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Dynamical equilibrium of avalanches on a rough plane
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We present experimental results on avalanches which are triggered in a metastable static layer on a
rough inclined plane. We observe that despite the continuous increase in mass of a perturbation
while it runs down, the flow reaches a dynamical equilibrium where the fronts evolve at constant
speed and the mass is spread. The head front is found to be a shock wave with a crest, and its
transient acceleration phase is studied. In contrast, the rear front grows in a self-similar manner from
the beginning. An instability is observed which breaks thin flowing layers down into solitary waves.

© 2001 American Institute of Physic§DOI: 10.1063/1.1377864

I. INTRODUCTION flowing, and will not stop before the surface slope has de-
creased below a second threshold, the dynamical apgle
At regular intervals and throughout the world, ava- <. There is therefore a hysteresis between the dynamical
lanches of snow, rock debris, or volcano ashes provoke greaind static statesBetween the two critical angles, the static
damage because they are difficult to predict. Next to thesystem is metastable, and will start flowing if perturbed. This
problem of foreseeing an avalanche or a landslide, a majds the principle of the experiment presented here.
unknown is the actual size and evolution of such an event. = We will study the evolution of the resulting avalanches.
This is due to the fact that on one hand we know little aboutWe ask questions that arise also in practical situations con-
the dynamics of the materials involved, and on the other thaterned with avalanches: how will the initial perturbation
the mass of a flow of solid particles can evolve along itsevolve in mass, extension? Will it amplify indefinitely, and if
trajectory. The flow can incorporate underlying material onso at what rate? Are there quantities that saturate, among
its way down, but also deposit partially on shallow slopesmass, velocity, height, lateral, or longitudinal extension?
This is most spectacular in snow avalanches, whose potenti&low is the material distributed along the avalanche? Is there
to amplify from a snow ball has given the word “avalanche” a simple relation between overall mass, height, and speed?
its figurative meaning. In Sec. Il, we will present the experimental apparatus
The numerous studies on free-surface flows of particuand measurement techniques. Section Il deals with the par-
late materials™’ focus on the rheological aspect, studying theticular regime of nonamplified flows, where the flow does
flow of an entirely mobilized quantity of matter on different NOt gain any mass on average. ThHenSec. I\) amplifying
solid surfaces. In contrast, the experiment presented heftows or avalanches are investigated, and Sec. V concludes
considers the flow down a plane already covered by a stati@n our results.
layer of the same material that is flowing. The flow can
therefore change its mass by setting this material into mo-
tion. This changes the d_ynam|cs of the flow: An increase i, -y e R IMENTAL SETUP
momentum can be achieved by an increase of the moving

mass instead of by acceleratifig. The experiments are done on an inclined plane covered
The experiments are done with dry glass beads. The magijth velvet cloth(Fig. 1). This surface is chosen so that the
terials involved in avalanche, debris, or pyroclastic flows argylass beads (180—3@0m in diamete), our granular mate-
much more complex, and unique to the geographic locationia| have a larger friction with it than between themselves. A
in which they occur(type of material, size distribution of thin layer of grains can thus remain static on the plane up to
solid particles, etg, and on the historyweathering, aging, g3 larger angle than if it were on a grain pile. We set the plane
rainfalls, etc). Very often however, they are modeled as atg an anglep (larger than the pile angley=24°) and pour
dry granular material, because this simplifies the descriptiogjlass beads abundantly at the top. The moving beads leave
while capturing some key features of the complex naturabehind a static layer of uniform thicknebée) (arrow lead-
mixtures. ing to pointa in Fig. 2). This effect is explained by the
The most prominent among these is the existence of gariation of the friction of the successive grain layers with
threshold stress for motion to occur in granular materialtheir distance to the surface of the inclined sldpet is
Sand can have a nonhorizontal surface, up to a critical statijiaximum for the bottom layer, and decreases continuously
angle g5, at rest. When this is exceeded, the sand startg the value for a thick pile. The top static layer is that which
has a large enough friction coefficien{h) on the underly-
aEjectronic mail: daerr@ens.fr ing layers to come to a stop. At inclination angje the
PUMR 8550 of the CNRS associated with the ENS, Paris VI and Paris VII.friction coefficient of this top static layer is thep(h)
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FIG. 1. Experimental setup. The plane is 1.35 m long and 0.62 m large, and
its rough surface is velvet cloth. The tilt angle is adjusted by means of a
winch operated by a synch_ronous motor at 1°/m|_n. A camera is f|>_<ed to theiG. 3. Evolution of a triangular avalanche. An image of the unperturbed
plane at about 2 m above it. We measure the height of the flow with a lighjane has been subtracted, so that the regions without change appear as
sheet, which hits the layer at a small angle of incidence. The lateral disyniform gray, the excess height of the avalanche brighter and the shallower
placement Qf the intersection line, as seen by the camera, is proportional tp5cks darker. The preparation anglegs-30°, and the additional tilt is
the layer thickness. Sp=1°. The avalanche was triggered with a pointed object which is visible
(with its shadow at the origin. The time lapse between consecutive images
is 3.24 s, and the image is 81 cm high.
=tane. The measurementis(¢) of Fig. 2 thus give the
variation of the coefficient of friction with depthwe obtain

