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Instantaneous Velocity Profiles during Granular Avalanches
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We perform experimental measurements of the instantaneous velocity profile of the flowing layer
during granular avalanches. In the pile depth, the velocity profile follows a pure exponential decrease in
contrast with steady flows that are known to exhibit a well developed upper linear part. The velocity
profile in the pile width is a plug flow with two exponential boundary layers at the walls. Even though no
steady state is observed during the avalanche, these velocity profiles are self-similar and build up almost
instantaneously, with time independent characteristic lengths.
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Disordered systems such as granular materials [1], but
also foams [2], or concentrated emulsions and suspensions
[3], exhibit rheological properties that cannot be under-
stood within the scope of standard solid or liquid mechan-
ics. For such athermal systems, a solidlike state is observed
at small stresses, and it is only beyond a critical stress that a
macroscopic flow arises. As the deformation or deforma-
tion rate is nonlinear with the stress, the flow of such
systems can be very complex even in very simple configu-
rations. Indeed, the spontaneous localization of the strain
in narrow regions (the so-called ‘‘shear banding’’) in the
bulk or at the surface of the materials is often observed.
The shear banding phenomenon controls most of the prac-
tical situations encountered in industrial handling of grains
(agriculture, pharmacology, etc.) and in geophysical prob-
lems (sand dunes migration, pyroclastic flows, etc.). In the
case of a granular pile, an important challenge is the
understanding of the transient avalanche flow localized at
the pile surface that leads a dense granular pile from solid
(static) to liquid (flowing) state and vice versa. The many
experimental studies held for some years have all found
that granular piles dynamics do not follow the predicted
self-organized criticality behavior [4] as the amplitude of
avalanches is not power law distributed but of well defined
mean value [5]. This mean amplitude proceeds from a
hysteretic behavior between two angles, the so-called
maximum angle of stability �m at which an avalanche starts
spontaneously and the angle of repose �r at which the
avalanche stops. Two different ways of investigation ap-
peared recently: one that focuses on the avalanche front
dynamics [6,7] and another one interested in the velocity
profiles for the steady regime of granular surface flows [8–
13]. But to date no detailed time evolution of the velocity
profile in the evolving flowing layer is available for the
complete transient avalanche process. In the special case of
steady surface flows where averaging is possible, measure-
ments at the sidewall of the grain velocity profile in the
depth of a pile have been performed recently either by
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continuously feeding an open pile from the top [9,12] or by
rotating a partially filled drum at a sufficient angular
velocity [10,11]. In these steady cases, grains flow at a
constant dynamic pile angle and with a velocity that de-
creases from the pile surface down to the depth in two
different parts. In the ‘‘flowing layer’’ just below the
surface, the velocity profile is found linear with a constant
shear rate that scales as �g=d�1=2, where g stands for gravity
and d for the grain diameter [8,10,13]. Below this flowing
layer exists a so-called ‘‘creeping flow’’ characterized by
an exponential velocity decrease with a characteristic
length of a few grain diameters [9,10,13]. These two
behaviors can be recovered in different theroretical models
[14] that invoke nonlocality, trapping, or dilatancy effects.
In contrast with all these steady state studies, the aim of
this Letter is to present the evolution of the instantaneous
grain velocity profile during the time duration of discrete
avalanches. Such a study is important as the precise form
of the velocity profile in the flowing layer is crucial for
predicting correctly unsteady granular flows [15]. Our
measurements show that the instantaneous velocity profile
is a pure exponential decrease in the pile depth with a time
independent characteristic length of a few beads through-
out the avalanches. No linear velocity profile is observed
and discrete avalanches never reach any steady regime.
Finally, we show that the sole visualization from the side
and from the top of the pile allows us to describe the entire
3D velocity field.

