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Velocity and depth are crucial field variables to describe the dynamics of avalanches of sand or soil
or snow and to draw conclusions about their flow behavior. In this paper we present new results
about velocity measurements in granular laboratory avalanches and their comparison with
theoretical predictions. Particle image velocimetry measurement technique is introduced and used to
measure the dynamics of the velocity distribution of free surface and unsteady flows of avalanches
of non-transparent quartz particles down a curved chute merging into a horizontal plane from
initiation to the runout zone. Velocity distributions at the free surface are determined and in one case
also at the bottom from below. Also measured is the settlement of the avalanche in the deposit. For
the theoretical prediction we consider the model equations proposed by Pudasaini and Hutter
�J. Fluid Mech. 495, 193 �2003��. A nonoscillatory central differencing total variation diminishing
scheme is implemented to integrate these model equations. It is demonstrated that the theory,
numerics, and experimental observations are in excellent agreement. These results can be applied to
estimate impact pressures exerted by avalanches on defence structures and infrastructures along the
channel and in runout zones. © 2005 American Institute of Physics. �DOI: 10.1063/1.2007487�
I. INTRODUCTION

The most important physical quantities of avalanche dy-
namics are probably the velocity distribution and evolution
of the avalanche boundary from its initiation to the deposit in
the runout zone and the depth profile of the deposit. Velocity
and depth are crucial to describe the dynamics and to draw
inferences about the flow behavior of an avalanche. How-
ever, velocity measurements and their direct comparison
with theoretical predictions for free-surface flow avalanches
are still lacking in the literature. Our aim in this paper is
twofold: �i� to implement the particle image velocimetry
�PIV� measurement technique for the measurements of the
dynamics of the velocity field of unconfined and free-surface
flows of granular avalanches, and �ii� to check the validity of
the extended Savage-Hutter model in the prediction of both
the velocity field and the geometry of the sliding and de-
forming granular body.

From a structural engineering and planning point of view
one must properly predict the velocity field of a possible
avalanche in order to adequately design buildings, roadways,
and rail transportations in mountainous regions and appropri-
ately estimate impact pressures on obstructing buildings that
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may be hit by an avalanche along its track down a mountain
valley. Equally important is to know the velocity field of
flowing granular materials and fine granulates through vari-
ous channels in process engineering scenarios. Thus, in order
to acquire confidence in the model equations it is vital to
corroborate them by direct observation. In this spirit, we per-
formed several laboratory experiments with quartz particles
in order to check the validity of the theory. We used a mod-
ern optical measurement technique, particle image velocim-
etry, to measure the velocity field of the particles at the free
surface and at the bottom in an unsteady motion of an un-
confined avalanche over a chute that is curved in the main
flow direction and merges continuously into the horizontal
runout zone. We presented the results for different regions of
the chute and for different times.

In particular, we are also interested to acquire knowledge
of the depth profile of the deposit of the avalanche in the
runout zone. Its correct determination is very important in
real applications at least from two aspects: �i� When knowing
the actual runout distance �area� and the distribution of the
height of the deposit, one can easily divide avalanche-prone
mountain terrains and valleys into three zones: �a� avalanche
danger zone, �b� less dangerous zone, and �c� danger-free
zone, i.e., one can construct the hazard map of the specific
site. This division is quite standard in many countries. �ii�

Alternatively, if there is good agreement between theory and
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experimental measurement of the height profile in the de-
posit, then one can easily infer reliability and efficiency of
the theory over the entire avalanche path. In this way the
theory can be used to predict the velocity distribution, depth
profile, impact pressure, strain rate, and other relevant quan-
tities as the avalanche slides down the mountain side. For
these reasons, we have very carefully measured the depth
profile of the deposit of the avalanche with a penetrometer.
Agreement on the laboratory scale paired with the scale in-
variance of the problem brings confidence on the large-scale
behavior.