a simple exponential decay as in Ref, 7: The layer which is obtained in this way is dynamically

stable: If we set the grains in motion by giving the experi-
p(h)=u(°)+Auexp —h/hg) (1) ment a jolt, they stop again in a fraction of a second. The
corresponding angle is called the dynamical anglg¢h),
and is just given by inverting the relatidr(¢) measured in
J:ig. 2. The layer can be tilted up to a second critical angle,
called the statical angles(h), where it starts moving spon-
taneously(pointd in Fig. 2). The measurements of this angle
show much more scatter, but show a similar increase for thin
layers. We have supposed when drawing the long-dashed
line in Fig. 2 that, following Pouliqueff it is at a constant
distance (6° as in Ref. 1Grom the dynamical angle. The
greater scatter is possibly due to the fact that while the stop-
ping dynamical angle involves all mobile particle and conse-
quently averages over their properties, the static angle de-
pends on the instability of individual surface graffis.

Between the dynamical anglg; and the static angleg
the layer is metastable, and a perturbation triggers an ava-
lanche which grows as it goes down. As was reported in Ref.
11, the perturbation threshold for setting off an avalanche
behaves in a way characteristic of a subcritical bifurcation: It
is greatest at the dynamical angtg(h), and decreases to
zero as the angle is increased. Within the hysteresis, two
different shapes of avalanches exist: For angles close to the
. preparation angle, the avalanche grows laterally, leaving a
24 28 32 36 40 44 48 Oldeg] triangular track where the layer thickness has decreased to

FIG. 2. Stability diagram. Main graph: The solid line and circles give the the -r!ew dynamlcal heIgH‘h(<p+. 5<p) (Flg. 3. .For gr?ater
dynamical height, at which a moving layer freezasrow leading to point additional tilt ¢ to the preparation angle, the instability also
a). A static layer of given height can be tilted up to the static angle beforepropagates uphill, that is the layer uphill from the origin
becoming unstablélong-dashed line and open triangles, arrow leading to hecomes unstable and starts flowing it$€ig. 4).

pointd). The metastqble region in between is divided by the dotted |_|ne and Part of the plane is filmetht 50 H2 by a charge Coupled
crosses into a domain where triangular avalanches are obs@npdtrig- . L
gering at point) and another where avalanches propagate ufghdl, point ~ device camera, located at about 2 m from the plane with its

d). Inset: Notations. optical axis perpendicular to it. To measure the height of the

with hg of the order of 2, whered=240um is taken as the
mean diameter of the grains, afdgu= w(0)— u() is the
difference between the friction coefficient at the plane an
that in the pile.
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FIG. 4. Evolution of an uphill propagating avalanche. The layer was pre-
pared atp=30° as in Fig. 3, but the additional tilt is nowip=4°. The
grains of course still move downwards, but an instability front now propa-
gates in the opposite direction and mobilizes the static layer uphill from the
origin. The stick used to trigger the avalanche is pointing at its origin. The
time lapse between consecutive images is 0.84 s, and the image is 87 cm
high.

granular layer, we direct a sheet of light at the plane at a

small angle of incidence<{10°). The intersection of this

light sheet with the layer creates a bright line of diffusedFIG. 5. Measurements performed on avalanches. This example shows an

