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FOREWORD 

The movement of beach material is of paramount importance in 
maqy coastal problems. Ocean waves are recognized as -being 
responsible, either directly through wave action itself or in
directly through wave generated currents, for most of this . ~ittoral 
movement, but as yet there is not enough known about the mechanics 
of this movement to enable the engineer to adequate~y predict sand 
movement quantitatiYely. Considerable research has been, and is now 
being, done on this subject, and the following report presents the 
results of wave flume study on this general subject; primarily on 
the effect of long and short period waves on beach formation and on
shore-offshore transport of material. Information is also presented 
on the mechanics of ripple formation and the relation of these 
ripples to onshore-offshore movement. 

This report was prepared -at the University of California in 
Berkeley in pursuance of Contract DA-49-055-eng8 with the Beac~ 
Erosion Board which provides in part for the study of sand movement. 
The author of this report, Mr. Theodore Scott, is a research 
engineer at the University, and the report represents a thesis 
completed in partial fulfillment of the requirements of a Master's 
degree in Geology at that institution. 

Views and conclusions expressed in this report are not 
necessarily those of the Beach Erosion Board. 

This report is published under authority of Public Law 166, 
79th Congress, approved July 31, !945. 
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SAND MOVEMENT BY WAVES 
by 

Theodore Scott 
Research Engineer, University of California 

ABSTRACT 

A series of two dimensional experiments were carried out 
in a wave channel using waves having both high and low steep
ness ratios to investigate the movement of sand along the 
bottom. Waves having'steepness ratios above 0.03 produced 
storm profiles, eroded the foreshore, and built up longshore 
bars, whereas those having steepness ratios below about 0.02 
built up the foreshore and produced ordinary or summer profiles 
lacking longshore bars. Previous experiments have indica ted 
that waves having steepness ratios from 0.03 to 0.025 can pro
duce either storm or ordinary profiles. One of the present 
experiments using waves having a steepness ratio of 0.019 re
sulted in a storm profile and thus extends this range~ The 
greater thickness of the turbulent zone developed along the 
bottom by the high, steep waves caused a general lowering of 
the nearshore profile. The relative amplitudes of the vertical 
and horizontal components of orbital wave motion, however, 
appear to be of greater importance than the amounts of tur
bulence in causing variations of depth along the profile. The 
rate of profile ch~nge, and thus of smd movement, was found 
to be greatest immediately following the change from one wave 
steepness to the other, i.e., when the profile was furthest 
from equilibrium with the waves acting upon it. As this 
greatest disequilibrium may be expected to occur in nature 
when waves are changing from steep to gentle or vice versa, 
any longshore transport taking place would also be expected 
to be at a maximum at this time, as has been found in previous 
three dimensional wave-tank experiments• The large steep 
waves moved an appreciable quantity of sand offshore to a 
point where it could not be returned to the nearshore area by 
the waves having a low steepness ratio. As a result, the near
shore profile was lowered during a cycle from low to high waves 
and back to low waves. This suggests that there will be an 
annual loss of sand offshore along coastlines where deep water 
is found close to shore. 

Ripples were present on the bottom during all of the ex
periments. They moved shoreward in the nearshore area and 
offshore along the farthest offshore portion of the profile. 
Ripple movement was caused by the differences between the on
shore and offshore orbital water accelerations and/or velocities. 
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The shape of the ripples was found to be related to their 
velocity of movement, being more skewed with higher velocities. 
The ripple wave length was found to be proportional to the 
horizontal component of orbital ~ ater motion. A considera-
tion of the mechanism of onshore ripple movement in shallow 
water shows that when sand is being transported in the direction 
of ripple movement, the net transport will be less than thet 
found by measuring ripple volume and velocity, while the total 
transport will be less than twice the measured values. At 
equilibrium, when there is no net transport of sand, the total 
amount of sand being shifted will be twice that indicated by 
ripple measurements. When the net transport is in the opposite 
direction from ripple movement, no limiting factors are inherent 
from the mechanism of ripple movement. The net transport will, 
of course 1 be less than the U>tal. transport by the amount 
measured in the ripple movement. 

The experiments were carried out using a well sorted, medium 
grain sized sand.. Despite the initially low sorting coefficient,a 
marked range in grain size was developed along the profile • 
. In general, the larger grains moved beachward while the smaller 
grains moved offshore. The median diameters along the profiles 
at equilibrium show a fairly good correlation with the horizontal 
component of orbital water motion. 

The structure of the sediments deposited varied with the 
different conditions of wave action at the points of deposition. 
The tightness of packing in the various lamina was a fuhction 
of the anount of reworking the surface of the deposit under
went during the time of deposition. The beds formed b,y grains 
slumping or r6.llirig down a slope were loosely packed, whereas 
those formed b.Y slow deposition accompanied with reworking of 
the depositional surface were tightly packed. The various 
lamina and c~oss-bedding developed in the beach and along the 
bottom are illustrated •. 

INTRODUCTION 

' . 

The present study was conducted to examine some aspects of sand 
movement by shallow water waves under two dimensional conditions and with
out tidal effects. The experiments were conducted in a glass walled wave 
channel 60 feet long, 3 feet deep and 1 foot wide, fitted with a flap 
wave generator at one end. A beach was installed in the channel, as 
showl) in Figure 1, by placing approximately 6 inches of sand on a fixed 
bed having a seaward slope of 1:10. A sub-angular, feldspathic quartz , 
s~d having a median diameter of 310 microns, a sorting coefficient of 
1.16, and a log skewness of -0.007 was used throughout the experiments. 
This sand is ·marketed conunercially as "Del Monte White Sand." Waves 
were generated and allowed to mold the beech until an approxi.mate 
equilibrium profile was obtained. Five runs were made, 3 with waves 
having ' low ateepaess ratio and 2 with waves having a high steepness 
ratio. Sand movement was followed by placing eyed sand in portions of the 

2 



Figure 1. Photograph of wave channel and beach during run 1. 

bottom and tracings were made of the profiles and ripples along the glass 
side of the channel at various time intervals. 

Figures 2, 3 and Table 1 define the terminology and symbols used in 
the present report. In general, the terminology and symbols which follow 
are as given by Wie~l (1953). It should be noted that the term offshore 
bar, as used here, refers to a bar parallel to the shore line outside 
of the surf zone. These bars are thought to be the result of the standing 
wave set-up in the channel and are not necessarily genetically related to 
similar morphologic forms which may exist in nature. This is discussed 
further in the section on profile changes. 

TABLE 1 
List of Symbols 

a acceleration 
a' Length of semimajor axis of orbit of water particle (hor~ontal) 
-b subscript "b" refers to beachward direction 
d depth of still water in feet 
H wave height in feet 
H0 /L0 steepness ratio of waves 
h ripple height in inches 
l wave length in feet 
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So 
SWL 
-s 
T 
t 

· U 

v 
v 
-w 
X 

z 

ripple length in inches 
subscript "o" refers to deep water 
Median diameter of grain size distribution 
subscript "r" refers to ripples 
coefficient of skewness of grain size distribution also 
coefficient of skewness of r~pple profile ' 
coefficient of sorting of grain· size distribution 
still water level, a datum 
subscript nsn refers to seaward direction 
wave period in seconds 
time 
horizontal component of' water particle orbital vel~city 
volume 
velocity 
subscript "w" refers to water 
horizontal distance 
depth below SWL, negative downward 

The degree of applicability of re~ults obtained by laborato~ ex
periments of wave action on beaches to natural conditions is still open 
to question. Aside from the obvious restrictions imposed by the limited 
dimensions of all experimental apparatus, it is not fully clear to what 
extent scale effects may invalidate quantitative applications of the data 
obtained. Rouse (1938, p. 30) points out that sediment cannot be reduced 
according to the geometrical scale used for other model dimensions with
out giving rise to flocculation and cohesion as the scale becomes small. 
If the ratio of wave height to grairi size is considered to be constant 
in comparing the present experiments to prototype conditipns, then the 
sand ~~ed here is equivalent to gravel on ocean beaches, and it would be 
necessary to use silt to represent a medium sand on these beaches. Inman 
(1949) has emphasized the greatly different behavior of different grain 

