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PREFACE

This report is published to provide coastal engineers insight into the
important coastal process of longshore transport along sandy beaches by pre-
senting the results of three-dimensional movable-bed laboratory tests. It is
hoped that future studies will expand on the analyses of the data in this
report. The report was prepared under the nearshore sediment transport
research program of the U.S. Army Coastal Engineering Research Center (CERC).

The report was written by Philip Vitale, Hydraulic Engineer, under the
general supervision of Dr. R.M. Sorensen, Chief, Coastal Processes and
Structures Branch, Research Division.

The author acknowledges C. Galvin, R.P. Savage, and R.P. Stafford for their
assistance and advice in the design and operation of the experiment, and M.S.

Bartolomei, S.L. Douglas, B. Keely, M. Koenig, M.W. Leffler, J.G. Tingler, J.
Sullivan, K.P. Zirkle, and, in particular, L.O. Tornese for their help in 4

collecting and analyzing the data.

Comments on this publication are invited.

Approved for publication in accordance with Public Law 166, 79th Congress,
approved 31 July 1945, as supplemented by Public Law 172, 8 8th Congress,
approved 7 November 1963.

ED E. ISHOP
Colonel, Corps of Engineers
Commander and Director
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CONVERSION FACTORS, U.S. CUSTOMARY TO METRIC (SI) UNITS OF MEASUREMENT

U.S. customary units of measurement used in this report can be converted to

metric (SI) units as follows:

Multiply by To obtain

inches 25.4 millimeters
2.54 centimeters

square inches 6.452 square centimeters
cubic inches 16.39 cubic centimeters

feet 30.48 centimeters

0.3048 meters
square feet 0.0929 square meters
cubic feet 0.0283 cubic meters

yards 0.9144 meters

square yards 0.836 square meters
cubic yards 0.7646 cubic meters

miles 1.6093 kilometers
square miles 259.0 hectares

knots 1.852 kilometers per hour

acres 0.4047 hectares

foot-pounds 1.3558 newton meters

millibars 1.0197 x 10- 3  kilograms per square centimeter

ounces 28.35 grams

pounds 453.6 grams

0.4536 kilograms

ton, long 1.0160 metric tons

ton, short 0.9072 metric tons

degrees (angle) 0.01745 radians

Fahrenheit degrees 5/9 Celsius degrees or Kelvins I

ITo obtain Celsius (C) temperature readings from Fahrenheit (F) readings,
use formula: C = (5/9) (F -32).

To obtain Kelvin (K) readings, use formula: K = (5/9) (F -32) + 273.15.
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SYMBOLS AND DEFINITIONS

a' ratio of sand volume to total volume of a sand deposit

b subscript for breaker

C wave phase velocity

Cg wave group velocity

d water depth

d5 0  median sand size

E energy density

Fx  flux of wave energy per alongshore distance

g acceleration of gravity

H wave height

H average wave height

Hrms root-mean-square wave height

Hs  significant wave height

IX longshore transport rate in immersed weight per unit time

i subscript for any point seaward of breaker zone

K empirical coefficient relating IX to Pb

Ks  empirical coefficient relation I to S

k wave number = 2w/L

L wavelength

n ratio of C to C

* subscript for deepwater condition

Pt energy flux term

PFb longshore energy flux factor as used in this report

Pts longshore energy flux factor as used in the SPM

Q longshore transport rate in volume per unit time

R range of coordinate system defined in Figure 7
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SYMBOLS AND DEFINITIONS--Continued

r correlation coefficient

S station of coordinate system defined in Figure 7

S radiation stress component (flux of y-momentum in x-direction)xy

T wave period

t time

u onshore component of water particle velocity

v alongshore component of water particle velocity

x coordinate in onshore direction

y coordinate in alongshore direction

z coordinate in vertical direction

al angle between wave crest and shoreline

Og angle between wave generator and shoreline

angle of beach slope with horizontal

n water surface elevation

e wave phase

surf similarity parameter as used in this report

Eb surf similarity parameter as used in Kamphuis and Readshaw (1978)

p mass density of water

ps mass density of sand

W angular frequency of wave = 27/T
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MOVABLE-BED LABORATORY EXPERIMENTS COMPARING
RADIATION STRESS AND ENERGY FLUX FACTOR AS PREDICTORS

OF LONGSHORE TRANSPORT RATE

by
Philip Vitale

I. INTRODUCTION

Three-dimensional movable-bed laboratory tests were conducted to compare
radiation stress and energy flux factor as predictors of the longshore sedi-
ment transport rate. The tests were performed in the U.S. Army Coastal Engi-
neering Research Center's (CERC) Shore Processes Test Basin (SPTB). This
report presents derivations of the radiation stress and the energy flux
factor, documents the experimental setup and procedure, tabulates most of the
data, and performs the data analyses. Many photos were taken during the

tests; however, only a few were used in the report. The complete set of test
photos is available from CERC's Coastal Engineering Information and Analysis
Center (CEIAC).

II. EMPIRICAL RELATIONS

The longshore transport data are related empirically to the two expres-
sions representing wave conditions. One, radiation stress, is based on momen-
tum flux, the other on energy flux. An important concept which is also used
in the data analyses is the surf similarity parameter.

I. Momentum Flux.

The dependent variable studied here is the longshore transport rate caused

by waves approaching the beach; therefore, the consequential momentum term is
the onshore flux of alongshore momentum. The derivation of the term follows
Longuet-Higgins (1970) which applies the concept of wave momentum flux to the
generation of longshore currents.

The coordinate system used is shown in Figure 1. The y-axis is along the
shoreline, the x-axis is normal to the shoreline and positive shoreward, and
the z-axis originates at the stillwater level and is positive upward. Using
this system, the onshore flux of alongshore momentum is the flux of y-momentum
in the x-direction, Sxy. This term is one component of what is commonly
called the radiation stress tensor.