Iight. The position of this line, as seen by the camera, deu_phill-propag_ating avalanc_he as imqge differ_er_me. The up-, down-, left-, _and

pends strongly on the local thickness of the layer. Using 497725, ports s abiares by creumscrbing a rectangle. For dealed

calibration setup, we can calculate the height of a point Oflinds a hull enclosing the dark dots which characterize motion.

the line. We achieve subpixel precision in the line position

by fitting a Gaussian intensity distribution to its cross sec-

tion, and obtain an overall precision on the height ofu20  lanche as a function of time. For every image, the program

or better(depending on the value of the camera zgoth  starts with a small contour somewhere inside the moving

might seem superfluous at first to aim at such precision whedomain, and extends it progressively to any point it finds

the mean grain diameter is 240n; but the light beam is within a certain distance outside the existing contour.

much larger than a single graifthe intersection line is

roughly 1@ large), averaging over.thelr helgh.ts, anq it turns Il ELOW WITHOUT AMPLIEICATION

out that this average is a well-defined quantity which shows

continuous variations down to fractions of a bead diameter On a uniform, dynamically stable laydcreated at an

(Fig. 2. anglee as described previouslywe create a straight front of
On the difference of successive images, the moving pamnoving material, by pushing the granular matter at the top

of the avalanche can be clearly made e Fig. 5. Thisis  with a bar on all the width of the plane. The distance and

because the not perfectly spherical beads reflect and focispeed of this bulldozingdone by hangddetermine the mass

some light rays into the camera in certain orientations. Thend initial speed of a moving quantity granular matter that

layer, instead of appearing as continuous witWte do not  runs down the planéFig. 6). Because the inclination was not

resolve the beads individuallyis therefore studded with changed after the preparation, the layer thickness left behind

bright spots from beads which by chance have the right orithis moving stripe is the same as in front of it. The mean

entation to reflect light into the camera, and motion is easilymoving mass is therefore conserved.

recognizable(to the human eyeas a scintillating domain There is however a noticeable mass exchange between

where bright spots appear and disappear from one videdhe layer and the moving part, as can be seen by using tracer

frame to the next. This results in an image difference whergarticles. We observe that the surface velocity of the grains

the regions which have changed appear as point clouds. at the head front equals the velocity of the front. But this
Two types of measurements were done on these imagaurface velocity decreases quickly behind the front. A tracer

differences(see Fig. 5 To measure the propagation veloci- particle is thus lifted up by the head front, moves with it, but

ties, a rectangle with sides parallel, respectively, perpendicieventually reduces its speed, falls back, and settles to rest at

lar to the direction of steepest slope was circumscribed to ththe rear front. The wave is therefore not a material wave: As

moving part to find its left-, right-, bottom-, and topmost time proceeds, the grains contained in the wave are progres-

points, whose positions were then plotted as a function o§ively replaced by newly mobilized ones as the former are

time. To study the shape of the fronts in detail, we imple-evacuated to the back. This wave is thus mostly a wave of

mented a program to find the whole boundary of the avamobilization/deposition.
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FIG. 7. Height of a moving stripe. Main graph: Relative height of a stripe
(height with respect to the static layer thickndgg, as a function of the
plane inclinatione. At any angle, the range of accessible heights is limited
(see also Fig. P Inset: Relative height as a function of the static layer
FIG. 6. Isolated front. At the preparation angle, an excess strip of mattethicknesshy . The solid line is the best-fit ratio 0.55. Heights are expressed
moves down without amplifying. The layer is immobile in front of and in mean grain diametersd&240um) and the symbols identify the mea-
behind it(the left half shows an image difference between two images 0.02urements at different angles.

s apar}. A light sheet at small incidence allows for height measurements

(bright line in the right half It can be seen that the thickness of the layer is
unchanged by the stripe. As it moves downwards, the front becomes und
lated.

o the height of the static layer in fronb = heese— Ng), is
proportional to the thickness of the static layerset of Fig.