• 
sizes in relation to hydraulic factors. Recent wcrk by the Beach Erosion 
Board(Caldwell, and Rector, 1950) has suggested that different model laws 
hold along different parts of beach and offshore profiles, fu~ther com
plicating the analysis of data. Certain qualitative similarity in most 
of the results may, however, be expected. Johnson (1949) summarizes 
model data which show that wave having steepness ratios (H0 /L0 )' greater 
than 0.03 will produc·e storm profiles, erode the foreshore and develop 
a longshore bar; whereas those having a steepness ratio less than O.Q25 
will cause deposition on the foreshore and produce an ordinary or summer 
profile lacking longshore bars. That similar conditions prevail on 
natural beaches is suggested by the work of LaFond (1939), Bascom (1951) 
and others. In the present· experiments, some of the results reg~rding 
ripple movement can be applied directly to corresponding natural con
ditions, that is, to the same sized waves and . sand in the · same depth of 
water and probably to larger waves which presumably produce•the same 
water motion near .the bottom in deeper water. Experimental complications 
which probably invalidate application of some of the present observations 
are considered later. 
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WAVES 

Table 2 gives the observed and computed wave parameters for the 
various runs. The wave height (H) and period (T) were measured by wire 
resistance element.~ installed in the deepest part of the channel, between 
the wave generator and the beach, and connected to a Brush analyzer and 
recorder. From these, the deep water height (H0 ) and length (L0 ) were 
computed by use of the relation L0 • ~.12 T2 (Wiegel and Johnson, 19.51, 
p.8) and tables giving the values of relations between d/L0 and H/L0 , 

(Wiegel, 1948). It was found that the measured values of T and especially 
H changed con..c;iderably during the course of a run. With tile exception ... 
of the first run, when one of them slipped, the settings r· 6n the wave 
generator were left untouched during the runs. The variations in the 
measured values are due to reflections of the incident waves from the 
beach. After the second run, a filter was installed in front of the flap 
on the wave generator in an attempt to filter out reflections traver~ing 
the channel for the second time. The reflection..~ interacted with the 
incident waves to set up a shallow water standing wave, the nodes of which 
shifted positions as the beach and bottom profile were al ter~d under the 
wave action. Since the wave measurements were made only at one location, 
they va~ied considerably during the course of each run as the standing 
wave shifted position. An attempt was made to obtain values unaffected 
by the reflections and therefore the values of H and T recorded are 
averages of several measurements during each run, selected to represent 
the extremes existing at the point of measurement. 

T~s 

Run (Hours) 
H 

(feet) 

2 

3 

4 

.5 

0 - 8 
8 - 40 

0 - .5 

0.20 
0.16 

0.16 

0 - 43.5 0.40 

0 - 44 0.16 

0 - 7 • .5 0.37 

TABLE 2 
Wave Parameters 

T 
(sec.) 

1.49 
1.48 

1.47 

1.38 

1.45 

1.40 

Lo 
(feet) 

11.3 
11.2 

11.1 

10.7 

10.0 

0. 019 
0.016 

0.016 

0.044 

0.017 

o.o41 

L 
(feet) 

9.7 
9.6 

9.6 

8.6 

9.2 

8.8 

d H0 No. of 
(feet) (feet) Waves 

1.95 
1.9.5 

1.95 

0.21 
0.18 

0.17 

----
75,000 

12,000 

1.93 0.43 113i000 

1.91 0.18 106,000 

1.93 0.41 19,900 

Measurements were made of the water drift and also bottom turbulence 
by dropping grains of potassium permanganate down through the water. The 
falling g~ains left a thread of dye in the water which remained un
distorted during the passage of several waves. The position of the dye 
thread after a given number of waves had passed gave a measure of the 
direction and amount of water drift. On passage into turbulent water, the 
dye streak was broken into curls and dispersed into a cloud fairly rapidly. 
The height of the point above the bottom where the trail was broken was 
taken as the thickness of the turbulent layer at that location. Further 
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aspects of the water motion due to the waves and reflections are dis
cussed in the following sections. 

DESCRIPTIONS OF RUNS 

Run 1 

, The first run was begun with low waves having a steepness ratio 
(H0 /10 ) of 0.019 (la of Tal?le 2) ·acting on a b.each and nearshore bottom 
which had been molded to what was thought to be the approximate equilibrium 
profile for w av:es of this general steepness. The initial profile is 
shown in Figure 4. In the first hour the foreshore was cut down almost 
1 _inch and a small longsl-lore bar was built on the bottom close to the 
shore line. Changes in the profile were slow thereafter with the ex
ception of notable oscillations in the positions of the step and of the 
margins of the bar. Mechanical difficult,y with the wave generator 
necessitated resetting it after 8 hours of the run. The new settings 
were slightly different and resulted in the generation of waves having 
a steepness ratio of 0.016 (lb of Table 2). These waves immediately 
a1 tered the bed profile. The trough separating the longshore bar from 
the foreshore was rapidly filled and sand then moved from the bar onto 
the foreshore and built an ordinary, or summer, berm. After the bar was 
destroyed, further changes occurred slowly; sand was moved inshore and 
onto the beach and the offshore bars became prominent. The incident 
waves, initially spilling, thereafter broke by a combination of plunging 
and surging on the lower foreshore. After the bars were well developed, 
it became apparent that the reflections in the channel were interacting 
with the generated waves to form a shallow water standing wave with the 
nodes over the offshore bars. The run was discontinued 25.5 hours after 
the change "in wave characteristics . when further changes in the profile 
were · occurring very slowly. A total of apprCJKimately 75,000 waves were 
produced after the generator was reset. 

Run 2 I 

I 

The second run was made a~ a supplement to Run 1 to determine 
whether or not the offshore bars would be developed in the s arne locations. 
The wave generator was not touched between runs; however, the measured 
wave characteristics are slightly different from those of Run 1 (Table 2). 
At least part of this difference may be ascribed to difference in the 
reflections from the beach. The offshore bars were smoothed off of the 
final profile of Run 1 prior to the start of the run, producing the 
initial profile shown in Figure 5. The bars were re-developed during the 
run in the order of their distance from the beach. The first appeared 
within 8 minutes and all three ware present 1 hour and 20 minutes after 
the start of the run. Figure 5 shows the profile developed when the 
run was stopped after 5 hours compared with the final profile of Ru~ 1. 
Although the run was continued a comparatively short length of time, th~ 
final profile compares rather closely with that of Run 1. The outer 
and middle offshore bars are slightly beachward of their former positions. 
A total of approximately 12, 000 waves were generated during the run and 
reflections again produced a standing wave in the channel. 
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Run 3 

The third run was made with steep waves (H0/L0 • 0.044) acting 
initially on the final profi+e of Run 2. The first waves broke by 
spilling, eroded the foreshore and built- up two longshore bars in the 
first 15 minutes. The waves then spilled until they reached the outer 
longshore bar, where they plunged over it. The reformed wave continued 
shoreward and plunged ov.er the second longshore bar. Two offshore bars 
were also formed during the f'lrst 15 minutes or the run and at the same 
time a standing wave became visible in the channel. During the next 4 
hours the two longshore bars moved slowly seaward and a third bar was 
formed between the first two while the beach continued to be cut back. 
The position of the nodes of the standing wave shifted as the profiie 
changed. Further changes occurred more slowly. The positions of the 
longshore bars fluctuated back and forth but moved generally shoreward 
during the last 10 hours of the run and finally reached the pos:i:.tions 
shown in Figure 6. One of the smaller longshore bar$ waq destroyed while 
another offshore bar was developed. In addition, the foreshore was cut 
back further and the offshore profile was cut down shoreward or Station 12 
and built up seaward of this station. Sand was removed from the area 
indica ted in Figure 6 during the run in order to hasteJt equilibrium. The 
run was ci:>ntinued until approximate stability seemed to have been reached 
and furt.ller changes in the profile were taking place very slowly, although 
deposition was occurring on the foreshore during the final 3 hours. The 
total running time was 43.5 hours, and approximately 113,000 waves acted 
on the beach and nearshore bottom. 