Our setup consists of a horizontal rotating drum closed
by two glass walls allowing visualization. The inner di-
ameter D of the drum has been varied between 17 and
50 cm, and its length b between 1.5 and 7.5 cm (inset of
Fig. 1). The drum is half filled with dry sieved solid glass
spheres of density 	s � 2:5 g=cm3 and of diameter d
ranging from 0.2 to 3 mm. For the results presented here,
mainly D�17 cm, b�2:5 cm, and d�0:95�0:05mm.
The rotation rate of the drum, ensured by a microstep
motor (see Refs. [16–18] for details), was low enough
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(�� 10�3 rpm) for the granular flow to be intermittent
[19–21]: The pile slope � increases linearly with time at
the rate �, then quickly relaxes by a surface avalanche
process that lasts roughly 1 s [16,17]. Two video cameras
are used simultaneously. With one classical video camera
(25 images=s) aligned along the cylinder axis, we view the
entire pile from the side. We observe no front propagation
in the avalanche duration, the pile interface remains flat,
which allows the study of the time evolution of the pile
angle � [16–18]. An example of such evolution from �m to
�r is displayed in Fig. 1. With one high-speed digital video
camera (FASTCAM Super 1000) either aligned along the
horizontal cylinder axis (Oy) or perpendicular to the pile
surface (Oz), zoomed images (windows of typically
20 grain diameter long) of the pile around the cylinder
center (x � 0) are taken from the side or from above at the
sampling rate of 500 images=s with the resolution 240�
256 pixels. The correlation of small boxes (8� 8 pixels)
between two successive images using a particle image
velocimetry algorithm (Davis software, LaVision) allows
us to calculate the velocity field of the flowing grains. This
box size is adjusted to resolve spatial variations of the
velocity profile down to the grain size. We here focus on
the velocity component u along the pile interface (x axis)
corresponding to the main flow direction. Each velocity
field u�x; y or z; t� is then averaged over the 20 d window
size along the flow x direction to obtain the velocity field
u�y or z; t� at each time t along the y (pile width) or z (pile
depth) direction in the plane x � 0. Accordingly the ve-
locity resolution is better than 1 mm=s. Typical velocity
profiles obtained from the side and from above are dis-
played superimposed to the pile images in Figs. 2(a) and
2(b), respectively. The velocity decreases rapidly along the
depth [Fig. 2(a)] with a typical flowing layer of a few bead
diameters. The transverse velocity profile [Fig. 2(b)]
presents a maximum at midgap and a large slip at the walls.
We will see that during the avalanche the velocity profiles
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FIG. 1. Time evolution during an avalanche of the slope angle
� of a pile of dry glass beads of diameter d � 0:95 mm located
in a rotating drum of diameter D � 17 cm and length b �
2:5 cm. Inset: sketch of the setup with the axis orientation.

04800
in the depth and in the width remain both invariant in shape
with a maximum evolving value.

The evolution of the velocity profiles measured at suc-
cessive times of a typical avalanche are displayed in Figs. 3
and 4. The data uw�z; t� of the velocity at the wall in the
depth are shown in Fig. 3. Their representation in the lin-
log plot (see the inset) along remarkable parallel straight
lines demonstrates that the in-depth velocity decrease is
exponential with the same characteristic length � ’
2:2 mm. Thus the velocity profile at the wall may be
written as uw�z; t� � uw0�t�exp��z=��, where z � 0 cor-
responds at each instant to the pile surface position and uw0
stands for the surface velocity at the wall. Let us emphasize
that the successive avalanches have different amplitude
�m � �r and time evolution ��t�, but the velocity profile
is always exponential and its characteristic length averaged
over 20 avalanches is � � 2:4� 0:3 mm. Preliminary
studies for different bead diameters (0:2< d< 3 mm) in-
dicate that � scales with d as �=d � 3� 1. On the other
hand, the � value remains constant within 10% when
varying either the pile width b (2< b< 7:5 cm, 10<
b=d < 75) or the pile length D (17<D< 50 cm, 100<
D=d < 500). Let us note that this characteristic length � ’
3d is consistent with the one already found for the expo-
nential part of the velocity profile in steady regimes
[9,10,13].

In Fig. 4, the surface velocity profiles in the width,
us�y; t�, are curved symmetrically with a maximum value
us0 at midway (y � 0) and a large slip value uw0 at the
walls (y � �b=2), more than half us0. When normalized
with the gap averaged value hus�y; t�iy, all these profiles
collapse well onto a single master curve. We also check the
form invariance of the velocity profile in the width by
calculating the ratio of the gap averaged surface velocity
hus�y; t�iy to the surface velocity at the wall uw0�t�. This
ratio remains constant at any time of the avalanche, with
the value hus�y; t�iy=uw0�t� � 1:5� 0:1. This experiment
and other experiments with different gap values (25<
b=d < 150) show that the velocity profile in the width at
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FIG. 2. Typical pile images and velocity profile uw at the wall
in the pile depth (a) and us at the pile surface in the pile width
between the walls (b) at one instant of a granular avalanche (t �
0:5 s, uw0 � 70 mm=s, d � 0:95 mm, b � 2:5 cm, and D �
17 cm).
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FIG. 3. Velocity profile at the wall uw�z; t� along the pile depth
z at successive times t of an avalanche. Continuous lines corre-
spond to exponential fits with the same � � 2:2 mm. The inset is
the corresponding semilog plot. In the gray area (uw < 4 mm=s),
errors bars are larger than 25%.
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the pile surface can be considered empirically as the sum of
two exponential terms exp��y� b=2�=�� that can be as-
cribed to each wall effect with the characteristic length
� ’ 8 mm. The corresponding profile may be written as
us�y� � A
 Bcosh�y=��, where A and B are related to the
velocity values at the wall uw0 and at midgap us0, and to the
ratio b=�. This plug flow resembles the one observed in
vertical chute flows with a slip at the wall depending on the
wall roughness, two boundary layers at the walls, and a flat
core [13]. The characteristic length � found here is quite
similar to the chute flow value of 5–6 d and significantly
higher than �, suggesting that different mechanisms are
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FIG. 4. Surface velocity profile us�y; t�, normalized or not (see
the inset) by its gap averaged value hus�y; t�iy, in the pile width at
successive times t of an avalanche. The continuous line corre-
sponds to a hyperbolic cosine fit with � � 8 mm.

