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Dynamical evolution of sand ripples under water
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We have performed an experimental study on the evolution of sand ripples formed under the action of an
oscillatory flow. An annular sand-water cell was used in order to investigate a wide range of parameters. The
sand ripples follow an irreversible condensation mechanism from small to large wavelength until a final state
is reached. The wavelength and the shape of these stable sand patterns are mainly governed by the fluid
displacement and the static angle of the granular media. A strong hysteresis affects the evolution of steep
ripples. When the acceleration of the sand bed reaches a critical value, the final pattern is modified by the
superficial fluidization of the sand layer.@S1063-651X~99!50110-4#

PACS number~s!: 47.54.1r, 45.70.Mg, 47.20.2k, 92.10.Wa
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It is always fascinating to observe, along many coasts,
regular patterns~tens of centimeters in wavelength! formed
on sandy sea beds. The destabilization of a flat sand sur
under an oscillating flow is a generic mechanism produc
periodic patterns. For instance, surface waves, which
known to induce a back and forth motion on the sea bed,
responsible for the formation of beach ripples. Although
formation of these patterns has been studied for a long ti
the existence of stable patterns and the dominant wavele
selection mechanism are still unclear.

In the pioneering work of Bagnold@1# two types of
ripples were distinguished. One called ‘‘rolling-grain
ripples characterized by the absence of flow separation
hind the crest, the other one referred to as ‘‘vortex’’ rippl
characterized by the existence of vortex shedding at the c
In the first stage of growth, the ripple amplitude is so sm
that vortex formation is inhibited. In this case, steady rec
culating cells, which can transport sand from the valley
the crest, appear above the wavy bottom@2#. Hence, the
wavelength selection of ‘‘rolling-grain’’ ripples can be ex
plained using a standard linear stability analysis and th
shape predicted by a weak nonlinear analysis@3#. A similar
theoretical approach was used to study the formation of la
sand waves~a few hundred meters in wavelength! created in
a shallow sea under the action of tidal flow@4#. However, the
wavelength predicted by this approach should be observe
nature only if sand patterns having a small height-to-len
ratio could reach an equilibrium state. In the case of be
ripples, field observation showed that their height-to-len
ratio is in general larger than 0.1 and therefore the ab
condition could not be satisfied. In addition, the stationa
of small ripple perturbations in laboratory experiments
mains ambiguous. Indeed, previous experiments@5# claim
the existence of stable ‘‘rolling-grain’’ ripples, while in
recent work where the phase diagram of ripples was inve
gated@6# there is no stable region for small amplitude p
terns. On the other hand, experiments on ‘‘vortex’’ rippl
@1,7# have shown that the wavelengthl of steep sand pat
terns is proportional to the total amplitudeL of the fluid
oscillation: l5(2/3)L ~henceforth ‘‘2/3 law’’! and neither
depends on the frequency of the oscillation nor on the sa
grain density. The present work focuses on the long ti
PRE 601063-651X/99/60~4!/3487~4!/$15.00
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dynamic of sand ripples and characterizes with great ac
racy the steady states reached by the system.

As recent experiments on sand ripples induced by an
cillating flow @6# or by a steady shear flow@8#, we used a
cylindrical geometry to achieve a quasi-one-dimensional s
tem and to avoid end effects which could influence the
stabilization of the sand bed. We took an annular chan
previously used for centrifugal instability studies~Fig. 1 in
@9#!, made of an inner black cylinder having a radiusR1
56.925 cm linked with an outer Plexiglas cylinder of radi
R157.70 cm, which gave a gap width ofa57.75 mm. We
closed the top and the bottom of the cell by rigid disks fix
to the cylinders. At the bottom of the cell we introduced
flat layer ~7 cm height! of spherical glass particle having
mean diameterd5190 mm and a densityr52.49 kg/l21

while the whole cell~29 cm height! is filled with water. An
ac Servomotor in association with a Servopack contro
was used to drive the whole cell. The two experimen
parameters that govern the displacementD(t)
5(L/2)cos(2pft) of the annular channel, the frequencyf and
the amplitude of the oscillationL/2, were then easily regu
lated. The frequency was sufficiently high~from 0.2 to 2 Hz!
to keep the Stokes layerd5An/(p f ) ~from 0.4 to 1 mm!
smaller than the gap of the channel. If the inertial forcersand
ai @with ai5L/2(2p f )2# remains small compared with th
effective gravity force acting on the sand grain (rsand
2rwater)g, the dynamical behavior of the sand layer is e
pected to be identical whether the sand bed is stationary
the fluid moving or the fluid stationary and the bed movin
In order to satisfy this condition, we checked that the acc
eration parameterGwater5rsandai /(rsand2rwater)g re-
mained small~between 0.05 and 0.2!. Therefore, as in pre-
vious studies@1,5–7#, this experiment corresponds to a sa
bed oscillating in still water. Also, the amplitude of oscilla
tion was kept below the onset of the centrifugal instabil
that could occur between the cylinders@9#.

