-foot-wide wave t ank used for the 
experiment. 

2Di s tance f rom generator to the initial stillwater level intercept . 

JDetermined for given wave period and cons t ant water depth of 2.33 feet, so that the 
generated wave ene rgy flux had a cons t ant va ue of 5.8 foot-po un ds pe"r second per foot. 

3. Scope . 

The primary purposes of the LEBS r eports are to: 

(a) Relate temporal and spat i a l wave height vari abi Ii ty to 
the changing refle ctivity of the devel op ing profile; 
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(b) measure the approach of t he profile to an equilibrium 
condition; and 

(c) identify, and if pos s i ble quantify, the effects of 
other laboratory cons traints (e.g. , wat er temperature, tank 
width and length, an d initial sl ope) on t!lE~ resulbn," labo­
ratory profile. 

The discus s ion of res ul ts in Se ct i on IV of Volumes II to VII covered 
(a) wave height variability, (b) p r ofile equilibrium, and (c) laboratory 
effects. This vol ume discus ses t h ose topics in Sections II, II I, and 
IV, r e spectively. The data from individual experiments are not repeat ed 
in this volume, but the res ults f rom Vol ume s II to VII are compared to 
develop more generalized conclusions (Se c. V) and recommendations 
(Sec. VI). 

Definitions of coastal engineeri ng te r ms us ed in LEBS reports conform 
to Allen (1972) and the Shore I ro t ction Manual (SPM) (U.S. Army, Corps 
of Engineers, Coastal Engineeri ng Res e a rch Center, 1977). A definition 
sketch of typical profile zones is sh mm in Figure 1. The backshore­
foresho r e boundary is at the upper limit of wave uprush, the foreshore­
i nshore boundary at the l ower limit of wave backrush (low water line), 
and the inshore-offshore boundary at a point just seaward of the breaker. 

Plots of contour movement (CONP LT plots) are used in all exp eriments 
to show, in one figure, the changes in profile shape along a given pro­
file line throughout an entire expe riment. An interpretation of these 
CON PLT plots is given in Section II, 2 of Volumes II to VII. 

The LEBS data have other us es to both the laboratory and field engi­
neer. For example, the profile surveys, sediment-size distribution data, 
and breaker conditions reported in Volumes II to VII, and color slides 
of the ripple formations (available at CERC) can be used in a more 
de tailed analysis of coastal proce s s es. The shoreline recession rates 
from several of the experiments can be used by the field engineer, after 
consideration of sca l e and labora t ory effects, in determining generalized 
sho r line recession r ates. A fur t h r analysis of the profile surveys is 
current ly being conducted by CERe to de t ermine temporal variations in 
ne t ons hore-offshore material t r ansport . The profi Ie data ,,,ould be use­
ful in calibrating a numerical mo e l of profile evolution. 

The LEBS reports are not an all-incl us ive study of laboratory 
effects, be cause several other known laboratory effects have yet to be 
examined in t ensively. These repor t s serve as an introduction to the 
subject of laboratory effects and a s a guide to some of the problems 
involved in performing movable- bed coastal engineering model studies 
and research experiments. 

II. WAVE HE IGHT V RIABILITY 

The nomi nal (g enerated) wave height, He, in Table 1 is the height 
of the wave traveling from the generator towar~ the profile unaffect ed 
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by reflection, wave instabilities, or tank oscillations. This wave 
height (referred to as the generated wave height in Vols. I to VII) is 
assumed to remain constant as l ong as the generator operates smoothly. 

Wave height variability is any deviation in wave height from HC' 
This variability can be spatial ( th e wave height varies with position 
along the tank (longitudinally) or across the tank (laterally)), or 
temporal (wave height varies with time at any point) . 

The terms used in describing and calculating wave height variability 
ar e defined below. Variation in wave reflection from the profile, which 
is the major source of wave height variability, and other sources of wave 
height variability are discussed in this section. 

1. Definitions of Te r ms. 

a. Operational T r ms. The following tern~ were used in the measure­
ment and calculation of wave height variability parameters. 

(1) Wave l?ecord--a strip-chart recording containing all the 
\.,rater surface elevation measurement s during a given run. Wave records 
include recordings made with a stationary gage or a slowly moving gage. 

(2) Crest and trough elevations and positions--determined from 
wave records using a digitizer, which produced a deck of punch cards 
containing the (a) position (on the recording) and elevation of all wave 
troughs, (b) position and elevation of all wave crests, and (c) position 
of all tick marks relating chart paper position to stations along the 
wave tank. 

(3) Corrrputer programs f,iVHTCN and WVHTC2--wri tten to automate the 
analysis of wave height variability data. 

(4) Local wave height (Ht )--the difference in elevation between 
a trough and the suc ceeding cres t , with its position defined midway 
between the two points (determined by the program WVHTCN). 

(5) Average wave height (ll ) --the average of all the local wave 
heights in a record (determined by t he program WVHTCN) . 

(6) Running average lL'ave heigh t (Hm) --the average of all local 
wave heights within a standing wavelen gth (one-half the generated wave­
length) of a point (calculated for each Hi by the program WVHTCN). 

(7) Running average wave he i ght deviation (Dm)--calculated by 
subtracting HM from each Hm al on g the tank (plotted as a function of 
tank position by the program WVHTCN) . 

(8) Amplitude of the running average deviation (Am)--deterrnined 
by measuring the maximum deviati ons on the plot of Om versus tank 
position and averaging the absol ute values of the maximum deviations. 
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(9) Local wave height devia t i on from the average (Di}--calcula­
t ed by subtracting HM from each Hi and then removing any long waves 
Or tank oscillations from this curve by subtracting the local Om va l ue 
from each Hf (calculation is perf ormed by the program WVHTCN. which 
then plots Di as a function of tank p osition) . 

(10) Amplitude of local wave hei ght deviation from the average 
(A}--the amplitude of the best fit s i ze curve to the plot of Di ver sus 
tank position (computed by pro gram WVHTC2). 

(11) Reflection coeffie1:en t (KR}--calculated by dividi ng A by 
HM. This procedure for estimating KR is referre d to as the automated 
method in Volumes I to VII. A manual met hod for det ermining KR is 
described in Volume I. which also cont ains a description of the automat ed 
method. Most KR values in t hi s vol ume were obtained with the automat ed 
l::ethod. The KR values not det er mine di r ectly by the auto ma ted method 
were determined by the manual method and adjusted by an amount equal to 
the average difference beh-ieen the two methods to make the values com­
parable to the automated KR' s. Volumes II to VII contain further infor­
mation on this difference. 

b. Conceptual Terms. The foll owing terms describe the differpnt 
physical components of the deviati on of the water surface from the still­
water level. 

(1) Reflected uJave height (HR) --the height of the sea .... rard­
traveling wa ves which have been r efl ect ed from the profile. Waves are 
r eflected from any segment of the profile where the depth ch ange is 
significant; i.e., the depth change is an appreciable fraction of the 
average depth over a hori zontal di s tance less th an one wavelength. Thus. 
\oJaves can be reflected from more than one se gment of the profi Ie so that 
more than one reflected wave component with the same period may be 
present. However, over the const ant depth section of the wave t an ks 
the various components superpose, and in effect, they become a coherent 
r fl ected wave. The amplitude, A, of the deviation of the local ",ave 
height from the average (defined above) is a measur e of the re fl ected 
wave height, HR' in the constant-dept h section of the tank. HR is 
also equal to the product of KR and HI' HI is de f i ned in (3) below. 

(2) Re-reflected wave height (ERR) --the he ight of the shorewar d­
traveling wave which has been reflected f r om the profile and then r efl ec­
ted from the wave generator. This wave height is the product of HI' Kr 
of the profile. and the reflection coe f f i cient of the generato~ KRR . 
Since wave filters were not used in f r ont of the generator in the LEBS 
e).:periments, KRl? is assumed to be 1 and thus HRR is equa l to HR' 

(3) Incident wave height (HI) --the height of the shor eward­
traveling wave that results from t he superposition of the nominal gene­
rated wave height, HG, and the re- r eflected wave height, HRR . HI 
varies lvi th time as the phase di f fe r ence between HR and the generator 
motion varies. At any given time , HI i s equal to HM (defi ned above). 
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(4) LateT'aZ tank osciZlat'ions--long waves (with a period oth :::::,:­
than t he period of the generator) res ulting from critical combinations 
of wavelength and tank width, whi ch occurred i n some expe riments and 
could not be controlled. Thes e w ves can be identified by exami ning 
the deviation of the r unning average wave height, Om' along ranges 
other than the center range. 

(5) Wave instabiZities -- var i ations in wave shape, which result 
from nonlinear shallow-water waves prop agating in the tank. 

? Variations in Wave Refle ction. 

Reflection coefficients vari ed noticeably throughout the LESS experi­
ments (Table 2), and an import an t part of the experiments is the attempt 
to identify the causes of this vari ation. 

Each of the b ll) tanks had an a.dj acent control tank situated so that 
the same generator simultaneously produced the waves in both the test 
tank and the cont r ol tank. The cont ro l tank had a 0.10 smooth concrete 
slab instead of a movable bed. KR variability in the fixed-bed tank 
is a meas ure of the KR measurement accuracy in the movable-bed tank. 

Table 2. Avera ge reflection oefficient and limits of values 
in each LESS exper i ment. 

Experiment Movable-bed tank Fixed-bed tank 
Avg KR Limi t s of KR Avg KR Limits of KR 

-- - --
72C-10 0.05 0.02 to 0.12 0.01 0.01 to 0.02 

'IUX-06 0.08 0.04 to 0.14 0.05 0.05 to 0.06 

70X-10 0.09 0.00 to 0.15 0.05 0.03 to 0.07 

71Y-06 0.08 0.01 to 0.23 0.05 0.03 to 0.06 

71Y-IO 0.07 0.01 to 0.13 0.05 0.04 to 0.07 

720-06 0.12 0.04 to 0.27 0.05 0.04 to 0.07 

723-06 0.08 0.03 to 0 .. 14 0.04 0.03 to 0.06 

72B-lO 0.17 0.10 to 0.21 0.05 0.02 to 0.09 

72A-06 0.26 0.17 to 0.31 0.08 0.06 to 0.08 

72 A- I O 0. 30 0.24 to 0.36 0.05 0.02 to 0.07 

a. Proces ses . Three proces s e are in volved in wave refl ection f rom 
a mov able- bed pr ofile. These ar e t he conversion of potential ener gy 
s tored in r unup on the f oresh ore into a seaward-trave ling wa ve , t he s ea­
ward radiation of ene r gy from a pl unging breaker , and reflection of the 
incident wave from the submer ged profil e, pa rt icularly whe r e the depth 
over t he movable-bed changes signi fic an tly (Chesnutt and Galvin, 1974). 



(1) Reflection from the Fo r eshore. The foreshore developed a 
relatively stable shape within the f irst 10 minutes to 5 hours of each 
experiment. Since the foreshore shape remained fairly constant through­
out each experiment, the reflection coefficient of the foreshore probably 
remained constant. The height of the wa ve reflected from the foreshore 
is asswned to vary directly with the height of the wave incident to the 
foreshore for each experiment. 

Measuring the reflection from the foreshore alone was difficult, 
because the distance between the fo r eshore and the brE;al~er was frequently 
too short to make an accurate measurement. Fluctuations in the measured 
KR during the first 5 to La hours are likely due to fluctuations in the 
foreshore reflection. 

(2) Reflection as a Result of Wave Breaking. Since surging and 
collapsing breakers break on the foresh ore they do not contribute to the 
reflection process separately, but r~th r as part of the foreshore re­
flection. Spilling breakers, essentially a crumbling of the wave crest, 
do not involve any change in direction of the water particles, and thus 
are not a source of reflection. The plunging breaker propagates energy 
in both directions as the crest of t he wave plunges into the \vater. How­
ever, in most eJo..'}Jeriments the breaker t ype chang d from plunging to spill­
ing as the profile developed, and thus t he breaker reflection is assumed 
to decrease throughout an experiment. 

Measuring the breaker KR was even more difficult than the foreshore 
KR , since the breaker reflection component is always superposed with the 
foreshore component and in a short distance becomes superposed with the 
offshore component. Estimates can be made from comparisons of the re­
flection from the concrete slope, which had a breaker and no foreshore, 
and reflections from the early profiles of the movable bed, which had 
reflection from both the foreshore and the breaker but very little from 
other parts of the profile. 

(3) Reflection from the Insho re and Offshore Zones. Wave energy 
is reflected all along the submerged profile, but the reflection does not 
become significant until the profile slopes become significant. In mest 
experiments, the profile developed into an almost flat shelf between two 
steep slopes (see Fig. 1). The development of these zones contributed 
greatly to the reflection variability and hence the temporal wave height 
variabili ty. Three particular profile changes apparently caused signi fi­
cant wave height variability: changes in the steepness of the offshore 
slope, changes in the elevation of th e shelf at the top of the off shore 
slope, and changes in the length of the shelf. 

Increases in the offshore slope st eepness incre ased the reflection; 
likewise, decreases in the slope steepness decreased the reflection. As 
the elevation of the shelf and top of the offshore slope increased, the 
reflection increased; as that elevation decreased, the reflection de­
creased. Increases in the length of the flat shelf, which was the dis­
tance between the two reflecting slopes, caused the ph~ ~ e difference 
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between the two reflected wave con~onents to vary. When the components 
were in phase, the measured HR (in the constant-depth section) was 
high; when the components were out of phase, the measured HR was lower 
than the absolute sum of the two ro=>flected waves. 

Because the phase difference be tween the two reflected components 
varied, the amount of energy r ef l ec ted from the submerged profile could 
not be measured. However, the effec t of the three profile changes can be 
seen in the reflection variability of some of the experiments. 

b. Reflection of the 1.SO-Seco d Wa ve. Figure 2 shows the KR 
versus time for experi ment 72C-lO, the only experiment with a 1.50-second 
wave period. The KR varied be t we en 0.02 and 0.12 during the experiment, 
with no apparent increasing or dec r easing trend in the maximum or minimum 
va l ues or in the amount of variati on . Minimum values occurred at 35, 60, 
90, 95, and 120 hours; maximum val ues occurred at 1.5, 25, 55, and 105 
hours. 