Run 4 

The fourth run was made with waves having a low steepness ratio 
(H0 /l0 : 0.017) acting initially on the fin.al. profile of Run 3. In the 
first 10 minutes the largest, outer longshore bar was destroyed ·and an 
offshore bar built up just seaward of its former position. Dyed sand, 
placed in t h~ longshore bar before the run, moved both shoreward into 
the trough beside the bar and seaward into the offshore bar. At the 
same time the· small inner longshore bar was widened and moved shoreward, 
and the foreshore built seaward. By the end of one hour, offshore bars 
haci been developed at Stations 6 and 9 and the foreshore had been built 
seaward about 6 inches. Further changes occurred much more slowly; the 
offshore bar at Station 9 was shifted shoreward slightly while the two 
outer offshore bars developed and grew slowly. The profile was lowered 
close to the shoreline, built up further out, arxi lowered in the furtherest 
offshore portion. These changes are shown in Figure 7, which also 
shows the initial profile. Dyed sand buried at a shallow depth in the 
bottom at Station 16.2 was moved seaward to between Stations 17 and 18.5. 
About one-half of the newly deposited sand on the foreshore was eroded 
during the last stages of the run. The profile was still changing 
slowly when the run was discontinued after 44 hours of operation. During 
this time approximately 106,000 waves acted on the beach and nearshore 
bottom profile, and broke in the manner described for Run 1. 
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Run 5. 

This run ~as made with waves having a high steepness ratio (Ho/Lo : 
0.041) acting 1ni tially on the final profile of Run 4. The beach was 
cut down one inch and back 1.5 inches within the first 30 minutes and 
a large longshore bar was built up within 90 minutes after the start of 
the run. The offshore position of the profile was changed more slowly, 
but by the end of the run it had been deepened over half of its length. 
Deposition occurred at the extreme seaward end of the offshore profile 
where the final profile, shown in Figure 8, was extended seaward. Wave 
reflections from the beach were much less noticeable during- this run 
than in any of the preced-ing ones, and the offshore bars developed as 
a result of the reflections are hardly visible on the final profile. The 
wa.ves broke in the same manner as described for Run 3. Over 19,000 .waves 
acted on the beach and bottom profile during the 7 .S hours of operation 
of the run and slow qhanges were still occurring in the profile when the 
run was discontinued. The foreshore was being buU t seaward and the 
size and location of the longshore bars were changing during the final 
few minutes of operation~ 

PRO FILE CHANGES 

As mentioned before, previous experimental work has shown that 
waves having·a:·fteepness rati9 greater t_l-}an 0.03 produce storm or winter 
profiles and those having a steepness ratio less than 0.025 produce 
ordinary or summer profiles. Either type of profile may be formed by 
waves whose steepness lies in the range between these values. The initial 
part of Run 1, made with waves having a steepness ratio of 0.019, 
evidently extends this range, as the foreshore was cut back and a small 
longshore bar was built during this part of the run. The remainder of 
Run 1, as well as the rest of the runs, conforms to previous findings in 
regard to the type of profile for~d. The lowering of the inshore and 
portions of the offshore profiles during periods of higher waves · 
(Figures 6,8) is apparently due to the increased turbulence d~veloped along 
the bottom by the higher waves. This ~s also been suggested by Trask 
(1952) as the controlling factor in the develop~nt of the equilibrium 
profiles around the sand island deposited at the end of the breakwater 
at Santa Barbara, California. 

Comparison of the final profiles of Runs 2 and 4 ·provides informatio~ 
on possible effects of a yearly cycle from summer to summer ol ocean 
beaches. · The conspicaous difference in profiles is caused by the removal 
of a large quantity of sand from the foreshore and its deposition on the 
portion of the offshore profile. If some sand had not been removed from 
the backshore during Run 3, this quantity probably would have been greater. 
The larger and steeper waves moved a considerable amount of sand seaward 
into ·depths where the small, gentle waves could not return it to the beach. 
This · suggests a net. yearly sand loss from ocean beach~s whe~ the bottom 
slope is relatively steep offshore, as has been found U> occur where 
heads of submarine canyons come close to the coast (Shepard, 1949). Part 
of this net seaward movement of sand occurred under the action ·of low 
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waves during Run 4. A quantity of dyed sand, introduced in the initial 
bottom of Run 4 ·at Station 16'.2, moved as a body with little or no scatter 
to between Stations 17 arid 18.5 during the run. The exact reasons for 
this seaward transport of sand during a period of low waves are not known 
but are thought to be related to the system of currents set up in the 
channel due to the shoreward mass transport of the water by the waves. The 
movement occurred in ripples and this subJect will be considered at greater 
length in the following section. 

Slopes of the foreshore show some relation to the different wave 
conditions which developed them~ The foreshore slopes tended to be steeper 
when building up and flatter when eroding ~Figures 4, 6) but the slopes 
are much steeper (1:35 - 1:42) than those of ocean beaches. Bascom(1951) 
reports a range of between 1:18 and 1:35 for the West Coast beaches having 
similar sand sizes at the reference zone. A possible explanation for 
the discrepancy between laboratory and natural conditions is discussed by 
Bagnold (1940), who concluded that the low permeability of medium and 
finer sand causes the slopes to be dependent upon the Ufriction angle" 
alone. He found the friction angle to be 14° (1:4) for values of the 
ratio wave height/grain .size less than 400, and attributed ~~e lower slopes 
found in nature to the lateral motion of the swash and t:Bckwash observed 
on cusped beaches. 

The shallow water standing wave set up by interaction between the 
incident and reflected waves affected the profiles of all the runs. Re
flections from the beach were visible from the start of e ach run, but 
the standing wave did not become visible before the offshore bars had 
formed. Evidently the bars caused additional reflections which built up 
the amplitude of the standing wave. Experiments at the Laboratoire 
Dauphinois d'Hydraulique (1950) have demonstrated t~at the horizontal 
and vertical components of water motion become progressively dominant 
under the nodes and antinodes respectively, as the percent of wave amplitude 
reflected to form a partial standing wave becomes greater. The nodes of 
the standing waves were in all cases over the offshore bars during the 
present experiments. The curves showing the trace of the wave crests of 
the incident waves along the profiles in Figures 5 to 8 serve to define 
the position of the standing wave. The highs in the curves mark the 
positions of the antinodes and the lows the positions of the nodes. 

The exact mechanism of formation of the offshore bars is not known 
but apparently the relative amplitudes of horizontal and vertical water 
motion are responsible. .The greater horizontal movement over the bars 
either causes or allows their formation, while the gfeater vertical com
ponent. of water motion in the troughs between the bars prevents their 
filling. The thickness of the turbulent zone along the bottom was found 
to be greater over the bars than over the troughs, suggesting that the 
relative amplitude of the major and .minor axes of orbital water motion 
are more important than the amount of turbulence in ·determining the 
equilibrium depth of the bottom for aqy given set of wave and 5ediment 
conditions. As would be expected from the turbulence thickness, the 
cloud of sand placed in suspension with the passage of e ach wave was 
also much larger over the crests of the bars. Bagnold (1947) found 
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somewhat similar bars formed along a horizontal sand bed and concluded 
that th~ir spacing was connected with the water wave length. 

The conditions in the case of the offshore bars are somewhat com
parable to those of the longshore bars which form just seaward of the 
plunge-line. Iversen (1953) has shown that the horizontal water velocities 
are greatest under the crest of a wave about to break and that the vertical 
velocities are greatest just. shoreward of this point. The horizontal 
amplitude of water motion will therefore be greatest over the bar, while 
the ve.rtical amplitude will be greatest just beachward of this over the 
longshore trough. The reason· a bar is not formed by low flat waves is not 
known but is probably related to. differences in water motion under the 
breaker, which is usually of a plunging or surging t,ype. Observations 
of sand movement during the final run indicate that the longshore bar is 
formed by deposition of sand moved both from the foreshore and from the 
offshore zone just seaward of the bar, the former apparently predominating. 
As with other aspects of wave action on beaches, much remains to be 
learned about bar formations. 

