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Sand bars baving spacing equal to half the surface wavelength may be formed by the action of partially
standing waves on an erodible bed. Here the stages of development of a patch of barsbas been investigated
in a wave tank, using rapid. accurate, ultra-sonic detection systems to monitor both the changing bed.
profile and the evolving surface wavefield. Initially, small-scale ripples formed on a (flattened) bed surface.
These ripples varied in size according to position in the wave envelope. and had asymmetrical profiles
due to asymmetry in the near-bed osciUatory motion. Vortex shedding from the ripples gave rise to regions
of net sediment accumulation (bar crests) and erosion (troughs) linked to position in the wave envelope.
The bars formed with wavelength satisfying the Bragg condition and with bar crests positioned down
wave of the antinodes of elevation. As expected, this produced an increase in the overall reflection
coefficient of the bar patch as the bars grew in height. The presence of the small-scale ripples had only
a minor effect on the reflection coefficient, the flow being esaentially inviscid away from the boundaries
of the motion and the ripple wavelength being far smaller than the surface wavelength. However, the
ripples played an important role in dissipating wave energy in the tank, wave dissipation factors being 3
or 4 times larger than equivalent values for laminar flow above a smooth bed. The present observations
of the resonant interaction between surface waves and an erodible bed are believed to be the most detailed
and accurate to have been reported to date.

ADDITIONAL INDEX WORDS: Wave tank, resonant interaction, sand bed erosion, wavefi,eld, ultra
sonic detection.

INTRODUCTION

The formation of sand bars off beaches by wave
action has been the subject of a number of in
vestigations in both the field (e.g. SAYLOR and
HANDS, 1970; SHORT, 1975a; DETIE, 1980) and
the laboratory (e.g. SCOTT, 1954; BROOKE-BEN
JAMIN et al., 1987; O'HARE and DAVIES, 1990). In
the field, bar patches have been reported com
prising up to 20 shore-parallel ridges, with crest
to trough heights of the order of 1 m, and with
spacings in the range of ten metres to several
hundred metres (increasing offshore with increas
ing depth). A variety of possible explanations for
the formation of such bars has been proposed,
some of which relate to the behaviour of long
period infragravity waves off beaches (discussed
by O'HARE and DAVIES, 1990). The simplest ex
planation, which may be applicable when a par-
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tially-standing wavefield is caused by reflection
from a beach, is that regions of sediment accu
mulation and erosion arise in relation to the nodes
and antinodes of surface elevation as a result of
spatial non-uniformities in the net transport of
sediment (CARTER et al., 1972; SHORT, 1975b;
BOWEN, 1980). Bars formed in this way are ex
pected to have spacing equal to approximately
half the surface wavelength (O'HAREand DAVIES,
1990). Moreover, the growth of such bars will give
rise to slow changes in the partially-standing
wavefield, which may enhance or inhibit the fur
ther development of the bars, depending upon the
nature of the dominant (small-scale) sediment
transport processes.

The possibility of a resonant interaction be
tween surface waves and the bed was discussed
by DAVIES (1982), and DAVIES and HEATHERSHAW
(1984), on the basis of theoretical analysis and
laboratory experiments with fixed sinusoidal bars.
It was shown that, if progressive waves are nor-
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mally incident on a patch of bars having spacing
equal to half the surface wavelength, strong
(BRAGG) reflection of the incident waves may oc
cur for even a small number of bars of modest
amplitude. More recently, BRAGG resonances have
also been demonstrated experimentally and the
oretically in the case of a fixed bed having a profile
consisting of the superimposition of two sinu
soids, hence giving rise to subharmonic effects
(BELZONS et al., 1991; GUAZZELLI et al., 1992).
DAVIES and HEATHERSHAW (1984) suggested that,
on an erodible bed, the partially-standing wave
field both over and up-wave of a bar patch might
serve to reinforce the existing bars and lead to
the development of new bars up-wave of the orig
inal patch. This 'coupling' between the waves and
the bed would lead to increased reflection and,
hence, further bar growth and so on until a final
limiting bed profile was attained. In this way it
was argued, a beach might protect itself from the
full impact of wave attack. HEATHERSHAW and
DAVIES (1985) described some observations of the
movement of a thin veneer of sand on a fixed bar
patch, which suggested that this hypothesis might
be valid. However, insufficient sand was present
to study the phenomenon of bar growth fully.

The formation of bars beneath purely standing
waves above a fully erodible bed was demonstrat
ed in the laboratory by NIELSEN (1979). Beneath
standing waves, bottom friction gives rise to a
mass transport velocity field comprising closed,
quarter-wavelength cells; the direction of the re
sidual velocity at the edge of the (thin) bottom
boundary layer is from nodal to antinodal position
(LONGUET-HIGGINS, 1953; JOHNS, 1970). NIEL
SEN'S experiment was conducted with a fine sand
for which the dominant transport mechanism was
a suspended load. In particular, sediment grains
supended by the underlying oscillatory wave ac
tion were given a net transport in the direction
of the residual motion, such that bar crests formed
beneath the antinodes of elevation and troughs
formed beneath the nodes.