Steep foreshore and offshore slopes developed almost immediately and 
then began to separate as the for eshore eroded landward and the offshore 
prograded seaward (Table 3). As t he two reflecting zones separated, the 
change in phase difference between the two reflected waves would have 
caused a variation in the measured (total) KR . Assuming linear theory 
and an average depth of 0.6 foot (18.3 centimeters), an increase of 3.12 
feet (0.95 meter) in the distance be twee n the two reflecting zones (i.e., 
the width of the inshore) would have caused a 360 0 change in phase dif­
ference. The distance betwe en t he 0- and -l.O-foot (0 to 30.5 centi­
meters) contour increased from 10 to 28.5 feet (3.0 to 8.7 meters) during 
t he experiment. Therefore, five cycles of 360 0 phase-difference change 
we re possible and if the cycle st arted with the two waves 180 0 out of 
phase, four in-phase (maximum) values were possible, as observed. The 
average KR was 0.05 (Table 2). 

The seaward movement 0 f the s e -war dmos t -0. 8-foot (24.4 centimeters) 
contour (Fig. 2) is an indicator of the ge neral steepening of the off­
shore zone and the shoreward movement of this contour that the elevation 
at the top of the submerged offshor e slope dropped to -0.9 foot (27.4 
centimeters). The shoreward movemen t of the -0.8-foot contour near the 
end of the experiment did not cause any noticeable reduction in KR , as 
was observed for -0.7-foot (21.3 cent ime ters) contour during tests with 
the 1.90-second wave (see Fig. 45 in Vol. III), but here the average KR 
was already smaller than the 1.90-second wave. 

c. Reflection of the 1.90- Se co d Wave. 

(1) Exp eriment 70X-06. The reflection coefficient, KR • 
ver sus time for exper i ment 70X-06 is shown in Figure 3. During the first 
10 hour s , KR varied be tween 0.03 and 0.14. At 10 to 25 hours, KR 
r emained fairly constant (0.08 to 0.11) and then dropped to 0.02 at 31 
hours. From 33 to 45 hours, the KR was lower, between 0.04 and 0.08, 
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and was very graduallY decrea s ing; aft er 95 hours, 
twe en 0.06 and 0.14 and, in general , increased. 

fl uctuated be-

While KR was fluctuating so greatly during the firs t 31 hours, the 
foreshore developed and eroded lan dw r d, a longshore bar developed, the 
bar and the plungi ng breaker moved landward and then seaward, and (after 
26 hours) the offshore zone began to steepen (Table 4). All of these 
profile and breaker changes could have contributed to the KR variations 
during that time. Between 33 and 95 hours, when KR was less variable 
and very gradually decreasing, the foreshore position stabilized, the 
breaker type changed to spi I ling (and thus no longer reflected any energy), 
the long shore bar eroded (and thu s was no longer a reflector), and the 
offshore slope gradually steepened at the base and prograded slowly sea­
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(57.9 centimeters). 
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After 85 hours the seaward movement of t he -0.7- fo ot contour in Fig­
ure 3 corresponds to the steepening of t he upper par t of the offshore 
sl ope and that roughly corresponds t o the i nc rease in KR after 95 
ho ur s . The large fluctuation in KR did not result from any apparent 
profile change, but the general re lat' onship between the -0.7-foot con­
tour and KR did exist. 

(2) Experiment 70X-IO. KR vers us time for e:x.-periment 70X-IO is 
shown in Figure 4. Uuring the fi r s t 20 hour s J KR varied from 0.07 to 
0.12, and between 21 and 89 hours, KR r anged be t ween 0 and 0.08. Fr om 
89 to 174 hours, K}? increased f rom 0. 04 to 0.14 with a maximum of 0.15 
at 139 hours. After 174 hours, KR decreas e d , to as 101" as 0.06 at 204 
hours . 

The higher K}? values during the f i r st 20 hours occurred while the 
f or eshore developed and eroded landward , a longshor e bar developed, and 
the bar and the plunging breaker moved landward (Table 5). Between 21 
and 89 hours, while KR was lower but gr adually increasing, the fo re­
shore and the bar moved landward, th en t he f ores hore stabilized and the 
bar eroded. During the same ti me t he bre aker moved s e alo,l ard ;:md change d 
to plunging (at 70 hours), and t he off shore slope slightly steepened and 
pr ogr aded seaward. The distance be t ween the 0- and -l.S-foot contours 
incre ased 2.2 feet (67.1 centimeters ) , enough for a 180 0 change in ph ase 
difference between t he two reflected wa e components. 

The gradually increasing KR after 21 hours foll owed the gen er al 
sea\'·'ard movement of the -0.7-foot contour (Fig. 4), but individual KR 
fluctuations we re not directly re1atab l to the movement of this or 
other cont ours. The increas e in both 'R and KR variabi lity between 
89 and 174 hours occur r ed wh ile t he fo reshor e was s table, the breaker 
was spilling (no reflection ) , and the of fshore was gradually steepening. 

(3) E:x.~ e riment 71Y-06. KR v r us time for e xper iment 71Y- 06 is 
sh own in Figure 5. During the first 10 hours, KR vari e d f rom 0. 01 to 
0.10. Then, for 115 hours the KR re mai ned relat i vely low, ranging from 
0.01 to 0.07 with most of the values ne ar 0.05. For the remainder of t h 
expe riment, K}? increased in mean value and in var i ab i lity, varying fr om 
0.05 to 0.22. 

The higher KR values during the first 10 hours occurred while t he 
foreshore zone and longshore bar were de velopi ng and retreating landward 
(Tab le 6). Between 10 and 125 hour s , when R l\1as low and fairly con­
st ant, t he foreshore z.one and long sh or e bar. we re ret re ating landward and 
the offshore zone was prograding seaward but did not steepen., After 125 
hours , when KR was incre asing and becoming mo re variable, th'e foreshore 
zone continued to erode, the onshore zone developed into a flat shelf 
with the depth over the shelf varying etwe en 0.7 and 0.8 feet, and the 
off shore zone became steeper and cont i nued to p r ograde seaward. 

Some variations in KR were relat e to the movement of the -O.7-foot 
contour (Fig. 5). The general seaward movemen t of t he -0.7-foot contour 
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indicates the steepening and inc reasi n of the reflectivity of the off­
shore zone . The high est KR va l ues, at 235, 320, 360, and 375 hours, 
o cur red at times when the -0. 7-foo t contour was at its sea\,'ardmost 
position; low KR values at 195, _40 , and 340 to 355 hours occurred 
when t he -0.7-foot contour was at more shoreward positions. An exception 
to this occurred at 270 ~o 275 ho urs , wh en the -0.7-foot contour was in 
a s eaward position an d the KR was low. At other times the relation­
s~ip exi sted, but the variation was not as great. 

The continued separation of t he foreshore and offshore zone would 
have caused the phase difference be t we en the two reflected waves to vary 
and the measured reflected wave to have a long-period variation. After 
the shelf developed, the distance be twe en the 0- RnJ the -1.5-foot con­
tour increased 8.6 feet (2.6 meter ) , e nough for two cycles of phase­
difference change, which may have contri buted to some of the long-term 
KR variation. 

(4) EXl)eriment 71Y-IO. KR versus time for experiment 71Y-IO is 
shown in Figure 6. During the fi r s t 10 hours, KR varied from 0.05 to 
0.11. Then, for 195 hours the KR r ema ined relatively low, varying from 
0.01 to 0.08. For the remainder of t he experiment, K was generally R 
higher, varying from 0.05 to 0.13. 

The higher KR values during the f i rst 10 hours occurred while the 
foreshore and longshore bar were developing, the breaker was plunging, 
and the f oreshore was eroding (Table 7). Between 10 and 205 hours, whi I e 
K, was low, the foreshore retreated at a rate of 0.016 foot (0.5 centi­
rr~ter) per hour, the bar was first stationary and then eroded, the breaker 
l:'pe changed from pl unging to p lunging and spilling, the inshore developed 
into a long, flat shelf, and the offs hore zone gradually steepened. The 
KR was highe r, after 205 hours, when the inshore zone had fully devel­
oped, the foreshore was eroding and the offshore prograding. The dis­
tance between the 0- and -1.S-foot contours increased 7 feet (2.1 rr~ters), 
enough for a 560 0 change in phase difference, after the shelf developed. 

Variations in KR relate only generally to the movement of the -0.7-
foot contour (Fig. 6;; i.e., the KR increased about the time the -0.7-
foot contour began mov i ng s eaward with the prograding offshore zone. Tne 
de velopment of the profile in this experiment varied laterally, the devel­
opment of the shel f began first along one side and progressed across the 
t ank . This lat era l variation in development obviously created a lateral 
vari ation in the profile reflectivity. Although this variation could not 
be measured by t he one gage in t he center of the tank, the variable pro­
f ile reflectivity certainly contributed to the variations measured along 
th e center of the tank. 

(5) Experiment 720-06. This experiment varied from the four 
other experiments with a 1.90-second wave in having an initial slope of 
0.05 rather than 0.10. The KR ver sus time for experiment 720-06 is 
sho~~ in Figure 7. During the first 15 hours, KR varied from 0.04 to 
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0.08. Between 20 and 130 hours the KR was higher and highly variable, 
varying between 0.08 and 0.27. Fo r the remainder of the experiment, K}i' 
was lower and less variable, varying between 0.07 and 0.10. 

The lower values during the f i rst 15 hours occurred while the fore­
shore developed (slower than in the other four experiments) and began 
retreating, the longshore bar deve l oped and then eroded, and the breaker 
type was strictly plunging (Table 8). Between 20 and 130 hours, when the 
KR was high and varied great ly, the foreshore was retreating (except for 
advancing between 125 and 130 hours), the breaker was mixed between plung­
ing and spilling (indicating minimal reflection), the inshore was becoming 
longer and flatter, and the offshore was steepening, particularly after 
95 hours. Between 135 and 180 hours, when KR was smaller and less 
variable, the foreshore was stationary, the offshore zone continued to 
prograde seaward, and the inshore zone changed from an almost flat shelf 
wi th an average elevation of -0.7 f oo t to a flat region at the seaward 
en d of the inshore (elevation -0.8 f oot) and a trough at the shoreward 
end of the inshore (elevation -1.3 fe et ). 

Some KR variations after 100 hours, when the offshore slope was a 
signi ficant ref l ector, correlate \vell with the movement of the -0.7-foot 
contour (Fig. 7). Wh en the -0.7-foot contour was at a more seaward posi­
tion, KR was high; when the contour moved shoreward, KR was low. The 
KR reached higher values quicker than in the first four experiments, 
even though the initial slope was flatter. This earlier high in KR 
may have been caused by the earlier se award movement of the -0.7-foot 
contour in this experiment. 

The KR was meas ure d over the inshore shelf several times between 
100 and 155 hours and varied between 0.06 and 0.12 (see Vol. IV). This 
measurement included reflection both from the foreshore zone and from 
the plunging breaker near the toe of the foreshore. The distance be­
tween the 0- and -l.S-foot contours, after the shelf developed, increased 
12.4 feet (3 .8 meters), enough for more than two 360 0 phase-difference 
changes. 

(6) Summary of the Five Ex,p erilnents. The average KR in each 
of the 1.90-second experiments with the 0.10 slope (70X-06, 70X-lO, 
71Y-06, and 7lY-10) varied from 0.07 to 0.09 (Table 2). However, in 
experiment 72D-06 with the flatter i nitial slope, the average KR was 
0.12, much higher than the tests with the steeper initial slope, con­
t r ary to the hypothesis that as the ratio of the wave steepness to the 
slope steepness increases, the KR decreases. The close correlation 
between the -0.7-foot contour and KR variations in experiments 71Y-06 
and 720-06 suggests that the elevation of the top of a steep, submerged 
slope can be as important as the s t e epness of the slope in determining 
the KR • 

d. Reflection of the 2.3S-Sec n d Wave. 

(1) Experiment 72B-06. 
72B-06 is shown in Figure 8(a). 

The KR versus time for experiment 
Dur i ng the first 10 hours, KR varied 
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Table B. Summary of profile development in experiment 72D-06. 
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over the widest range, between 0.04 mld O.lS. Between 10 and 150 hours, 
KR fl uctuated (maximum 5-hour fluctua~ion of 0.06) about an increas in g 
mean , reaching peak values at 125 and 140 hours. 

The major profile adjustments i n Figure 8(a) and Table 9 were the 
development of an equilibriwn fores hore and longshore bar and s teepening 
of the offshore zone just below the inshore zone. Th es e adjustments 
occurred during the first 10 hours wh en KR was fluctuating greatly. 
Between 10 and 150 hours, when KR \~·a s gradually increasing, the only 
profile changes were the gradual steepeni ng of the upper part of the 
offshore zone and the seaward movemen t of t he offshore bar (crest eleva­
tion of -2.1 to -2.0 feet or 64.0 to 61.0 centimeters). The steepening 
of the upper offshore most likely caused the increases in KR • 

(2) Experiment 72B-lO. The KR ver sus time for experiment 
72B-10 is shown in Figure 8 (b) . Dur i ng the fi rst 10 hours, KR in­
creased from 0.13 to 0.18, and t hen between 15 and 35 hours, KR varied 
only between 0.12 and 0.13. At 40 to 90 hours, KR was higher, fluctuat­
ing about a mean of 0.16. Bet ween 90 and 100 hours, KR increased from 
0.16 to 0.24 and then fluctuated about a mean of 0.21 for the remainder 
of the experiment. 

The increasing KR during the first 10 hours coincides with the 
development of most of the profile f eatures: the steep foreshore zone, 
the flat inshore zone, and the flat r egi on near station 10 in the off­
shore zone (Fig. 8,b and Table 10). Th re was little profile change 
between 15 and 35 hours when the KR was low and almost constant. At 
40 to 90 hours the elevation of the f la t region near station 10 gradually 
increased while the KR was higher and more variable. Between 90 and 
100 hours, when KR increased by 0.08, a longshore bar was forming be­
tween ranges 1 and 5. The high values of KR at the end of the eA~eri­
ment (after 100 hours) occurred while slopes near stations 20 and 14 were 
steepening. 