Keulegan (1948) defined the bar base as the line joining the s~award 
and shoreward toes of the bar and found experimentally that the ratio 
of the depth of the bar crest to that of the base was a constant 0.59. 
The values of this ratio found in the present experiments fall close to or 
within the experimental range of Keulegan: o.bl for both inner and outer 
bars of Run 5, and 0.58 and o.u5 for th~ inner and outer bars of Run ). 
Shepard (1950a) found the average ratio obtained from a considerable 
number of West and East coast beach profiles to be 0.63 using mean sea 
level as the datum or o.SS using lower low tide. Keulegan also found 
that the ratio of deep water wave height to depth · of the bar base varied 
according to the steepness ratio of the waves; the values of these ratios 
.obtained in the· present experiments fall very close to his experimental 
curve. Data on natural conditions are lacking in thL~ respect, but 
Shepard did find a correlation between wave height and depth of bar base. 
He fur~her found that the ratio of the trough depth to the bar depth 
averages 1.3 using mean sea level as the datum, or 1.5 using mean low 
water, Keulegan found the trough depth/bar depth ratio to be 1.69 in his 
experiments whereas the values found in the present experiments were 
2.36 and 1.75 for the outer and inner longshore bars formed during th~ 
fifth run and 1.94 and 1.5 for the outer end and the inner bars of Run 3. 

Periodic tr2cings were made of the beach and bottom profile during 
Run 5. From these tracings the cross-sectional areas of the differences 
in profile position were measured for the v arious time intervals, thus 
giving a measure of the rate of profile change and volumes of sand moved 
per unit of time. The results, plotted as volume moved per unit time 
against the times of measure~ent, are shown in Figure 9. The measurements 
of area were made difficult by the ripples and irregular forms developed, 
by the presence of a 6 inch gap in every 3 feet of tracing necessitated 
by the channel wall supports, and by the loss of some sand under the fixed 
bed. For these reasons, the probable error of the measured values is such 
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FIG. 9 - DECREASE IN RATE OF PROFI~E CHANGE WITH· TIME, 
RUN 5. Curve I: total net chanoe \ 2: net chanoe, tore-
shore and inshore; 3: net change, or•a ~ the plunoe-line bar; 
4: net chanot, middle offshore profile' 5: net cbanoe, fcwthtlt 
offshore portl~n of profile. 

as te make them of doubtful value for quantitative purposes and the 
volumes in Figure 9 are therefore plotte~ in arbitrary units along the 
ordinate. Curve 1 shows the total net change along the entire profile; 
curve 2 the rate of net change on the foreshore and inshore portions of 
~~e profile out to the deep trough by the outer longshore bar, and curve 
3 is for the area of the outer longshore bar. It is apparent that the 
rate of sand movement is greatest in the breaker zone while the bar is 
forming. Later, as the bar becomes reJ.atively stable, the rate of pro
file change tends to become greatest beachward of ~he bar, The high 
initial rate of sand movement, falling off with time, also suggests that 
in three dimensional cases where littoral transport is occurring the 
rate of such transport will be greatest when the profile is most unstable 
with relation to the waves acting upon it. Since this case occurs when 
waves chan~e from low to high steepness ratios, it would be expected that 
the rate of littoral transport will be greatest at the same time. This 
has been found to be the case in three dimensional wave tank experiments 
(Johnson, 1953). 

14 



The fluctuations in portions of the profiles observed in the latter 
parts of. the runs suggest that the rate of change of ,the profiles does not 
a~~r~ach zero, but i~~tead some higher value. Certainly, complete equili
br~um.was never attained in aqy of the runs. T~is may be due to the 
standJ.ng waves present in the channel, but even if the standing waves had 
not been present the number of w aves necessary to reach a point approaching 
equilibrium makes it seem extremely unlikely that complete e·qujJ ibrium is 
ever attained under natural conditio~~. 

RIPPLES 

The presence of ripples along portions of the bottom profiles has 
been indicated diagrammatically in Figures 4 to 8. Tracings were made 
of the ripple profiles along the glass side of the channel at various ' 
time intervals. From these, measurements of the ripple velocities~ heights, 
lengt..hs and skewness were made and are given in Table ). Figure 3 shows 
the measurements made and the method used in computing the skewness of the 
ripple form. A skewness of 1.00 indicates a . symmetrical · ripple while 
values greater than this indicate that the ripple is skewed beachward, and 
conversely, lesser values _indicate skewness seaward. Q¥alitatively this 
means that a ripple skewed seaward has its steep side toward the beach. 

Bagnold (1946),and later Manohar (1953),co~~idered in detail the 
initial formation of ripples by oscillatory movement and showed that 
the common type of ripple forms only where the water motion is turbulent 
at t..he sand-water interface. Observations made of the bottom turbulence 
at various points along the profiles of Runs 1 and 2 show that the ripples 
were present only where the turbulent zone was developed. In deeper 
water the flow adjacent to the bottom is generally laminar and only oc
casional turbulence is present, caused by minor irregularities in the 
bottom. The ripples in this region are sporadic and are not systematically 
developed. 

The ripples moved shoreward over the upper part of the prqfiles, but 
seaward of a point which varied between Stations 14 and 17 the movement 
was seaward. Th.e node or boundary between shoreward and seaward movement, 
shifted consider·ably during the course of some of the runs. For example, 
the node moved beachward slightly during Run 1, and seaward over one foot 
during Run 4. The ripple velocity shoreward, in general, increased with 
distance beachward of the node, reaching its highest v~lue just before 
the ripples disappeared in the breaker zone. The seaward velocity also 
increased away from the node, but varied a good deal and ttlnally decreased 
to zero as the lower limit of s.ystematic ripple development was reached. 

The following observations of individual ripples at different locations 
along the profile will illustrate t he methods of movement. In the shallow 
water along the upper parts of the profile the ripple velocity is high, 
and as the crest of the wave passes, the surface layer of sand moves up 
the back slope of the ripple and over the crest and then slumps down ·the 
steep foreslope (Figure lOa). A downward swirl of water then develope 
in the ripple trough (Figure lOb) and as the trough of the wave moves 
over the ripple the water motion reverses and sand picked up by the tur
bulence is raised into ·the water above the ripple (Figure lOc). Most of 
the sand in suspension settles as the seaward motion of the water 
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Elapsed 
time 

h min. 

17 15 
17 15 
17 15 
17 15 
22 10 

22 10 
22 10 
22 10 
22 10 
22 10 

22 10 
35 00 
35 00 
35 00 
35 00 

35 00 
35 00 
3E 00 
37 30 
37 30 

37 30 
40 00 
40 00 
40 00 
40 00 

40 00 
40 00 
40 00 
40 00 

4 45 
4 45 
4 45 
4 45 
4 45 

Sta. 

feet 

9.8 
10.4 
13.6 
14·0 
7.0 

8.0 
9.8 

10.3 
13.5 
13.9 

13.9 
7o0 
8.o 
9.8 

10.9 

13.0 
13o9 
14.2 
9.7 

l0o6 

11.2 
T.O 
7.8 
9o7 

10.6 

11.2 
12 .. 7 
l3o7 
14.3 

7o5 
7o8 
9.8 

10.8 
12o7 

Depth 

inches 

6.0 
6.3 
a.s 
9.0 
4.3 

4·3 
6o3 
6o5 
9.0 
8·5 

a.5 
4o5 
5o0 
r.o 
6o5 

9.5 
9.0 
~-0 
6o5 
6o0 

7o0 
4o7 
4o5 
6o5 
6o0 

2.9 
3o8 
5o5 
5o8 
7.6 

Table 3 y 
RIPPLE MEASUREMENTS 1 

Veloc. 

in/min. 

Q.25 
0.26 
0.06 
o.o2 
0.46 

0.76 
0.17 
0.26 
o.o8 
0.12 

Ool2 
Oo45 
Oo69 
0 o17 
Oo30 

Oo04 
0.13 
o.o9 
0.16 
Oo34 

0.06 
Oo46 
Oo53 
0.13 
Oo35 

Oo15 
o.o3 
o.o4 
o.o2 

o.go 
0·75 
0.83 
0.93 
0.36 

Dirac-

tion 

b 
b 
b 
s 
b 

b 
b 
b 
b 
b 

s 
b 
b 
b 
b 

b 
b 
s 
b 
b 

b 
b 
b 
b 
b 

b 
b 
b 
s 

b 
RUN 2 

b 
b 
b 
b 

Length 

inches 

2.56 
3.40 
1·76 
2.30 
2.59 

3.57 
3.05 
2.50 
1o98 
2.03 

2.03 
3.00 

' 3.22 
1o67 
3.25 

lo65 
2.23 
2.75 
1.86 
3.25 

2.62 
2.44 
3o58 
2.80 
2o95 

2o76 
1.67 
2o70 
1o86 

2.87 
2.60 
2.63 
1 ·75' 
3.39 

Ht. 