ShorelineA

Figure 1. Coordinate system for momentum
flux derivation.
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According to small-amplitude wave theory, the components of the water
particle velocity in the x- and y-directions for a wave traveling at an
angle, a, to the shoreline (Fig. 1) are, respectively,

U H gT cosh [k(z + d)] cos0 cosa (1)
2 L cosh kd

V H gT cosh [k(z + d)) cosO sinc (2)
v= L cosh kd

where

H = wave height

g = acceleration of gravity

T = wave period

L = wavelength

d = water depth

k = wave number

8 = wave phase.

The last two terms are defined as

k 
2 1T

and

6 = kx wt

where t is time, and w the wave angular frequency

2rr
T

The y-momentum (alongshore momentum) per unit volume is pv where p is
the water mass density. The flux of this momentum in the x-direction
(onshore) per unit alongshore distance and unit water depth is pvu. Inte-
grating over the water column and averaging over time produce the mean along-
shore momentum flux in the x-direction per unit alongshore distance

Sxy -d vu dz (3)

where the overbar denotes the mean with respect to time and T the water
surface elevation. Substituting equations (1) and (2) into (3) and dropping
terms of higher than second order produce

S = (EC cosa) sina (4)
xy g C

12



where C is the wave phase velocity, Cg the wave group velocity, and
the wave energy density

pgH2 msr8s (5)

where H is the root-mean-square (rms) wave height. The term in paren-
* - I hesesrms

theses in equation (4) is the flux of wave energy per alongshore distance,
Fx, assuming straight and parallel bathymetric contours. When zero wave
energy dissipation is assumed,

F = EC cosa = constant (6)
x g

In this report, dissipation is assumed to be zero up to the breaker zone;

therefore, Fx  is constant from deep water to the breaker zone. Since the
ratio of sina to C is constant due to Snell's law, equation (4), which
represents the alongshore wave momentum entering the surf zone, is constant
seaward of the breaker zone.

Equation (4) can be revised for application of monochromatic waves, as in
this report. For such wave conditions, the average wave height, H, measured
during the tests (and discussed later in Section IV) is equal to Hrms .  By
rewriting equation (4),

S ( Cg cos.) C (7)

xy 8 Cg /C

S is now defined for use with laboratory monochromatic wave data. Notexy
that equation (4) is valid for any wave condition; equation (7) is valid only
for conditions where H equals Hrms*

2. Energy Flux.

In literature, the longshore transport rate has been empirically related
most frequently to a term found by multiplying both sides of equation (4) by
the wave phase velocity, C, to yield

P9 = (EC cosa) sina (8)
g

Unlike S xy Pk is not constant seaward of the breaker line; therefore,
specifying where PZ is being calculated is necessary. This report, follow-
ing convention, determines Pt at the breaker line,

P b - (EC cosa)b sinab (9)

representing the value of PX at the point closest to where the longshore
transport is occurring. The subscript b denotes breaker values. The term

13



in parentheses in equation (9) has been shown to be constant (see eq. 6)

seaward of the breaker line; therefore, subscript b may be replaced by i
which represents any point seaward of the breaker line. Making this change,
using equation (5), and letting Hrms equal H for monochromatic waves,

equation (9) becomes

PVb ff  C cosa)i inl (10)

The Shore Protection Manual (SPM) (U.S. Army, Corps of Engineers, Coastal
Engineering Research Center, 1977) provides a term similar to Pgb except
that the wave height used is the significant height, Hs . The term, called
the longshore energy flux factor, is defined as

P9s = (2*-*H*sCg cosa sina)b (11)

Pts is derived in Galvin and Schweppe (1980). The relationship between

Hrms and H. has been shown in Longuet-Higgins (1952) to be

H2 
= 2H2  (12)s rils

assuming a Rayleigh distribution of wave heights as well as a number of other
conditions. Therefore,

PXs
P Xb = 2 (13)

Since Ptb and Pts are essentially the same terms, this report uses the SPM
terminology and refers to Pgb as the longshore energy flux factor.

3. Longshore Transport Rate.

The longshore transport rate, Q, given in the SPM in units of volume per
unit time, is also commonly shown as I. with units of immersed weight per
unit time. The relationship between the two is

I- - (ps - p) ga' Q (14)

where ps is the mass density of sand and a' the ratio of sand volume to

total volume of a sand deposit, which takes into account the sand porosity.
For discussions of equation (14), see Komar and Inman (1970) and Calvin
(1979). Since the laboratory tests described here measured Il directly,

this term is used in most of the data analysis.

14



4. Empirical Relations.

The expressions derived in the preceding paragraphs are used to set up the

following empirical relations

I1 = KpPjb (15)

and

1e = KsSxy (16)

where Kp and K are coefficients to be determined from the test data in
this report.

Equation (15) is based on the concept that the work done in moving the
sand alongshore is proportional to the energy which approaches the beach. The

units are consistent and Kp is dimensionless.

Equation (16) is based on the concept that the sand transported alongshore

depends on the alongshore force exerted by the wave motion on the bed inside
the surf zone. By the equation of motion, this force is related to the change

of momentum inside the surf zone. The alongshore momentum, S enters the
surf zone through the breaker line but cannot exit through the shoreline
boundary. Therefore, the change in alongshore momentum is Sxy and equation

(16) results. K has dimensions of length over time.