The front does not remain perfectly straight, but be-7)' hrel2(0-55i0-1)hd-_ ) o
comes undulated with timéFig. 6. This is not a self- The second result is that the velocity decreases with in-

amplifying instability like, for instance, the fingering ob- €réasing slope of the plane, but does not drop below a mini-
served by Pouliquef?. as the differences increase linearly in Mum Velocity which is close to the dimensional velocity
time. It is rather the effect of inhomogeneities in the Iayer\/@ (Fig. 10. This velocity is roughly the one acquired by

thickness, which lead to small fluctuations of the speed of th@N€ grain after a free fall over the distandeand gives a
moving front(as will be seen in the following nave estimation of the velogty of a_sm_gle grain on a rough
The first result, as shown in Fig. 7, is that at any angleinclined surfacé®* That this velocity is measured corre-
the height of a moving mass of granular matter on the p|an§poqu to t'he fact that for high inclination angles _the 'relat|ve
is limited to a small interval of possible values. If too small MoVing height becomes of the order of one grain diameter

fronts are created, they will eventually sttsee Fig. 8 First ~ Precisely(see the inset of Fig. 10
the front becomes irregular due to velocity fluctuations, and
then the slowest partsvhich are the thinnesistop and the
front breaks into separated packets. This again exhibits the
subcritical nature of the transition between static and mobile
states in granular matter: If the momentum of a moving mass
becomes too small, it gets trapped into the static state. Now
each remaining packet has lateral boundaries and looses mat-
ter by depositing static ridges, until the size of the packet
becomes so small that it freezes completalge Fig. 8 A
very big initial strip, on the other hand, spreads in the direc-
tion of motion, reducing its height. Then it becomes unstable
(see Fig. 9 and breaks up into several smaller strips which
follow one another.

Only for a certain intermediate size, the stripe propa-
gates unperturbed as a solitary wave. It is characterized by@G. 8. Stopping of a small front and creation of ridges. Left: Superposition
steep head frontshock and a monotonic decrease of the of images 0.64 s apart. The front first stops where it is concave. The remain-

height toward the back Considering that before and after i- g drops then lose material on the sides and shrink until they freeze as well,
’ orming triangles pointing downwards. The deceleration phase is very short,

t_he grain_s are -motionle.ss, we call it. a Ione!y WaYe- Its rela'the velocity changes only just before the trapping. Right: Image at the end of
tive moving height, defined as maximal height with respecthe flow. The stopping material has created ridges.
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FIG. 9. Height profiles of moving fronts. All fronts were running from left
to right at the same tilt angle 33°, and created about 60 cm above the
measurement area with different initial mass. Small fronts have the shape of
a shark fin, with monotonic rise and fall, and are stable. Fronts with a lot of

moving mass spread in the direction of motion and disintegrate into several
fronts of lesser height which eventually separate into stable fronts.

FIG. 11. Spatiotemporal representation of a triangular avalanche. The image
(and Figs. 15, 16, and 22vas generated by isolating the section along the
symmetry axis of an avalanch@ the direction of steepest slopm each

The fluctuations of the velocity at one angle, and theframe of a film, and juxtaposing the lines in the order of increasing time.

increase at low angles can be related to the variations of thig'mobile particles appear at the same position from one frame to the next,
moving hefgh. I the velocity is plotted directy as a function 214,51, Yerca st i e spatterpora digram Toe 1 of e
of the moving height, a simple, roughly linear dependence istant velocity. The rear front is slower and rougher: Moving grains stop in
observedinset of Fig. 10. It shows that the slope is not the packets or dissociate from the avalanche to go down as separate lonely wave
essential parameter, and that as a first approximation thgee aiso Figs. 12 and 115

front velocity is given only by the moving height.

The increase of the velocity with height leads to the
breaking of waves and/or the formation of shocks. suchr'his corresponds to the measured surface velocity, decreas-
shocks are visible in Fig. 9 at the front of the moving strip.ing quickly after the front like the height profile. Profiles of
The rear portion, on the other hand, would naturally spreadlock avalanches in chutes show similar profifes.
if the proportionality of the velocity with height was applied
Fo_ gach location in th(_a wave. Th.IS is what occurs for Iargelv_ FLOW WITH AMPLIEICATION
initial mass. But then it is surprising that a lonely wave can
keep the same extension during its propagation. This shows Now the plane with the layer of thicknebgy) is tilted
that there is a typical length on which the flow is correlated,to a higher anglep+ ¢, in the metastable region. Conse-
this length being the length of a typical lonely wave. To quently a perturbation gains mass on its way down, because
understand this, note that the continuously decreasing ampline height of the layer in its tracks is(¢+ 8¢). Fig. 11
tude at the back of the lonely waves indicates that the wavehows the evolution, in a spatiotemporal representation, of a
is nowhere at an equilibrium for a homogeneous layer, othiriangular avalanche on a section along its symmetry axis.
erwise a plateau would be observed. The shark fin shap€he origin of the avalanche is near the bottom-left. As the
therefore seems governed by the gradual trapping of the rollavalanche runs down to the right, it clearly spreads in the
ing grains at the back of the shock into a new static layerdirection of motion.