• 1n. 

0.43 
0.64 
0.40 
0.41 
Oo4l 

0.67 
0.60 
0·43 
0.35 
0.39 

0.39 
Oo45 
0.63 
0.34 
Oo61 

0.31 
0.43 
Oo43 
0.30 
0.56 

Oo44 
0.41 
0.67 
0.43 
Oo47 

Oo44 
0.36 
Oo35 
0.31 

0·57 
Oo46 
0.63 
Oo41 
0.44 

~ lh 

sq. in • 

0.55 
lo09 
0.35 
Oo47 
Oo53 

lo20 
O_t• 91 
0.54 
0.35 
0.40 

Oo40 
Oo68 
1o01 
0.28 
1.01 

Oo26 
0.48 
0.59 
Oo29 
0.91 

Oo58 
Oo50 
1.20 
Oo60 
Oo69 

0.61 
Oo30 
0.47 
0.29 

0.82 
0.60 
0-83 
0.36 
Oo75 

Sk 

0.74 
0.61 
0.92 
1·46 
0.68 

0.70 
0.65 
Oo62 
0.95 
0.79 

1·15 
Oo64 
Oo60 
0.73 
0.74 

Oo74 
Oo78 
1o26 
0.78 
0.80 

1ol6 
Oo65 
Oo62 
o.8a 
Oo53 

0.87 
0 .• 86 
Oo57 
1·55 

0.63 
0 o9l 
0.66 
Oo86 
Oo78 

lJThe average elapsed time is given since the measurements extended over a period 
of 20-30 minutes. The station was the mid-point around which the measurements were 
taken, and the depth is also an average. Velocities were measured over a period of 
from 5 to 15 minutes, and ripple dimensions and skewness represent average ve.lues or 
from 2 to 6 ripples. 
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Table 3 (Con•t) 

Elapsed Sta. Depth Ve1oo. 
tim~ 

Direc- Length Ht. t l,h Sk 

H • feet inches in/min tion inches in. • m1.n sq. 1.n. 

4 45 12.9 8.o 0.13 b 2.56 0.31 0.40 o.a5 
4 45 13.7 9.3 0.03 b 1·65 0.39 0.32 o.a1 
4 45 13.8 9.5 o.oo - 1.50 o.11 o.o9 1.13 
4 45 13.9 9.5 0.06 s 1.78 0.42 0·3" 0.97 
4 45 15.6 12.3 o.o3 s 1-95 0.30 0.29 1-15 

4 45 15·9 13.8 0.19 1·66 0.33 0.27 1.12 

RUN 3 

33 00 9.8 6.0 0.40 b 4.00 0.64 2.56 0.67 
33 00 10.5 6o5 0.17 b 3.90 0·74 2.89 0.60 
33 00 1lo3 6.8 0.13 b 3.50 0.49 1.72 0-65 
33 00 12.8 8.3 o.o1 b 3.60 0-45 1.71 Oo76 
33 00 13·5 8.3 0.04 s 2.90 0.50 1.45 0.87 

33 00 14.3 9.0 0.07 s 3-40 0-49 1·68 0.84 
33 00 16.3 17·8 0.22 s 2.8o 0.40 1.12 Oo98 
33 00 17.0 19.8 0.22 s 2.30 0.30 0-69 1.29 
35 00 9.8 6.5 o.25 b 3.70 0.67 2.48 0.66 
35 00 10.5 6-8 0.62 b 3 ·40 0·57 1-94 Oo71 

35 00 l1o3 7.3 o.13 b 3.20 0.49 1.57 Oo85 
35 00 12.8 8.o o.. 25 b 3.80 Oo62 2.35 0.99 
35 00 13-5 8.o o.11 b 2.60 o.5r 1o32 1·22 
35 00 14·3 9.0 o.11 I 3.00 0.42 1-26 Oo88 
35 00 16.3 16.8 o.o7 s 3.10 0.46 1·42 1 ol8 

35 00 17.0 18·5 o.11 s 2-40 o.21 0.65 1.64 
40 00 9 •. 5 1·0 0.17 b 3.65 0.53 1.93 o.81 
40 00 10.2 7.0 0.16 b 3.30 0·49 1.62 0.97 
40 00 10o8 8.o Oo11 b 3.30 o.so 1o65 0.78 
40 00 11o6 8.5 0.15 b 2.86 0-46 1.32 0.84 

40 00 12.8 8-5 0.53 b 3.20 0.55 2.09 Oo78 
40 00 13.3 8.o 0·61 b 3.10 0.59 1.83 0·66 
40 00 14.3 8.8 o.oo - 3.70 Oo64 2.37 0.54 
40 00 15o8 9 .. 8 0.13 b 3.30 0.57 1o88 0·54 
40 00 16·3 10.3 o.oo - 1.80 Oo54 o.97 o.97 

40 00 17.0 11.8 0.15 s 2.70 0.39 1.05 0.96 
40 00 17.5 12.5 0.12 s 2-45 0.41 1o0l 1 .. 17 
40 00 18o5 15·5 0.35 s 2.56 0.37 0.95 lo50 
43 30 8.5 7.0 0-27 b 2.70 0-44 1.19 0.93 
43 30 9.4 7.0 0.44 b 3.50 0·53 1-85 o.ss 

17 



Table 3 {oon•t) 

Elapsed sta. Depth Ve1oo. Direo- Length Ht· i 1h Sk 
time 

H min f'eet inches in/min tion inches In· sq. in. 

43 30 10.2 7o0 0.30 b 3·40 0.49 1o67 Oo97 
43 30 10·8 7.5 0.23 b 3o30 0·51 1.68 0.95 
43 30 11·4 8·5 Ool4 b 2·80 0.51 1o43 Oo73 
43 30 12·8 a.o Oo44 b 3.60 Oo67 2.41 Oo63 
43 30 13.3 7.8 Oo39 b 3.60 o.68 2 ·45 Oo57 

43 30 14·3 8.8 o.o3 b 3.40 0.46 1·56 Oo96 
43 30 15·8 9.5 0.21 'b 3o40 Oo54 1.84 o.8s 
43 30 18·3 10.0 0·18 s 2.oo 0.38 Oo76 1.oo 
43 30 17·0 11·5 0~06 I 2.90 Oo55 1.50 1.12 
43 30 17.5 12·8 0.15 s 2·90 0.39 loll 1.30 

43 30 18.s 1..5 .5 0.19 2·65 0.35 0.93 1-52 

RUN 4 

43 30 5.2 3.2 Oo56 b 3o45 0.51 2ol0 0.52 
43 30 s.8 2.0 0.45 b 3·47 0.45 1.21 0.68 
43 30 7.3 2.6 0.31 b 1o54 0.25 0.39 o.83 
43 30 8.3 1·8 0.45 b 3o46 0.61 2.11 o.5a 
43 30 9.7 6.5 0.23 b lo48 Oo23 0.34 .1.02 

43 30 11·1 5.8 0.41 b 3.90 Oo67 2.62 Oo82 
43 30 l2o8 8.o 0.21 b 1o75 0.26 Oo46 o.87 
43 30 13.8 7.5 0.19 b 3 o17 0.60 1.92 Oo57 
43 30 15·8 10.7 0.04 b 1.50 0.29 Oo46 1o02 
43 30 16o9 11.3 o.o1 b lo94 0.28 0.54 1.09 

43 30 o.o2 s 0.28 0.53 

RUN 6 

7 00 8·4 6.8 0.20 b 2.60 0.44 0.57 .Q .63 
7 00 9.8 7'. 5 0.23 b 2.50 0.38 0.53 0·79 
7 00 10.8 8.5 0.33 b 2.20 0.32 0.37 Oo84 
7 00 11·5 8.o 0·44 b 2.60 .0.42 o.ss Oo65 
7 00 12.7 s.o 0.26 b 3.90 o.5a 1·09 0·64 