5. Surf Similarity Parameter.

Kamphuis and Readshaw (1978) showed that Kp and Ks are dependent upon

the surf similarity parameter,

tan (
Eb = (/)1/2 (17)

in which tan 8 is the beach slope, Hb the breaker height, and Lo  the

deepwater (d'/L > 1/2) wavelength. Eb reflects variations in beach shape,
breaker type, and rate of energy dissipation. Using the results of laboratory

tests, the following relationships were found by Kamphuis and Readshaw

Kp = 0.7 b  for 0.4 < Eb < 1.4 (18)

K s = 
0 .0 8Cb for 0.4 < b < 1.25 (19)

For values of 4b higher than the upper limits, Kp and K. become inde-

pendent of Eb"

The surf similarity parameter is evaluated in this report to determine its

effect on the longshore transport rate.

III. EXPERIMENTAL SETUP

This section discusses the setup in the SPTB (Figs. 2 and 3) and describes

the wave generators, wave gages, and cameras and their positions. Also dis-

cussed are the sand-moving system, the method for measuring the longshore

current velocity, and the size distribution of the sand used in the experi-

ment. The design of the setup was based in large part on Fairchild (1970).

15
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Figure 3. Photo of test basin setup.

. asin Layout.

A diagram of the basin setup is shown in Figure 2. The basin is 45.72
meters long, 30.48 meters wide, and 1.22 meters deep. The alongshore and the
shore-normal directions of the sand beach were 7.62 and 11.45 meters, respec-

tively. The backbeach was 3.05 meters in the shore-normal direction, but it

was not part of the test beach.

Immediately downdrift of the beach was the sand trap, 0.91 meter wide and
12.7 centimeters deep (Fig. 4), used to catch the longshore transport.

Concrete aprons, 4.57 meters in the alongshore direction, were located on
the downdrift side of the sand trap and on the updrift side of the beach. The

updrift apron provided enough distance for the longshore current to develop

between the updrift training wall and the beach. This phenomenon is discussed
in Galvin and Eagleson (1965). The downdrift apron served two purposes--one
as a platform for depositing the longshore transport that escaped the trap,
the other as a surface on which the waves traveled to diminish diffraction
effects since no downdrift training walls were used.

The major limitation in the experimental planning was the size of the
SPTB, which permitted three wave generators, each 6.10 meters long, to be
linked together and leave enough room to be rotated through various angles to

the beach. The other limitation was the decision not to use downdrift train-
ing walls due to the wave reflection problem. When downdrift training walls

are used, the wave energy, which is reflected off the beach at an angle in the
downdrift direction, strikes the downdrift wall and is reflected back toward
the updrift direction. The energy is then reflected by the updrift wall and
the process repeats. The reflected wave energy is being trapped within the

17



, 1

Figure 4. Photo of sand trap.

two walls; this produces some complicated wave variability problems (e.g.,
see Fairchild, 1970). With no downdrift training walls, the reflected wave
energy moves away from the beach area into the outer parts of the test basin
where most of it is eventually dissipated by the rubble slope along the edge
of the basin (Fig. 2). This, however, creates a problem with wave diffrac-
tion. The energy of the wave leaving the generator spreads laterally into
still water and gradually decreases the wave height toward the updrift end of
the wave crest.

To minimize the decrease in wave height over the test beach, it was
designed using the diffraction diagram for a wave traveling past a semi-
infinite breakwater from Figure 2-33 of the SPM. The period and angle used in
the diffraction analysis were 3 seconds and 100, respectively, since these
values produced the maximum diffraction closest to the beach. The spreading

of wave energy into the shadow of a breakwater is analogous to the spreading
of wave energy into the area of the test basin downdrift of the generators.
The diagram (Fig. 5) indicated that the alongshore length of the beach should
be 7.62 meters. Most of the diffraction-caused decrease in wave height occurs
over the downdrift concrete apron.

Rubble, ranging in size from 7.62 to 15.24 centimeters, was placed at
several locations in the basin to absorb wave energy and provide gradual

slopes between the concrete aprons and the basin floor. The beach, sand
traps, concrete aprons, and adjacent rubble were all built to the same shore-
normal profile (Fig. 6). This profile was based on Chesnutt's (1978) long-
term two-dimensional tests in which waves were run onto a sand beach to
determine profile response. After superposing several of Chesnutt's (1978)

18
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Diffraction 0.? 0.9
Coefficient 0.6 0.8 1.0

Test Beach

Wove Used for Analysis
T :3.001 s
L =7.50 m Trainling Wall

-- 4q VQ
* Wove Generator

Figure 5. Diagram of diffraction analysis used to determine
the alongshore length of the test beach.

-0.4-

-0.3 -(0.00,0.305)

-0.2

(2.65.-0001SWL

S0.!

~0.2

SOCkbeoch I Test Beach
0.5

Station (in)

Figure 6. Shore-normal profile of the test beach, sand trap,
concrete aprons, and adjacent rubble.
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profiles run for 80 hours or more with wave periods similar to those used in

this experiment, the shore-normal profile in Figure 6 was drawn as a compro-
mise or average through the superposed profiles. This profile was used to

lessen the onshore-offshore adjustment of the beach.

Figure 7 shows the coordinate system used for the test beach. The origin

is at the updrift, shoreward corner of the beach. Ranges (in meters) are

along the alongshore axis, and stations (in meters) along the shore-normal

axis. Any point on the beach, or in the basin, can be described by a range-
station pair.

Range (m)
14 12 10 8 6 4 2 0 -2 -4 -6

-2
Rubble Oackbeach Rubble

0

Test Beach Updrift
Concrete 2

SWL Apron -

T Gage 48
Downdrift R 3.80, S Breaker Line)

Concrete 'Tests -15

Apron * 6
Gage 4A

R3.80, S 6.00)
Tests 5-11

Gage 3
(R 3.80, S 9.001 I0

Tests 5-15

80 60 40 20 0 12
Water Depth (cm) 12

Gage 2 Gage I
I R3.80, S 12.50) (R0.00,S12.50)

All Tests All Tests
Figure 7. Coordinate system used for test beach with locations

of wave gages (R = range, S = station).