In the more complicated case of a partially
standing wavefield, the near-bed mass-transport
velocity comprises the above cellular pattern to
gether with a residual component in the direction
of wave advance associated with the progressive
wave. Thus the near-bed mass transport velocity
has a forward component which is modulated in
strength depending upon position in the partially
standing wave envelope. CARTER et ale (1972) ar
gued that bars would form in this case only if a

reversal occurred in the direction of the near-bed
mass transport velocity at some position in the
wave envelope. In particular, they showed that if
the reflection coefficient R, defined as the ratio of
the reflected to incident wave amplitude, is great
er than 0.414, then such a reversal occurs at the
point midway between each antinode and the next
(down-wave) node. In practice, however, a rever
sal of the mass transport velocity is not a neces
sary condition for bar formation, as shown by
SCOTT (1954) and O'HARE and DAVIES (1990) in
whose experiments the reflection coefficient was
typically lower than 0.414. O'HARE and DAVIES
concluded that a modulation in the mass trans
port velocity and, hence, in the sediment trans
port rate is sufficient to initiate bar formation.

More generally, O'HAREand DAVIES found that
the interaction between the surface wavefield and
the bed depends critically upon the position of
the growing bar crests in relation to the partially
standing wave envelope. If the dorminant sedi
ment transport process is suspended load, then
bars form with crests beneath the antinodes of
elevation, as in Nielsen's experiment with fine
sediment. However if near-bed sediment trans
port, specifically net transport associated with
vortex shedding from small-scale ripples, is dom
inant, then bars form with crests between anti
nodes and the next down-wave node. The posi
tioning of the crests was found by O'HARE and
DAVIES to be very significant in terms of the abil
ity of bars to reflect incident wave energy. In the
former case (i.e., suspended load dominant), the
growth of bars was accompanied by little increase
in the reflection coefficient on the up-wave side
of the bar patch. By comparison, in the latter case
(i.e., 'bedload' dominant), the reflection coeffi
cient increased steadily as the bars grew, and
sometimes quite dramatically so, leading to wave
breaking and the destruction of the bar patch.
The evolution of sand bars and of the associated
(monochromatic) wave field has been modelled
by O'HARE (1992), whose results have explained
the importance of the positioning of the bar crests
in the sense discussed above and, more generally,
have confirmed the validity of the hypothesis of
DAVIES (1982) concerning resonant surface-wave/
bed interaction and the growth of bars.

Although O'HAREand DAVIES (1990) were able
to make rapid and accurate measurements of the
surface waves up-wave and down-wave of an
evolving bar patch in a wave tank, using parallel
wire gauges, their capabilities were limited where
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detailed observation of the time-varying bed pro
file was concerned. In the present paper, similar
experiments on the growth and stability of sand
bars are reported in which this limitation has been
overcome by use of an acoustic transducer,
mounted on a computer-controlled carriage (see
REY, 1991), to monitor the changing bed eleva
tion. This set-up was capable of digitizing the bed
profile, rapidly and accurately, in respect to both
small-scale ripples which formed on the short ti
mescale of a few minutes and also larger-scale bars
which evolved more slowly on the timescale of
tens of minutes. The surface wave field was also
monitored accurately using a second acoustic de
vice (though the procedure for interrogating the
wavefield over the evolving bed was only really
suitable for the measurement of changes on the
longer timescale of bar formation). The aim of the
experiments was to use this accurate, well con
trolled measuring system to monitor the simul
taneous evolution of the wavefield and the bed
profile, starting with the (rapid) formation of
small-scale ripples on an initially flattened ero
dible bed and continuing through to the (slower)
formation of bars by resonant surface-wave/bed
interaction. The results, which are analyzed in
respect to the ripples and bars separately, are
consistent with those of O'HAREand DAVIES (1990)
for the case of sediment transport dominated by
near-bed processes. In other words, the bars in
the present experiments were reflective to a sig
nificant degree.

In Section 2, the experimental set-up is de
scribed and, in Sections 3 and 4, the results are
presented and discussed. In Section 3, a Fourier
analysis of the evolving bed is carried out in order
to separate the small-scale ripples from the bars
and investigate the relationship between the mea
sured ripple heights and wavelengths and the near
bed oscillatory flow. In addition, a harmonic anal
ysis of the wavefield is performed both over the
bar patch and on its up-wave side and some es
timates are made of the wave energy dissipation
factor. It is believed that the present laboratory
experiments represent the most accurate set of
observations of an evolving bar field which have
been reported to date.

EXPERIMENTAL TECHNIQUES

The experiments were carried out in a glass
walled wave tank 4.7 m long and 0.39 m wide (see
Figure 1). At one end of the tank a paddle wave
maker, powered by a stepping motor, produced

gravity waves in water of mean depth 6 em. The
stepping motor was monitored by a micro com
puter which enabled the fundamental frequency
of the wave to be defined very accurately. The
amplitude of the paddle was controlled by the
stroke of the eccentric. For fixed frequency, water
depth and immersion depth of the paddle, the
amplitude of the surface wave and its harmonic
content were controlled by the amplitude of the
paddle and were thus easy to reproduce. In the
experiments presented hereafter, the fundamen
tal frequency fn was set at 1.5 Hz with an accuracy
of order 0.0001 Hz. The wave maker amplitude
was either Awm = 8 mm or 14 mm, corresponding
respectively to an incident wave amplitude of 4.6
or 7.7 mm. Reflection of these waves by a sloping
beach at the other end of the wave tank produced
a field of partially standing waves. In water of
constant depth 6 em and with fo = 1.5 Hz, the
reflection coefficient of the beach was about RB =
0.21 for Awm = 8 mm, and RB = 0.15 for Awm = 14
mm. More generally for low waves, the reflection
coefficient was a rapidly decreasing function of
the wave frequency, being practically zero at 3 Hz
and above. As a result, for nonlinear waves of
given height at the fixed fundamental frequency
(1.5 Hz), RH diminished as the harmonic content
of the wavefield increased.