The typical evolution of an initially flat sand bed, dest
bilized under the action of an oscillatory flow, is shown
Fig. 1. Using the relative motion of a~video! camera and the
annular cell we reconstructed the ripple patterns along
whole circumference from a spatiotemporal record. T
record took about 15 s; therefore, this technique was accu
R3487 © 1999 The American Physical Society
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only for sand ripples having a slow evolution compared w
the fluid oscillation. We measured, after video processi
the height profile of the sand patterns within an accuracy
0.1 mm. Then, from the profile we extracted the root me
square of the height disturbance rms~h! and a mean wave
lengthl both averaged around the perimeter. The evolut
of these two quantities, corresponding to the patterns in
1~a! (L58.06 cm andf 50.5 Hz), is shown in Fig. 1~b!.
According to these observations, a first disturbance, la
than the grain size, appears with a well defined wavelen
on the flat bed. Then, both the amplitude and the wavelen
increase continuously until a quasistationary state is reac

FIG. 1. Evolution of the shape~a!, the root mean square ampl
tude and the mean wavelength~b! of a sand-bed pattern under a
oscillatory flow (L58.06 cm, f 50.5 Hz). The vertical scale is
multiplied by 9 with respect to the horizontal scale for t
images~a!.
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At this stage, the sand patterns seem to saturate at a g
wavelength but a slow growth in the amplitude can still
detected. The amplitude and the shape@see Fig. 2~a!#, of
these transient patterns correspond to ‘‘rolling-grai
ripples. However, if we wait long enough the system evolv
to a final steady state. In all the cases we studied, even
very small oscillations, we observed the emergence of st
‘‘vortex’’ ripples. For a strong forcing, the intermediate sat
ration disappears and the sand bed reaches its final stat
rectly. Hence, ‘‘rolling-grain’’ ripples appear to be only tran
sient or unstable patterns. For weak oscillation, the ti
needed to reach the final state can be very long, 10–14 d
for instance whenL52.9 cm andf 51 Hz. This could ex-
plain why, if one did not wait long enough, weak amplitud
ripples appeared to be steady in some previous experim
@1,5#. Besides, neglecting the long time evolution could a
affect the determination of the onset of ripple formation. F
instance, the above mentioned case (L52.9 cm, f 51 Hz)
is in the stable region of the phase diagram obtained in@6#,
because no ripples can be detected after half an hour o
cillation.

Starting from a flat bed, the wavelength of the final stea
pattern depends only on the amplitude of the fluid oscillat
Fig. 3~a!. We recover here, for a wide range of paramete
the ‘‘2/3 law.’’ Due to the annular geometry of the chann
it is necessary to chooseL so that 2pR/l is an integer, in
order to get a final steady state without defects and wit
well defined wavelength. However, if we start with an a

FIG. 2. Shape~a! and absolute value of the slope~b! of transient
‘‘rolling-grain’’ ripples (L58.06 cm, f 50.5 Hz, andt514 min)
compared with the shape~c! and the absolute value of the slope~d!
of the final steady ‘‘vortex’’ ripples (L, f idem while t5115 min).
The vertical scale is multiplied by 2 with respect to the horizon
scale for the images~a! and ~c!.
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ready rippled bed~a previous ‘‘vortex’’ ripple state! a strong
hysteresis may appear. For a givenL , if the wavelength of
the initial state is smaller than (2/3)L the sand pattern will
evolve to reach the final state predicted by the ‘‘2/3 law
whereas if the initial wavelength is larger than (2/3)L, the
sand pattern will remain unchanged, as shown in Fig. 3~b!. In
other words, the relaxation of stable ripple patterns fr
large to small wavelength is not possible. Hence, this hys
esis may lead to a significant deviation from the ‘‘2/3 law
especially if the amplitude of the fluid oscillation changes
time.