2. Generators.

The three piston-type 6.10 meter-long generators used in this experiment

produced only monochromatic waves and are discussed in Stafford and Chesnutt
(1977). The generators were set at four different angles--0 ° , 100, 200, and
30*--to the beach during the experiment. For each setting, an updrift train-

ing wall was built from the generator to the 1-foot depth. This allowed
circulation past the wall to feed the longshore current. Figure 2 shows the
setup of the four generators and training wall.

For the 100 and 200 tests, the training wall was curved to allow for wave
refraction. However, since the wall stopped at the 1-foot depth, the curves

20



were small and considered not worth the construction effort. Therefore, the
curve for the 300 tests was deleted and a straight training wall was used.

3. Sand-Moving System.

As the waves approached the beach at an angle, the sand moved in the
downdrift direction. Most of it deposited in the sand trap. The sand which
escaped the trap deposited either on the downdrift concrete apron or beyond
the apron and rubble (covered to keep sand from being lost within it) onto the
basin floor. This area is shown in Figure 2 as the supplementary deposition
area. Although separate measurements of the sand deposited in each area were
not taken, it is estimated that 80 to 95 percent of the longshore transport
fell into the trap. The greater the transport rate and the suspended sedi-
ment, the greater was the amount of sand escaping the sand trap.

The trap was cleaned continually during a test using an eductor attached

r to a small centrifugal pump. Water was pumped through the eductor at high
speed, creating a suction to pick up the sand (Fig. 8). The sand was pumped
to the weighing station (Fig. 9), deposited in one of two bins, and weighed
submerged. When divided by the appropriate time period, the value became the
immersed weight longshore transport rate.

After the weighing, the sand was pumped, using another eductor, into a
sand feeder. The sand feeder is a vertical cylinder open at both ends in
which sand is introduced through the top and removed by waves through the
bottom. A diagram and a photo of the feeder are given in Figures 10 and 11.
The primary advantage of the feeder is that it permits waves to control the
amount of sand introduced onto the beach. Savage (1961) discusses the feeder

and its development.

In summary, the complete sand-moving system (Fig. 12) included the

following:

(a) A sand trap, a downdrift concrete apron, and a downdrift
deposition area which trapped the sand;

(b) a downdrift eductor-pump combination which moved the trapped
sand to the weighing station;

(c) a weighing station which weighed the amount of sand moved;

(d) an updrift eductor-pump combination which moved the sand from

the weighing station to the sand feeder; and

(e) a sand feeder which redeposited the sand onto the beach.

4. Instruments.

Wave heights were measured using parallel-wire wave gages (see Fig. 7).
Gages 1 and 2, located seaward of the toe of the beach, were used for all 15
tests. Gage 3, located over the beach, was used for tests 5 to 15. Gage 4A,
located close to the breaker line, was used for tests 5 to 11. Beginning with
test 12 for the remainder of the tests, gage 4A was adjusted to measure the
breaker height and then renamed gage 4B.
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Figure 8. Diagram of eductor.
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Figure 9. Photo of weighing station.
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Figure 12. Diagram of complete sand-moving system.

Two cameras were mounted over the beach on the catwalk of the SPTB. One
was a view camera with an adapter for taking 4- by 5-inch Polaroid black-and-

white photos, and the other a standard 35-millimeter camera. The locations of

the cameras are given in Table 1.

Other instruments used in the tests include standard hydraulic scales for

weighing the sand, and a standard level and rod for surveying the beach after
each test.

Table 1. Locations of overhead cameras

mounted on the catwalk.

Location i  Camera

View 35-am
__ __ __ __ __ __ _ _ (in) (in)

Range 3.9 3.9

Station 4.9 4.7

Elevation above SWL 8.5 8.5

lAccurate only to * 0.1 meter.
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5. Dye Injection.

Longshore current velocities for tests 5 to 15 were measured by injecting
dye into the surf zone through a hose which ran from the sand feeder to a
small stake in the surf zone. Dye was poured by hand into the top of the
hose. Table 2 gives the locations of the dye injection by test numbers. The
change in location of the stake in tests 7 to 10 was a procedural error and
not planned for a special purpose. The dye injection procedure is discussed
in detail in the next section.

Table 2. Locations of dye injection by test number.

Test Nos. Dye injected Dye timed Dye timed Timed distance

at range from range to range traveled

_,__ (m) (m) (m) (m)

5 and 6 3.00 3.60 7.60 4.00

7 to 10 3.82 3.82 7.73 3.78

r 111 to 15 3.00 3.73 7.73 4.00

, 6. Sand Size.

Figure 13 shows the size distribution of the sand used for all 15 tests.
The median diameter was 0.22 millimeter. The geometric standard deviation is

defined as

S= d 161/2(20)
g d84

where d16  and d84  are the sand sizes at which 16 and 84 percent, respec-

tively, of the sample is coarser. The value of o for the sand used was
1.22. Figure 13 indicates that the sand was well sorled.

1.0

So0 ho t t 40 540 S a so 90 0 ! 29.9

Pet Ceerser

Figure 13. Size distribution of sand used for all tests.
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IV. EXPERIMENTAL PROCEDURE

Each test was composed of three major data collection cycles: an hourly

cycle, a daiLy cycle, and a test cycle. For example, wave heights were

measured every hour (hourly cycle), water temperature was measured twice a day

(daily cycle), and beach surveys were taken at the end of each test (test

cycle). The typical test schedule was 4 hourly cycles daily for 6 days for a

total of 24 run-hours per test. Tests I and 2, as discussed later, were

exceptions to this schedule. Figure 14 is a schematic diagram of the inter-

relationship of the three cycles. Since waves were run every other day, a

complete test took about 3 weeks.