7 00 13·5 8.o Oo33 b 3o40 0.57 0-97 o.51 
7 00 14·4 8·5 0.19 b 3-40 ' Oo53 0.90 Oo84 
7 00 15.7 9.8 0.29 b 3.30 o.53 o.a8 Oo78 
7 00 16·5 11·0 o.o1 s 2.60 0.43 Oo56 o.s2 
7 00 l7o3 12.5 0.30 s 2.90 Oo40 o.ss o.gs 
7 00 18·5 15.0 Oo27 s 2.40 0-35 0.42 1-12 
7 00 19.3 16·5 Oo37 s 1.90 0.25 0-24 1ol3 

18 



continues, falling on the seaward slope of the ripple it came from or 
on the beachward slope of the next ripple, but some remains in suspension 
long enough to be carried forward by the next reversal of w.ater movement. 
Much more sand is moved to the forward face of the ripple by the re
latively inconspicuous surface layer "flow" that accompanies the passage 
of the wave crest than is carred seaward in suspension during the passage 
of the trough. Hence the crest of the ripple advances a small amount 
with the passage of each wave. Keulegan (1948) made similar observations 
of ripple movement in conjunction with his experiments on bar £ormation • 
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FIG. 10 - MECHANISM OF RIPPLE M.OVEMENT 
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Dyed IOftd 

FIG. I I - MOVEMENT OF DYED SAND IN A RIPPLE 

• • • 

Figure 11. shows the beh.avior of colored sand introduced into a 
ripple. When the ripple had moved beyond the place 'vhere the sand was 
introduced, the colored sand was concentrated on the fon1ard face of the 
ripple. A lm~ge amount of scatter of the colored sand occurred at the 
same time, noticeable amounts being moved several inches seaward and a 
slig~tly lesser distance beachward. 

The me chanism of seaward ripple movement in deeper water appears to 
be the same as that ins hallow water though the directions of the variou..cs 
actio~cs are reversed. In intermediate depths, the ripples are more symmetrical 
and swirls are f ormed on both s ides of t he ripple . In some instances the 
swirl in t he ripple trough did not persist until the water movement 
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reversed and scatter of sand took place in the direction of ripple move
ment only. There is a relation between the velocity of ripple movement 
and shape of the ripple, as implied above. Figure 12 shows ripple 
velocities plotted against skewness. The data indicate a positive correla
tion between the two factors but show considerable scatter. Part of this 
scatter m~ have been introduced as a result of the offshore bars, which 
caused a great deal of variation in the slopes of the profiles. Different 
profile slopes, as well as the velocity of ripple movement, affect the 
shape of the ripples; but the effect of these two factors may not be the 
same, so that the points plotted in Figure 12 may actually define a family 
of curves representing different slopes rather than scatter about one 
curve. Further, the measurements were taken at different times, and al
though no ~stematic variation in ripple velocity or skewness during the 
runs was detected, some m~ have existed. 

There was some tendency for the larger ripples to move faster than 
the small ones. 14'ieure 13 shows ripple velocity plotted against ripple 
cross-sectional area for Runs 1 and 3. The cross-sectional area was taken 
to be equal to ~ eh. Again the graph shows a positive correlation with a 
good deal of scatter. The trends exhibited by the two ru~~ do not have 
the same position or slope and the correlation must be regraded as tentative 
only, especially since the data show an even poorer correlation when plotted 
for Runs 4 and S. 
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The ripple velocity also varied with the .depth of water. Figure 14 
shows ripple velocities from Runs 1, 3, 4, and 5 plotted against the 
depth of water where the velocities were measured. The data for Runs 1 
and 4 made with low waves trend along one curve, and the data from 
Runs 3 and S made with high waves follow the other curve which diverges 
from the first in shallow water. 

In order to investigate more fUlly the causes of ripple movement, 
a series of motion pictures was taken at points along the profile of Run 4. 
The locations of the camera stations are sho-wn in Figure 24. A mixture 
of x.ylene, carbon tetrachloride and zinc oxide, having the aame specific 
gravity as water, was injected into the water in small droplets at each 
location before taking the pictures. The resulting photos were projected 
frame by frame and the position of each of a number of the ~oplets re
corded for slightly over one wave orbit, thus giving the track of each of 
the particles as a serie~ of dots locating their position at l/64th second 
intervals. The particle motion was analyzed by measuring the time taken by 
the particle to cover an arbitrary horizontal distance; that is, the time 
required for the particle to traverse a set distance on a grid was measured 
from the initial position in the seaward or beachward portion of the orbit. 
The average velocity of the particle over this distance was calculated and 
plotted along the ordinate representing the first l/64th second interval 
on the graphs. (Figures 15 to 19). Tre index of the grid was then 
moved to the next position of the particle and the measurement repeated 
over the same grid interval. The particle velocity was again calculated 
and then plotted along the ordinate representing the second particle 
position, 2/64th (0.031) second along the time scale. The process was 
repeated until the particle had begun U> decelerate. In effect this gives 
a running average of t he velocity of the particle over a given distance, 
and for this reason the velocities shown in the results do not start from 
zero. The results are given in Figures 15 to 19, where velocity is 
plotted along the ordinate and time along the abscissa. The slopes of the 
curves are proportional to the accelerations of the particles. 

It is evident that the velocities and accelerations of the water 
motion are much higher in the beachward direction than .in the seaward direction 
at Station 7.5. Moving farther offshore · along the profile, the shoreward 
and seaward velocities and accelerations become more nearly equal, until 
at Station 17.3 one of the particles shows higher values on the seaward 
portion ofits orbit than on the shoreward. The other two particles still 
have higher velocities arid accelerations during the shoreward portions of 
their orbits, but the diff erences are relatively small. The ripples 
were moving beachward at all stations where the movies were taken except 
at Station 17.3, where they moved beachward to the left of the station and 
seaward to the right. Figure 20 shows the velocity of ripple movement 
observed at the stations plotted agains t the ratio of maximum velocit.y 
beachward to maximum velocity seaward, and the ratio of acceleration 
beachward to acceler ation seaward. As would be expected, there is a 
fairly good degree of correlation, although one point diverges from the 
trend shown by the others in each of t he graphs. 
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. The difference in velocities and accelerations of water particles 
1n the beachward and seaw~rd directions is caused by the distortion of 
the wave as it moves into progressively shallower water. The mass trans
port of water in the direction of wave propagation and the resulting water 
·drift also.affect these values, and therefore the ripple movemen~- as well. 
The direct1ons and amounts of the drift along various parts of the channel 
are shown for Runs 1, 3 and 4 in Figures 22 and 24. RapiQ. fluctuation in 
the _direction of water drift near the node of ripple movement made correla
tion of these with relative water velocities, accelerations and ripple move
ment impossible. It seems probable that the trends exhibited in Figure 20a 
and b continue into the opposite quadrants and that reversal of the 
relative magnitude of the seaward and beachward velocities and accelera
tions is responsible for the reversal of direction of ripple movement. 
However, considering the variation shown in velocities and acceleration 
by the particles at Station 17.3, it is clear that many more such measure
ments would have to be made there and further seaward to give statistical 
significance to the results. The wide variety of bottom current velocities 
and directions reported off· ocean beaches (Shepard and Inman, 1950) 
strongly suggest t.hat seaward ripple movement may occur in nature. 

A correlation was found between the ripple spacing and · the horizontal 
amplitude of orbital water motion along the ·bed. Figure 21 shows 
measured ripple lengths from all of the runs plotted against the horizontal 
amplitude of orbital water motion. Again there is a good deal of scatter, 
but the trend is probably close to that shown. The ripple length appears 
to vary directly with t.he amplitude of horizontal water motion. 
Bagnold (1946), in his investigation of ripple formation, concluded that 
the ripple length varied as a function of the grain size ~~ long as th~ 
rumplitude of oscillation was greater ~han the natural ripple length of ·the 
sand, and then decreased in direct relation to the decrease in amplitude 
of oscillation. The present results compare. closely with this. Manohar 
(1953) obtained a different expression relating ripple length to sand size, 
density and amplitude of oscillatory motion, but the reasons for the 
dif£erences are not apparent. 