We are looking for correspondence and harmony be-
tween the Savage-Hutter avalanche theory, the adequacy of
the numerics, and experimental findings. The model equa-
tions employed here are extensions of the Savage-Hutter
theory by Pudasaini and Hutter1 and Gray et al.2 These equa-
tions, which describe the distribution of the avalanche thick-
ness and the topography-parallel depth-averaged velocity
components, are a set of hyperbolic partial differential equa-
tions for generally curved and twisted channels. The model
equations are numerically solved by implementing the
Nonoscillatory central �NOC� differencing scheme with total
variation diminishing �TVD� limiters, see, e.g., LeVeque.3

These are high-resolution numerical techniques that are able
to resolve steep heights and velocity gradients and moving
fronts often observed in experiments and field events but not
captured by traditional finite difference schemes.

We will present the experimental and theoretical results
on both the velocity and height of the free-surface flow of
avalanches and compare the experimental findings against
theoretical predictions. Although some fundamental re-
searches have been carried out in this direction,4–6 to our
knowledge, such results have not been presented before �in
such detail by making direct comparisons with the theoreti-
cal predictions� in the literature of the dynamics of debris
flows and avalanches. We are able to demonstrate that there
is excellent agreement between theoretical predictions of
model equations and experimental measurements. This, ulti-
mately, proves the applicability of the theory and efficiency
of the employed numerical method and establishes a nice and
strong correlation among the theory, numerics, and experi-
ments.

II. MODEL EQUATIONS

Let us consider the model equations proposed by Puda-
saini and Hutter1 as an extension of the Savage-Hutter7

model for avalanching granular materials down general
mountain slopes. The final thickness-averaged nondimen-
sional balance laws of mass and momentum in slope-fitted
curvilinear coordinates of mountain surfaces in the down-
slope and cross-slope directions take the forms
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where h is the depth of the avalanche, u ,v are the depth-
averaged velocity components parallel to the reference sur-
face, and the factors �x and �y are defined, respectively, as

�x = − �gzKx, �y = − �gzKy , �4�

where �=H /L is the aspect ratio between typical avalanche
height and its extent parallel to the bed. Kx and Ky in �4� are
called earth pressure coefficients. Elementary geometrical ar-
guments and Mohr’s circles may be used to determine these
values as functions of the internal ��� and basal ��� angles of
friction determined by �Hutter et al.8�

Kx = Kxact/pass
= 2 sec2 ��1 � �1 − cos2 � sec2 �� − 1,

��u/�x� � 0,

Ky = Kyact/pass
= 1

2 �Kx + 1 � ��Kx − 1�2 + 4 tan2 ��,

��v/�y� � 0, �5�

where Kx and Ky are active during dilatational motion �upper
sign� and passive during compressional motion �lower sign�.

The terms sx and sy represent the net driving accelera-
tions in the down-slope and cross-slope directions, respec-
tively, and are given by

sx = gx −
u

�u�
tan ��− gz + ��	u2� + �gz

�b

�x
, �6�

sy = gy −
v

�u�
tan ��− gz + ��	u2� + �gz

�b

�y
, �7�

in which �u�=�u2+v2 is the magnitude of the velocity field
tangential to the sliding surface and gx ,gy ,gz are the compo-
nents of the gravitational acceleration along the coordinate
lines. Similarly, �=L /R is a measure of the radius of curva-
ture R of the bed with respect to the avalanche length L, ��
is the local radius of curvature of the thalweg, while 	 gives
the accumulation of the torsion of the thalweg from an initial
position. Note that, since the used experimental chute is
curved only on the downhill direction and is torsion-free, for
the present paper we set 	=1. With this, these model equa-
tions reduce to those proposed by Gray et al.2

The first terms on the right-hand side of �6� and �7� are
due to the gravitational accelerations in the down- and cross-
slope directions, respectively. The second terms emerge from
the dry Coulomb friction and the third terms are projections
of the topographic variations along the normal direction.