One can distinguish two stages: At first, both head and
rear fronts of the avalanche accelerate, and the avalanche tip
becomes thicker. After a while, the fronts reach different
limit velocities, and the height also saturates. The longitudi-
nal extension of the avalanche finally increases linearly with
time. This is because the mass gaifi@tearly) from running
down over the prepared layer does not make the height in-
crease any more, but spreads behind the tip. The rear of the
flowing layer is unstable, and separates as lonely waves cor-
responding to this new inclination anglEigs. 12 and 1b

A. Dynamical equilibrium

As in the case without amplification, the tip is the high-
est part of the flow(brightest in the imageslt also has a
very steep rise at the front, and a concave decrease to the
flowing layer height behind. From Fig. 12 it can be seen that
this head front remains invariant in form while the rear of the
0 ¢ avalanche spreads.

26 28 30 32 34 36 38 40 The limit heights of avalanches are plotted in Fig. 13.

] ] o ) The amplitude starts from the lonely wave amplitude, and
FIG. 10. Velocity of a moving front, in units of/gd=4.9 cm/s. Main

: ) , o ; : then increases linearly withe as the front velocity. But as it
graph: Velocity as a function of the plane inclinatign Inset: Velocity as a . s . .
function of the relative height. The linear regression through the points€aches two times the 'mj“al depth, it seems to saturate. This
(solid line) has a slope of 0.270.1. could mean that the flowing layer reaches the plane.
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FIG. 12. Three-dimensional spatiotemporal representation of a triangular
avalanche ¢=30°,6¢=1°). Thelocal height ¢ axis, in bead diameters,

and gray valugsis measured along a linex (axis) and plotted as a function  FiG. 14. Position of the avalanche tip, as seen in a Galilean reference frame
of time (t axis). The avalanche has been triggered beyond the far end, anghoving along at a velocity of 3.27 in nondimensional urés in Fig. 18.
grows in extension as it propagates. When it enters the visible region, thehe relaxation to constant velocity is well fitted by an exponential of char-
avalanche has already traveled2.5 relaxation lengths of 18 cifsee the  cteristic time 0.85160\/%.

text), and by midway through the tip has completely converged to the ter-

minal velocity and height. The graph is viewed along this head front, which

does not evolve any more: excess mass spreads to the rear instead, where the

layer becomes unstable and breaks up into lonely waves. . . . . .
Y P Y with a step perpendicular to the direction of steepest slope in

between. An avalanche was triggered at an inclinatiog of
B. Head front transient + 6¢ near the top of the plane. Evolving first on a thick

To investicate the initial leration oh mor layer, the avalanche grows in the expected triangular shape.
0 estigate e initial - acceleration phase Mmorerp, spreading in the direction of movement can be seen on
closely, the position of the tip is plotted as a function of time

A ._the left-hand side of Fig. 15. On the lower half of the plane,
In Fig. 14. It shows that the avalanche relaxes e_:xponent|all¥1owever, the avalanche neither amplifies nor shrinks, be-
to the constant ve_IOC|_ty regime. The characteristic time Of.th ause the layer thickness corresponds to the dynamical
_relaxatlon, 0.8 S |n_F|g. 14, is much greater than the typlca eight at that angle. What we observe is that it tends to a
mternal relaxation tlm_e/%=5 ms, and even the relaxation e imi velocity and tip height(the right-hand side of
time based on the height of the moving frogh/g=10 ms. Fig. 15.
This relaxation is as the shark fin shape rather due to the
competitiqn betwee_n the gain of the mass at the avalancr@_ Uphill propagation
front and its spreading at the rear part. Measurements of this
relaxation for different additional tilt to the same preparation ~ The dynamics of the avalanche tip shows the same ac-
ang|e ¢=30° show that it Corresponds in fact to a near|y celeration and saturation for an uphill-propagating avalanche
constant length of stabilization: Independently of the final(see Fig. 1& Behind it however, the layer remains in motion
front velocity and height, it relaxes to the stable shape and
velocity with the same characteristic distance 18 ca760
bead diametejs