SAND MOVEMENT 

Grant (1943) }1as explained the onshore and offshore move~nt of sand 
on ocean beaches by noting that th~ velocity differential in water motion 
caused by the pass age o'f a wave will allow particles of a certain size 
to be shifted shoreward by the higher velocity in that direction, but not 
shifted back again by the slower revers~ motion. Larger particles need 
no.t be moved at all, while smaller ones will be shifted back and forth 
with the water orbit and transported in the direction of any currents 
which happen to be present. Keulegan (1948) described ripple movement in 
shallow water and observed that the result of the mechanics of the move
ment is such that the coarser grains move shoreward with the ripple while 
the fiRe grains are moved seaward in suspension. He measured the net ra~e 
of sand transportation by measuring t -he v eloci ty of ripple movement and the 
cross-sectional area of the ripples. The present experiments . indicate, 
however, that the net rate of s and transport is not necessarily that ob
tained by measuring ripple volume and velocity. The ripples continue to 
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move toward the beach from. shallow water when the beach profile has 
become ·stabilized, although it is evident that no net shoreward trmk~port 
of sand occurs since the beach does not ·build forward.. This seems to 
contradict the preceding description of ripple movement. The explanation 
lies not only in the amounts of sand moved ~n a given direction by a 
s.ingle wave, but also in the distance the sand moves. Net transport shore • 
ward occurs only when the rate of movement · shoreward exceeds the rate 
seaward. The rate of sand movement shoreward may be expressed as 

Vb 
X 
b . (1) 

t 
where V0 equals the volume moved toward the beach, xb equals the distance 
it is moved, and t equals time. Similarly, the rate of sand transport 
seaward can be expressed as 

(2) 
t 

When equilibrium is attained there can be no net transport either 
shoreward or seaward and Equation (1). must equal Equation ( 2): 

= or • 

Therefore, under equilibrium conditions, the volume moved beachward by 
any wave equals the vol~e moved seaward times the ratio of the distance 
of seaward movement to the distance of beachward movement. Estimates 
of the average distance of transport per wave during Run 1 gaye values 
for xb of 0.1 inch and Xs of 2~5 inches. From· this, a qualitative estimate 
of the relative amounts of sand moved in each direction by any one wave 
may be made: 

2.5 
0.1 

Thus, the volume of sand moved beachward by any one wave may be on the 
order of 25 times that moved seaward by the same wave. At the same time, , 
no net transport of sand need take place because the s-maller volume 
moved seaward travels a greater distance. The great amount of ·scatter and 
dispersion observed when colored sand was placed in the ripples tends to 
confinn this. 

It is apparent that when the ripples are moving beachward andsand is 
being transported toward and deposited on the foreshore, the net trans
port will ha~ some v~lue less than that obtained by measuring ripple 
volume and velocit,r. This follows since some sand is being placed into sus
pm sion and moved seaward with the passage of every wave trough. By the 
time the ripple has moved a short distance shoreward some of its original 
sand has been lost in suspension. Since, however, the ripple remains the 
same size, the amount lost must be balanced by addition of material 
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from. shoreward of the ripple. The net amount of sand transported·shoreward 
in the ripple mu..c;t, therefore 1 be less than that given by volume and 
velocity measurements. At the same time, because there is some transport 
shoreward, the total amount of sand being shifted is limited to twice 
the value obtained by ripple measurements. 

When the profile is at equilibrium, the net transport must be zero; 
conversely, the total sand movement must be twice the amount obtained from 
ripple measurements. There .were no differences in ripple movement during 
Runs 3 and 5 while the foreshore was being eroded and the net transport 
of sand was seaward. In this case, the net transport of s and is in the 
opposite direction from what would be assumed from ripple measurements and 
no limiting factors are inherent from the preceding discussion. The 
amount of net1ransport would, of course, be smaller than the total transport 
by the amount measu~ed in the ripple movement. The foregoing discussion 
appli~s only to the portion of the bottom along which the ripple movement 
is beachward and water drift resulting from the mass transport of water 
by waves is offshore. Further seaward, where conditions may be reversed, 
the same factors may apply with the directions reversed. In a few 
instances scatter occurred only in the direction of ripple movetaent and the 
nettran~rt was greater than that measured by ripple volume and velocity. 
The introduction of longshore currents complicates matters and largely 
invalidates the conclusions, especially those regarding limits of the rate 
of net transport. 

During periods of s teep waves sand was transported offshore. The 
mechanism of sand transport is the swirl of eddies at the front of each 
ripple coupled with offshore drift along the bottom. If grains, large 
enough to be .moved shoreward by the higher orbital velocities in that 
direct~on but too large to be picked up in suspension by the turbulence 
of the ripple troughs, were present, they would be moved shoreward while 
the main body of sand was transported seaward. In the present experiments 
the sand was well sorted and all grain sizes were capable of being put into 
suspension, but even so, a noticeable amount of sorting occurred. The 
greater turbulence developed by the larger waves is probably the controll
ing factor in lowering the profile; however, for the reasons discussed 
under profile changes, the variation in depth along the profile is thought 
to be controlled by the relative amounts of the vertical and horizontal 
components of orbital water motion. 

Figures 22 to 24 show the variation of median diameter, horizontal 
amplitudes of orbital water motion, and directions of water drift along 
the final profiles of Runs 1, 3 and 4. When the sand was placed in the 
wave channel the grain size distributionwas uniform along the profile 
as indica ted by the control samples in Table 4. Inspection of the graphs 
showing the variation in median diameter reveals two trends superimposed 
upon the originally uniform size distribution. First, there is a tendency 
for the coarser grains to move beachward and for the finer grains to move 
seaward. This trend became more pronounced with time throughout the entire 
experiment, as indicated by the fact that the coarsest sample was found 
after the fourth run. Second, ~he coarser grains are found near the plunge 
point and on top of the bars, while the finer grains are found in the 
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Table 4 

SCREEN ANALYSES 

Run Sta. Depth!/ lid· So Log Sk 
feet inches Microns 

Control 310 lol6 -o.ooa 
Control 312 lol6 -0.009 
Control 310 1·15 -o.oo5 
Control 309 1.16 -0.005 

1 3.8 318 1.12 -o.oot 
1 3.8 ·5-1 317 1.12 -0.006 
1 3.8 1-2 311 1.12 -0.002 
1 6o4 328 1-14 o.ooo 
1 a.o 339 loll -0.060 

8.o 1-2 314 lol6 -0.009 
1 9.0 263 1.18 -0~002 
1 11.0 343 1.18 -0.009 
1 12.0 297 1ol8 -0.008 
1 13.0 275 1.19 o.ooo 
1 l4o0 3l0 1.14 0.003 
1 15 .. 5 29'3 1-18 -0.006 
1 16·5 310 1·15 -0.005 
3 1·8 355 1.16 o.oo2 
3 2.7 307 1-15 -0.004 
3 3.6 326 1·15 -0.006 
3 5.7 358 1·15 -0.001 
3 6.3 377 1.16 -0.003 
3 7o0 385 1·15 o.oo2 
3 9.0 342 1-13 -0.003 
3 12.o 308 1.15 -o.o11 
3 15.0 318 lol3 -0.007 
3 21.0 261 1.15 0.001 
4 1·8 495 lol3 o.oo1 
4 3ol 333 loll o.ooo 
4 3 .. 8 406 1.16 o.ooa 
4 5.4 340 1.10 0.002 
4 6.0 336 loll -0.003 
4 7-5 336 1.11 -0.004 
4 7·5 1-2 310 1.16 -0.004 
4 8.7 370 t.os o.ooa 
4 10.3 320 1.13 o.oo1 
4 11.3 375 1.17 -0.002 
4 12.7 300 1.17 -0.012 
4 l4o0 340 1·14 -0.007 
4 16·5 290 1.16 -o.oo9 
4 17·8 306 1-15 -0.005 

!/Below profile surface. 
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troughs between the bars. 