(3) Summary of the Two Experiments. These experiments with the 
2.35-second wave are compared in Volume VII . The average KR in experi­
ment 72B-06 was 0.08 and in experiment 72 B-10 was 0.17 (Table 2). The 
gradual steepening of segments of the offshore zone appeared to be the 
primary source of long-term KR variability in these two experiments. 
The development of a more convex offshor e region with several steep 
sections in experiment 72B-lO and a mo re concave offshore region with 
only one steep section in experiment 72B - 06 possibly exp lains the lower 
KR values in experiment 72B-06. The di t ance between the foreshore and 
offshore zones changed very little, so that the KR variability was not 
a result of phase-difference chan ge s between reflected wave components. 

e. Reflection of the 3.75-Second Wave. 

(1) Experiment 72A-06. 
72A-06 is shown in Figure 9(a). 

The KR ve r s us time for experiment 
The KR dropped from an initial value 
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Table 9. Summary of prof! Ie dev e l opmen t in experi me nt 728 -06 . 

Ti_ Chr) Forc5hore Inshore Offshorll BreaKer! and cur ren t s Tempera t ure ( OC) 

0 to 0. 16 Developed equi li br um shape; Longshore bar fomed Erosion at -0.7 to -1. 3 ft, Breakers p l unging at 30 
shoreline prograded f ormed steep s l ope j ust depth s of 0.3 t o 0.4 ft; 

0.16 to 5 No change; bar crest eleva- be l ow inshore ; depcs i t l on no di scernible cir cu la- 30 to 31 
tion varied between -0.3 at -2. 1 and - 2.2 f t ticn pa tt ern s ; bobs i n-

5 to 10 Reached equilihr i CIII posit ion and -0.4 f t li t different side breaker zone neve r 31 
aft er tot ll l advance of 1 ft times along di fferen t r an ges moved out s i de brea ke rs 

1--
10 to 90 No change Erosi on at - 1. 3 t o -1. 7 ft; 23 to 29 

dep i t ion ~l - 2. 1 J 
-2. 2 f t 

SO hr 1101 .. &11 dso ~ 0 .2 1 mml I Melln d 50 • 0_22 mml I Mean dSO = 0 . 19 mnl 

100 hr 1 ~lean dso • o.23mml !Mean d 5 0 • 0.24 =! ! ~fean dSO ~ 0 . 20. mm! 

90 to ISO Erosi on at -1. 3 to - 1. 7 ft; 21 to 29 
deposi t ion at -t. O to -2 . 2 ft 

ISO hr IMean d s o ~ 0.23 Imnl !Mean d so = 0. 22 rom! [~Iean dso = 0 .20 ml 



Tab Ie 10 Sununarr of profile development in e~pcrill\ent 726-10 

Tillie (hr) Foreshore Inshore Offshore Breakers Currents Temperature eC) 

o to 0. 16 Devel oped stable shape ; Longshore bar fo rned Steep slope developed Plunging at No circulation 29 
shoreline not nomal to near station 2, and at at upper edge, and -0.2 to -0.4 ft pattern observed; 
tank walls range 9, s ta t ion 5; flat flat area at station (range 5) surface bobs moved 

region formed near sta- 10; deposition along shoreward from 
tion 5, ranges I, 3, range 1 bela" -1.8 ft Plunging at station - 15 and 
and 5 -0.3 to -0.5 ft stayed if moved 

(ranges 1 and 9) into breaker zone; 
0.16 to 5 Bar at statIon 2 began bottom bobs moved 30 to 31 

eroJing in order of shoreward from 
5 to 10 No change ranges 3, 1, and 5 station ·7 an d 31 

sca"ard from 
10 to 65 SO hr 1 Mean dso • 0 . 22 mID 1 11-1ean dso = 0.21 

- ~ IMean dso = 0.18 mml station -9 24 to 29 

65 to 70 Flat area near station 5 Elevation of flat area 25 
developed a long range 7 near station 10 in-

creased "ith ti me at 
70 to 7S Shoreline becoming nomal to each range and varie d 2~ 

t ank wall s with range at each 
time; depos i tion below 

75 to 90 Fl a t a rea neer sta t ion - 1. 8 f t a long ranges I 26 to 27 
2 began erod in g , fi r s t 1 and 3 
alon g r ges 1 an 3 ; 
e r osion of bar near 
station 2 completed 
along ranges 7 and 9 

90 to 100 Net Mlcenion at 100 hrs: Bar formed at station 28 to 29 
0.4 ft 5 in a rder of ranges 

5, 3, and 1 

100 t.o 115 105 hr I Melin d SO • 0. 24 11m 1 1)lean ds 0 = 0.22 mml I Mean dso K 0.19 - I 20 to 25 

115 to 130 Shoreline recession rate: Erosion of flat area Elevation near sta- Spi lling at 22 to 24 
0.018 ft/hr near station 2 tion 10 s:ill rising; -0.2 to -0.4 ft 

continuing no deposition belo .. (ranI/II 5) 
-1.8 ft 

P lunging at 
-0.3 to -0.5 ft 
(ranges 1 and 9) 

130 to 150 Recession continuing; large 19 to 25 
lateral variations in 
position 

150 hr [ Mean d so ~ 0.23 I!DD I 1 Mean d ~Q . 0. 22 ami IMean dSO a 0.19 =1 
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of 0.24 to 0.18, then to 0.17 at 3 hours, and then began to increase, 
reaching 0.30 at 25 hours. Between 25 an 80 hours, KR remained high, 
fluctuating be":ween 0.25 and 0.31. Af te r 80 hours, KR start ed to 
decrease while continuing to fl uctuat e. and was 0.22 at the end of the 
experiment (135 hours). 

Within the first 5 hours the fo reshore developed an equi librium shape, 
which was steep along r ange 5 and quite flat along range 1 as a r esul t of 
the counterclockwise flow pattern of t he wave uprush and backwash (Tab le 
11; Vol. VI). Since the waves broke on the fore sh ore, most of t he wave 
energy reached the foreshore; as the f oreshore be came st eper, KR in-
cr sed, except at 1.5 and 3 hours . At tho s e times , the erosion and 
deposition patterns at the base of the foreshore (-0.2 to -0.9 foot or 
6.1 to 27.4 centimeters) were r e ver sed and K;q reached its lowest values. 

An almost flat shelf developed during the first 10 hour s in the inner 
offshore region, caused by the erosion at the t oe of the f oreshore and 
deposition in the outer offshore at d pths f r om -1.3 to -1.6 f eet (39.6 
to 48.8 centimeters). As the f oresho re erode d landward at a rate of 
0.015 foot (0.46 centimeter) per hour and the outer offshore slope 
steepened and prograded seaward with deposition at the higher elevations, 
the shelf on the inner offshore gr ew in length in both directions and a 
bar and trough developed. During this period of greatest pr of ile develop­
me nt, KR rose sharply, reaching a maximum at 25 hours. As a r esult of 
the high reflection, a significantly large standing wave devel op d, with 
antinodes at the fo r eshore and station 18, over the steepest part of the 
pr ofile just seaward of the flat she lf. Between the first two antino des 
of the standing wave, over the flat shelf of the i nner offshore, a clock­
wise circulation pattern developed, apparently driven by the cOill1 terclock­
wise circulation in the foreshore zone. Apparently, the circulation over 
the inner offshore moved the sand to t he edge of t he shelf, but the lack 
of current movement through the antinode prevented furt her transport and 
thus increased the steepness. 

Between 25 and 70 hours, while the profile ch anged 3 feet (0.9 meter) 
in the length of the shelf between t he two reflecting zone s (foreshore 
zone and submerged offshore slope), KR di d not incre as e or decrease 
s i gn ificantly, but fluctuated over a range of 0.05. Part of this varia­
tion, which was greater than the 0.02 max imum variation in the fi xe d- bed 
tank, may have been caused by the 90° ch ange in phase difference between 
the waves reflected from the two slopes as they separated. 

After 70 hours the se aw ard edge of the shelf began eroding, moving 
landward, even though the foreshore was still retreating and th e off­
shore was still prograding. Simultaneous ly, the clockwise circulation 
pattern over the inner offshore began di sinteg rating and KR began 
decreas ing. By 100 hours the bar had eroded and the trough had almost 
filled completely. From 15 to 100 hours the outer offshore steepened, 
with deposition at the upper elevations and erosion at -2.0- and 
-2.l-foot elevations. The eroded material was moved seaward to form 
a bar over part of the concrete bottom. 
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Tab le 11 . SUJMl.J TY of pro f lle de ve lop lI<! l1t in u perl ment 72"'-06. 

T i ~e fOT~shoTe Inne r offshore OI.Iter offshore 8realers Current s I Kiter te::"l'ent un 
( Il:- ) C°C) 

o to S Del'e Io?f4 13 t" 19 
, equ1l1br iu.:r. shapo An 01 1 , st fl a t Ihe t t Deposit ion at -t.3 to Surg i:"tg or Counurcl od, ... lse 

deve l oped -1.6 it co 11 aps i ni . c ircul.a iO:l 0:1 

S to 10 brellklni on fOTu l-.o re ; cloc:ludse :0 
l ower Plrt of c irculat i on bet ..... n 
foreshore fi rs t 2 ~nt inodes of I 

I 
10 to IS Retruted Shel f &rew in l en ~t h in standi 'll! wave 19 

lI nd"'lfd both direct i ons ; t. n enve l ope 

and troull" develop ~d 

IS to 70 Deposition at -1.3 to 18 to :2 
-1. 9 ft: rolion At 

- 2 . 0 to - l . l ft 

~Iun d so • 0. 20 ::I / .'nn dso • 0 . 20 run I 

At rate of Sc a~a rd edee of shelf Causi ng . Iope to Cl ock.is e I 
70 to 100 0.01'; ft/llr be,ln mavl na shurc·. 'ard; s t eepen ci rcu lation on 22 to :6 

bar eroded. trough fIlled forc~ r. ore; 

in ci rc:.J13:ion be t~'een 

.'un ~sa • 0 . 20 till I ~I c a n d so • 0.20 ~1:1 j f Irst 2 a~t1r.oleJ 
br ea4s lo~n , and 
becoJ:lOl confused 

Gently slopi na region; Erosion at -1.2 to 

I lOi) to IlS sea_ard edie moving shore· -1.5 ft; depo:;i tion at 2J to 26 
... a rJ -1.7 to - 2. 2 ft, Clusinl 
Shore~·ard e<!se s t at ionary :;lopc to decrease in 

I except a lon& ra~&e 3 n ecpncss 

~Iean dsc • 0 . 21 em I ~ ICiln dSQ • 0 . 20 /1".1:1 I I 



Between 100 and 135 hours the fore hore continued to retreat, the 
inner offshore became a gently sloping re gion, the outer offshore slope 
steepness decreased, and KR continued t o drop. 

The movement of the -1.2-foot 36 .6 centimeters) contour in Figure 
9(a) is an indication of some of these profile adjustments and correlates 
well with KR variations. The -1.2- foot con t our moved sea\~ard at 15 
hours and KR began rising. After 70 hour s the -1.2-foot contour began 
moving shorew ard, as the inner offshore eroded and the outer offshore 
slope became less steep, and KR began to decrease . 

(2) Experiment 72A-lO. The average KR for three ranges versus 
time for experiment 72A-lO is shown in Fi gure 9(b). The KR dropped 
initially to 0.24 and then began a gradua l long-term increase, r ea ch i ng 
a maximum of 0.37 at 55 hours. Between 60 and 80 hours, KR varied 
between 0.31 and 0.35. 

During the first 1.5 hours t he fo r es ore developed a steep slope and 
within the f i rst 10 hours an almost flat shelf devel oped in t he inner 
offshore region (Table 12). From 1.5 to 25 hours the foreshore progr aded 
0.5 foot (15.2 centimeters ) , beginning first along t he outs ide ranges . 
For the first 20 hours s and was deposited in the outer offshore at depths 
from 1.2 to 1.5 feet; from 20 to 25 hours sand was eroded at depths of 
1.6 and 1.7 feet (48.8 and 51.8 centi meters), thus form i ng a slightly 
st eepe r slope on the upper part of th e outer offshore. During th i s 
initial profile devel opment, KR r ose sharply. 

After 25 hours the only profile ch anges were a slight genera l in­
c rease in the foreshore slope and a gradua l in crease in the foresh ore 
berm-crest elevation. The KR con t i nued to incre ase, but at a slower 
rat e. The s hort-term vari ,C!-tions in KR af ter 35 hou:p was ±0.03, on 
the order of the ±0.025 variation in t he fixed-bed tank. 

Throughout the experiment the fo resh ore slope was slightly flatter 
along the outside ranges and KR was s i gni f i can tly lower along the 
out~, :c C: e ranges . 

The movements of the +1.0-, +0.9-, an d +0.8-foot contours in Figure 
9(b) indicate the gradual increase in the fo res hore berm-crest e levati on 
which app arently caused the increase in KR • The dis t ance between t he 
fore shore and offsho r d ' d no t vary . 

(3) Summar y of the n~o Experi ments . The average KR in experi­
ment 72A-06 was 0. 26 an d i n exper iment 72A- l O was 0.30 (Tabl e 2). The 
elevation of the top of t he submerged offshor e slope appear ed to be the 
primary sour ce of long-term KR variabi lity i n experiment 72A-06. The 
gradual ly i ncrea sing berm-crest e levat ion appeared to be the source of 
in creasing KR in experiment 72A- I O. The devel opment of a s t eeper slope 
and higher crest in the for shore in experiment 72A- I O exp l a i ns the hi gher 
KR i n that experiment. More detai l s on t he 3.75-second experi ments are 
in Vol ume VI. 
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Table 12. SUIlIlDary of profile development in experiment 72A- lO. 