This slow adaptation of the front velocity can also be 193
observed for too high an initial velocity: In an experiment a
layer was prepared such that it had a thickneds(¢f) in the
upper half of the plane, and of(¢+ d¢) in the lower half,

h/d

10 -

8 4

6 4

%0 A lem 87cm
FIG. 15. Passage of an avalanche from an amplified region to a neutral one.

2 - The height of the layer ii(¢) in the upper part of the planex£31 cm
andh(¢+ d¢) in the lower part =30°,6¢=1°). The aalanche is trig-

0 3¢ [deg] gered at an inclination op+ d¢, so that it is triangular and amplified for

0.0 0.5 1.0 15 20 25 10 x<31 cm, but does not grow anymore on the rest of the plane. The origin

lies outside the spatiotemporal diagram to the left. After entering the neutral
FIG. 13. Limit height of avalanches as a function of the additionaltiitat region atx=31 cm, the front spreads, decreases in height, and slows down.
which they were triggered. The height of the avalanche fronts increases this takes a considerable time and distance in termgdsy and d. Note
roughly twice the static layer thickness in front of the avalaridashed line  that both in the amplified and neutral regions waves at the rear dissociate
at h=(4.6+0.5)d] and then seems to saturate. from the main flow and drop back.
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FIG. 16. Spatiotemporal representation of an uphill propagating avalanche.
The tip of the avalanchévhite, near the bottojrmoves down to the right,
while simultaneously a front moves uphill. Once the latter has reached the 34§ . /
top of the plangoutside the image to the lgfta slower rear stopping front ¢
runs down. Throughout the flowing part ripples are visible on the surface,
separating into distinct moving packets which interact in various waysg|g 17. Superposition of 100 boundaries of an uphill propagating ava-
(cross, coalesce, efc. lanche =30°,8¢0=2°), scaled down around its origin by the time since
triggering[Eq. (2), in units of \/gd]. The real size of the avalanche varies by
a factor 20, and the time between consecutive boundaries is 0.04s. The
lozenge represents the measured final speed of the tip, and the dashed lines
and its moving height is now determined by the mass fluxepresent the limit shape of the tip.

depending on the velocity at which the instability front
propagates uphill.

The top of Fig. 16 shows the end of the flow after the  The tip of the avalanche does not scale as well as the rest
avalanches has reached the top of the plane, making the gy the houndary in Fig. 17. This comes first from the fact that
tire layer flow. Here it can be seen that the whole layerys opposed to the other velocities, the head velocity presents
produced by the upward propagating front is unstable and iransient, first accelerating to reach its final constant value.
decomposes into lonely waves, which can be seen to interactne average velocity calculated previously therefore always
This layer is thinner than the layer just behind the head front,,nqerestimates the true velocitwhence the slow conver-
as can be seen by considering the mass conservation. TB%nce in Fig. 17 Second, as was already stated, the head
instability is thus stronger, the thinner the layer is. This in-font is material, in the sense that it is advected along with
stability looks similar to hydrodynamic roll wave instabili- e front and does not dilate. This can be seen from Fig. 18,
ties, which, however, occur at high Froude numbers. where the outline of the tip is plotted in a reference frame

In Fig. 17, 100 outlines of an uphill propagating ava- aqyected at the terminal velocity of the tipo scaling is
lanche have been scaled down by the tirséapsed since the  performed. After a short transient, which corresponds to the
beginning of the avalanche: acceleration phase, the curvature of the shape of the tip does

not change any more and the outlines collapse.