In order to examine the response of an erodible
bed to this partially-standing wave field, a layer
of artifical sand was placed over the glass bottom
of the wave tank in a region extending from 1 m
down-wave of the wave maker to 1 m up-wave of
the beach. This artificial sand consisted of glass
spheres manufactured by the Ballotini company,
with density PH = 2,700 kg· m :J, a median diameter
D of 0.080 mm and with 79% of the spheres having
diameter in the range 0.055 mm to 0.105 mm (dis
persion 0.025 mm). Prior to each experiment, the
sand layer was carefully leveled to a mean thick
ness of 12.5 mm with an accuracy of about 1 mm.

The detection of the bed profile was achieved
very accurately using a high frequency ultra sonic
sensor (Model WS25-5, manufactured by Ultran
Laboratories Inc.). In this sensor, the transducer
is a piezo-electric quartz with a resonating fre
quency of 5 MHz, which is used both for trans
mitting and receiving. This quartz is mounted
adjacent to an acoustic lens which focuses the
impulse signal on to the reflector. The signal is
then echoed and received after a time lag dT pro
portional to the distance between sensor and re
flector. This process is repeated at a frequency of
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Figure 1. Sketch of the wave tank showing the wave maker (WM). the beach (B). the car riage (C). the sand detector (SD). the
surface wave detector (SWD) and the sand bed region (SB).

200 Hz. In the present experiments, the acoustic
lens was placed just under the water surface in
order to avoid unwanted echoing from the surface,
and the focal length was chosen so as to focus the
impulse in the vicinity of the bed. The system was
mounted on a carriage which could be translated
along the tank by a stepping motor controlled by
a microcomputer. The emission and reception of
the signal, the time lag LlT, and the position of
the sensor along the centre line of the tank were
monitored by the computer. This set-up could
digitize the entire bed profile in a very short time
interval (about 60 sec) with an accuracy of ± 0.2
mm in height and ± 0.05 mm in the abcissa. The
data were stored in the computer for subsequent
processing.

The second sensor which was used for the de 
tection of the surface waves was an ultra sonic
ranging module (Model E-201, manufactured by
Masa Products Corporation). This sensor com
prises two quartz transducers, one for emitting
and one for receiving, operating at the frequency
of 0.215 MHz with a maximum repetition rate of
100 pulses/sec. These transducers which are high 
ly directional were mounted on a plate fixed to
the carriage, the one transducer being slightly in
clined in respect of the other in order to maximize
the reflection of the acoustic pulse from the water
surface. The monitoring of this second system was
also performed by the computer. For a fixed ab
cissa (i .e., fixed position along the tank) , 40 re 
cords of surface elevation were taken at regular
intervals during each wave period. From these
records, the surface wave envelope and the har
monic content of the waves were sub sequently
obtained. Since between 200 and 220 recording
positions were needed to monitor the wave field

ad equately, th e total time needed for recording
was about 20 min. Although this was greater than
the time scale for ripple growth (about 15 min),
the system was suitable for monitoring the re
sponse of the wave field to slowly-evolving sand
bars. Calibrat ion of the system revealed an ac
curacy of order ± 0.1 mm in the wave amplitude
and of order ± 0.05 mm in the abcissa.

EXPERIMENTAL RESULTS

The experiments were conducted with a wave
frequency fo = 1.5 Hz above a sand bed of mean
thickness 1.25 em, and total length L = 160 em,
the water depth on either side of the region of
erodible bed bein g h = 6 cm. The results presented
relate to a typical experiment of a 7 hour duration,
though some comments are made relating to other
experiments which are not discussed in detail.

The sequence of observat ions described below
reveals, firstly, th e formation of small-scale rip
ples and, secondly, th e development of a regular
patch of sand bars on a larger scale . The very
precise acoust ic method used for the detection of
the bed allowed the simultaneous measurement
of these different bedform types , as depicted in
the typical sequence in Figures 2 to 6. The asso
ciated surface wave record s, up -wave and over the
sand bed , were analyzed in terms of the harmonic
composition of the wave field as described below.
The nominal wave amplitude was 7.7 mm except
on two occasions, at th e start of the experiment
and after 180 min when the wave amplitude was
temporarily decreased to 4.6 mm. These lower
waves did not disturb the sediment and so pro 
du ced no modification to the bed shape which was
generated entirely by the larger waves.

Jo urna l of Coastal Research. Vol. 11. No.4. 1995
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Figure 3. Bed profile after 12 min of wave acti on showing an
init ial indica tion of bar formation.

Figure 4. Bed profile after 30 min of wave action.

wavelengths and heights of the ripples was less
distinct. After 30 min (Figure 4), the development
of the bars was well advanced, and the ripple sizes
appeared fairly uniform. After 60 min (Figure 5),
the positions of six bar crests were well estab
lished, the mean wavelength of the bars being
about 21 em. This is in accordance with the Bragg
condition, the measured wavelength over the er
odible bed being 42 em, and the wavelength cal
culated using the dispersion relation with a water
depth of 4.75 em being 42.2 em. From this point
onward, ripple size started to increase in the re
gion of the bar crests and to decrease in the troughs,
a trend which was evident initially in Figure 5 and
which was confirmed by subsequent profiles in
cluding the final profile after 420 min (Figure 6).
It may be noted in Figure 6 that, as a result of a
net movement of sand in the up-wave direction,
an additional (low) bar developed slowly during
the experiment with its crest at about 200 mm on
the abscissa. Sediment transport was dominated
by the effects of vortex shedding from small-scale
ripples, with net up-wave transport resulting from
asymmetry in the ripple profiles (this, in turn,
being associated with asymmetry in the strengths
of the vortices shed in successive half cycles). In
relation to O'HARE'S (1992) model, the experi
ment was therefore of the 'bedload' dominated
type.