Tiee Foreshore I~ner offshore Outer offshore Currents and brcalers Temperature 
(hr) ( . C) 

o to l.S Developed 
equilibr ium An almost flat No discernible patt ern 18 to 21 
shipe 5helf devel oped Deposi t ion at of wave -generated 

·1.2 to -1.5 ft currents developed 

I. S to 10 Advanced soavaTd 20 to 24 
O. S ft, beginninl 
a10na out side 
TlJ'llts f irst Breaker was suraing 

No s ign ifi cant or co l lapsing on lower 
10 to 20 changes occurred; part of foreshore 23 to 24 

some minor lateral 
vlI.fiat ions in 
elevat ion of bar 

20 to 25 
crest Erosion at ·1.6 22 

and -1. 7 ft 

In equilibrium in No major chanae 
2S to 80 shape L~d position I 22 to 25 

SO hr: I Mean • 0.20 mm I ~'ean d~G • 0.:?2 rum dso 

80 hr: ~ Mean d •• 0.19 mm J Hean dso • O.:!:! 1II1II so 

~ 



f. Sununary. The KR results f r om the 10 experiments are surrunari zed 
in Tab l e 3. For the two expe riments i th a wave period of 3.75 seconds 
on an initial slope of 0.10 the average KR was 0.28; the diff e rence 
between the two experiments was caus ed by a current pat tern which devel­
oped only in expe riment 72A-06. For the two experiments with a \\'ave 
period of 2.35 seconds on an i ni tial slope of 0.10 the ave r age KR was 
0.125; the differenc between the two xperiments was caused by a trans­
verse wave wh ich occurred only in xp r iment 72B-10 . In t he four expe1:i­
ment s with a wave period of 1. 90 seconds on an i ni t ial slope of 0.10 the 
average KR was 0.08 for each exp r i ment . In the one experiment with 
a wave pe:60d of 1.50 seconds on an i nit i al slope of 0.10, the average 
KR was O. OS. These results s upport the follow ing hypothesis: as the 
wa elength decreases (or the wave s te epnes s increases) on a given initial 
pro file slope, KR decreases. 

The KR would then be expec ted to decrease if the initial profile 
s t eepness were decreas ed f or a given wave length. However, t he ave r age 
KR in the experiment with a wave peri o 1.90 se conds on an initi a l 
s l ope of O. OS was O. 12, higher than t h four exp eriments with a wave 
peri od of 1.90 seconds on an initial sl op e of 0.10, 

The effe ct of the different re fl ecting processes does not app ear to 
co rre late with any change in wave pe r i od Cor wave l eng th). The effe ct of 
the steepness of submerged slopes may ha e been importan t in all of the 
experiments, but the corre lation be t\veen KR and the offshore slope was 
much better in the 6-foot tank (Fi g . 10) . A pre dominant cause of t he 
variability in experiments 7lY- 06 ( 1. 90- s econd \~ave), 72D-06 (1. 90- s econd 
wave; 0.05 initial slope), and 72A-06 (3.7S-second wa ve) was the effec t 
of the elevation at the top of the s ubmerged slope. In all exp eriments 
excep t 72A-10 , the foresh ore remai ned fai rly stable in shape and the KR 
from the fo reshore appeared to have been fairly constant, but in 72A-10 
the ch anging fo reshore was the predominant ause of KR vari abi lity, 
The effect of reflection fro m a pl ung i ng breaker appeared to be s mall 
an d difficult to measure. The in creasing wi dt h of the inshore shelf 
(increasing distance between for e shore and offshore) appears to have 
been a caus e of long-term KR vari ab i li ty in the experiments with t he 
1.90- se cond wave and the pre domi nant cause of KR vari ab i Ii ty in the 
experi men ts with t he I.S0-second wave (F i g. 11). In t he other experi­
ments t he distance between the f oreshore an d offshore changed re l ative ly 
l itt le an d KR vari ability was shown t be related to other sour es . 

3. Variat ions in Incident Wave He ' gh t . 

In the 10 experiments, the measured i n . dent wa ve (Table l3) was com­
posed of t he nomi na l ( generated) wave, t he re-reflected wave, and, in 
expe r iment 72B- 10, the t ran svers wave . Secondary and cross waves were 
a1 -0 obs erved , but th ey did not a f fect the measurement of the incident 
wave height. 

Barnard an d Pri t chard (1972) stat e t ha t "Cross waves are standing 
waves whos e crests a r e at ri ght ang l es to a wavemaker; they osci llate 
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a e .). nC 1 ent wave T bl 1 ~ I . d h . h e 1g1 t s . 
Movabl e bed Fixed bed 

Experiment Avg HI Lwits of HI Range· of Obsns Avg HI Limi t s of HI Range of Obsns 
variation var iation 

( ft) (ft) (ft) (No.) . (ft ) (ft) (ft) (No. ) 

72C- 1O 0. 43 0.37 to 0 . 46 0 . 09 19 0. 44 0.43 to 0.46 0.03 18 
(0.41)1 

70X-06 0.34 0.32 to 0.38 0.06 24 0.37 0.36 to 0.39 0.03 27 
(0.36) 

70X-I0 0.37 0.34 to 0.39 0.05 34 0. 36 0.35 to 0.38 0.03 32 
(0.36) 

71 Y-06 0. 37 0.34 to 0 .41 0.07 75 I 0. 38 0 .36 to 0.40 0.04 31 
(0. 36) 

71Y-I0 0.36 0. 32 to 0.41 0.09 67 0.36 0.34 to 0.37 0.03 21 
(0.36) 

720-06 0.39 0.36 to 0.42 0.06 23 0. 38 0.37 to 0.40 0. 03 23 
(0.36) 

728-06 0 .38 0.35 to 0 . 41 0 . 06 21 0.36 0.36 to 0.39 0.05 19 
(0.34) 

728-10 0.31 0.30 to 0.33 0.03 22 0.34 0.32 to 0.36 0.04 19 
(0.34) 

72A-06 0.38 0.33 to 0. 43 0. 10 16 0.36 0.34 to 0.41 0.07 16 
(0.31) 

72A-10 0.35 0.30 to 0. 42 0.12 14 0.35 0. 33 to 0.37 0.04 14 
(0 .31) 

INominal wave height in feet . 



at half the frequency of the wavem ak r." Normally. cross waves occur at 
the generator and result from critical combinations of generated wave­
length and tank width. In movable-bed t s ts with gr adua l bot tom slopes, 
cross waves have been observed by the au thor at is ol ated sections ove r 
the profile where the wavelength, as it decrease d in shoaling, passed 
through a critical value with respe ct to th e tank wi dth and r emaine d at 
that value for sufficient distance to generat e a cross wave. Cross waves 
are a spatial variation in the lateral d i rection. Cross waves we r e 
observed over a short segment of the mo ab le-bed profile in experiment 
72B-06; however, the waves lasted on ly a br ief period of time and were 
not measured. 

Secondary waves (or solitons ) r esult from the breakdown of a finite­
amplitude wave of nonpermanent f or m int o a primary and one or more 
secondary waves traveling at different s peeds dependen t on depth. 
Secondary waves can be generated by a sinusoidally moving generator 
blade or by a wave as it passes a sl ope onto a shelf of smaller but 
cons tant depth (see Madsen and Mei, 1969 and Galvin, 1972) Wid are a 
spatial variation in the longitudinal di rection. Secondary waves caused 
by waves passing onto a shelf prob ab l y occurred, but were not recorded . 
Secondary waves caused by sinusoidal gener ator blade motion occurred, 
but (as pointed out in Volume VI for th e experiments where seconda ry 
waves were most pronounced) the wave h ight variation due to secondary 
waves was at least an order-of-magnitude less than the variation due to 
wave reflection from the profile. Because the in ciden t wave height 
measurement was an average of wave height s all along the tanks, the 
measured incident wave he ight was not a f fecte d by any s patial variation 
in height due to secondary waves. 

Transverse waves, generated by a gap at the side of the blade and a 
critical combination of wavelength an d t ank width, have an amplitude that 
varies across the tank, but since th e tr ansv er s e wave has the same period 
as the plane progressive wave, the comb i ned wave motion causes the wave 
height at one point to increase from r i ght to l eft and at another point, 
farther down the tank, to increase fr om left to right. (See Madsen, 
1974.) Transverse waves are spatial variations in both the lateral an d 
longitudinal directions. Transvers e waves were observed and recorded 
in only experiment 72B-10; a comp lete discussion of the wave hei ght 
variability resulting from tr ans verse waves is gi ven in Volume VII . 

Re-reflection was the primary s ource of incident wave height varia­
bility in these experiments. The effect of re- r e f lection on incident 
wave height variability in an experi ment can be det ermi ned by comparing 
t he difference in the range of wave he ights between the fixed- and movable­
bed tanks. The wave height variation in the fixe d-bed tank is a measure 
of the wave height meas urement accuracy in the movab l e-bed tank, and sub­
tracting the measurement accuracy f r om the total variation in t he movable­
bed tank gives a measure of the incident wave height variation due to 
re-reflection in the movable-bed tank. 

a. I . S0-Second Wave. The nominal (generated) wave height for the 
1.SO-second wave peri od was 0.41 foot (12 .S centimete rs). In the 
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fixed-bed tank the average incident wave height was 0.44 foot (13.4 
centimeters), 0.03 foot (0.9 cen t imeter) above the nominal (generated) 
height, and the range of heights was only 0.03 foot. 

In the mo vab le-bed tank th e r ange of values was 0.09 foot (2.7 centi­
me ters), so that 0.06 foot (l.8 cent imeters) is asswned due to varying 
prof ile reflectivity. The ave r age incident wave height was 0.43 foot 
(13.1 cent imeters), just over the no minal (generated) height by 0.02 
foot (0.6 centimet er). 

b. 1 . gO-Second Wave . The nominal (generated) wave height for the 
1.90-second wave period was 0.36 foot (11.0 centimeters). In the fixed­
bed t ank s th e average inci dent wave hei ghts for the five 1.90-second tests 
were all within 0.02 foot of t he nominal (gene rated) height. In the 10-
foot tank, initial L,st length of 61. 7 feet ( 18.8 meters), the average was 
0.36 foot, the same as the nomina l (gene rate d) height; in the 6- foot tank, 
initial t es t length of 100 feet ( 30 .5 meters), the average was 0.37 or 
0.38 foot (11.3 or 11.6 centim te rs). In four of the five experiments 
the range of variation in incid nt wav height was 0.03 foot and in 
exper i ment 71Y-06 the range was 0.04 foot (1.2 centimeters). 

In the movable-bed ank in expe r iment 70X-06 the range of values was 
0.06 fo ot , 0.03 foot due to varying reflectivity; in experiment 70X-10 
the range was 0.05 foot (1.5 cen time t ers), 0.02 foot due to varying 
re flectivity; in exper iment 7lY-06 t he range was 0.07 foot (2.1 centi­
meters), 0.03 foot due to varying re f l ectivity, and in experiment 720-06 
the range was 0.06 f oot, 0.03 foot due to varying reflectivity. 

The average inci dent wave height in the movab Ie-bed tanks \<Jas less 
than the nominal (generated) hei ght i n experiment 70X-06, equal to the 
nomi nal (gene rated) height in expe ri ment 7lY-10, and greater than the 
nominal (generated) he ight in expe ri men t s 70X-lO, 7lY-06, and 720-06. 

c. 2. 3S-Seco nd Wave. The no minal (generated) wave height for the 
2.3S-second wave pe r iod was 0.34 'oot ( 10.4 centimeters). In the fixed-
bed t ank s the average incident wave heigh t was 0.02 foot above the nominal 
( genera t ed) he ight in experiment 728-06 and equal to the nominal (generated) 
wave hei gh t in experiment 72B - 10. Th e difference was likely due to the 
di fference in initial test length. The range of incident heights was 0.05 
fo ot in expe riment 728-06 and 0. 04 f oot in experiment 72B-10. 

I n th e movable-bed tank in expe riment 72B-06 the range of heights 
was 0 . 06 foot , only 0.01 foot (0 . 3 cent imeter) due to varying reflec­
tivity, and in experiment 72B- I0 t he r an ge was 0.03 foot, which was 
wi t hin t he accuracy of the wave hei ght meas urement; thus, the effect 
of re- r eflection in each experime t was no t measurable. 

d. 3 . 7S-Second Wave. The nomi nal (generated) \"ave height for the 
3.7S-s e cond wave per iod was 0.31 fo ot (9.4 centimeters). In the fixed­
bed t anks the average inciden-;: wave heights were within 0.01 foot of one 
anothe r and both were gr ea·ter t han the nomi nal (generated) he i ght. The 
r ange of i nci dent height variation was 0.07 foot in experiment 72A-06 
and 0.04 foot in experiment 72A- 10 . 
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In the movable-bed tank in experimen t 72A-06 the range of values was 
0.10 foot (3.0 centimeters), 0.03 foot due to varying reflectivity, and 
in experiment 72-10 the range was 0.12 f oot (3.7 centimeters), 0.08 foot 
(2.4 centimeters) due to varying refl ec t ivity. The average incident 
heights in the movable-bed tanks we r e 0.07 foot and 0.04 foot, both 
greater than the nominal (generated) height. 

e. Compari son 0 f the Ten Experiments. Varying profi Ie reflecti vi ty 
caused no measurable change in the i nc i den t height in experiment 72B-lO 
(2.35 seconds), a moderate change (0.0 1 to 0.03 foot) in experiments 
70X-06, 70X-10 (1.90 seconds), 7lY-06, 720-06, 72A-06, and 72B-06, and 
a significant change (0.06 to 0.08 foot) in experiments 7lY-10 (1.90 
seconds), 72C-lO (1.50 seconds), and 72A-lO (3.75 seconds). The effect 
in the 6-foot-wide tank was in the mo derate range f or all five experi­
ments and in the 10-foot-wide tank r anged from no change to 0.08 foot, 
and the effect was not a function of wave period. It appears then that 
the wider tank may have amplified t his effect. 

III. EQUILIBRIUM PROFILES 

1. Definitions and Importance of Equi librium Profiles. 

The term "equi librium profi Ie" implies a profi Ie whose mean position 
is fixed in space for the given wave and sediment conditions, with the 
expectation that the actual profile at any given time will devi at e some­
what from the mean profile. It has been assumed that equilibrium is a 
state which can be reached on a model profile with a constant wave action 
impinging on it for a sufficiently long time. 

Laboratory studies of longshore transport often depend on having an 
equilibrium profile to determine the lon gshore transport rate without 
having an onshore-offshore transport component (Savage, 1959, 1962; 
Fa irchild, 1970a). Coastal engineering mode ls are fr equently based on 
simulating the equilibrium profile. However, Savage (1 962) and Fairchild 
(1970a) found that equilibrium profi les are not always easily attained. 
Collins and Chesnutt (1975, 1976) showe d that the final unchanging pro­
file for the same wave and sediment conditions was not always r epeatable 
and that the initial slope could affect the final profile shape. 