T=(r—ry)lt, 2)

wherer g is the origin of the avalanche=(x,y) is any point o 00 1000 1500 ¥4 200

on the boundary and= (X,y) the resulting point on the res- 1000 ]
caled outline. There are no free parameters. The rescaled
boundaries collapse everywhere except at the tip of the ava- 2000 W
lanche. The rear and lateral front velocities are therefore con-
stant from the beginning of the avalanche, contrary to the
head velocity. This means that the mechanism responsible 4000 4
for the uphill and lateral propagation is immediately at the
equilibrium, and that consequently the upper part of the ava- 5000 -
lanche is self-similar in timé&he exponent being trivially)l

The stabilization of the upward and lateral front velocities
from the very beginning may come from the fact that the
mass put into motion is just advected away from these fronts,
and thus does not influence the motion of the fronts them-

selves. By contrast, the head front is moving with the mOV-FIG' 153. Evoll:tlon of the tip of an 'avalanche. The tip of the avalanch_e at
=30°,8¢0=2° (Fig. 17, as seen in a Galilean reference frame moving

ing mass’ Which .go_vems the velocity. It thus has to a-deSEI ng at its terminal speed. The fronts collapse except around the apex,
and find an equilibrium. which accelerates and becomes blunt.

3000 +

6000 +

7000 +
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FIG. 20. Lateral velocity of avalanches. Measurements represent the mean
FIG. 19. Velocity of the avalanche tip and rear fronts. Measurements at thef the right- and left-ward growth speed, and have been averaged over all
same angleS¢ have been averaged into a single point. Positive speeds aravalanches at a same angdle. The speed increases quicker in the uphill
downhill. The terminal speed of the tiwpen squargsincreases approxi- propagating regiméright of the dashed linethan below.
mately linearly with the additional tiltd¢ to the preparation angle
=30°. The rear of the avalancttelosed squarg@shas a constant speed of
roughly \/@= 4.9 cm/s(dimensional estimation for the velocity of single

graing up to the transition for uphill propagatiofvertical dashed line . . . .
where it abruptly reverses its sign. Above it, the absolute value of the speegropagatlon’ in which the lateral propagation of the

increases withse. avalanche is much more efficiefthe points of maximum
lateral velocity are slightly uphill with respect to the origin in

Fig. 21).

For triangular avalanches, we can also rescale the
boundaries in the described way, but the collapse tells us
nothing new. Indeed, the tip has the same shape and evolu-
tion as in the uphill propagating case, and the collapse of the
triangular track is not a surprise if the apex of the triangle is
chosen as scaling origin.

D. Front velocities

In Fig. 19 we plotted the velocities of the avalanche
fronts (head and rearas a function of the additional tilf¢
with respect to the preparation angle At the preparation
angle ¢ itself (that is for 5¢=0), we recover the nonvan-
ishing downhill velocity of the nonamplifying solitary wave
investigated in the previous section. The downhill velocity
then increases very rapidly witbip.

The velocity of the rear front is equal to the head veloc-
ity for 5¢=0 (lonely wave. It remains approximately con-
stant up to the transition to upward moti¢at ¢ =1.4°),
where it changes sign to an opposite upward velocity. The
measurements show that this transition is sharp. Above it, the
upward rear velocity increases perceptiblijn absolute
value. FIG. 21. Shapes of the uphill propagating avalanches with layer preparation

L . . anglep=30° at additional tiltsp=1.6°, 1.75°, 2°, 2.4°, 3°, and 4°, respec-
The lateral velocny 1S plOtted in Fig. 20. As the rear tively (from smallest to biggestThe tip is blunt because it is still partially

front, it is constant from the very beginning of the avalanchein a transient: The longer one waits, the more the tip tends to the shape of a
It shows a larger increase above the threshold for uphilfriangle (cf. Fig. 17. The aspect ratio of the upper part changiée ava-

. . lanche propagates uphill and practically not laterally at the triangular/uphill
propagation. As opposed to the tip, the lateral extrema of thﬁansition, and grows more and more isotropically as the angle incjeases

avalanche do notice the transition to the regime of uphilland the tip becomes concave for gréat.
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77 s = FIG. 23. Measurement of height and surface velocity profiles of a triangular

e o avalanche. The simultaneous profiles in the direction of motion show that
A - 2 o the velocity is everywhere proportional to the local height relative to the
new static layer thickneger to the old static layer thickness near the fjont
The maximum surface velocity corresponds to the group velocity of the
head front, as can also be seen in Fig. 22.