Given basal topography b and material parameters � and
�, Eqs. �1�–�3� allow h, u, and v to be computed as functions
of space and time once appropriate initial and boundary con-
ditions are prescribed. The former is a start from rest of
material kept by spherical caps, the latter requires h=0 at the

avalanche margins.
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III. NUMERICAL TECHNIQUES

The governing Eqs. �1�–�3� presented in Sec. II comprise
a hyperbolic system in three variables, the avalanche thick-
ness, and velocity components in the down-slope and cross-
slope directions. Numerical schemes solving these equations
must be able to grasp the typical behavior of such granular
flows. Shock formation is an essential mechanism in granular
flows on an inclined surface merging into a horizontal runout
zone or encountering an obstacle when the velocity becomes
subcritical from its supercritical state. It is therefore natural
to employ conservative high-resolution numerical techniques
that are able to resolve the steep gradients and moving fronts
often observed in experiments and field events but not cap-
tured by traditional finite difference schemes. The NOC dif-
ferencing scheme with the Minmod TVD limiter demon-
strates the best numerical performance for simulating
avalanche dynamics �see, e.g., LeVeque,3 but more particu-
larly Pudasaini,9 Wang et al.,10 and Pudasaini et al.11�. The
model Eqs. �1�–�3� can be rewritten in conservative form as

�w

�t
+

�f�w�
�x

+
�g�w�

�y
= s , �8�

where w= �h ,mx ,my�T is the vector of conservative variables
of avalanche thickness h and depth-integrated down- and
cross-slope momenta, mx=hu and my =hv, respectively. The
down-slope and cross-slope momentum flux vectors f and g
and the vector of the source terms s are given by
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The terms �x and �y, defined in �4�, incorporate the extend-
ing and contracting states of the avalanching mass through
the active and passive earth pressures. Similarly, the source
terms sx and sy, described in �6� and �7�, are of crucial im-
portance as they include the total driving force generated by
the gravity, friction, curvature, torsion, and local details of
the basal topography. They jointly determine the dynamics of
the flow.

The boundary of the computational domain is considered
to be away from the physical margin of the avalanche. Along
this boundary, the velocity and height, and their gradients,
are set to zero.

IV. EXPERIMENTAL TECHNIQUE AND LABORATORY
CIRCUMSTANCES

Data on measured velocity fields are scarce for both field
and laboratory experiments. Velocity profiles were measured
at selected points in real, large scale but artificially released
avalanches by Dent et al.12 Gubler13 used radar Doppler
measurements to determine the depth variation of the down-
hill velocity in an artificially released flow avalanche. By

14
using the PIV-measuring technique Eckart et al. measured
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the velocity field at the free surface and the bed of uniformly
and steadily flowing fine granular masses �sand� in a rectan-
gular two-dimensional �narrow� channel where the mass was
continuously and uniformly discharged from a silo. No mea-
surements were made for the overall free-surface motion of
an avalanche from initiation to runout that was compared
with theoretical predictions of some model equations. In this
regard, the main goals of this paper are �i� corroboration of
the physical adequacy of the model equations of the Savage-
Hutter-type, and �ii� efficiency of the �NOC-TVD� numerical
method by comparing it with corresponding results obtained
by �laboratory� experiments performed under essentially well
controllable circumstances together with an advanced mea-
surement technique. The particle image velocimetry �PIV�-
measurement technique is used to measure the dynamics of
the velocity distribution of free-surface flows of avalanches
down a curved chute merging into a horizontal plane. To our
knowledge, such detailed velocity measurements were not
performed so far.

A. Particle image velocimetry and technical details

We made use of the experimental method, called particle
image velocimetry �PIV� technique, with which the velocity
field of the free surface and basal boundary in a granular
avalanche can be measured. This is an optical measuring
system. The basic idea of this system is as follows: A part of
the surface �or boundary� of a flowing granular avalanche,
called the region of interest, is illuminated twice at time t and
time t+
t. Then the two images �called “frame A” and
“frame B”� are captured by a charge-coupled devices �CCD�
camera. Displacements of identifiable particles of the mov-
ing avalanche are calculated by comparing frames A and B
via pattern recognition. The displacement divided by the
time difference 
t between both frames gives the velocity of
a particle. We implemented a special PIV system, particu-
larly designed for nontransparent fluids such as sand, gravel,
quartz, or other granular materials that we can find in geo-
physical scenarios. More details on how it works can be
found in Keane and Adrian15 and TSI’s manual for PIV
�http://www.tsi.com/� for transparent fluids, and in
Pudasaini9 and Eckart et al.14 for nontransparent fluids, par-
ticularly for granular flows and avalanches. The PIV system
we use is called the “granular PIV.”