Swart (1974) found that for a si ng le periodic wave impinging on a 
profile, 1,500 hours of wave action was required to reach equilibrium 
for some wave and sediment condit i ons. However, 1,500 hours is not a 
practical test duration for most mode ls or experiments. 

J.W. Kamphuis (Professor of Civil Enginee ring, Queen's University, 
Kingston, Ontario, personal communi cat i.on, 1978) us ed a seri es of wave 
conditions replicating a year's seas ona l variations and fo und that 
whe n using a wave in the transition region in place of either the winter 
or summer waves the profile reached equilibrium much less readily than 
when using only winter and summer waves. Kamphuis further compared two­
dimensional tests with three-dimension a l tests, and found that 9 to 11 
yearly cycles were required to reach equi librium with the two-dimensional 
setup and only 1 to 2 cycles with the three-dime nsional setup . 
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The LEBS experiments were planned to be run until the profile devel­
oped an equilibrium shape because it '-1;1S assumed that if the profile 
reached equilibrium, the primary S,Jurce of temporal wave height varia­
bility, the changing pr ofile reflectivity, wou l d be eliminated or sig­
nificantly r educed. 

The effects of varying initial slope and wave period are discussed 
below. The effect of tank width on profile development is discussed in 
Section IV. 

2. Effect of Initial Profile Slope. 

Two experiments were conducted in wh ich the only variable was the 
initial profile slope--0.10 in experiment 71Y-06 and 0.05 in experiment 
nD-06. 

The steeper initial slope in experi ment 71Y-06 (Fig. 12) adjusted 
slowly to the waves and did not appe ar to have reached equilibrium along 
any segment of the profile after 375 hours. The foreshore retreated at 
a rate of 0.113 foot (3.44 centimeters ) per hour between 1 and 15 hours 
and at a rate of 0.025 foot (0.76 centimeter) per hour thereafter. The 
flat shelf in the inshore zone and the steeper slope in the offshore zone 
developed between 200 and 220 hours. 

The flatter initial slope in experiment 72D-06 (Fig. 13) adjusted 
more quick ly to the wave attack, but also did not appear to have reached 
equilibrium. The foreshore retreated at a rate of 0.05 foot per hour 
between 5 and 125 hours, prograded seaward between 125 and 135 hours, 
and then stabilized for the remainde r of the experiment. The inshore 
zone slowly grew in width and the offshore slope remained mild during 
the first 100 hours. After 100 hours the flat shel f in the inshore zone 
and the steeper slope in the offshor e zone rapidly developed. Once the 
foreshore stabilized, the inshore zone began eroding, creating a signifi­
cant depression i n the profile be low the forshore zone, while the off­
shore zone continued to prograde seaward. The KR stopped varying 
during the last 25 hours (Fig. 7), indicating that equilibrium may have 
been near. 

Although neither profile reached equilibrium, the profiles developed 
somewhat different sh apes (Fig. 14). The differences in rates and types 
of profile adjustments verify the conclusions of Collins and Chesnutt 
(1975, 1976) that the initial profi l e slope can affect the final profile 
shape. 

3. Effect of l>fave Pe riod. 

Nine experiments were conducted with an initial profile slope of 
0.10 and four different wave periods; t he experiments are ana lyzed below 
to determine the effect of wave s teepne s on profile equilibrium. The 
deepwater wave steepness wa s 0.039 for the 1.50-second wave, 0.021 for 
t h e 1.gO-second wave, 0.013 fo r the 2. 35-s econd wave, and 0.004 for the 
3.75-second wave. 
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a. 1.S0-Second Wave. The pre-file in the one experiment (72e-lO) 
conducted with a wave period of 1.50 seconds appeared to be near equi­
librium, as indicated by horizontal contours in the foreshore zone and 
most of the inshore zone in Figure 15. Erosion of the foreshore was con­
tinuing but slowing along the r ange 1 side of the tank and some erosion 
was occurring in parts of the in shore zone. Deposition continued in the 
offshore zone, but at a slower r at e . The breaker type and position had 
stabilized and the KR and its va r iability had decreased to small values. 
If this experiment had been continued. presumably it would have soon 
reached equilibrium. The final pr ofile is shown in Figure 16. 

b. 1.90-Second Wave. Four experiments were conducted with a wave 
period of 1.90 seconds and an ini t ial slope of 0.10. 

(1) Experiments 70X-06 an d 70X-IO. These experiments had a 
7-foot longer initial test length than the other experiments in their 
resp e ctive tanks. Because the shoreline was stabilized by the renourish­
ment of the backshore after 54 and 62 hours in experiments 70X-06 and 
70X-IO. the final profile shapes for thos e experiments may not have been 
characteristic of profiles for t he 1.90-second wave. The final profiles 
could not have been at equilibri um because sand was still being eroded 
from the backsh<?re when the experi ment s were stopped (see Table 10 in 
Vol. II). However. the nearly hor izont a l contour lines near the end of 
the exper i ment in the offshore in Figure 17 indicate that parts of the 
profile in experiment 70X-06 may have been approaching equilibrium. It 
is diff i cult to determine from Fi gure 18 if the profi Ie in experiment 
70X-IO was approaching equi librium. Several of the offshore centours 
had stopped moving in the seaward direction and had begun to move in the 
shoreward direction , indicating t he possible approach to some dynamic 
equilibrium, but the lateral variations in the shape and development of 
the profiles (see Vol. II and Secti on IV,S in this volume) made it diffi­
cult to determine equilibrium. 

Fi gure 19 compares the center profiles from the two experiments at 
50. 100, and 175 hours, indicatin g that the profiles at 50 and 100 hours 
were nearly the same , but that at 175 hours the profile in experiment 
70X-IO had built farther seaward while maintaining a similar shape. The 
profile development after 175 hours in experiment 70X-IO is shown in 
Figure 20. 

(2) Exp eriment s 7lY-06 and 7IY-lO. These experiments had a 
shorter initial test le ngth than the two experiments discussed above. 
There is no indication that either exper iment 7lY-06 or 7lY-lO was near 
equilibriwn at the end of the e xperiments. as shown in Figures 12 and 21; 
both experiments showed slow, st eady development throughout. 

Figure 22 compares the center profiles from the two experiments at 
100. 200, and 300 hours, indicat i ng that at 100 hours the profiles had 
nearly the same shape; at 200 hour s t he profile in experiment 7lY -10 had 
already developed a flat inshore s helf whi le the profile in experiment 
7lY-6 had not, and at 3UO hours the profile in experiment 71Y-06 had 
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developed the flat inshore shelf and had sll1-passed ex-periment 7lY-lO in 
the progradation of the offshore zone. The comparison of the final pro­
files for the two experiments in Figure 23 indicates that the experiments 
had roughly the same shape, but that in exp-criment 7lY-06 the foreshore 
had eroded farther landward and the o f f s ho r e had prograded farther sea­
ward. 

(3) Comparison of the Four Experiments. The final profi les in 
the ex-periments with the lo90-second waves are compared in Figur e 24, 
show ing that the profile shape was s i milar in all four e xperiments, but 
that the longer the experiment, the f o. r ther landward the foreshore and 
the farther seaward the offshore. The KR variabi li ty increased \.,ri th 
time during each test (Figs. 3 to 6). T11is indicates that if an equi­
librium slope can be attained for the l. gO-second period on an initial 
0.10 sand slope, it is probably sh ped like these four profiles with an 
even longer inshore zone. 

c. 2. 35-Second Wave. The profi Ie in experiment 72B-06 adj us ted 
slowly to the waves and appeared to be near equilibrium at the end of 
the experiment (150 hours) (Fig. 251; the profile in experiment 72B-10 
adjusted more rapidly and did not appear to be near equ ilibrium at the 
end of the experiment (150 hours) (Fi g. 26). 

The differences in rate of profile adjustment and the differences in 
the shape of the offshore zone between the two experiments are shown in 
Fi gure 27. These differences may have bee n caused by differences in 
t ank width and initial test length or by the transverse wave which was 
only generated in experiment 72B-10, 

d. 3.75-Second Wave. Two expe r iments were conducted with a 3.75-
second wave. Al though the profi Ie in t he narrower tank (experiment 
72A-06) did not appear close to equilib r i um, the profile in the wider 
tank (experiment 72A-10) did, as shm.,rn by comparing Figures 28 and 29. 
The development and disintegration of circulation cells between antinodes 
of the standing wave envelope evidently prevented the profile from reach­
ing equi librium in experiment 72.4-06 (di s cussed in Vol. VI). The absence 
of any horizontal contours in Figure 28 (narrower tank) shows this lack 
of equilibrium. However, in the wi der tank, nearly all contours are 
horizontal after only 25 hours (Fig. 29). 

Figure 30 compares the center pro fi l es from the two experiments at 
25, 50, and 80 hours, indicating that throughout the experiments the 
profile shapes were quite different in t he two tanks, probably as a 
result of the circulation pattern in exper iment 72A-06. Profile changes 
during the final 55 hours of experiment 72A-06 are shown in Figure 31. 
The offshore zone changed to a more gently sloping region. 

e. Comparison of the Pr ofiLs. Although the profile in experiment 
71Y-06 was not at equilibri um , it appears to well represent the shape 
of profile adjustment for a 1.90-second wave. The profile in experiment 
72C-lO (I. 50-second wave) was close to equilibrium and is assumed to be 
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repres entative of a p r ofile adjustment for a 1.50-second wave. The pro­
fil e s in experiments 72A-IO and 72 8-06 were close to or at equilibril@ 
ru1d are assumed to typify pro f i le adjustme nt for 3.75- and 2.35-second 
waves. These four profi les are compare d in Figure 32. 

The profile from experiment 72A-1O (I-1o/Lo = 0 . 004 at 80 hours) is 
t yp i cal of the step-type or summe r (prograding shoreline) profile, with 
a high berm and a step at the toe of th e fores hore zone. The profile 
from experiment 728-06 (HolLo = 0. 013 at 150 hours) is also somewhat 
typical of the summer profile, excep t that the berm crest is l ower and 
the lower foreshore appears to be ha lf-bar and half-step. On both of 
these two profiles, some depositi on occurred in the offshore zone, more 
i n the HolLo = 0.013 experiment than in the HolLo = 0.004 experiment. 
Th e profi Ie from e xpe ri ment 71Y -06 (HolLo = 0.021 at 375 hours ) is cer­
tainly an eroding profile consisti g of steep foreshore and offshore zones 
separated by a long shelf with sav r al shallow bars and troughs. The pr o­
file from experi ment 72C-10 (HolLo = 0.039 at 140 hours) is typical of 
the bar-type or winter (eroding shore l i ne ) profile with a vertical scarp, 
a steep foreshore, a longshore ba r, and offshore deposition. 

The transition zone between t he t wo types of profiles is normally 
accepted to be between HolLo = 0.0 20 and 0.025 and the profiles from the 
five experiments with HolLo = 0.021 could certainly not be classified as 
either winter or sununer. In f act, this was the least stable of the four 
conditi ons , with none of the f ive profiles close to equilibriwn. With 
t he ot her three wave steepnesses, at l eas t one of the profiles appeared 
to be near a stable sh ape. This ag r e es with the findings of Kamphuis 
(pers onal conununication , 1978) that w ves in the transition region tend 
to t ake longer to deve lop an equi lib ril~ profile. 

The final p r ofiles from experiments 72C-10, 71Y-10, 72B-IO, and 
72A-10 were ave r aged to develop a sta dar d initial profile (Fig. 33) 
to be used in longshore trru1sport expe riments in CERCi 5 Shore Processes 
Test Basin (SPTB ) (P. Vitale, hydrau lic engineer, CERC, personal communi­
cation, 1976). This stru1dard profi le \.;ill also be used in a study of 
wi e r jetties in the SPTB (J.R. W gge l, Chief, Evaluation Branch, CERC, 
personal communica tion, 1977). 

f. Disc~ 3 sion of Results. The four expe riments with the 1.90-second 
wave verify the finLlings of Sav age (1962) and Fairchild (1970a) that an 
equil ib r ium profile is not always easily attained, even with the wave 
direction normal to the shoreline. Th e four e xperiments with the :;.75-
an 2.35-second waves verify t h f i d· ngs of Collins and Ches nutt (1975, 
1976) that profiles for the s ame wave conditions jo not always have the 
same sh ape. In particu lar, t he expe r i ment s with 3.75- and 2.35-second 
waves point out that t he physical const r a ·nts of the laboratory facilities 
can affect the final p r ofile shape. The currents in experiment 72A-06 
(3.75 secC' l ds) and the transver e wave in experiment 72B-10 (2.35 seconds) 
kept those from reaching equilibri um. 

In judgi~g the evidence presented h r e, profile equilibri~ in bas i­
cally two-diw·· nsiona1 tests does no t appe ar to be an easily definable, 
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attainable, or a useful state ~o be trying to reach in experiments of 
practical duration. Coastal engineering might be better advanced if 
researchers were more concerned wi t h trying to reach some constant rate 
of profi Ie change or a rate of pTo f ile change small in comparison to 
other variables. 

IV. LABO RATORY EFFECTS 

1. Def initions of Terms. 

Laboratory effects are the undes iTed differences between laboratory 
and prototype conditions caused by the physical constraints which exist 
in the laboratory, but not in the f i e ld. For example, the vaTiations in 
incident wave height discusse d in Se ction II, 3 are laboratol~ effects; 
i.e., the mechanical generator at one end of the wave tank caused a re­
reflection of the wave eneTgy propagating away from the profile that 
would not have occuTred in nature. This project evolved from an investi­
gat ion of wave height variability an d equilibrium profiles into a more 
comprehensive examination of all l aboratoTY effects. 

This section analyzes five l aborato r y effects based on results from 
the 10 experiments. Other known l aboratory effects are also identified. 

2. Test Length and I nitial Slope Effe ct s. 

a. Processes. Two physical processes are known to be affected by 
changes in initial test length: re-refl ection of waves from the wave 
generator and secondaTY waves. 