The small-scale ripples have been distinguished
from the bars by using a Fast Fourier Transforma
tion (FFT) of the bed profile. This is presented
in Figure 7 for the bed profile after 30 min of wave
action (i .e. the profile in Figure 4). The portion
of the bed analyzed corresponds to the first 1,024
points of the bed -level file (a distance of 780 mm
on the abscissa) following the general change in
level at the start of the sand patch. The part of
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Figure 2. Bed profile after 7 min of wave action showing the
early formation of ripples. The largest ripples were in regions
which later became troughs, and the smallest ripples in regions
which later became crests.

Analysis of the Ripples and Sand Bars

The raw data in Figures 2 to 6 shows the profile
of bed elevation along the centre-line of the tank
at different stages in the experiment, the sand
patch occupying the region from about 300 mm
to 1,600 mm on the abscissa. After 7 min (Figure
2), there was clear evidence of small-scale ripple
formation. The wavelengths and heights of these
ripples were modulated according to their posi
tion in the partially-standing wave field; in par
ticular, the largest ripples developed beneath the
nodes of elevation ii.e., where the horizontal ve
locity amplitude was greatest), and the smallest
ripples' beneath the antinodes. Later in the ex
periment, these regions of large and small ripples
became the positions of bar troughs and crests
respectively. An initial indication of bar forma
tion was obtained after 12 min (Figure 3) and,
even at this early stage, the modulation in the

J ournal of Coastal Research, Vol. 11, No.4, 1995



Bar Formation on an Erodible Bed 1185

a bsc lesa (m m)

Figure 5. Bed profile after 60 min of wave action .

the spectrum below the wavenumber giving the
first significant minimum may be identified with
the bars, while the part extending from this wave
number to that of the second significant minimum
may be identified with the ripples. These wave
numbers are marked with arrows on Figure 7. The
profiles of the bars (Figure 8) and of the ripples
(Figure 9) have been obtained from the inverse
FFT of the appropriately filtered spectrum in the
respective cases. The bars were only partly de
veloped after 30 min of the experiment, particu
larly at the up-wave end of the sand patch. The
ripples were fairly uniform in height and wave
length throughout the patch at this time.

For the typical sequence in Figures 2 to 6, the
threshold for ripple formation on the flattened
bed was observed at A.."" = 12 mm , that is for a
surface wave amplitude of 6.6 mm. Using linear
theory, this corresponds to a near bed orbital ve
locity amplitude of U, = 8.2 em/sec, and hence a
mobility number M = Uo"!'YgD of about 5 where
the relative density 'Y = (Po - PC)/Ph Pc = fluid
density, g is the acceleration due to gravity, and
D is the median grain diameter. With A.."" = 14
mm, ripple formation occurred after a few min
utes beneath the nodes of the partially standing
waves. As noted earlier, the wavelengths (X) and
heights (7/) of the ripples were initially greatest
beneath the nodes. The mean values of Xand 7/,
which were relatively small initially, increased with
time to fairly constant values after about 60 min
(Figure 10). The values of Xand 7/ were fairly well
correlated throughout the experiment, with a lin
ear correlation factor reaching a value of order
0.8 after about 30 min. The associated ripple
steepness 7//A remained approximately constant
with a value of 0.18. However after a run time of

absc issa ( 111 111 )

Figure 6. Final bed profile after 420 min of wave action .

about 60 min, there was a tendency for the largest
ripples to occur on the bar crests, i.e., beneath the
antinodes of the partially standing wave; this was
so up to the end of the experiment after 7 hours.
It may be noted in Figure 10, where the results
from a second run are labelled with circled sym
bols that for given initial conditions the mean
values of Xand 7/ at a fixed time in the experiment
are fairly well reproduced. For all the runs carried
out, the ripples were initially long-crested. How
ever after about 10 min, they became somewhat
three-dimensional, though still with generally long
crests.

Analysis of the Surface Waves

When the sand bed was flat, the standing wave
component in the wave field was due entirely to
back-reflection from the beach. (The reflection
coefficient calculated by the method of REY (1992)
for a long bar with the initial geometry of the sand
bed was found to be very small (about 0.015).)
From the wave envelope measured along the tank,
the up-wave (Ruw ) and down -wave (Rd w ) reflection
coefficients for the fundamental frequency were
obtained. Further calculations were made relating
to the wavefield at the start of the experiment
and also after 180 mn, with nominal incident am
plitudes of 4.6 mm and 7.7 mm in each case, cor
responding to conditions below and above the
threshold of ripple formation, respectively. This
exercise was carried out to check that the presence
of suspended sediment had no significant effect
on the wave field. There was little further change
in either the wavefield or the bed profile after 180
min.