Measurements of the local slope, at each point of
ripple profile, was obtained from a linear regression over
neighboring points. It indicates that the ripples slope is li
ited to a maximum value. This maximum slope tanwmax
50.3760.03 is always reached at the final stage of evolut

FIG. 3. Wavelength of the steady final pattern as a function
the total excursion of the fluidL. The solid line corresponds to th
2/3 law. In ~a! we started the oscillation from an initially flat san
bed. In ~b! we fixed the frequency to 0.6 Hz and we started t
oscillation from a ripple bed of wavelengthl54.8 cm correspond-
ing to the final state of a previous forcing withL57.2 cm.
’
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@Fig. 2~d!#. Note that small scale oscillations in the slop
measurements@Figs. 2~b! and 2~d!# come from small irregu-
larities in the granular interface. Also, we have noticed t
even for weak amplitude ‘‘rolling-grain’’ ripples~one order
of magnitude smaller than the final state! the slope could be
locally close to its maximum value, as is shown in Fig. 2~b!.
Hence, the height and the shape of the sand pattern see
be controlled by a large local slope at several stages of
evolution. Therefore, when the 2/3 law is satisfied, the a
plitude of the final state is directly proportional to the flu
excursionL. For a wide range of parameters both the wav
length and the amplitude of ‘‘vortex’’ ripples are mainl
controlled by L. The value of the maximum slope (wmax
520°62°) is slightly smaller than the minimum static ang
of repose for a dry granular material composed of spher
glass particle. Either the density of the granular packing@10#,
the gap width of the channel@11# or the surface interaction in
wet granular media may affect the value of this angle. Hen
we measured in our annular cell the static angle~angle of
repose after avalanche! under water. For this, avalanche
were obtained by sucking up glass particles from the s
bed with a large pipe having a diameter close to the g
width. We found a static angle under water of 25°61°,
which is very close to the value of 26°~static angle in air!
obtained@11# for a rectangular cell having the same gap
our annular channel.

It is well known that, due to horizontal vibrations, san
liquefaction may occur in a sand-water cell@12#. For a sand-
air system, a superficial fluidization of the sand layer appe
@13# when the acceleration parameterGair5ai /g reaches a

FIG. 4. Shapes of sinusoidal ripples~a! just before the bifurca-
tion (L57.1 cm, f 51 Hz, andGwater50.24) and squashed ripple
~b! which can appear just after (L510.4 cm, f 51 Hz, andGwater

50.35). Deviation of the ‘‘2/3 law’’~c! as a function of the relative
acceleration parameterGwater5rsandai /(rsand2rwater)g. The scal-
ing of images~a! and ~b! is the same as in Fig. 2.
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critical value around 0.55–0.65. However, the onset of
uefaction for the sand-water system has not yet been m
sured. Hence, we investigated how the shape and the m
wavelength of the final pattern evolve whenGwater was in-
creased. We observed that, for a givenL, even if the mean
wavelengthl remained constant~when the 2/3 law is satis
fied! the shape of the final patterns depended slightly on
frequency. For small frequencies the ripple crests w
sharper than the valleys, as shown in Fig. 2~c!, but for higher
frequencies the crests became smoother and almost
soidal ripples were obtained@see Fig. 4~a!#. Small oscilla-
tions of the crest, in phase with the periodic motion of t
water, could be easily observed in this case and there
ripple peaks tended to be smoothed. As shown in Fig. 4~c!, a
systematic deviation from the 2/3 law has been found ab
a critical value ofGwater.0.26. For higher values ofGwater
the final wavelength was larger than the one predicted by
2/3 law and ‘‘squashed’’ ripples could be obtained@see Fig.
4~b!#. In this regime, small propagating ripples appeared
quently on the surface of the large scale pattern. These s
propagating ripples disappeared when the fluid motion w
stopped. Hence, when the inertial accelerationai approached
the effective gravity, the sand transport mechanism w
strongly modified by the superficial liquefaction of the sa
layer and a significant deformation affected both the sh
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and the wavelength of the final ripple state. Taking into a
count this fluidization mechanism may lead to a new int
pretation of the wavelength transition, recently found by@6#
for steep sand ripples whenGwater.0.27 andd5110 mm.

In conclusion, our results show that the evolution of sa
ripples under an oscillatory flow can be very long and t
final state corresponds to ‘‘vortex’’ ripples. The dynamic
evolution of steep ripples obeys an inverse cascade me
nism which saturates at a given wavelength. The growth
the ripples appears to be limited only by the static angle
repose of the granular media. We have found that the fi
state exhibits a strong hysteresis and that relaxation f
large to small wavelengths is not possible. These nonlin
behaviors should be taken into account in phenomenolog
models trying to reproduce the dynamic of steep ripples.
nally, for high inertial acceleration, the superficial fluidiz
tion of the sand layer affects both the wavelength and
shape of the final pattern.
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