24-HOUR COMPLETE TEST CYCLE

Beach Rer e" Bosin OrGined.

New Test Variables Set. H AL C Drainage and Bed-Form Photos Token.
4 OU DIL CCL Beach Surveyed.

All Remaining Soad Picked Up
water Temperture I s Surf Zone Photos ond Weighed.
Recorded. I Water Temperature and
woter Depth Corrected D

to 0.71 Im. I I HOUR CYCLE D
iI ----- Sond Cantinually Cteaned

Beach Photo t Cu~t of Trap and Weighed.

B Breaker Photo Wave Height Meaoured. Longshore Current Measured.

Figure 14. Schematic diagram of the interrelationship

of the three experimental cycles.

1. Hourly Cycle.

The various types of data collected in a typical hourly cycle are shown in

Figure 14, along with an indication of time of collection. Before a new hour

of run-time was started, photos of the beach were taken from overhead with

both the 35-millimeter camera (Fig. 15) and the view camera. A reference rope

in the alongshore direction at station 5 and painted arrows on the concrete at

each station bordering the beach can be seen in Figure 15. Photos, such as

shown in Figure 15, provide a record of the change in waterline and breaker

bar throughout the tests. The waves were then turned on and usually, within 5

minutes of the start, an overhead photo of the breaking wave was taken with

the view camera. The angle between the breaking wave and the reference rope

was later measured from the photo to determine the breaking angle of the wave

(see Fig. 16). Note that this procedure assumes the alongshore direction

remained constant throughout the test. In actuality, however, the alongshore

contours are changing, as evidenced in Figure 15.

After a run-time of 30 minutes, wave data were collected for 2 minutes. A

sample strip-chart record is shown in Figure 17. The wave height was deter-

mined from this record. For a given length of wave record, a horizontal line

was drawn along what appeared to be the average wave-crest elevation. A

horizontal line was also drawn for the wave troughs. The distance between the

two lines was measured to determine the average wave height, H. This proce-

dure assumes that a nearly uniform distribution of wave heights is produced by

the monochromatic wave generators.
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Immediately after the wave data were collected, dye was injected into the
surf zone, as discussed in Section III, and the leading edge of the dye was
timed over a distance of approximately 4 meters (see Table 2) to determine the
longshore current velocity. Also recorded were the station at which the dye
left the downdrift edge of the beach and the station at which the waves were
breaking. Therefore, the determination of whether the dye moved offshore,
along the breaker line, or onshore could be made. Most of the dye injections
traveled along the breaker line.

During the hourly cycle, sand was continually picked up from the trap area

and weighed when a bin was full. A complete record of the amount of sand
moved in a given time period existed only at the end of the day after the
waves had been stopped and all the remaining sand had been picked up and
weighed. Therefore, the longshore transport rate can be given for a daily

cycle or a test cycle only.

2. Daily Cycle.

At the start of every test day (see Fig. 14), the water temperature was
recorded, the water level was corrected to 0.710 meter, the wave gages were
calibrated, and a check of all equipment was made. The hourly cycles were
then started. Four hourly cycles were usually completed each day.

Shortly before the waves were turned off at the end of the day, photos of
the surf zone were taken from the side (see Fig. 18 for examples). After the
waves were stopped, all the sand in the sand trap, on the downdrift concrete
apron, and in the downdrift deposition area was moved to the weighing station
and weighed. The day's longshore transport movement was then determined after
the final weighing. This quantity, divided by the total number of run-hours,
provided the immersed weight longshore transport rate for the day.

3. Test Cycle.

At the beginning of each test, new test values for the wave period, T,
the generator angle, ag, and the generator eccentricity, Ecc, were
selected and set (Fig. 14). Ecc is half the distance the generator bulkhead
moves. The combination of period and eccentricity produced a predicted wave
height, using the calibration curve of the generators (see Fig. 2 in
Fairchild, 1970). This guided the selection of T and Ecc but was not used
for wave height determination.

The beach was regraded to the shore-normal profile (see Fig. 6) before
each new test. This included raking the beach to remove all traces of ripples
from the prior test. The basin was usually flooded to cover the entire beach
and left over a weekend to allow the new beach to stabilize before the new
test cycle began.

After the test was completed, the basin was drained in 10-centimeter
increments, producing depth contours of 0, 10, 20, 30, 40, 50, and 60
centimeters. An overhead photo of the waterline was taken at each
increment. An example series is shown in Figure 19. Surveys of the beach
were then taken, using a standard level and rod, along ranges 1.5, 2, 3, 4, 5,
6, 7, and 7.6 meters. The elevation on each range was read at all major
breaks in slope.
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Finally, photos of the beach were taken at close range to document impor-
tant bed forms, such as ripples and bars (Fig. 20).

*1 -

Figure 20. Example ot bed-form photo.

4. Range of Variables.

Table 3 gives the test variables for all 15 tests. Note that the 0.710-
meter water depth and the sand were the same for all tests. The wave heights

listed are the average of all the hourly measurements of gages 1 and 2 for
each test.

Table 3. Test cycle variables and data.