The wave amplitude for the fundamental and
first two harmonics of the wave field are displayed

Jo urnal of Coasta l Resear ch, Vol. 11, No.4, 1995
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Figure 7. Fourier spectrum of a part of the bed profile of Figure 4 extending from abscissa 457 to 1,237 mm. The part of the
spectrum to the left of the first arrow may be attributed to bars, whereas the part between the arrows may be attributed to ripples.
On the abscissa the wavenumbers are in cm- I ; the ordinate represents bed amplitude on an arbitrary scale.

together with the bed profile in Figures 11a to d.
Figures lIa and b correspond to the start of the
experiment (time 0 min) with Aw = 4.6 mm and
Aw = 7.7 mm respectively, whereas Figures lIc
and d correspond to time 180 min, also with Aw

= 4.6 mm and Aw = 7.7 mm respectively. With Aw

= 7.7 mm a suspended sediment load due to vor
tex shedding from the rippled bed was present
while the measurements of the wave envelope were
made. The results for Ruw and Rdw for which the
accuracy is about ±0.02, were as follows: Table
1:The data indicate that the down-wave reflection
coefficient was independent of the evolution of
the sand bed, and due to the differing amounts
of beach reflection associated with the different
incident wave amplitudes. By comparison, on the
up-wave side of the sand patch, an increasing re
flection coefficient was measured as the bars de
veloped. This increase was of approximately the
same magnitude for the two values of wave am-

Table 1. Reflection coefficients versus wave amplitudes.

A,= Aw= A = A,=
n., 4.6mm 7.7mm Rdw 4.6mm 7.7mm

omin 0.15 0.10 omin 0.205 0.16
180 min 0.27 0.23 180 min 0.21 0.15

plitude examined, i.e. from 0.15 to 0.27 for Aw =

4.6 mm, and from 0.10 to 0.23 for Aw = 7.7 mm.
This increase is associated with the Bragg reflec
tion condition which was well satisfied, as can be
seen in Figure lIc.

Some further observations may be made about
the wave field, particularly following the forma
tion of the sand bars (Figures lIc and d). Firstly,
the oscillation in the wave amplitude at the fun
damental frequency diminished across the bar
patch, as expected for waves having frequency
centred in the first Bragg forbidden band. How
ever, the transmission coefficient on the down
wave side was rather lower than that which would
have occurred in the absence of energy losses; for
example, associated with the reflection coefficient
of 0.27 on the up-wave side in Figure 11c, a trans
mission coefficient of 0.96 might have been ex
pected. In practice, a general decrease occurred
in the wave amplitude at the fundamental fre
quency, due mainly to frictional losses from the
partially-standing wavefield which led to a sub
stantial lower transmission coefficient than this.
These frictional losses are quantified in Section
4.1. Secondly, there was a striking variation in the
amplitude of the first harmonic associated with a
beating, in-and-out of phase, of the first Stokes

Journal of Coastal Research, Vol. 11, No.4, 1995
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Figure 8. Sequence of bar profiles at different times during the experiment, calculated by an inverse FIT of the appropriate part
of the spectrum. The Bragg wavelength (21 cm) is indicated by the arrowed line.
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Figure 9. Profile of the ripples after 30 min of wave action , calculated by an inverse FIT of the appropriate part of the spectrum.
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em along the tank. This is close to the spacing of
58 em observed experimentally between succes
sive maxima in the amplitude of the first har
monic. Despite these spatial variations in the first
harmonic, it should be noted that the wavefield
remained essentially linear throughout the ex
periment, the percentage of total energy at the
fundamental frequency never falling below about
80%.

Wave Energy Dissipation

In view of the relatively small reflection coef
ficients in Table 1 (where R = 0.2 implies reflec
tion of only 4% ofthe wave energy), it was thought
reasonable to make some estimates of the atten
uation rate and energy dissipation factor for the
(dominant) incident waves alone. Thus the re
flected waves were removed from the data in Fig
ures lla-d by a simple averaging over the par
tially-standing wave envelope, and an approximate
analysis was performed for the incident waves.
For both the 'flat bed' and 'sand bed' regions, it
was assumed that the incident wave height varied
linearly, leading to the results quoted in Table 2
for the nominal wave amplitudes Aw = 4.6 mm
and 7.7 mm respectively. As noted earlier, the
smaller waves (A, = 4.6 mm) did not entrain any

DISCUSSION

400200

lime (min)

Figure 10. Mean wavelength (.\) and height (ll) of ripples through
the experiment for a typical sequence of bed profiles (corre
sponding to Figures 2 to 6). Data corresponding to a second run
are labelled with circled symbols.

t
~

~ ~~ ~
~ +

o+---~---_,___---------.--'
o

harmonic (locked on to the fundamental) and an
unwanted free wave (generated by the paddle)
having twice the fundamental frequency. When
the phase velocities of waves with frequencies of
1.5 and 3 Hz in water of depth 6 em are considered,
with phase matching assumed to occur at abscissa
x = 0, further matching may be shown to occur
at positions having regular spacings of about 62

Table 2. Wave characteristics and energy dissipation.

Nominal Wave Amplitude
A., = 4.6 mm

Nominal Wave Amplitude
A. = 7.7 mm

Flat Bed Sand Bed Flat Bed Sand Bed

t=O t = 180 min t=O t = 180 min t~O t = 180 min t=O t = 180 min

Representative wave
height H (em) 0.94 0.88 0.90 0.81 1.57 1.51 1.42 1.39

Near bed velocity am-
plitude U, (em/sec) 4.90 4.59 5.51 4.97 8.19 7.88 8.69 8.55

% Loss of wave height
per wavelength 2.4 3.1 2.8 6.0 2.1 3.5 4.4 4.3

. dH
Attenuation rate -d;