The mechanism by which the ooar~er grains tend to be moved ~horeward 
and the finer grains seaward has already beert considered in describing 
ripple movement. As mentioned previously, there is a greater horizontal 
amplitude of orbital water motion'and a greater amount of turbulence along 
the tops of .the bars than in the troughs. The coarser grains tend to be 
more stable on the tops of the bars than in the finer ones. Referring to the 
mechanism of ripple movement, eddies pick up more of the coarser grains 
in suspension on the tops of the bars than they are able to pick up in 
the troughs. The coarse sand is moved back when the water orbit reverses 
and settles a short distance seaward of where it was picked up. The 
result is to slow the shoreward movement of the coarser grains as they 
move over the crest of the bars. At the same time, the finer grains are 
kept in· suspension as they move seaward over the bars. Eventually, a 
condition must be reached when the sorting has produced final equilibrium, 
that is, the sand sizes are in equilibrium with the water motion every
where along the profile and no transport occurs. The ripples still move, 

' but the sand at any one location merely "cycles", moving a short distance 
with the ripples and then back again in suspension. Sorting is a statisti• 
cal process, however, and in practice equilibrium is never completely 
reached. 

Inspection of Figures 22 to 24 also shows that there is a relation 
between the horizontal amplitude of orbital water motion and the median 
diameter of the sediment present in approximate equilibrium with it. 
These two factors are plotted against each other in Figure 25, and show 
a fairly good degree of correlation. Two of the horizontal amplitudes 
of water motion were rather inaccurate, and second, ripple movement under 
the weak wave action in deeper water was not strong enough to sort the 
sediment completely. Since the orbital water velocities varied directly 
with the horizontal component of the water movement, there is also a 
correlation between the orbital water velocities and the median diameter 
of the sand in equilibrium with them. 

It would be possible to derive an equation relating the sand size to 
wave parameters from this.. The work of Morison and Crook (1953) as well 
as that of Iversen (1953) has shown, however, that theory does not 
correctly predict wave motion in shallow water. Figure 26 shows values 
of the horizontal amplitude of orbital water motion obtained in the course 
of the present work compared with theoretical values. There is a good 

• deal of scatter, probably due to the standing waves, but the predicted 
values are clearly much too high. No attempt at defining equilibrium con
dition for a given grain size has therefore been made. 

STRUCTURES 

A few observations on the sedimentary structures developed in the 
beach and along the bottom were made incidental to the main investigation. 
In general the sand used was too well sorted to permit development of 
visible stratification, although some coUld be observed in a few instances. 
Figure 27 is a sketch of a cross-section of the berm, foreshore, and step 
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made during Run 4 when colored sand moving onto the beach as it was 
built up developed visible laminae. The colored sand was introduced in 
the longshore bar present at the end of Run 3 and was redeposited when 
the bar was destroyed. The sand moved shoreward mainly in the moving 
ripples, although some .was carried in suspension. Three quite different 
depositional environments are represented in Figure 27. Sand approaching 
the foreshore was initially spread out over the bottom just under the still 
water lire and built this portion of the profile seaward, preserving the 
older ripples. This deposition formed a pronounced step and thereafter 
the sand approaching in ripples became part of the toe of the step as 
the ripples lost their identity. The backwash from each wave was forced 
down as it passed off the step and met the incoming breaker. This de
veloped a curl of water downward and back up again along thestep, which 
swept sand from the face of the step up and ·onto the step where it was 
carried up onto the foreshore by the swash. When the breaker had passed, 
the loose sand on the step slumped down the face of the step again until 
it reached the angle of repose, forming a loosely packed set· of beds dipping 
seaw~rd. The action was repeated with the passage of each succeeding 
wave arxi as the foreshore bull t seaward the step preceded it, maintaining 
its face at the angle of repose. 

Sarxi deposited on the foreshore was flung up by the swash and rolled 
part way down again by the backwash. The grains packed tightly in place 
remained on the foreshore while loose gra~~ were rolled back down the 
beach face by the backwash, but more sand was moved up onto the foreshore 
than was moved down. The continual action of the swash and backwash 
reworked the .surface layer of sand, fitting the grains tightly.in.place 
as they were deposited. The deposition on the foreshore was similar to 
that Bagnold (1941) has termed accretion in the case of sand dunes, and 
the resulting structure consisted of tightly packed laminae dipping 
seaward. 

Larger grains tended to be pushed up and onto the berm crest where 
they built the berm seaward as a series of laminae sloping gently land
ward. The grains came to rest wherever they happened to be pushed onto 
the berm crest. They were not fitted selectively into the most secure 
resting places by reworking of the surface layer, and the resulting 
structure was very loosely packed. Numerous voids up to 4 or 5 grain 
diameters across were visible. 

Stratification developed in the nearshore bottom is shown in Figure 28. 
After the . first run had been in operation for a short time it became ap
parent that the mnd in the ripples in shallower water was coarser than the 
undisturbed sand immediately under the ripples (Figure 28a). A sample 
from one ripple and the undisturbed sand immediately beneath it gave 
median diameters of 338 and 312 microns, respectively. If the profile is 
building-up, the ripples will leave a coarse lamina along the profile. 
Structures develo.ped in the longshore bar are also shown in Figure 28. The 
bar had been built shoreward. The horizontal 1amina extending a cross the 
top of the bar were continually reworked by the rush of water across the 
bar and were tightly packed and firm. Bagnold (1947) described similar 
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FIG. 28 • NEARSHORE STRUCTURES. (o) Groin size chon9e at boa of ripples, 
(b) ripple marks and lamination plane shown by varyin9 concentrations 
of dyed sand, (c) early and (d) later stoves of lonvshore bar movement. 
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differences in packing in bars developed along a horizontal sand bed 
in his experiments. The steeply dipping beds were formed by sand moved 
over the bar to its shoreward side and s 1 umping down the face. These 
beds were loosely packed. Anot her portion of the nearshore profile is 
s~own in Figure 28, and illustrates the ripples preserved and stratifica
tion developed. 

SUMMARY 

Profile changes during the runs made with steep and nat waves show 
a net offshore movement of sand during one cycle, which suggests a yearly 
loss of sand in nature in cases where deep water is close to shore. The 
greater amount of turoulence produced by large, steep waves is probably 
responsible for lowering the profile during Runs 3 and 5. However, the 
fonnation of offshore bars at the nodes of the partial standing wave set 
up in the channel suggests that t he relative amount of the vertical 
component of orbital wat er motion contr ols t.he range of depths along the 
profile. When the final pro f ile devel oped by flat waves was exposed to 
steep waves the rat e of profile change was great est at the start of the 
run and decreased with time. It se ems probable that littoral drift would 
also be greatest during the t ime of t r ans ition from one wave type to 
another, when the greatest amount of sand is in motion. This has been 
found to be the c ase in previous exper iments . 

The shape of the ripples devel oped along the mndy bottom varied with 
the speed with which the ripples moved. Ri ppl e s moving faster were 
skewed more than the slower movi ng ones. The velocity of ripple movement 
seems to be dependent upon the ratios of water particle velocity or 
acceleration beachward to velocity or acceleration seaward. The direction 
of ripple movement also seems to be dependent upon this ratio, but not 
enough measurements have been made to confirm this . Ripple lengths were 
found to va~ directly with the horizontal amplitude of orbital water motion, 
as previously reported by Bagnold (1946). A cons ideration of the mechanics 
of ripple movement s hows that the net rate of sand :transport will be less 
than that obtained by measuring ripple volume and velocity when the 
d~ection of net t ransport is in the same direction as the ripples are 
moving . At equilibr ium no net transport occurs though t he ripples continue 
to move. 

Two trends of size sort ing occurred along the profile ; the coarser 
grains were moved shoreward whi le the finer ones moved s eaward, and the 
coarser grains were found on the tops of the bars while the finer ones 
collected in the t roughs . The median diameter of the sand found at arry 
point along the profile wher e the waves were effective in sorting was 
related generally to the horizontal amplitudes of orbital water motion at 
that point. 

Stratific ~tion and r ipple marks developed along various portions of 
the pro f ile are shown i n Fipure s 27 and 28. The structure developed on 
the foreshore was t i ght ly packed due to the amount of r eworking of the 
surface during deposit ion. Deposition was not accompanied by reworking 
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on the berm and the structure was therefore loose and contained many 
laree voids. The same differences could be detected in beds in the 
longshore bars. 
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