Test Total Period Generator Water Wave Breaker Longshore It.10
No. run-time angle temperature height angle current

(hr) (B) (degrees) (C.) (cm) (degrees) (cm/u) (N/a)

L 25 2.35 10 22.8 8.2 8 -- 6,117

2 50 2.35 10 22.8 8.0 7 -- 6,890

3 24 1.50 10 20.7 12.8 7 -- 8,396

4 24 1.90 10 15.9 11.5 7 - 6,188

5 24 3.00 10 12.6 7.2 3 3 7,544

6 24 2.35 20 12.3 7.7 9 17 9,966

7 24 1.90 20 11.7 10.2 11 30 7,281

8 24 1.90 20 13.8 10.0 11 20 3,446

9 24 1.50 20 14.7 10.3 15 27 5,227

10 24 1.90 20 18.8 16.5 15 29 10,605

11 24 2.35 00 20.7 7.4 -5 0 892

12 24 2.35 30 23.1 8.1 20 28 16,328

13 24 3.00 30 23.2 6.9 15 7 11,941

14 24 3.00 30 19.4 15.6 30 23 32,938

15 24 1.90 30 16.1 15.1 19 40 25,502

INot available.
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V. DATA

The data collected during the experiments are provided in Appendixes A to

D. Appendix A contains the hourly and daily data for each test. Appendix B

lists the beach survey data, which are plotted in Appendix C, taken after each

test. Appendix D provides 35-millimeter photos of the beach taken during a

test with the waves stopped.

1. Hourly and Daily Data in Appendix A.

Table 4 is an example of how the daily and hourly data are tabulated in

Appendix A. Column I lists the run-time over which the data were collected.
Run-time is defined as the cumulative time of wave operation from the begin-
ning of the test. A run-time of 05 10 means that up to that point, waves had
been run at the beach for a cumulative total of 5 hours and 10 minutes. This
would be the case even if the first wave had been run 2 days before.

Column 2 lists the length of time (in minutes) waves were stopped to take

overhead photos of the beach. The letters CFD or TC indicate that the testing

was completed for the day or the test was completed. Between any two entries
in column 2, the waves were run continuously. For example, from the beginning

of the test at run-time 00 00 to run-time 01 00 (see Table 4), the waves were
continuously run. At that point the waves were stopped for 5 minutes to take

overhead photos of the beach. The waves were then restarted and run continu-
ously until run-time 02 00.

Columns 3 and 4 list the water temperature and the water depth, respec-

tively. These measurements were taken in the morning before the testing

started and in the afternoon after the testing stopped.

Column 5 lists the immersed weight of sand moved during testing from the
previous entry in the column. A value is always listed with a CFD or TC entry

since it was only at the end of the day that the balance of sand not weighed
during the time the waves were running could be picked up and weighed. In
Table 4, the value of 4,227 immersed pounds of sand is the quantity of sand
transported from run-hour 04 00 to 08 00. This column is not a cumulative
listing of sand transported.

Columns 6, 7, 8, and 9 list the wave heights measured by gages 1, 2, 3,

and 4A or 4B, respectively. Section III discusses the locations of these
gages, which are shown in Figure 7. Column 10 lists the breaker angles meas-
ured from the Polaroid 4- by 5-inch photos of the breaking waves (see Fig.
16). Column 11 lists the longshore current velocity measured by dye injec-
tions, as discussed in Section III. Column 12 lists the breaker type, using
the following code: sg, surging; p, plunging; c, collapsing; and sp, spill-
ing. A double entry indicates both types of breakers were evident with the
first type predominant.

2. Summary Data Table.

For a comparison of test conditions, Table 3 provides the average values

of water temperature, wave height, wave breaker angle, longshore current

velocity, and average longshore transport rate in immersed pounds per second

for each test. Also included are the wave period and generator angle.
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Table 4. Example of hourly and daily data tables in Appendix A.
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3. Survey Data.

After each test, the SPTB was drained and the beach was surveyed. The
distance and elevation pairs are listed in Appendix B and plotted in Appendix
C. The elevation datum is the stillwater level (SWL), which corresponded to a
0.710-meter water depth.

4. Overhead Photos.

Every hour during testing, the waves were stopped to take an overhead 35-
millimeter photo of the beach (see Fig. 15). The photos show the waterline,
the longshore bar, and the swash zone. They are useful for a qualitative
description of how the beach responded to the waves. Appendix D contains a
series of photos for run-times 01 00, 08 00, 16 00, and 24 00.

VI. DATA ANALYSIS

This section includes the data analysis to determine the relations between
it and Sxy and It and Pb" The empirical coefficients found from these
relations are then, in turn, related to the surf similarity parameter, ,
which is adapted to the data collected. Also included is an explanation of
the calculations of S, P , and It, along with plots of the various rela-
tionships. The wave eight used in the calculations is that measured at the
toe of the beach (average of gages 1 and 2 wave heights). The breaker wave
height, which would have been a better value, was not used for the following
reasons. The wave height at the toe of the beach was measured for all 15
tests the breaker height was not. Also, only one gage was used to measure
breaker height, while two were used at the beach toe. The significant differ-
ence'in height between waves measured at the two beach toe gages (see App. A)
indicates that some wave height variability existed along the wave crest.
Therefore, the average of the measurements at the two beach toe gages is
probably a more reliable estimate of the entire wave passing the toe than the
one gage measurement at the breaker is of the entire breaker wave. A compar-
ison of the data in this report with past studies is shown in a Q versus
PLb graph.

1. Calculation of Sxy.

Equation (7)

Sxy Cg cos

was used to calculate Sxy. Rearranging the equation,

xy 16- 2n sin 2a (21)

where n is the ratio C /C and a function of the water depth and wave
period or length. S was calculated at the toe of the beach by using the
average of the wave eights measured at that location (see Fig. 7), and by
using the generator angle for a. This was calculated for each set of wave
data. Thus, for the standard 24-hour test, 24 values of S were calculated
(see App. E). The average of Sxy for each test is listed xn Table 5.
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Table 5. Test cycle calculations.