4.81E-4 5.80E-4 5.94E-4 1.153E-3 7.07E-4 1.137E-3 1.477E-3 1.431E-3
R' ~ Uo/(2rlv)'12 15.9 15.0 17.9 16.2 26.7 25.7 28.3 27.9
fo.""" [Laminar flow,

smooth bed] 0.104 0.111 0.093 0.103 0.062 0.065 0.059 0.060
f. [Uncorrected] 0.258 0.354 0.202 0.482 0.136 0.236 0.202 0.202
fe.corr [Corrected for side-

walls] 0.218 0.311 0.175 0.452 0.112 0.211 0.185 0.184
Energy dissipation rate

(dyn/cm sec) 5.43 6.39 6.20 11.74 13.01 21.87 25.68 24.46
2

21.87 25.68 24.463,;:pfe,,""UO' 5.43 6.39 6.20 11.74 13.01
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Figure 11. Envelopes for the fundamental and the first two harmonics of the surface wave, and the associated bed profile for
different times and incident wave amplitudes A.: a) Time 0 min, A. = 4.6 mm. b) Time 0 min, A. = 7.7 mm. c) Time 180 min, A.
= 4.6 mm. d) Time 180 min, A. = 7.7 mm.

sediment into suspension, whereas the larger waves
(A, = 7.7 mm) gave rise to a suspended load due
to vortex shedding from the rippled bed. At the
start of the experiment (t=O) no ripples were pres
ent on the region of sand bed for Aw = 4.6 mm,
whereas ripples were present almost immediately
for~ = 7.7 mm. At the later time of t = 180 min,
the sand bed was rippled in both cases and bars
were also present on the bed. It should be em
phasized that the results in Table 2 refer only to
the dominant component of the waves at the fun
damental frequency.

Representative Wave Heights and Near Bed
Velocity Amplitudes

The tabulated values H were obtained by av
eraging the incident wave height over the flat bed

and also, separately, over the sand bed region. The
mean wave height over the sand was always small
er than that over the flat bed. Moreover, there
was a decrease in H from t = 0 to t = 180 min for
each of the nominal values of ~' the probable
reason for which is stated below.

The representative wave heights were used to
calculate the values of near-bed velocity ampli
tude (Do) in Table 2 using linear theory. Like the
values of wave height, the velocities above both
the flat and sand beds were larger for t = 0 than
for t = 180 min for both values of Aw • However,
because of the effect of the reduction in water
depth over the sand region, the velocities were
consistently larger over the sand bed than over
the flat bed, for each value of ~ at t = 0 and at
t = 180 min.
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Wave Height Losses and the Attenuation Rate

The percentage loss of wave height per wave
length and, therefore, the attenuation rate (-dH/
dx) were less over the flat bed than over the sand
bed for each nominal wave height at t = 0 and at
t = 180 min. The rather small percentage loss over
the sand bed for the small wave amplitude Aw =

4.6 mm at t = 0 is explained by the absence of
ripples at the start of the experiment. The in
crease in percentage loss over the flat bed, for both
Aw = 4.6 mm and 7.7 mm from t = 0 to t = 180
min, is probably explained by the migration of
sand onto the flat bed during the experiment,
resulting in the formation of some small ripple
feature in this region. It should be noted here that
the part of the decrease in the incident wave am
plitude due to the development of a reflected wave
over the sand region can be neglected in regard
of the overall decrease. With a reflection coeffi
cient difference of order 0.12-0.13, the incident
wave amplitude is reduced only by 1 CJ1.) at the end
of the sand bed. This 'natural' percentage loss of
wave amplitude per wave length of about 0.25fj~

is at least 10 times smaller than the overall loss.

Wave Energy Dissipation Factor (f.) and
Dissipation Rate

Following SLEATH (1982), we define the dissi
pation factor as follows:

fe = (37r/2PrUo3) x {Energy dissipation per unit
area of bed per second}

For a smooth bed and laminar oscillatory flow, it
may be shown analytically that

fe,Lam = 37rV2/8R'

where

R' = Uo/ (2·7t-fV) ' 1

where f is the frequency in Hz, and u the kinematic
viscosity. The small size of the tabulated values
of R' indicates that laminar conditions would ex
ist in the boundary layer in each case above a
smooth, flat bed, the associated values of fe,Lam
being approximately 0.10 for Aw = 4.6 mm, and
0.06 for Aw = 7.7 mm.

The experimentally derived values are, of course,
expected to be larger than these notional laminar
values, not least when the bed is rippled and en
ergy dissipation results from vortex shedding. Un
corrected experimental values of f, have been cal
culated using the procedure of SLEATH (1982) and,

in particular, Sleath's equation (23) which may
be written

ft' = -(37r/4)·dH/dx· {Sinhlkhl/Ikh)"!
. {Sinh(2kh) + 2kh}

Over the flat bed where the depth h = 6 em, the
surface wavelength corresponding to frequency fo
= 1.5 Hz is 46.5 em (wavenumber k = 0.135 em -1)

from the dispersion equation. Over the sand bed
where the average depth h = 4.75 em, the wave
length is 42.2 em (k = 0.149 em 1). These values
are in close agreement with estimates of wave
length made from the wave envelopes in Figures
l1a-d.

The values of ft' are generally larger for Aw =

4.6 mm than for Aw = 7.7 mm, and all the values
of I, are larger than the corresponding values of
ft',Lam (by a factor of 2 or more) as expected. It
should be noted that the experimental values in
clude, not only the effects of friction at the bed,
but also dissipation at the sidewalls of the tank
and at the free surface. Some account has been
taken of sidewall friction by correcting the values
of f, using the simple procedure of DAVIES and
HEATHERSHAW (1983, Appendix C). Although this
correction reduces the values of fesomewhat, there
remains a substantial difference between fe,Lam and
(.,corr' even for the flat bed region at the start of
the experiment (when little sand was present on
the flat glass bed). This discrepancy may be due
to the approximate nature of the calculation of
attenuation rate (-dH/dx), but it may also be
due to the neglect of additional dissipation mech
anisms, such as dissipation of energy from the
interior of the inviscid flow region, which is chan
neled into the sidewall boundary layer through
the meniscus boundary layer (see MEl, 1983, Sect.
8.~3).