(1) Re-Reflection. The height of the inciden t wave is a func­
tion of the height of the nominal (generat ed) and re-reflected waves and 
the phase difference between the r e- r eflected wave and the wave generator 
motion . The height and phase of the Te-reflected wave are functions of 
the height and phase of the reflect ed wave . The height of the reflected 
wave is a function of the profile ref l ect ivity. The phase of the reflec­
ted wave with respect to the generator motion is a function of the dis­
tance between the profile and the generator. The effect of initial test 
length on re-reflection and incident wave height variability is discussed 
in Section II, 3. The eff ect of "nci dent wave height variability on the 
pTofile is discussed in this sectio . 

(2) Secondary Waves. Secondary waves cause a spatial (longi­
tudinal) variation i n wave height an d a variation in the asymmetry of the 
velocity distribution under a wave . The degree of asymmetry obviously 
depends on the position along the tank. In this case the distance to the 
toe of the initial profile from the generat or is the controlling distance. 

b. Initial Test Length Effect . Four pairs of experiments are ex­
amined here. In two pai rs (expe riments 70X-06 and 71Y-06 and experiments 
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70X-10 and 71Y-IO) the initial t es t 1 .ngth was the only variable; in the 
other two pai rs (e xpe riments 72 B- 06 and 72B-lO and experiments 72A-06 and 
72A-IO) both initial test length and t ank width varied, but t he ef fects 
of initial test lengt h are distinguish ab le from the tank \\' i dth effects. 

(1) Experiments 70X - 06 and 71)'-06 (1. 90-5 con d Wave ) . In each 
experimen t the effe ct of re-refle ct i on on the inci den t wave height was 
the same, 0.03 foot (Table 13). However, th e average incident wave 
height was 0. 34 foot in expe riment 70X- 06 and 0.37 foot in experiment 
7lY- 6 , and the differen ce in i nci dent he i gh t is likely due to the dif­
ference in the phase diff r enee as a r s uIt of the 7-foot diffe rence in 
initial test length. 

The profiles in the two exp riments develop d similar shapes (Fig. 
24), with t he length of th e i nsh ore she lf the only difference, due pri­
marily to t he 200-hour diff eren ce i n t he duration of the experiments. 
However, the rate of shor e l ine r ecess ion was quite different (F i g. 34) . 
In experiment 70X-06 the shoreline r e es sion rate was 0. 06 foot pe r hour 
between 1 and 22 hours, 0.14 f oot ( 4. 2 centimeters) per hour between 22 
and 30 hours, 0.10 foot per hour be t ween 30 and 44 hours, and 0 there­
after. The backshore was artif" ci ally nour i s hed after 54 hour s , thus 
maintaining the stable shoreline after t hat time. In experiment 71Y - 0 
the rate was 0.113 foot per hour between 1 and 15 hours and 0.025 foot 
per hour the reafter (for 360 hours ) . 

The differences in profile adjustment rates may have be en caus ed by 
the difference in initial test length; if so, the di ff e r ence was not due 
to re- reflection e ffects, since the higher r ecession rate was associated 
with the l owe r i n cident wave hei ght. It is un l ike l y that secondary waves 
wou ld have caused the differen ce in sh or e l i ne recess ion r ates without 
also affecting the pr ofile shape an d such profi le shape di fferences were 
not obse rved. 

(2) Experiments 70X-10 and 7 l Y-10 ( l . gO- Second Wave) . In each 
of these experiments the effect o f r e - 1' f l ect ion on the incident wave 
height Was different, 0.02 foot in exper iment 70X-10 and 0.06 fo ot in 
experiment 71Y-10 (Table 13). However, th e aver age i nc i dent wave he ight 
was almost the same, 0.37 foot in e "peri ment 70X- 10 and 0.36 foot in 
experiment 71Y-10, even though the i nit ial test length had a diffe rence 
of 7 feet in the two experiments. 

The profiles in t he two expe riments developed similar shapes (Fig. 
24), with the length of the inshore she lf the only difference, due pri­
mar ily to the 125-hour diffe rence in th e durati on of the experi ment s . 
However, the r ate of shor el ine r ece s ian was qui te different (Fig. 34). 
In experiment 70X- l 0 the shore l i ne recess i on r at e was 0 . 08 foot per ho ur 
be t ween 12 and 62 hours, and 0 t hereafter be caus e t he backshore was re­
nouri shed to maintain a stable shorel ine position. I n experiment 71Y-10 
t he ra te was 0.133 foot (4.05 cent i me t ers ) per hour (uniform laterally) 
between 1 and 15 hours, 0.016 f oot per hour (uniform laterally) between 
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15 and 205 hours, and varied from 0.016 foot per hour along the center 
of the tank to 0.025 foot per hour along the tank walls thereafter (for 
130 hours) . 

Re-reflection is not the likely e xp lanation for the difference in 
shoreline recession rates, since there was little difference in average 
incident wave heights and the slower recession rate was associated with 
the higher range of re-reflection effect within an experiment. Second a ry 
waves are not a likely cause because there was no difference in profile 
shape. 

(3) Experiments 72B-06 and 728- 10 (2.35-Second Wave). In th ese 
two experiments the effect of re-reflect i on on the incident wave height 
variability was slight. In experiment 728-06 the range of incident wave 
heights in the movable-bed tank was onl y 0.01 foot greater than i n the 
fixed-bed tank; in experiment 728 - 10 the range in the movable-bed tank 
was less than in the fixed-bed tank (Tab l e 13). However, there was a 
0.07-foot difference in average i nci dent wave height. The average KR 

was lower in experiment 728-06 than i n experiment 728-10, indicating that 
HR and HRR would have been lower i n experiment 728-06. The higher HI 
in experiment 72B-06 must then have been the resu l t of the difference in 
phase difference between HI and HRR as a result of the 38.3-foot 
(11.7 meters) difference in initial t es t length. Secondary waves were 
also present. 

The profiles in the two experiments developed different profile 
shapes. Some of those differences were due to the differences in tank 
width and the presence of the transvers e \o,'ave in expe r i me nt 728- 10 
(discussed in the following subsecti on) . In experiment 728-06 t he off­
shore zone had a concave-upward shape; in experimen t 728-10 the offshore 
zone had a convex-upward shape (Fig. 27 ,c). This significant difference 
could have been caused by ei ther secondary waves or re-reflection effects, 
as a result of the difference in initial test length. This differen ce i n 
offshore profile shape may have been a contributing cause to the lack of 
equilibrium in experiment 728-10. 

(4) Experiments 72A-06 and 72A-lO. In each of these experiments 
the effect of re-reflection on the i ncident wave height variability was 
different, 0.03 foot in experiment 72A-06 and 0.08 f oo t in expe riment 
72A-lO; the difference in average incident wave height between the two 
experiments (0.03 foot) was significant (Table 13). Thus, varying re­
flectivity within an experiment caused variations in HI; and the 38.3-
foot difference in initial test length affected t he average HI. 
Secondary waves were the most pronounced in these experiments. 

The profiles in the two experiment s developed different shapes (Fig. 
31). Some of the differences were due to tank width effects, which are 
discussed in the following subsection. The differences in the shape of 
the outer offshore were probably due to re-reflection or secondary wave 
effects. In experiment 72A-06 the outer offshore had a steep segment 
between stations 16 and 20 and a bar at station 28. In experiment 72A-lO 

78 



the outer offshore below -1.9 feet remained unchanged throughout the 
experiment. The diffe rences in fo r es hore berm-cre st elevation may have 
r esulted from the differences in the outer offshore, but these cannot be 
determined. 

c. Initial Slope Effect. The effect of varying the initial slope 
can be seen by comparing experiment 7lY-06 with an initial slope of 0.10 
and experiment 720-06 with an initi a l slope of 0.05. All other parameters 
wer e equal in these two experiments. 

In each of these experiments the effect of re-reflection on the inci­
dent wave height variability I ... as the same (0.03 foot ) , but there was a 
0.02-foot difference in average inci ent wave height (Table 13). Re­
reflection caused a higher average incident wave height in the experi­
ment with the flatter initial slope . 

The distance from the generator to the toe of the initial slope was 
23 feet greater in experiment 7lY-06 (0.10 s lope); thus, the velocity 
distribution at the toe of the slope may have been different in the two 
experiments. 

The offshore profiles in these two experiments developed similar 
shapes (Fig. 14), but the inshore zone developed somewhat differently. 
In experiment 720-06 (0.05 init ial slope) the flat shelf in the inshore 
zone developed during the first 100 hours and a trough was scoured in 
the zone after the foreshore stabilized at 135 hours. In experiment 
7lY-06 (0.10 initial slope) the flat shelf in the inshore zone developed 
between 200 and 220 hours and then continue d to widen as the foreshore 
and offshore separated. 

It is not possible to ascertain whether re-reflection, secondary 
waves , or some other phenomena caused t he profiles to develop such 
diff erent inshores, but it was probably the result of the difference 
in initial slope . 

3. Tank Wi dth Effects. 

When the wavelength, L, is much l ar ger than the tank width, \'J, 
t hen the wave tank is "narrow" and the result of wave action on the sand 
bed is e xpected to be two dimensiona l; i.e., without lateral variations 
in profi l e shape. When L is much smaller than W, then the wave tank 
is essentially a "basin" and the r esult of wave action on the sand bed, 
even when wave direction is normal to the initial shoreline, is expected 
to be three dimensional; i.e., with lateral variations in profile shape. 
In the i ntermedi ate case, when the tank wi dth and wavelength are nearly 
t he s ame (L/W ~ 1), th e wave tank is wide enough for the lateral varia­
t ions to begin to occur, but the t ank walls confine the third dimension 
of current patterns and sediment movement to an unknown extent. In the 
10 LE BS e xperiments, L had val ues that ranged from equal to \'J to 
several times larger than W, so t he point at which a wave t ank becomes 
narrow can be examined. 
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The confining effect of the tank walls on flow in the longshore di­
rection is complicated by other tank width effects. There are critical 
wavelengths for each tank width which can generate tank oscillations or 
unique circulation patterns (see Sec. II). Cross waves were observed 
over a limited segment of the profi le for a short period of time in ex­
periment 72B-06 (Vol. VII), but nei ther the cross waves nor their eff ec t 
on the profile were measured. Transverse waves were observed 3J1d meas­
ured throughout experiment 72B-10 (Vol. VII) and their effect on the 
profile determined. Circulation currents between the antinodes of t he 
standing wave, along with their effects, were measured in experiment 
72A-06 (Vol. VI). Thes e three special cases of tank width effects are 
assumed to produce spe ci al effects on the sand beds. Tank width effects 
in all 10 experiments from lowest to highest wave period tested are 
discussed below. 

a. 1.S0-Second Wave (L/W = 1.03, Experiment 72C-lO). The foreshore 
and inshor8 zones had significant lat era l variations. The shoreline sta­
tion along the five ranges varied as much as 2.5 fee t (0.76 meter) at any 
given time (Fig. 35), Specific ins t an ces of this variation are illustra­
ted by the two photos "in Figure 36. At 50 hours (Fig. 36,a) the shore ­
line and scarp on the near side (ranges 1 and 3) are farther landward 
than the shoreline along the far s i de (ranges 7 and 9). At this time 
the backshore, was apparently eroding along ranges 1 and 3, and the s an d 
moved alongshore to range 7 wh ere it caused the shorel i ne to protrude 
into the inshore zone. At 85 hours (Fig . 36,b) the scarp was uniform in 
position across the tank, but the po it ion of the shoreline was seaward­
most on the near side (r rul ge 1) and l andwardmost in the middle (range 5). 
At this time the backshore was appar ently eroding in the midd le of the 
tank, and the sand moved al ong sh or e to range 1 where it moved out into 
the inshore zone. At other times the e r os i on of the backshore occurred 
only along ranges 7 and 9 and th e sand was transported alongshore to 
range 1 before moving into the i nshor e . 

Considerable lateral variation als o occurred in the insho re zone of 
this experiment (Fig. 37 compar es movements of the -0.3-, -0.4-, -0.5-, 
-0.7-, and -0.8-foot (-9.1, - 12.2, - lS .2, -21.3, and -24.4 cent imeters) 
contours). The lateral var iations w r e particularly great just below the 
foreshore (elevation -0.3 foot) and th e amount of variation decr eased 
moving in the seaward directi on . No lateral vari at i on occurred in the 
offshore zone (Fig. 38 compares movemen ts of the -0. 9-, -1.4-, and 
-1.9-foot (-27.4, -42.7, and -57.9 centimet ers) contours). Erosi on of 
a trough near station 10 started firs t a l ong the tank walls and pro­
gressed t oward the center (dis cussed in Vol. V). 

The three dimensionali ty of the prof ile sh ape is shown in Figure 39, 
wh ich is a contour map of the s and bed at t he end of the experiment . 
The f oreshore and offshore t opogr aph ' es are skewed in the s ame di r ection 
and the inshore topography is app r oximately s ymmet ric ab out the tank 
centerlines. The symmetric deve lopmen t of the inshore is i llus trated by 
the depressions along the tank walls near stations 3 and 13. The tank 
walls obviously constrained the shape th at did deve lop, but that shape 
does have a significant variation in the t hi r d (longshore) dimens i on . 
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b. At 85 hr Figure 36. Foreshore variability over 35-hour peri od 
in e xperiment 72C-10 eLI\\' 0; 1. 03) . 
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b. 1.90-Second Wave. 

(1) L/\IJ = 1.43 (Experiments 70X-IO and 71Y-IO). Although the 
fo reshore had some lateral variations, t he inshore zones had greater 
lateral variations, particularly in the deve10pment of the flat shelf in 
the inshore in experiments 70X-10 and 71Y-IO, the experiments with the 
next highest value of L/W. 

In both experiments with L!W = 1.43, the slope of the foreshore and 
position of the shoreline varied with range at anyone time and with time 
at anyone range. The slope varied from 0.04 to 0.60 in experiment 70X-IO 
and from 0.08 to 0.56 in experiment 71Y-IO. The shoreline position at any 
one time varied up to 1.6 feet (48.8 centimeters) in experiment 70X-IO and 
2.0 feet in experiment 71Y-IO (Fig. 40) (compared to up to 2.5 feet with 
L/W = 1. 03). The most important profile change in all of the experiments 
with the 1.90-second wave was the development of the long flat shelf with­
in the inshore zone. In experiment 70X- I O the shelf development began at 
15 hours along range 1 and at 95 hours along range 9, as indicated by the 
initial upward movements of the -0.6-foot contour positions in Figure 41. 
In experiment 71Y-IO (Fig. 41) the shelf development began at 210 hours 
along range 1 and 110 hours a l ong r ange 9. The 80-hour di fference in 
experiment 70X-IO and the 100-hour di fference in experiment 71Y-10 are 
significant--that this variation occurred in both experiments in the 
same tank and that the development s t a ted on one side in one experiment 
and on the other side in the other e xperiment indicates that the vari a­
tion was not due to a unique external influence or some misalinement in 
the tank. 