It is perhaps appropriate to describe the technical details
of the electronic and optical equipments that were employed
in the experiments. We use a system of the company TSI. It
includes two CCD cameras of type TSI PIVCAM 13-8. The
system is supplemented by super-wide-angle-zoom lenses of
type NIKON NIKKOR AF 18–35 mm f/3.5�4.5D IF
�product information: Nikon Nikkor Objektive, 2000�, a syn-
chronizer and a personal computer �PC� including the IN-

SIGHT PIV software. For illumination we used either two or
four flashes �depending on either one or two cameras in use�
of the type METZ MECABLITZ 60 CT-4 �product informa-
tion: Metz Mecablitz, 2000�. We need two flashes for one
camera since a camera captures two frames. The CCD cam-
era has a resolution of 1280�1024 pixel and a color depth

of 12 bit �4096 different grey values�. Furthermore, its high-
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est temporal resolution is four double frames per second. The
time delay between the first and the second frame can be set
which, of course, should depend on the range of the velocity
values. We have chosen it to be in the order of 1 �s.

B. Chute geometry and arrangement

We performed several series of experiments over a chute
as shown in Fig. 1. The chute is made of 3.5-mm-thick Plexi-
glas. It consists of three different parts connected together.
The inclination angle of the upper inclined plane portion is
45°, it merges continuously into the horizontal runout zone.

FIG. 1. �Color�. Overview of the laboratory avalanche chute with six snapsh
to deposition �sixth panel�, lasting approximately 1.75 s. The chute �4000 mm
at 45°, it merges into a short cylindrical element with rear boundary at 1560
are indicated by red and green lines, respectively. The curved element is foll
cap that is quickly upward tilted to release the material, which here is quar
indicates the time. The arrows in the first three panels show the direction of
snapshots and the real times are shown on the lower left corners. Note the
Specifically, the details are as follows: �i� upper inclined
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zone: length of 1560 mm, �ii� middle continuous transition
zone: �curved� length of 370 mm, �iii� lower horizontal
runout zone: length of 2250 mm. The width of all three parts
is 1600 mm. Experimental images are taken separately in all
three zones by repeating the experiments under �essentially�
identical conditions and laboratory circumstances to assure
the quality and reliability of the measurements. It should also
be noted that if one includes the entire flow region �i.e., the
whole chute� in a single capture the image and the data will
be highly distorted because the chute is very large. In the
upper right part of the chute, an electric analogue clock is

f a sand avalanche, showing the spreading mass from initiation �first panel�
g and 1600 mm wide� is made of Plexiglas. The upper plane part is inclined
nd front boundary at 1930 mm from the top of the chute. These boundaries
by the horizontal runout plane. The sand is initially held in a hemispherical
5-mm nominal diameter. On the upper right of the chute an analog watch
ownhill motion, the circled numbers indicate the consecutive orders of the

what blurred margins of the piles due to saltation.
ots o
lon

mm a
owed
tz of
the d

some
mounted with two arms: the long arm performs one complete
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revolution in 1 s, whereas one unit of the short arm stands
for 1 s. In the middle of the top of the inclined portion a cap,
cut from a sphere, is mounted to hold the initial mass of the
granules. The cap is made of Plexiglas with the supporting
frame made of steel which can instantly be lifted. This mo-
tion in the opening process is a rotation about a horizontal
axis. The opening of the cap, flashes, cameras, clock, and PC
are all synchronized.

C. Initial conditions and length scales

The upper part, above 30° latitude, of a hemispherical
cap of radius 195 mm is cut and used as the cup to hold the
initial pile of the granular material, see Fig. 1. This design of
the cap prevents the granules from a free fall motion at the
front and the top of the heap at the time of release. Further-
more, with this choice, the rear part of the heap does not
initially moves backward. Therefore, we can define the initial
computational velocity to be �u0 ,v0�= �0,0�. 8.7 kg mass of
quartz particles of 5-mm nominal diameter are used for the
experiments and the simulations. The internal and the bed
friction angles of this material have independently been mea-
sured and are �=35° and �=23°, respectively, with errors of
no more than ±2°.