Test Total Sxy Pjb it Ks  Kp
run time

(hr) (N/m) (J/m/s) (N/s) (m/s)

1 25 1.179 2.201 0.6116 0.5190 0.2779 0.6604

2 30 1.137 2.043 0.6889 0.6058 0.3373 0.6686

3 24 2.280 3.232 0.8396 0.3682 0.2598 0.3374

4 24 2.158 3.615 0.6188 0.2868 0.1712 0.4508

5 24 0.987 0.789 0.7544 0.7640 0.9557 0.8997

6 24 1.977 2.144 0.9966 0.5042 0.4648 0.6815

7 24 3.161 4.158 0.7281 0.2303 0.1751 0.4787

8 24 3.018 3.918 0.3446 0.1142 0.0880 0.4835
9 24 2.808 4.286 0.5227 0.18621 0.1220 0.3761
10 24 8.250 14.761 1.0605 0.1285 0.0718 0.3764

12 24 2.942 4.839 1.6328 0.5550 0.3374 0.6644
13 24 2.241 2.948 1.1941 0.5328 0.4051 0.9190
14 24 11.578 28.802 3.2938 0.28451 0o.1144 0.6112

151 24 9.253 13.536 2.55021 0.2756 018841 0.39341

2. Calculation of Pb"

Equation (10)

Pb C cCos)i sinb

was used to calculate Pxb* The term in the parentheses, like Sx , was

calculated at the toe of the beach. However, the sine term used the xreaker

angle as measured from the photos of the breaking waves. The breaker angle
used in the calculation was the average of the breaker angles collected 30
minutes before and after the wave data were collected (see Fig. 14). PLb was
calculated for each set of wave data, 24 values of PLb were calculated for

the standard 24-hour test (see App. E). The average of PLb for each test is

listed in Table 5.

3. Calculation of E.

The surf similarity parameter of Kamphuis and Readshaw (1978) was

presented in equation (17) as

= tan 8

For the data in this report, a different surf similarity parameter is needed
since V will be substituted for Hb, as discussed at the beginning of this
section. Therefore, the surf similarity parameter in the following analysis is

tan 8 (22)

(Ti/ Lo) 2
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The same beach slope was used for all 15 tests and was determined as shown in
Figure 21. A value of E was calculated for each test using the average

H for the entire test. These values are listed in Table 5.

-0.4

-0.2-L

-0.1

e 0 (2.65,0.000) SWL

3: Slope Used in Surf Similarity Parameter

0.1 ton 0.253- 0.000 0.0644
_o 6.58- 2.65

0.2

~( 6.58,0.2531
e= 0.3-
O.

0.4-

Backbeach I Test Beach
0.5-

0.7-
-3 -2 -1I 2 3, 4 5 6 7 8 9 10 11I 12

Station (W)

Figure 21. Determination of beach slope used to calculate

the surf similarity parameter.

4. Special Tests.

Three tests were performed under special circumstances. Test 2 was a

repeat of test 1; test 8 was a repeat of test 7, except the sand feeder was

moved shoreward; and test 11 was done with a generator angle of zero.

Tests I and 2 were both run with a period of 2.35 seconds, a generator
angle of 100, and a generator eccentricity of 5.97 centimeters. Test I ran

for 25 hours, test 2 for 50 hours. A twofold comparison of the two tests was
originally planned. The first 25 hours of test 2 data was to be compared to

the test I data, and then, both sets of data were to be compared to the last

25 hours of test 2. Unfortunately, due to an experimental error, only the

first 30 hours of the test 2 longshore transport data was collected accu-

rately. Therefore, the only comparison made was test I to the first 30 hours

of test 2. Reference to test 2 in the remainder of the report refers to the
first 30 hours only. Appendix A contains all 50 hours of test 2 data.

Table 6 compares the results of the two tests. The differences listed
give an indication of the repeatability of the data collection. The longshore
transport rate changed by 12.6 percent, which is a significant variation. This

is an inherent problem of longshore transport tests, indicating that some
important unknown factors are at work.
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Table 6. Comparison of tests I and 2.
Test Total Avg IAvgrun-Se -I£ Sy P

run-time Av I Sy l

(hr) (cm) (degrees) (N/s) (N/m) (Jim/s)

1 25 8.17 8 0.612 1.18 2.20

2 30 8.03 7 0.689 1.14 2.04

Pet difference1  -1.7 -12.5 +12.6 -3.4 -7.3
3 Pct difference - (Test I - Test 2) 100

Test 1

Tests 7 and 8 were both run with a period of 1.90 seconds, a generator
angle of 200, and a generator eccentricity of 5.97 centimeters. The only
difference was that the sand feeder, which was located at the SWL for all
other tests, was moved shoreward 1.4 meters for test 8. The feeder was moved
because the shoreline at the end of test 7 significantly angled shoreward
toward the downdrift side of the beach. This can be seen in the test 7 photos
in Appendix D. The feeder was moved shoreward to see if a straight shoreline
resulted. It did, as the photos in Appendix D for test 8 show. Another major
effect was the change in IX from 0.728 newton per second for test 7 to 0.345
newton per second for test 8, a decrease of 53 percent. Test 8 is excluded
from the remaining data analyses.

Test 11 was run with a period of 2.35 seconds, a generator angle of 00,
and a generator eccentricity of 5.97 centimeters. The test was meant as a
control to determine the amount of sand moved by the diffusion caused by
breaking waves. This value of I. for test 11 was 0.089 newton per second.
A comparable quantity of sand, 0.059 newton per second, also moved updrift.
Test 11 is also excluded from the remaining data analyses.