The three dimensionality of the profile shape at the end of the ex­
periments is shown in Figure 42. The offshore zones are skewed seaward 
along ranges 7 and 9 in both experi ments, just as in eA~eriment 72C-10. 

(2) L/W = 2.38 (Experiments 70X-06, 71Y-06, and 720-06). In 
three experiments with a 1.90-second wave conducted in the narrower tank , 
the profile shape usually had less lateral variation, as would be expected 
from the higher value of L/W. 

In these experiments, lateral variations in slope and position oc­
curred on the foreshore. The foresh ore slope varied from 0.10 to 0. 36 
in experiment 70X-06, from 0.08 to 0.52 in experiment 71Y-06, and f rom 
0.02 to 0.50 in experiment 720- 06 (the e xpe riment with a 0.05 initi al 
slope). The shoreline position varied as much as 2.0 feet in experi ment 
70X-06, 2.3 feet (70.1 centimeters) in experiment 71Y-0 6 , and 1.9 feet in 
experiment 720-06 (Fig. 43). The fores hore variations are not less th an 
those with L/W = 1.43 (compare Fig. 43 wi t h Fig. 40), especi a lly since 
the tank was narrower. 

The inshore in experiment 70X-06 de ve loped the flat shelf with lit t l e 
lateral variation in time of development, but after the shelf developed 
late ra l variations occurred, as indicated by the -O.6-foot contour move­
ments in Figure 44. The same holds for e xperiment 71Y-06 (Fig. 44). In 
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e xperi ment 720-06 the flat inshore deve l ope d quickly and then a l arg e 
trough was scoured at the shoreward end of the i nshore. In contrast to 
experiments 70X-06 and 71Y-06, t he lat eral variations in the position of 
the -0.6-foot contour in experiment 72D-06 (Fig. 44) occurred wh i le the 
inshore was a fl at she If, perhaps e caus e of the differences in initial 
slope. 

Contour maps of the final p ro file shape for the three experiments are 
in Figure 45. The profile sh ape obvi ously varied laterally, particularly 
in the foreshore and inshore, but in t he offshore zone the variations 
were less than in the wider tank. 

c. 2. 35-Second Wave. 

(1) L/ W = 1 . 86 (Experiment 72B- IO). In experiment 72B-lO, the 
L/W ratio was l ess than the three experiments in the 6- foot tank wi th 
the shorter 1.90-second wave. The prof ile in this experiment was af fec­
ted by the transverse wave, genera t ed by the gap at the end of the gene­
r at or blade. Thus, the width effects identifi e d here are the result of 
t he "generator gap effect," which is anot her special case of width 
effects. 

The foreshore slope and posit ion varied laterally and with time, as 
a result of the three-dimensional sw ash movement. The slope varied from 
0.10 to 0.54. During the first 100 hours and between 130 and 150 hours, 
the shoreline position was skewed across the tank, with up to a 1.2-foot 
difference in shoreline position be tween range 1 (seawardmost) and ran ge 
9 (landwardmost) (Fig. 46). Betw en 100 and 130 hours the shoreline 
position was not skewed. 

In the inshore a longshore bar de ve l oped near station 2 and later 
eroded, and a flat area developed near station 5 and later developed into 
a bar. The above changes occurred at di fferent times along each rang e, 
as shown by the variation in movement of the different contours in Figure 
47, and as discussed in Volume VII. 

Flat areas developed in the offsh ore zone near stations 8 and 16, but 
in each case the elevation of ttis flat area increased from the range 1 
side to the range 9 side. Sand deposited at the toe of the slope along 
ranges 1 and 3, but not along ran ges 5, 7, and 9. The lateral vari at ion 
of contours in each of the three areas is shown in Figure 48. 

The final profile shape is shown in Figure 49 wi th lateral variations 
in the areas discussed above. 

(2) L/W = 3.10 (Experiment 728-06). In experiment 72B-06 the 
lateral variations in profile shape were minimal. The foreshore slope 
v Tied from 0.10 to 0.46 as a result of lateral variations in swash move­
ment, but the shoreline position vari ed as much as 0.5 foot only once and 
was generally uniform (Fig. 50). 
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In the inshore, little signifi cant lateral variation occurred at 
elevations -0.4, -0.5, and -0.6 foot; only a random variation in the 
times at which the longshore bar c r s t reached elevation -0.3 foot 
(Fig. 51). 

Large lateral variations occurre d in posItIon of particular contours 
in the offshore (Fig. 52), indicating that the crest elevation of the 
s eaw ard bar reached -2.0 feet at di fferent times, but the variations had 
no pattern. 

At the end of the experiment the only significant lateral variation 
was the slope of the foreshore (Fig. 53). 

d. 3.75-Second Wave. 

(1) L/W = 3.14 (Experiment 72A-I O). Experiment 72A-lO had a 
longer wavelength in a wider tank than e xperiment 72B-06 discussed above, 
with the result that the L/W ratio was nearly the same (3.14 versus 
3.10). As expected, this experiment also had little significant lateral 
variation. 

The foreshore slope was steeper along the middle ranges (3, 5, and 
7), varying from 0.14 to 0.36 with an average of 0.20, and flatter along 
the outside ranges (1 and 9), varying from 0.12 to 0.30 with an average 
of 0.18. The shoreline position varied laterally during the first 25 
hours as it prograded first along the outside ranges (Fig. 54). Between 
30 and 50 hours the shoreline position also varied laterally. At other 
times the shoreline position was quite uniform. 

The only lateral variations in the offshore zone were differences in 
t he bar-crest elevation along t e different ranges (Fig. 55), but this 
was a fairly minor variation in elevation. 

A contour map of the profile at the end of the experiment in Figure 
56 shows how little the lateral variations were. 

(2) L/W = 5.23 (Experiment 72A-06). In experiment 72A-06, with 
the highest L/W value, the lateral variat ions in profile shape were 
quite large, contrary to what was expected. 

In the foreshore, a strong counterclockwise circulation caused the 
foreshore slope to be steeper (0.20) along range 5 and flatter (0.12) 
along range 1, but only at 115 hours was there a large (1.3 feet) lateral 
difference in shore l ine position (F i g . 57). 

In the inner offshore zone, a clockwise circulation developed between 
the antinodes in the foreshore and near station 18 during the first 70 
ho ur s, and then began disintegrating. The wavelength in this area was 
approximately 24 feet (7.3 meters), or four times the tank width, which 
suggests that the circulation was th e result of some resonance unique to 
a laboratory wave tank. This is appa r ently another special tank wiuth 
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effect, since this effect was not seen for this wavelength in the wider 
t ank. Lateral variations in the position of contours in the inner off­
shor e ar e shown in Figure 58. 

Lateral variations at the toe of t he profile are shown in Figure 59, 
which compares the movement of sel ec ted contours, and in Figure 60, which 
is a contour map of the final prof ile . 

4. Water Temperature Effects. 

a. Processes. Since the 10 LE BS experiments were conducted in an 
outdoor basin J water temperature was an uncontrolled variable, varyin~ 
from 4° to 31° Celsius, the dynamic viscosity varying from 3.30 x 10-
to 1.64 x 10- 5 pounds-s e cond per squar e foot (1.61 x 10- 5 to 0.80 x 10- 5 

grams-second per square centimete r ) (Daily and Harleman, 1966). Vis­
cosity is known to affect the f a l l velocity of sediment particles in 
se t tling tubes: as the viscosity f wat er increases, the fall velocity 
decreases (see Fig. 4-31 in U.S. Army , Corps of Engineers, Coastal Engi­
neer ing Resear~h Center, 1977). Since viscosity has been shown to have 
several effects on sediment trans p rt in unidirectional flow (American 
Society of Civil Engineers, 1975), it is likely that water temperature 
and viscosity would affect sediment s uspension and transport in oscilla­
tory flow. For example, the eros i on of beaches in the winter months may 
not be the result of i nc reased wave steepness alone, but perhaps due to 
the decrease in water temperature as well. 

A greater knowl edge of temper atur e -viscosity effects on sediment 
tran sport in oscillatory flow is ne ded for at least three purposes: 
(a) to understand the effects of temperat ure on erosion and accretion 
in nature, (b) to under stand the sca le effects in the laboratory when 
relating laboratory results obtained with one temperature history to 
prototype localities with another temperature history, and (c) to under­
stand the laboratory effects when at tempting to compare results from a 
s eries of research experiments wi th one another when the water tempera­
t ur e was not controlled. The lack of knowledge on this last point has 
made it difficult to prove that the l ack of profile equilibrium in 
seve r al of these experiments was not due to a constantly decreasing 
water temperature. 

The important effects of temperature-viscosity on sediment transport in 
unidirectional flow and the results on the effect of temperature-viscosity 
on shoreline recession and profile deve l opment in the LEBS experim~nts are 
discussed below. 

b. Literature Review--Unidirectional Flow. Colby and Scott (1965) 
found t hree effects of water tempe r at ure on sediment discharge: (a) Vis­
cosity changes cause changes in the thickness of the laminar sublayer 
which affect the relationship between mean velocity and effective bed 
shear . (b) The vertical distribution of suspended sediment depends on 
the ratio between the fall velocity of sediment particles in a turbulent 
sediment-water mixture and the effective turbulence of the flow for sus-
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pending sediment. The effective turbulence of the flow is evidently not 
affect ed by viscosity changes, but the fall velocity of sand in turbulent 
water (nearly the same as the fall velocity in still water) is directly 
related to viscosity. The temperature effect is greatest for particle 
sizes between 0.25 and 0.5 millimeter and next greatest for the 0.125-
to 0.25-millimeter range, and the effect increased with increasing depth. 
(TI1e sediment used in the LEBS e xperiments had a dso of 0.22 to 0.23 
millimeter.) (c) Changes in viscosity affected the fall velocity which 
changed the dso of the bedload and thus the bed forms. (The si ze dis­
tribution of the SPTB sand was nar row , so this effect would be negligible.) 
Changes in bed form change the resis tance to flow and thus the sediment 
discharge. Temperature effects in both directions were fOlmd; i.e., 
sediment discharge both increased and de creased with increasing tempera­
ture. 

Taylor and Vanoni (1972a, 1972b) examined temperature effects in both 
low- and high-transport flows, and they also found temperature effects in 
both directions in each case. 

For low-transport flow, Taylor and Vanoni found that the di rection of 
the effect was rel ated to position on the Shields curve (Fig. 2.45 in 
American Society of Civil Engineers, 1975; shear stress versus boundary 
ReynOlds number) where the Shields curve slopes down, increasing tempera­
ture caused increasing sediment dis charge; where the Shields curve slopes 
up, increasing temperature caused dec reasing sediment discharge; and where 
the Shields curve is flat, increasing temperature caused no change in 
discharge. 

For high-transport flows, they found that the effect was related to 
particle size: for the particles finer than 0.135 millimeter, suspended­
sediment concentrations at all depths increased with increasing tempera­
ture; for particles coarser than 0.135 millimeter, the concentrations at 
all depths decreased with increasing tempe rature; but for particles with 
a dso of 0.135 millimeter, concentrations at the higher elevations 
increased with increasing temperat ure and at the lower elevations 
decreased with increasing temperature. 

c. LEBS Results--Oscillatory Fl ow. Those results for unidirectional 
flow point out the complexity of t he temperature effect, so it is not un­
reasonable to expect a complex temperature-viscosity effect on sediment 
transport in oscillatory flow. These experiments were obviously not 
designed to study temperature effects since temperature was uncontrolled, 
but they do indicate the potential for temperatUl"e effects. Temperature 
changes are compared to the shorel i ne recession rate and volume erosion 
rate in the discussions that follow. Because the backshore slope was 
not flat the volume erosion and p ro file development rates were propor­
tional to the square of the shoreline recession rate in these tests. 

(1) I.50-Second Wave. In experiment 72C-IO (Fig. 61) the shore­
line recession rate was decreasing, which means that the volume erosion 
rate was decreasing or near ccnst ant, while the temperature was gradually 
falling. 
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(2) lo90-Se cond Wave ', The most dramatic evidence for a temp er a­
ture effect \oJas in e xp eriment 70X- 06 . At 22 hours the water temperat ur e 
dropped from 28° to 18° Celsius and t he shoreline recession rate increas­
ed from 0.06 to 0.14 foot per hour (Fig. 62,a). (After sand feeding was 
begun th e expe r iment s had little value to this analysis.) In experiment 
70X-10 (Fig. 62,b) temperature dat a col lection did not begin until 38 
hours and the comp ar ison of shore l i ne recession and tempera t ure between 
38 and 62 hours i s not very concl us i ve . The temperature was fairly high 
(25 0 to 300 Ce l s i us ) and the shoreline recession rate was 0.08 foot per 
hour. 

In experiments 71Y-06 an d 71Y- 10 (Fig. 63) the shoreline recession 
rates were high dur i ng the f irst f ew hours (0.113 foot per hour in ex­
periment 71Y-06 alld 0.133 foot per hour i n experiment 71Y-10). However, 
the shoreline recession rate soon de cr eased to 0.025 foot per hour in 
experiment 71Y-06 and 0.016 foo t pe r hour in experiment 7lY-10, although 
the temperature rem;,..ined at a hi gh val ue . The recession rate remained 
constant throughout the remainde r of t he experiments, even though the 
temperature dropped sharply sever a l t imes, which tends to disprove the 
effect sugges t ed by expe r i ment 70X- 06 . However, the mutual agreement 
betwe en expe riments 70X- 06 and 71Y -06 is important. Between 10 and SO 
hours the re cession rate was quite high ~n experiment 70X-06 while the 
temperature dropped and t he r eces si on rate was much lower in experiment 
71Y - 06 while the temperature remai ned high. 