The model equations contain two nondimensional pa-
rameters � and �. They are associated with the geometry of
the avalanching material and the chute. Provided that the
geometry is similar these equations predict the same ava-
lanche flow irrespective of whether it is in a small-scale
laboratory run or a geophysical avalanche in a large-scale
mountain environment. To achieve possibly greater general-
ity and a real feeling both the experimental and the computed
results are presented in dimensional variables. The appropri-
ate physical variables for a particular application can be cho-
sen by applying the �back� transformation of the scalings
�Pudasaini and Hutter1�. We chose the same length scale in
all x, y, and z directions as L=H=10 cm and R=10 cm pro-
viding �=H /L=1 and �=L /R=1. This preserves the aspect
ratio of the physical avalanche and makes it easier to inter-
pret the results without any distortion of geometry and ve-
locity obtained from the computation of the model equations.

V. VALIDATION OF THE THEORY

One of our major aims is the validation of the extended
Savage-Hutter theory by some laboratory experiments. Par-
ticularly, we will demonstrate how good the agreement can
be between the theoretical prediction of the velocity distri-
bution of an unsteady flow avalanche down a curved chute
and the measurement results by the PIV technique.

A. Experiments using quartz particles

Figure 1 depicts a series of experimental snapshots of an
avalanche in the laboratory taken from a digital video �DV�
camera. The bulk material of quartz granulates is held by the
cap. The first panel shows a photograph before lifting the cap
defining the initial condition of the avalanche, the second
panel describes the circumstances right after opening. As

soon as the cap is removed the bulk material is continuously
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extending mostly in the direction of steepest descent. The
third panel captures the fully developed flow in which the
entire granular mass lies in the upper inclined zone. Compar-
ing the first and second panels one can see that the front of
the avalanche accelerates faster than its tail. The reason for
this is that the entire heap is under a passive state of stress
before the cap is lifted. Immediately after the release of the
cap the front part of the heap no longer suffers a surface
stress from the confining cap, and an active state of earth
pressure is established. The remaining grains still feel the
stresses from their neighbors �which is passive� until the
wave front that separates the active from the passive states
has reached the upper part. So, the motion of the frontal part
of the pile is ahead of that in the rear portion. Moreover, the
initial surface slope triggers the downhill motion, whereas
that in the rear part acts in the uphill direction. In the fourth
panel, the avalanche front has entered the transition zone.
The front of the avalanche has just crossed the front bound-
ary of the transition to the deposition zone. Due to the down-
slope curvature of the chute topography in the transition zone
the avalanching front starts decelerating. Therefore, the mass
in the front is contracting in the downhill direction due to the
effect of the passive earth pressure, but the mass in the tail is
still extending. The deposition of the mass commences in the
vicinity of the lower end of the transition zone. The fifth
panel shows a picture of the avalanche at a time when the
major part of the body lies in the runout zone and the body is
approaching its rest position. The rear material is now hin-
dered from freely moving forward, it dilates now in the
cross-slope direction and begins to broaden its deposition.
The far end part of the tail consists mainly of fine granulates
and the powder, which is an inevitable constituent of the bulk
material. The final panel shows the deposit of the avalanche
which lies entirely in the horizontal runout zone of the chute.
Although, immediately before the deposit, the front of the
body is almost at standstill the mass from the tail is still
flowing down and deposited on the tail side of the body. A
steep surface-height gradient is thus developed on the tail
side of the avalanche. Occasionally, this steep backward
slope is slightly weakened in the last phase of the motion by
a backward motion of the top granules to reestablish the
local angle of repose. The deposit is of convex shape, more
or less ellipsoidal with the major axis along the lateral direc-
tion. Actually, in all panels the flowing granular body is
fairly compact with only slightly diffusive margins due to
particle bouncing so that the continuum assumption seems to
be justified. The shape of the body depends on the material
properties, i.e., internal and bed friction angles, the chute
geometry, the geometry of the material in its initial position,
and the initial conditions. The motion of the bulk and the
deforming body from the first panel to the sixth panel defines
the complete dynamics of the avalanche as a rapid free-
surface motion of dry granular material from initiation to
deposit.