5. Daily Cycle Graphs.

As discussed previously, longshore transport could be measured only on a
daily cycle or test cycle basis. For the typical 24-hour test, six values of
longshore transport rate were calculated. Each rate covered a period of 4
run-hours. During this time period, four values of Sxy and Pb were
calculated, averaged, and related to the corresponding value of It. These
values are listed in Appendix F and plotted in Figures 22 and 23. Table 7
lists the important statistical parameters.

Table 7. Daily cycle statistics.

Relation Figure r2  Least squares lines
No. Standardl Y-intercept Through origin

slope slope

versus S 22 0.74 0.21 0.38 0.28

ly versus P~b 23 0.73 0.09 0.58 0.13

The square of the correlation coefficients, r2 , represents the fraction

of the variation of It about its mean which is explained by the abscissa
term. r2  for Sxy and Ptb are 0.74 and 0.73, respectively. These numbers
show that It correlates well with both terms to approximately equal
degrees. The least squares lines listed in Table 7 are in Figures 22 and 23,
which also include the least squares lines calculated with the limitation that
the lines pass through the origin. The slopes of these lines are 0.28 for

the It versus Sxy graph and 0.13 for the IX versus P b graph.
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6. Test Cycle Graphs.

The average longshore transport rate for each test was calculated and
compared with the test average of Sxv and P b" These values are listed in
Table 5 and plotted in Figures 24 and 25. Statistical values are in Table
8. r2 for I versus S and It versus P are 0.72 and 0.74, respec-
tively. As with the daily cycle calculations, It is shown to correlate well
with both terms to approximately equal degrees. Figures 24 and 25 include
both the standard least squares line and the least squares line forced through
the origin. The slopes of the latter lines are 0.26 for the It versus Sxy
graph and 0.13 for the It versus Pb graph.

Table 8. Text cycle statistics.

Relation Figure r2  Least squares lines
No. Standard, Y-intercept Through origin

* _slope slope

it versus Sxy 24 0.72 0.21 0.40 0.26

I4 It versus P9b 25 0.74 0.09 0.58 0.13

Ks versus 26 0.70 0.82 -0.07

K versus [ 27 0.56 0.89 -0.22
tP
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Figure 24. Relation between longshore transport rate, It,
and radiation stress, S,, using test cycle
data (tests 8 and 11 excld'ed).
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7. Surf Similarity Relation.

Figures 26 and 27 were drawn to test the dependence of Ks and KP on .

Test numbers are indicated in the figures. Table 8 lists the statistics.
The K terms were calculated using equations (15) and (16). These graphs
show that K is far from being constant, as is commonly assumed, and that it
is strongly related to .

8. Comparison to Past Data.

The units of I and PLb were converted to those used in the SPM and
plotted in Figure 28, which is taken from Figure 4-36 of the SPM. The SPM
figure was modified by shifting the x-axis to convert from Pts to Pb"
Equation (13) shows the relation between Ptb and Pps" Test numbers for the
data points of this report are noted in Figure 28.

Two major observations are immediately apparent. The first is that the
laboratory data in this report, as in laboratory data from past reports, have
considerable scatter. Since the surf similarity parameter, E, in this
report varies by a significant amount for the different tests, as shown in
Figures 26 and 27, some scatter is expected. The surf similarity parameter,
of course, does not explain all of the scatter in the laboratory data. There
are still some laboratory and scale effects which are not yet understood.
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The second observation is that most of the data fall beneath the SPM curve

connoting low values of Kp. Since the SPM curve is based on field data,
mostly from Komar and Inman (1970), a possible explanation is that the field

data were collected under conditions of higher values of E than those for
the laboratory data. Kamphuis and Readshaw (1978) suggest that Komar and

Inman's data were indeed collected under conditions of high b" It seems

reasonable to assume that the E values were also high.

VII. SUMMARY AND CONCLUSIONS

An analysis of the radiation stress, Sxy, and the energy flux factor,
P b' shows that both predict longshore transport rate, I£, to comparable
degrees. Approximately 70 percent of the variance of I about its mean is

explained by each term. There appears to be no major advantage in choosing
one over the other to predict the longshore transport rate. However, Sxy
has the advantage of being constant seaward of the breaker zone while Ptb

is not. This makes the calculation of S more convenient than P

which must be determined at the breaker line. On the other hand, Ptb has

the advantage of having the same units as it, which means that K is

dimensionless.

The empirical coefficients, Ks and are far from constant although

" o Kp is commonly assumed to be so in practice. Part of the variation of the

coefficients can be related to the variation of the surf similarity parameter,

F, as shown in Figures 26 and 27. These figures show that K and KP will

increase with E. The considerable scatter evident in Figure 28 can be partly

explained by the relation between the empirical coefficients and E. The data

in this report and past laboratory and field data are compared in Figure 28.

The laboratory data generally predict lower values of I2 for a given PZb

compared to the field data. Part of this trend can be explained by the dif-

ferences in the surf similarity parameters, assuming the field data were

collected under conditions of high . Also, laboratory and scale effects

probably contribute to the lower laboratory transport rates. The relative

importance of these factors is suggested as a subject of future research.
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APPENDIX A

HOURLY AND DAILY DATA

The data in this appendix are available on computer cards from CEIAC.
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APPENDIX D

SELECTED BREAKER BAR AND WATERLINE PHOTOS

The following photos from 35-millimeter slides were taken at approximate

run-hours 01, 08, 16, and 24. Figure 15 provides an explanation of

features. The complete set of slides is available from CEIAC.
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APPENDIX E

HOURLY CYCLE CALCULATIONS

A listing of the program which calculates the values in this atppendix,
using the data in Appendix A, is available from CEIAC.
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APPENDIX F

DAILY CYCLE CALCULATIONS

A listing of the program which calculates the values in this appendix,

using the data in Appendix A, is available from CEIAC.
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