In experiment 720-06 the sho r el ine r e t reated at a rate of 0.05 foot 
per hour, which means that t he volume rate of erosion was continually 
increasing, whi l e the temperatur e deer ased f r om 20° to 6° Celsius (Fig. 
64). Th e e r os i on of t he trough in t he inshore zone after the shoreli ne 
reces s i on stopped ouurred wh en t he t emp erat ur e was at its lowest vall';'='s. 

(3) 2. 35-Se con d Wave. In experiment 72B-06 (Fig. 65, a) the 
shor e l ine was stable and the profile was at equi librium, even though t he 
temper ature took two 8° drops. In experiment 72B-10 (Fig. 65 , b) the 
shoreline ret r eat ed at a very sl ow rate, which varied between 0.004 and 
0.018 foot (0. 12 and 0.55 cent i mete r) per hour , while the t emperature 
var ied between 30° and 20° Ce lsius , wi t h drops of S° and 9°. Compared 
t o the 1.90-second experiments (F igs . 62, 63, and 64), the temperature 
remained fairly high and the re cess ion rat e was small. 

(4) 3 . 75 -S econd I~ave . In experiment 72A-06 (Fig. 66 ,a) the 
s hor eline reces s i on rat e was constant, mean ing that the volume erosion 
r a te was increasing, while the water t empe rature increased. In experi­
lTlent 72A-lO (Fig. 66 , b) the shor eline was stable as the profile was at 
or near equilibrium and the t emper at ur e rose initially and then remained 
f a i rly cons tant. 

(5) Di s cussion . Experiment 70X-06 s upports the hypothesis that 
decreasing wa t er t emperat ure c auses increasing er osion. Al though the 
shoreline recess ion r a t e d i d not r espond to sharp drops in temperature 
i exper iment s 71Y-06 , 71Y- 10 , 720-06 , 72B- 06, and 72B-10, t he comparis on 
of t hos e exper iments wi t h 70X- 06 upports the general hypothesis t hat t he 
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higher the temperature the lower the recession rate. Too little useful 
data are available in experiment 70X-10 to be of any value to the com­
parison. 

Experiment 72A-06 supports the opposite hypothesis that an increasing 
water temperature causes an increasing erosion. Experiment 72C-10 sup­
ports this hypothesis or perhaps t ends to disprove the other hypothesis 
in that a decreasing water temperature coincided with a decreasing ero­
sion rate. 

Experiment 72A-10 supports either hypothesis since the temperature 
and the shoreline were both stable. 

5. Other Laboratory Effects. 

The kno~l causes of laboratory effects are summarized in Table 14, 
classified by physical constraint and by phenomena or parameter affected. 
The effects of re-reflection, wave length-to-tank width ratio, transverse 
waves, and circulation between ant inodes were discussed earlier in this 
section. Secondary waves were observed on the wave records and their 
effect in a few of the experiments was discussed. Hulsbergen (1974) 
provides a detailed description of the effects of secondary waves on 
pr ofile shape. Water temperature was measured and some of the possible 
effects of changing viscosity were measured, but the results are incon­
clusive. Cross waves were observed for a short period of time but their 
effect could not be measured. 

Four other phenomena can cause laboratory effects, depending on the 
physical constraints of the indi vidual e periment or facility designs. 

When conducting experiments in a wave basin with training walls and 
with the waves approaching the shore l ine obliquely, the waves reflected 
from the profile can re-reflect f rom the down-drift sidewall, then from 
the generator, from the up-drift sidewall, and then reattack the profile 
from an entirely different angle. In similar experiments without train­
ing walls, re-reflection problems a re minimal but diffraction effects 
and basin resonance become signific an t sources of variations. Fairchild 
(1970b) discussed these three interrelated phenomena and their effects. 

Another effect is the difference between a profile shaped by mono­
chromatic waves and a profile shaped by irregular waves. Watts (1954) 
and Watts and Dearduff (1954) exami ned the effect of varying wave period 
and water level. The effect of pe r iodic waves could be examined by 
repeating these experiments with a set of irregular waves having the 
s ame energy density. 

V. CONCLUSIONS 

1. Wave Height Variability. 

(a) Variation in reflection f r om the profile was found to be the 
major source of wave height variability in 10 movable-bed experiments. 
The varying phase difference be twe n the wave re-reflected from the 
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Table 14. Known l abor atory effects. 

Physica l constr aint Phenomenon or paramet er affected 

I. Tank l en gth 1. Secondary waves from generat or 

Distance to init i a l SWL motion 1 
a. 

inter cept 2. Re- reflection from wave 

b. Initial profile slope generator 2 

2. Tank width 3 . Wavelength- to-tank width rat io2 

4. Transverse waves 2 

5. Cross waves 3 

6. Circulation between antinodes 
of standing wave 2 

3 . Water temperat ure 7. Viscosityl 

4. Wave bas i n (waves approaching 8. Sidewall re -reflection 
obliquely with training walls ) 

5 . Wave bas i n (\~'aves appr oaching 9. Di ffract i on 
obliquely without training 
wa lls) 

10. Basin res onance 

6. Periodic wave II. Simulati on of r eal waves 

IPhenomenon observed and effects measured to a limited extent in LE BS 
s tudy . 

2Phenomenon obs er ved and effec ts measured. 

3Phenomenon obser ved. but effects not measured. 
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generator and t he gener ator motion caused a varying average incident 
wave he i ght. Transverse , cross , an d secondary \"aves also contri buted 
to the spatial vari ability of the incident wave height. 

(b) TI1e r e flection coefficient va iat i on ranged from moderate to 
s ignificant in the movable- bed tanks, r angi ng from 0.0 2 to 0. 12 in ex­
periment 72C-10 and from 0.04 to 0. 27 in experiment 720 -06. In the 
fi xed-bed tanks, which is an indicat i on of the measurement accuracy 
in the movable-bed tanLs, KR Tanged f rom 0.01 to 0.02 in experiment 
72C- 10 and from 0.02 to 0.09 in experi ment 72B-10. 

(e) Waves are reflected by t he runup on the foreshore, a plunging­
type breaker , and any segment of t he submerged profi Ie wh er e the depth 
chan ge is signi fi cant . Variat i ons i the steepness and top elevation 
of any submerged sl ope can cause si g ifi can t variations in KR • The 
distance between two refle cting zones can affect the phase di ffe r en ce 
be t ween waves re f lected f r om the t wo zones and thus affect the KR 
measurement s eaward of the p r ofil The important s our ce of KR var i-
abi 1 i ty in anyone expe r iment di d not appear to be a functi on of the 
wave per iod. The steepnes s of th submerged slope was an import ant 
sour ce of variabi Ii ty in all experi ment s except 72A-10, and the increas­
ing f or eshore berm elevat ion was the pri mary source of variability in 
only experiment 72A-IO. Variations i n the elevations of the top of t he 
sub merged slope cause d significant KR var iability in exper iment s 71Y-06 , 
720-06 , and 72A-06. The increas i ng di s t ance between the for eshore and 
s ubmerged slopes caused s ome KR var' abil i ty in all exp er iments with the 
1. gO- s econd wave and was the primary s ource in experiment 72C-10 with the 
l.SO-second wave . As t he shelf length var ied in each experiment, the KR 
var ied correspondingly. 

(d) The ave r age KR from profi l es which developed from an initial 
0,10 slope increased wi t h incr easing wave length (or wave period). 

(e) The ave r age KR of the 1. 90- s econd wave increased, rat her than 
decreased, as the initial profile steepness decr eased. 

(f) Ref l ection coef ficient var iation was l ess than 0.05 during t he 
last 25 hours of t he three experiment s whi ch appeared to be at or very 
near equilibrium, but this does not conclusively prove that KR varia­
bility is eliminate d on an equi librium pr ofi le. 

(g) In all exper i ments except 72C-10 the KR tended to increase 
duri ng the experi me nt indicating t ha t th e profile adjustment t ended 
toward reflecting, rather than absorb i ng, energy. 

(h) Inci dent wave height, HI' me as urements in the fixed-bed tanks 
were indicative of the me asurement errors :~,n the movable-bed t ank . HI 
r ange in t he fixed-be d tanks was as l i tt le as 0.03 foot in five experI­
ments, and as much as 0.07 foot in experi ment 72A-06. 

(i) The effect of varying re-r lection on the incident wave height 
in each experiment was calculated by s ubtracting the range of heights i n 
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the fixed-bed tanks from the range of heights in the movable-bed tanks. 
I n the 6-foot tank, this effect ranged from 0.01 foot in experiment 
728-06 to 0.03 foot in the other four experiments. In the 10-foot tank, 
this effect ranged from 0 in experiment 72B-lO to 0.08 foot in experiment 
72A-10. This implies that the wider t ank may amplify this re-reflection 
effect. 

(j) The importance of phase di fference between the reflected wave and 
the generator motion to the incident wave height variability is seen best 
by comparing experiments 72B-06 and 728-10. The average KR in experi­
ment 728-06 was 0.08 and in experiment 728 -10 was 0.17, which means that 
the reflected wave height was greater in the 10-foot tank. However, the 
average incident wave height was 0.38 foot in 728-06 and only 0.31 foot 
in experiment 728-10. Since the difference in reflected wave height 
would not have caused that difference, only the phase-difference effect 
resulting from the difference in init i al test length can account for the 
difference. 

2. Profile Equilibrium. 

(a) In two experiments with all parameters the same except the 
initial slope (0.05 and 0.10), the fina l profiles had quite different 
slopes, although neither reached equilibrium. This further verifies the 
conclusion of Collins and Chesnutt (1975, 1976) that the initial profile 
influences the final stable profile shape . 

(b) In two pairs of experiment s with the same wave condition but 
different tank width and initial test l ength, one experiment in each 
pair reached equilibrium; the other expe riment in each pair developed a 
different shape which continued to adjust. Laboratory effects are the 
apparent causes for the differences. 

(c) Profile equilibrium is not easily attained. Two of four sununer 
profiles and the one winter profi le r eached equilibrium, but none of the 
five profiles in the transition category (0.020 < HolLo < 0.025) reached 
equilibrium, indicating that profi les for waves in the transition regi on 
are more unstable. 

3. Laborator y Effects. 

(a) The initial profile slope affects the profile development ab 
least partially as a result of di f f erences in the phase of secondary 
waves at the toe of the profile. 

(b) The initial distance from t he generator to the shoreline is an 
i mportant experimental parameter. Differen ces in this distance affect 
the phase difference between the ref le cted wave and the generator motion 
and thus affect the incident wave height . The effect of varying incident 
wave height on profile shape is opposi te to intuition; in experiments 
with the same wave condition and diffe rent i nitial di stance to the shore­
line developed, the higher erosion rate was associated with the lowe r 
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ave rage HI' Differences in this dis tance also affect the phase of 
s econdary waves at the toe of the profi le . The effect of secondary 
waves was shown by differences in the shape of the offshore zone in two 
pai r s of experiments. 

(c) Three special and one general trulk width effects were observed. 
Strong circulation currents develope d over the profile between antinodes 
of the standing wave for a wavelength four times the tank width, which 
affected the profile development and reflectivity. Cross waves occurred 
over a short segment of the profi le f or a brief time in one experiment, 
but the effect was not measured. Trans verse waves generated by the gap 
at the end of the generator blade caused significant lateral variations 
in one experiment, but were not obser ve d in the experiment with the same 
wave period but different tank widt h and i ni tial test length and without 
a gap. In general, as the wavelength- to-tank width ratio increased from 
1, the amount of lat era l variation in profile development decreased. 

(d) Two different effects of water temperature variation were 
observed. Six experiments support, to varying extents, the hypothesis 
that the higher the water temperature, the lower the recession rate. 
Two experiments support the oppos ite effec t, that the higher the water 
temperature, the higher the recession rate. Another experiment supports 
either hypothesis. 

VI. RECOMMENDATIONS FOR CONDUCTING MOVABLE-BED COASTAL EXPERIMENTS 

1. Modeling Criterion. 

Equilibrium profiles a r e not oft en fo und in the prototype, and thus 
they may not be necessary to replicate. Also, equilibrium profiles are 
difficult to attain in the laboratory and may not be repeatable when 
they are reached. Therefore, it is recommended that some other crit~ria 
be selected as the prototype condi t i on for replication in the laboratory, 
such as constant rate of shoreline recession or volume erosion. 

2. Tank Setup and Test Conditions. 

(a) The initial distance from the generator to the shoreline must be 
held constant when attempting to pe r fo rm r epeatable profile experiments. 

(b) The initial slope can affect the profile development and should 
be held constant to assure test r epeat ability. 

(c) To eliminate lateral vari at ions in profile shape due to too 
short a crest length, wavelengths greater than three times the tank 
width should be chosen. However, t wo- dimensional tests may distort a 
three-dimensional probl em to an unk nown extent. 

(d) The water temperature should be kept within a 5° Celsius range 
to assure test repeatability. 
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(e) Cross waves in the constant- depth section and transverse waves 
can be avoided by careful selection of w ve pe r iod and wat e r depth for 
each tank width (Barnard and Pritchard , 19 72 ; Madsen, 1974). 

(f) Secondary waves in the cons tant depth section can be eliminated 
by programing the generator motion wi th elliptic functions or by the use 
of si l ls placed at the proper location along the tank for each wave 
period (HulsbeTgen, 1974). 

(g) Variabi Ii ty in profile r e flecti vi ty, generati on of secondary 
waves over a shelf, and geneTation of cross waves over profile segments 
ar e phenomena which cannot be avoided or eliminated, but the exp e ri­
menters should be aware of the pot enti al of these phenomena to affect 
profile development. 

(h) As a minimum the experiment a conditions discussed in this s eries 
of reports should be documented in each m vable-bed coastal en gi nee r ing 
experiment and model study. 

3. Future Investigation. 

(a) The hypotheses on sources of profile reflectivity variability 
should be examined one-by-one in fixed-bed experiments. 

(b) More research is needed to quantify the e f fect of t he initial 
profile slope on the final profile shape . 

(c) More research is needed on how wide a t ank must be to assure 
that the tank t·/alls do not af+~I·t a sii;'1i ficant part of the profile. 

(d) More basic re search is needed on the effect of water tempera­
ture on sediment t ransport in oscillat or y flow. 
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