B. PIV measurement and validation of the theory

Before presenting a detailed comparison between theory

and measurements, some remarks are in order. In fact, ensu-
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FIG. 2. �Color�. Comparison between pile geometries and the velocity distributions at the surface according to the theoretical prediction �left panels� and the
PIV measurements �right panels�. The experimental configuration is explained and presented in Fig. 1. Very good agreement between theory and experimental

measurements of the velocity distribution is seen.
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ing figures show the full frames captured by the camera�s�
�see panels on the right of Fig. 2�. This implies that consecu-
tive pictures correspond to different experiments, repeated
under identical external conditions. Also note that the differ-
ent colors in these pictures represent the magnitudes of a
kind of mean velocity distribution in the corresponding re-
gions determined by the contours computed from the real
data of the velocity magnitudes. The magnitudes of the ve-
locity fields are shown in the right color bars of each picture.
It should therefore be clear that the real range of the actual
velocity field may be somewhat larger than that presented
here. As we increase the number of contours, the range of the
color bars may equally increase. Furthermore, the arrows in-
dicate the directions and their lengths represent the relative
magnitudes of the actual velocity vectors in each panel.

Figure 2 depicts the comparison between the theoretical
predictions �left panels� and PIV measurements �right pan-
els� of an avalanche of quartz particles sliding and deforming
down a curved Plexiglas chute as shown and explained in
Fig. 1. The comparison is presented at five consecutive times
as indicated in the upper left corners of each panel immedi-
ately after the onset of the motion of an avalanche until it
comes almost to the deposit in the horizontal runout zone.

The two upper most panels of Fig. 2 present the theoret-
ical versus the experimental results at time 0.38 s. The flow
is fully developed, unsteady and the granular mass lies en-
tirely on the inclined upper zone of the chute. The motion is
mainly in the down hill direction �with some sidewise
spreading�, accelerating, and the velocity field is symmetric
about the central line �y=0� of the chute. The color bars on
the right of each picture indicate the magnitudes of the ve-
locity fields in ms−1. Differences are only seen in the curva-
ture of the lines separating the differently colored velocity
regions. Apart from this, comparison of the two panels shows
excellent agreement between theory and experiment for both
the geometry �boundary� and the velocity distribution of the
avalanche of quartz particles for this time step.

The second row contains the theoretical and experimen-
tal results at time 0.63 s. A trace of a boundary layer effect
along the margins can be seen in the experimental panel. As
soon as the mass crosses the upper boundary of the transition
zone �horizontal red line� the flow switches from its super-
critical to the subcritical state, and the mass starts decelerat-
ing. This means that the flow speeds are above and below the
characteristic speeds of the hyperbolic system �8�, respec-
tively, and almost simultaneously the state of stress switches
from active to passive. This is seen in both panels, but most
clearly in the experimental one in which the velocity reduc-
tion at the front tip of the margin seems to be somewhat
larger. Otherwise, the measured pile is a bit wider than the
computed one, and in the rear the computed pile is rounder
than the measured pile. The slight asymmetry of the mea-
sured pile cannot be explained. This asymmetry seems to
disappear as the pile moves on. Apart from this, there is very
good correspondence between the prediction of the theory
and the PIV measurements.

At time 0.69 s �panels of the third row� a large portion of
the mass has entered into the transition zone. At this time the

transition of the flow from the supercritical to the subcritical
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state can be clearly seen in both panels. As explained before,
this is the effect of the curvature of the chute in the downhill
direction. Although the body is contracting around its front,
it is still extending in its rear part. Comparing the experimen-
tal and computed velocity distributions and pile geometries,
it is seen that the symmetry of the experimental avalanche
pile is almost established. As in the previous panels very
good correspondence between theory and experiment can be
seen.

A special situation is presented in the fourth row �time
1.05 s� in the sense that these panels only show the rear part
of the pile �only this part was covered by the camera�. Fur-
thermore, the panels exhibit the motion of the avalanche in
three parts: the upper inclined zone, the middle transition
zone, and the lower runout zone. A close look at the lower
parts of both panels reveals that the granular body is con-
tracting at its front in the runout zone. Since the chute is
laterally unconfined, the granular mass is extending in the
cross-slope direction near the front. This spreading is sym-
metric about the central line. The longitudinal earth pressure
is increasing �passive pressure state� and this information is
propagating upstream. This can clearly be observed if we
compare these panels with the panels of the third row be-
cause the magnitude of the velocity field has considerably
decreased. On the other hand, the cross-slope earth pressure
is decreasing �active pressure state�. This information is also
propagating upstream. As soon as the mass enters the runout
zone the velocities of the particles decrease rapidly. Conse-
quently, the mass is extending in the lateral direction. Al-
though the rear margin is far more pointed in the experimen-
tal pile than in its computed counterpart �the source for the
rounded tail is unknown and we can only speculate about the
possible causes: local fines may reduce the bed friction
angle; increased bed friction at the rear margin, which seems
to be evident from the colors at the immediate rear end of the
experimental avalanche�, comparison of the theoretical pre-
diction with the experimental result nevertheless still reveals
very good agreement.