V. DISCUSSION

X
>

We observe two types of avalanches in a metastable
FIG. 22. Spatiotemporal representation of a triangular avalanche using Ryer on a rough bed. For thin layers and inclinations close to

mixture of black and white colored beads (100—-208). As in Fig. 11, the : : _
front runs down from left to right, and vertical striations indicate motionless the dynamlcal angle, the perturbatlon propagates Only down

grains. The bright vertical line is created by a light sheet: Its displacement td1ill an.d laterally, |eaVing b(?hin_d a triangular tradRig.- 3.
the right is proportional to the local height. The particle traces show that thd=or thick layers and higher inclinations, the perturbation also

surface grains at the front have the same velocity as the front itself. Paftic'eﬁropagates uphill, and eventually starts the whole layer mov-
dropping back to the rear of the avalanche slow down quickly and geti

trapped into the new stable layer. ng (Fig. 4). ' . .
The main result is that in both cases the growth of the

avalanche reaches a dynamical equilibrium. All fronts then
propagate at constant speed, so that the area and the moving
mass increase as the square of time. The rear frontphill
propagating avalanchesn particular has a self-similar
We also determined the material velocity of the surfacegrowth, whose shap@-ig. 21) remains to be explained. The
particles by means of the particle image velocime®yV) amplitude of the head front is also observed to saturate.
technique. Some tuning was necessary to apply this tech- In order to understand why the avalanche tip reaches a
nique, originally used in hydrodynamics, to our case. In pardimit speed, recall the two main results on nonamplified, or
ticular, we had to use a mixture of black and white glass‘lonely,” waves (Sec. Ill): Their speed is governed essen-
beads(approximately 0.3% of black beadand make the tially by their relative height, and they are only stable when
lighting more homogeneous to eliminate all shadows. Theheir height is equal to a certain fraction of the thickness of
best spatial definition was obtained on sequences filmed by the static layer. This means that an avalanche whose height is
high speed camel&00 frames per secopd-igure 22 shows limited also has a limit speed. We argue that the height is
a spatiotemporal diagram of a triangular avalan@wnpare indeed limited by the presence of the bottom. The ratio of the
to Fig. 11 constructed from such a sequence. The imageurface velocity(at the froni and the front velocity gives an
confirms the visual observations on the other cases. The paidea of the depth of the flow. In a flow without mobilization
ticles have the same velocity as the head front near that froribr instance, like a flow on the rough plane without previous
itself, and slow down very fast toward the back. The brightstatic layer, the surface velocity is much greater than the
line from the light sheet shows the characteristic shark firfront velocity (because of mass conservajiott resembles
shape of the height profile. the motion of a caterpillar, with all the material at the tip
As can be seen from Fig. 23, the height and velocitycoming from the injection uphill. Section IV E showed that
profiles are strongly correlated. The local surface velocityin our case, the surface velocity, aadortiori any material
seems to be simply proportional to the local height relative tovelocity within the avalanche, is at most equal to the front
the new static layer left behind the avalanche. It is temptingselocity. The avalanche head therefore constantly mobilizes
to interpret the deviation near the front shock as the regiomew grains and looses matter which drops b4cko esti-
where the old static layer is still felon some kind of mo- mate the depth of the flow, we have to make a hypothesis on
bilization length and where the relevant relative height the velocity profile across the layer. If we assume a linear
should be measured with respect to the old layer. Here againglocity profile (as suggested by experimeHts), the thick-
the front(group velocity is equal to the surfac@nateria) ness of the moving layer must be twice its relative height
velocity to within 10%. with respect to the static layéf.In other words, the static/

E. Material velocity
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tions can hardly be changedf the presence of the bottom is
the only limiting factor to the amplification of avalanches,
then there should be no limit to the amplitude on very deep
layers. Preliminary experiments show that the acceleration
phase becomes longer with increasing depth. Further mea-
FIG. 24. Possible view of an avalanche cross section. Supposing a linegurements need to be done to conclude whether there is no
velocity profile, we conclude from the measurements that the avalanchenore saturation for thick piles, or whether the relaxation
mobilizes the static layer to a depth which corresponds roughly to its relasimp|y takes much Ionger This could have some importance
tive height above the static layer thickness. . ) .
in fresh snow avalanché$to explain that larger avalanches
travel much farther than could be expected from comparison
flowing interface is roughly symmetric to the free surfaceto small ones.
profile (Fig. 24). It would therefore be natural that the nature
of the flow changes when the total height of the front ex-ACKNOWLEDGMENT
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