The energy dissipation rates (per area), calcu
lated on the basis of the corrected values of fe' are
much larger for Aw = 7.7 mm than for Aw = 4.6
mm. Also as expected, at both t = 0 and t = 180
min and for both Aw = 4.6 mm and Aw = 7.7 mm,
the dissipation rates are larger over the sand re
gion than over the flat bed. More generally, it may
be concluded from the results that the presence
or absence of small-scale ripples is the critical
factor which determines the magnitude of the wave
energy dissipation rate. The presence or absence
of sand bars is of only minor importance in this
context, as may be judged from the closely similar
results for f, (and energy dissipation rate) for Aw

= 7.7 mm at both t = 0 and t = 180 min.
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Ripple Formation

The threshold velocity for ripple formation on
the initially flattened bed was observed at U, =

8.2 em/sec. This may be compared with values for
the threshold of sediment motion on a flat bed
given by the formulae of BAGNOLD (1946) and
KOMAR and MILLER (1975). Using the present ex
perimental parameters, Bagnold's formula for the
"first motion" (i.e., incipient motion) of grains on
a flat bed, in what was stated by Bagnold to be a
laminar boundary layer flow, yields U, = 5.0 cm/
sec. KOMAR and MILLER'S formula which is based
on the results of several laboratory studies yields
U, = 5.9 ern/sec.

The mean values of ripple wavelength (A) and
height (17), averaged over the bed profile in Figure
11 after t = 180 min, were of A = 1.3 em and 17 =
2.3 mm respectively, corresponding to a ripple
steepness 17/A = 0.18. (As noted earlier, there was
a tendency for the largest ripples to occur on the
bar crests.) Taking the representative velocity
amplitude over the sand region as U, = 8.6 cm/
sec it follows that the orbital diameter of the near
bed fluid particles was about do = Uo/ 7rf o = 1.83
em. Hence the ratio A/do was 0.71 which is quite
close to the value of 0.65 found by MILLER and
KOMAR (1980) and of 2/3 found by LOFQUIST (1978)
during the early stages of ripple formation in each
case. The present results have also been compared
with the values of A and 17 given by the formulae
of NIELSEN (1979) which are based on a variety
of laboratory data sets. For the present represen
tative value of the mobility number M = 5.54 (M
= U02/ ygD) and friction factor f' = 0.0304 (relating
to skin friction only), Nielsen's formulae yield 17
= 2.0 mm, A= 1.16 em (17/A = 0.18) in good agree
ment with the experimental values.

Bar Formation

Provided that the near-bed oscillatory flow be
neath partially-standing waves gives rise to sed
iment motion, sand bars may be expected to form
having wavelength equal to approximately half
the surface wavelength (in accordance with the
Bragg condition). As noted earlier, the positioning
of the bars' crests in relation to the wave envelope,
and hence the ability of the bar system to reflect
incident waves, depends upon the dominant sed
iment transport mechanism (i.e., 'bedload' or 'sus
pended' load). In the present experiments, the
dominant mechanism was near-bed transport as-

sociated with vortex shedding from sand ripples
and the developing bars (with crests on the down
wave side of the antinodes of elevation) brought
about a significant increase in the reflection co
efficient through the experiment.

In laboratory experiments of the present kind,
there is in practice a rather small 'operating win
dow' between low waves which are of insufficient
size to move sediment and steep waves which move
sediment very readily but are rather nonlinear
and, possibly, unstable. It was observed in the
present experiments that, although sand ripples
formed very rapidly in the latter case, a regular
bar patch did not necessarily develop. Another
observation was that, if a run was started just
above the threshold of sand motion, the devel
opment of ripples and bars was very sensitive to
subsequent small variations in the local water
depth. The presence of small irregularities on the
initially flattened sand surface was also a factor
of importance. It may be concluded that the initial
conditions must lie in a fairly narrow range if
regular, stable bars are to develop.