The last panel describes the state of the avalanching
mass just before it comes to rest at the time 1.25 s. The entire
mass of the body now lies in the horizontal runout zone.
Although the particles close to the rear ends still have con-
siderable velocity, those near the front of the body are close
to rest. Note that, although the color distribution does not
seem to correspond exactly to each other between theory and
measurement, their numerical values agree quite well. The
discrepancy in the shape of the pile body is also due to the
contour plotting because it neglects that part of the body
which has very small velocity magnitude. Apart from this,
the lateral and longitudinal spreads of the body and velocity
distributions between the theoretical predictions and the ex-
perimental measurements are both in very good agreement.

C. Evolution of the avalanche geometry

We have seen in Sec. V B that the PIV measurements
can obviously be used to determine the avalanche boundary.
Since the applied technique is only apt for the velocity mea-

surements we cannot use it to determine the three-
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dimensional evolution of the avalanche geometry. For this,
other techniques such as digital photography, digital photo-
grammetry, laser sheets, or laser cartography must be
used.6,16 One of the most important aspects in avalanche dy-
namics is the determination of the runout area and the height
profile of the avalanche in its deposit. This is so because with
this information we can construct the hazard map and esti-
mate the impact pressures on the obstructions in the runout
zone. The evolution of the three-dimensional geometry along
the entire track is not so vital. For this reason we measured
the avalanche height in the deposit using a penetrometer.
Figure 3 displays the contours of the depth of the avalanche
in the deposition area both for the theoretical prediction and
the experimental measurement at times 1.35 s when the

FIG. 3. �Color�. Final deposit of the avalanche. The contours in the upper p
panel represent the measured heights, both in the horizontal runout zone. T
avalanche was at rest. It is clearly seen that the lateral and

Downloaded 19 Sep 2005 to 130.83.247.85. Redistribution subject to 
the longitudinal runout distances, the over all runout zone, as
well as the height profiles are rather well predicted by the
theory.

D. Multi-CCD cameras and velocity shearing

The avalanche equations presented in Sec. II to predict
the velocity and evolution of the avalanche geometry is
based on realistic assumptions. One of them concerns the
velocity distribution. We assumed that the velocity profile is
almost uniform through the depth of the avalanche. This as-
sumption may not be adequate right after the release, in the
vicinity of obstructions and close to the deposit where both
the height and vertical component of the velocity field could

epresent the computed avalanche heights whereas the contours in the lower
perimental result is well predicted by the theory.
anel r
he ex
change considerably, in some cases even abruptly. Therefore,
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assuming uniform velocity is a good approximation only
when there is a smooth boundary. However, along the main
flow path or along the track of the avalanche, the concept of
a uniform velocity distribution through its depth should be a
fairly reasonable assumption. We analyzed the images just
before the transition zone so as to have both a fully devel-
oped unsteady flow and good quality and resolution of the
images. Also note that, for simplicity, only a rectangular por-
tion of the avalanche containing the central line of the chute
�the left boundary in Fig. 4� is taken into account. Two cam-
eras were placed and aligned parallel to the normal of the
chute surface about 1000 mm distant from the chute on both
sides. Since we were using a Plexiglas chute, capturing im-
ages from either side of the chute was possible. The mea-
sured velocity distributions from the top and bottom of the
chute show that the difference between the top and bottom
mean velocities is about 5%, providing the physical justifi-
cation of the assumption on the velocity profile through the
depth of the avalanche. We have computed the relative dif-
ference between the top and bottom velocities with the fol-
lowing expression:

Relative difference =

�
A

�vtop − vbottom�dA

��
A

vtopdA��
A

vbottomdA

,

�10�

where A is the area of the image zone, vtop and vbottom are the
velocities at the top and bottom, respectively. The difference
in the mean between the top and bottom velocity fields is

FIG. 4. �Color�. Velocity distribution �a� at the free surface and �b� at the bot
The left velocity field is computed from the image captured by the camera f
image captured simultaneously by another camera from the opposite side
mirrored about the central line of the chute.
computed by

Downloaded 19 Sep 2005 to 130.83.247.85. Redistribution subject to 
Relative difference in mean =
v̄top − v̄bottom

�v̄top
�v̄bottom

, �11�

where v̄top and v̄bottom are the mean values of the velocities at
the top and bottom, respectively.

Furthermore, in the sequel, we will also discuss standard
deviations at the top and bottom of the flow, respectively.

Figure 4�a� depicts the velocity measurement at the free
surface of a fully developed avalanche of quartz particles
initially kept in a cut of the hemispherical cap as explained
earlier. Similarly, Fig. 4�b� displays the velocity field at the
bottom of the avalanche measured from the opposite side of
the Plexiglas chute. To have better visualization this field is
mirrored about the central line �y=0� of the chute. Mean
values at the top and bottom are 2.79 and 2.65 ms−1, respec-
tively. Therefore, the mean deviation between the top and
bottom velocities is 5.1% �from Eq. �11��. Standard devia-
tions for the top and bottom velocity profiles are 0.24 and
0.32 ms−1, respectively. Another important aspect is the rela-
tive difference between the top and bottom velocities, com-
puted in relation with the corresponding values at the top and
bottom of the flow, which is found to be 9% �from Eq. �10��.
This value is larger than the mean deviation between the top
and bottom velocities computed separately. The reason for
this are large errors at some points on the bottom data. This
analysis indicates that, although the absolute maximum value
of the velocity field in the right figure is a bit larger than in
the left one, the mean velocity at the free surface is slightly
larger than the mean velocity at the bottom. The nonrealistic
larger absolute values in the right figure emerge from the
measurement errors. There are two main error sources: First,
the chute is a bit scratched. These scratches produce random

The actual topographic location of the chute is shown in length units in mm.
he top �free surface� and the right field is its counterpart computed from the
m� of the Plexiglas chute. To have a better visualization the right field is
tom.
rom t
�botto
reflections. Second, reflections are also due to the horizontal
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metal bars �the supports of the chute�. These reflections arti-
ficially increase the magnitudes of the velocity field. How-
ever, there is no problem of this kind for the image taken
from the top of the chute. The higher value of the standard
deviation �for the right figure� also manifests the random
fluctuation of the velocity field due to these reflections. Oth-
erwise, comparison between these two figures reveals that
for the fully developed motion of an avalanche the velocity
distribution through the depth is highly uniform.

VI. CONCLUDING REMARKS

One of the most basic and fundamental questions related
to the avalanche theory presented in Sec. II is are these
model equations really able to simultaneously predict flow
properties like velocity and flow depth in chutes and chan-
nels? Several results can be found in the literature concern-
ing the geometric deformation of the granular pile from ini-
tiation to deposit.2,17,18 However, comparison between theory
and experimental results for both the dynamics of the veloc-
ity field and the geometry of the avalanche along the channel
and in the runout zone could not be found in the existing
literature. Such results are presented in this paper.

The velocity distribution and the evolution of the ava-
lanche boundary from its initiation to the deposit on the
runout zone and the depth profile of the deposit are mea-
sured. We introduced and used the particle image velocim-
etry �PIV�-measurement technique to measure the velocity
field of the nontransparent granular particles at the surface
and the bottom of completely free-surface flow of nonuni-
form and unsteady motions of avalanches over a chute that is
curved in the main flow direction and merges continuously
into the horizontal runout zone. The results are presented for
different regions of the chute and for different times. We are
able to demonstrate excellent agreement between the theoret-
ical predictions and the experimental measurements. This,
ultimately, proves applicability of the theory and efficiency
of the numerical method and establishes a very good corre-
lation between theory, numerics, and experiments.
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