04800
involved: dilatancy and gravity trapping for �, and wall
effect for �.

Let us now look at Fig. 5 to the precise time evolution of
the velocity at the wall (its surface value uw0 and its
characteristic length �) together with the grain flow rate
Q�t�. In Fig. 5(a), the time evolution of the surface velocity
at the wall uw0�t� shows that there is no plateau but a quick
increase from zero towards the maximum value (here
uw0max � 80 mm=s) followed by a smoother decrease to-
wards zero. Note that the maximum of the surface velocity
corresponds to the inflection point in the time evolution
of the pile angle (Fig. 1). It is worth noting that although
the velocity profiles remain time invariant in form both in
the depth and in the width, the surface velocity does not
reach any steady state during the avalanche. As soon as
the velocity is significantly nonzero [Fig. 5(a)], the char-
acteristic length � (the typical flowing layer thickness) is
well defined [Fig. 5(b)]. By contrast to the unsteady be-
havior of the velocity, the characteristic length � is con-
stant all along the avalanche duration, except a slight
decrease at the end. This constant value �� 2 mm builds
up very rapidly, roughly in the elementary fall character-
istic time �d=g�1=2 � 10�2 s, as already shown in Fig. 3 for
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FIG. 5. Time evolution during the avalanche of Fig. 1 for
(a) the surface velocity at the wall uw0, (b) the characteristic
flowing layer �, and (c) the instantaneous grain flow rate Q
calculated either from velocity profile measurements (Qu, thin
continuous line) or from pile angle measurements (Q�, thick
continuous line with data points).
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t � 0:07 s. The maximum velocity gradient (shear rate)
reached during the avalanche is 1:5� uw0max=� ’ 60 s�1,
which is close to but smaller than the constant shear rate
value �g=d�1=2 � 100 s�1 observed in the linear profiles of
steady surface flows. The fact that this ‘‘critical shear rate
value’’ is not overtaken is coherent with the fact that we do
not observe any linear part in the velocity profile of our
discrete avalanches.

The instantaneous grain flow rate Q�t� at midslope
(x � 0) can be calculated by two ways. The first way
consists of integrating the instantaneous velocity profiles
in the depth and in the width to obtain the grain flow rate
Qu�t� �

R
u�y; z; t�dydz. The second way consists of dif-

ferentiating the instantaneous pile angle with respect to
time (Fig. 1) in order to obtain the grain flow rate Q��t� �
��D2b=8��d�=dt� [20]. These two grain flow rates plotted
in Fig. 5(c) superimpose very well, meaning that the in-
depth exponential velocity profile measured at the wall
stands in the bulk of the material with the same � for all
in-gap positions y. Thus surface measurements (from the
side and from the top) are here sufficient to catch the in-
bulk behavior without resorting to technics such as mag-
netic resonance imaging that are more difficult to use. Note
that Qu [Fig. 5(c)] has the same time evolution as uw0
[Fig. 5(a)] since Qu�t� � 1:5�buw0�t�. Such a time evolu-
tion means that the granular avalanche behaves as an
accelerating then decelerating rush and that no steady state
is reached at any time. This rush motion occurs in Fig. 5 for
0< t < 0:95 s. For t > 0:95 s (gray zone), the vanishing
flow rate corresponds to residual motion of surface grains
for which � is no more defined. Current studies show that
the results presented here are not specific to the drum
center (x � 0) but are similar whatever the streamwise
position along the pile (x axis), with a streamwise evolu-
tion of the instantaneous grain flux which is maximal at
the drum center and zero at the up and down end walls
(x � �D=2).

By conclusion, in contrast with the steady pile surface
flows, we have shown that the in-depth instantaneous
velocity profile during transient dry granular avalanches
is a pure exponential decrease with a characteristic length
� that builds up very rapidly (in a time of the order of
few

���������
d=g

p
’ 10�2 s) and that remains constant during the

avalanche. For steady surface flows (continuous avalanch-
ing), the linear part of the velocity profile above the ex-
ponential part is known to decrease in size as the imposed
grain flow rate is reduced [10,13]. One may conclude that
this linear part does not appear anymore for nonsteady
flows. In the ‘‘natural’’ avalanche regime, the grain flow
rate is no more imposed but is selected by the system it-
self. The self-similarity of the velocity profiles we found
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both in the depth and in the width during the avalanche is
surprising as no steady regime is observed. This unsteady
character of dry granular avalanches is, however, consis-
tent with the D1=2—rather than D—avalanche duration
scaling found in either experimental [17] or numerical [22]
studies.
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