As noted earlier, the bar spacing in the present
experiments was roughly half the surface wave
length and was such that the reflection coefficient
on the up-wave side of the sand patch increased
during the experiment by 0.12 for Aw = 4.6 mm
and by 0.13 for Aw = 7.7 mm (see Table 1). In
order to make a general assessment of the reflec
tivity of the bar patch, wave propagation over the
bed profile at time t = 180 min has been examined
using the linear, potential model of REY (1992).
For this purpose, the bed was treated as fixed and
beach-back reflection was assumed to be zero. For
waves having frequency in the range 1-2 Hz, the
predicted reflection coefficient (R) on the up-wave
side of the bar patch is as shown in Figure 12. At
the experiment frequency of fo = 1.5 Hz, the re
flection coefficient is about 0.13, which is in agree
ment with the increase in R during the experiment
for Aw = 7.7 mm (Table 1). More generally, the
results show a strongly oscillatory behaviour in R
in the frequency range 1 to 2 Hz, with a maximum
value of R (= 0.18) predicted at f = 1.4 Hz. This
may be attributed both to slight irregularities in
the bar spacing (Figure Llc), and also to the 'finite'
size of the bars (in relation to the mean water
depth). The shift to low frequency of the maxi
mum reflection coefficient, compared with the
forcing (Bragg) frequency (of 1.5 Hz), has been
discussed by BELZONS et ale (1991) for the case of
a fixed bed.
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related to position in the partially-standing wave
envelope. The threshold for the ripple formation
was found to be slightly above the threshold for
sediment motion on a flat bed given by the criteria
ofBAGNOLD (1946) and KOMAR and MILLER (1975)
for the present experimental conditions. Ripple
sizes varied as bars formed during the experiment,
with larger ripples ultimately becoming estab
lished on the bar crests and smaller ripples in the
troughs.
(2) Sand bars formed with wavelength equal to
approximately half the surface wavelength, thus
satisfying the Bragg condition. The bar crests
formed slightly down-wave of the antinodes of
elevation as a result of a net, near-bed sediment
transport due to vortex shedding from the (asym
metrical) ripples. As the bars grew, the up-wave
reflection coefficient increased, as expected for this
positioning of bars relative to the wave envelope
(O'HARE and DAVIES, 1990).
(3) A linear, potential model (REY, 1992) was used
to predict the reflection coefficient of the region
of sand bars after 180 min of wave action. (The
bed was considered here to be fixed, and the wave
frequency was varied through the range 1 to 2
Hz.) The predicted reflection coefficient of 0.13
at the operating experimental frequency of 1.5 Hz
was in good agreement with the increase in the
reflection coefficient during the experiment (in
which there was a small initial amount of beach
back reflection). More generally, the reflection co
efficient was highly oscillatory in the range of fre
quencies investigated, having a maximum value
of 0.18 at frequency 1.4 Hz. This shift of maximum
reflection to a lower frequency than the forcing
frequency is expected for fixed bars of 'finite' am
plitude in shallow water (BELZONS et al., 1991).
(4) The reflection coefficient was not influenced
significantly by bottom friction and sediment
movement, the flow being effectively inviscid away
from the boundaries of motion. Wave energy dis
sipation was due largely to vortex shedding from
the small-scale ripples but was complicated by
frictional losses at the sidewalls of the tank and
also at the free surface. Measurements of wave
height attenuation made from the wave envelope
suggested that the values of wave dissipation fac
tor (f.) for the rippled beds were 3 or 4 times larger
than the equivalent values for laminar flow over
a smooth surface.

Further experimental work is in progress at
Marseille to determine more precisely the initial

2,01,5

Frequency (Hz)
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CONCLUSION

In previous experimental studies carried out at
Marseille, it has been shown that the main fea
tures of the interaction between surface waves
and regular or irregular, fixed, bed profiles (i.e.,
reflection coefficient, Bragg resonance, localiza
tion, and the effects of vorticity and nonlinearity)
can be accurately observed in a small-scale wave
tank (BELZONS et al., 1988; BELZONS et al., 1991;
GUAZZELLI et al., 1992; REY et al., 1992). In the
present study, the capabilities of the experimental
set-up have been extended in order to examine in
detail the correlated evolution of the profile of an
erodible sand bed and a field of partially-standing
waves.

A very accurate, rapid ultra-sonic detection sys
tem was used to monitor the evolution of an ini
tially flattened sand bed, including both the early
formation of small-scale ripples and the longer
term development of a patch of stable sand bars.
The associated evolution of the surface waves was
also monitored using an ultra-sonic sensor, with
which the harmonic composition of the wavefield
was determined.

The main findings of the present study were as
follows:

(1) Small-scale ripples formed rapidly on the ini
tially flattened bed with wavelengths and heights

Figure 12. Numerical calculation of the reflection coefficient
for the bed profile after 180 min of wave action. The profile is
one dimensional and considered as fixed, and the model (REV,
1992) is linear and potential.

0,1
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conditions required for the formation of a stable
bar system, as well as the evolution of that system
under the action of detuned surface waves.
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o RESUME D
Des barres de sable ayant un espacement egal a la demi longueur d'onde de l'onde de surface peuvent etre formees par l'action
d'ondes partiellement stationnaires sur un fond erodible. On a etudie ici les etapes de la formation d'un ensemble de barres dans
un canal a houle, en utilisant des systemes de detection a ultrasons pour suivre a la fois l'evolution du profil du fond et celle de
l'onde de surface. Initialement des rides de faible taille se forment sur la surface (aplanie) du fond. Ces rides ont une taille variable
en fonction de leur position par rapport a l'enveloppe de l'onde et ont un profil assymetrique dl1 a l'assymetrie du mouvement
oscillant pres du fond. L'emission de vortex apartir de ces rides produit une accumulation (cretes des barres) et une erosion (creux)
en relation avec la position par rapport a l'enveloppe de l'onde. Les barres se forment avec une longueur d'onde satisfaisant a la
condition de Bragg et les cretes situees en aval des ventres de l'onde de surface. Comme on doit s'y attendre, ceci conduit a une
augmentation du coefficient de reflection global de l'ensemble des barres au cours de leur croissance. La presence de rides de faible
taille n'a qu'un effet mineur sur le coefficient de reflection car l'ecoulement est essentiellement inviscide loin des parois, et la longueur
d'onde des rides est bien plus faible que celle de l'onde de surface. Cependant ces rides jouent un role important pour la dissipation
de I'energie dans le canal, les facteurs de dissipation de londe etant 3 a4 fois plus grands que leurs homologues pour un ecoulement
laminaire au-dessus d'un fond lisse. On peut penser que les observations de l'interaction resonante entre onde de surface et fond
erodible decrites ici, sont les plus detaillees et precises a avoir ete presentees a cette date.
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