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[1] The tail of an avalanche is characterized by diminishing
flow heights. The decreasing flow heights are due to increased
friction and therefore tails are ideally suited to investigate
frictional mechanisms in avalanches. Using chute experiments
with granular material, we observe two properties of
avalanche tails: (1) Coulomb friction m increases in
proportion to the decrease in the gravitational work rate _Wg;
(2) flow heights h are proportional to the square of the basal
slip velocity u0; h / u0

2. Another non-steady region can be
observed at the front of the avalanche. Although this region is
shorter than the tail, we were able to detect a hysteresis of the
friction m coefficient as a function of the gravitational work
rate. This fact indicates a time dependence of the frictional
mechanisms. The results explain why avalanches starve when
they are not fed by the intake of additional material at the
front. Citation: Bartelt, P., O. Buser, and K. Platzer (2007),

Starving avalanches: Frictional mechanisms at the tails of finite-

sized mass movements, Geophys. Res. Lett., 34, L20407,

doi:10.1029/2007GL031352.

1. Introduction

[2] A common observation on mountain slopes are the
deposits of small snow and debris avalanches. These ava-
lanches did not run to the valley bottom, but stopped near to
where they began: they starved before they could grow into
a large-scale hazard.
[3] In this paper we investigate the mechanics of ‘‘finite-

sized’’ mass movements to understand why snow and debris
avalanches starve and stop on steep slopes. We measure
both the frictional and kinematic properties of granular
avalanches as they pass over one point on a laboratory
chute. When the leading edge of the avalanche passes over
this point, the flow height is small. It grows rapidly, and
then, shrinks as the avalanche stops. A long-standing
question is what is the precise nature of the mechanisms
of the energy dissipation that determine this evolution of
flow height. Suppose, for example, that the full velocity
profile of the avalanche was known over one point at one
time. How the flow height decreases will depend on how the
velocity is changing at the base of the avalanche – for
example if there are strong decelerations at the base, the
flow height will decrease as some material stops moving.
The energy dissipation is determined by the gradients in the
velocity profile through an effective shear viscosity. Unfor-

tunately neither the velocity profiles nor shear viscosities
have been measured in any real avalanche – they are
extremely difficult to measure, making understanding finite-
sized avalanches in particular difficult. In this work we attack
this problem by devising a method to measure an effective
friction coefficient at the basal surface while simultaneously
monitoring the flow height, average velocity and slip velocity
at the basal surface. Therefore, we can directly quantify the
increase in friction that leads to the stopping of avalanches. As
we will show, a remarkable feature of this result is that this
increase comes only after extended period of time when the
friction is approximately constant i.e. the avalanche has a
constant velocity profile and constant dissipation balancing
gravitation. We provide energy-based arguments that explain
both the breakdown of steady-state behaviour and the rise in
friction at the tail of an avalanche.

2. Methods

[4] The granular avalanche experiments were performed
on a 0.5 m wide, 7.0 m long laboratory chute that could be
inclined between angles 0� (horizontal) � a � 40�. The
chute bottom and one lateral sidewall are constructed out of
wood, whereas the other side wall is made of transparent
Plexiglas. The maximum flow heights are approximately
h � 0.025 m and the ratio of width b to height h is b/h > 5
and therefore wall effects can be neglected. At the upper end
of the chute, a 1.0 m long, 0.6 m high hopper holds the
granular material. A trap door stands perpendicular to the
running surface and is opened manually with a rope.
[5] In each experiment we released 90 kg of glass beads.

The spherical glass beads have the following properties:
diameter 75–150 mm; material (glass) density rm =
2500 kgm�3; bulk density r = 1600 kgm�3; angle of repose
fr = 28� and coefficient of restitution e = 0.8. However,
since the flow properties of the glass beads are sensitive to
material wear and the relative humidity (which we measured
at the begin of each experiment) some scatter is unavoidable.
[6] Seven velocity tube sensors are installed along the

length of the chute at x = 3.0 m, 3.5 m, 4.2 m, 4.8 m, 5.0 m,
5.3 m and 5.8 m (where x is measured from the uppermost
end of the chute). The sensors are located on the centerline
and positioned flush to the basal surface. The uppermost
velocity sensor is used to trigger the data acquisition
system. Each velocity tube contains two reflectivity sensors.
The spacing between the two sensors is 11 mm. Due to the
fact that the internal structure of the flow does not change
significantly when passing between the two sensors, the
time dependent output signals are similar but time shifted.
By cross correlating the recorded signals the slip velocity at
the basal running surface is obtained [see Tiefenbacher and
Kern, 2004]. A force plate is also installed flush to the basal

GEOPHYSICAL RESEARCH LETTERS, VOL. 34, L20407, doi:10.1029/2007GL031352, 2007

1Snow Avalanche, Debris Flow and Rockfalls Research Department,
Swiss Federal Institute for Snow and Avalanche Research (SLF), Davos,
Switzerland.

Copyright 2007 by the American Geophysical Union.
0094-8276/07/2007GL031352

L20407 1 of 6



surface at x = 5.5 m. It is located between the last two
velocity sensors at the lower end of the chute. The force
plate is constructed such that the normal (50 ± 0.30 N) and
shearing (20 ± 0.45 N) forces are measured simultaneously
over the same surface area (.0264 m2). The flow height h of
the granular avalanche is measured above the force plate
with an ultrasonic sensor with a precision of 172 mm (1–
2 particle diameters). A second ultrasonic height sensor is
placed 0.825 m upstream of the force plate allowing us to
measure the difference in arrival times between the two
sensors. Therefore, the leading edge velocity can be esti-
mated. The sampling frequency of the data acquisition
system is 20 kHz.
[7] We performed a total of 42 experiments. The exper-

imental setup, instrumentation, calibration tests and the
results of the experiments are documented by Platzer
[2006].

3. Properties of the S/N Ratio

[8] Table 1 summarizes the chute experiments with chute
inclination angles near the angle of repose, 27� < a < 32�.
Figure 1a depicts the measured basal normal stress N, the
shear stress S and the flow height h of experiment 3 as a
function of time. Since the shear force plate in our experi-
ments measures the total shear and normal forces, we can
determine the ratio m = S/N as a function of time (Figure 1b).
[9] The measurements reveal that the normal force N

varies directly with the flow height h. We estimated the
flow density of each experiment by equating the measured
normal stress toN = rgh cos(a). We found 1300 kgm�3 < r <
1500 kgm�3 (see Table 1); thus, in all cases the flow density
is slightly less than the bulk density (r = 1600 kgm�3)
suggesting a lower packing or some fluidization of the
granular material.
[10] The ratio m = S/N is not constant over time, but is

higher at the front and tail of each event, where the flow
heights are the smallest (Figure 1b). Therefore, m = S/N
increases as the flow heights decrease. Between the front
and tail, where the flow heights are largest, the measured
m = S/N ratios are smallest. This region is flowing with the
least amount of friction. Similar results have been obtained
in snow avalanche chute experiments [Platzer et al., 2007]
and real-scale snow avalanches [Dent et al., 1998] and
debris flows [McArdell et al., 2007].
[11] However, there is a fundamental problem with using

the ratio m = S/N as a measure of the flow friction. The ratio
geometrically represents the secant modulus in the S-N

plane. The tangent of the measured S versus N data (dS/dN)
is constant for a wide range of flow heights (Figure 1c), but
does not pass through the N = S = 0 origin. Therefore, the
secant modulus is certainly not constant. As the flow height
decreases, i.e. the normal stress decreases, the secant mod-
ulus becomes larger (inset, Figure 1c). The secant friction
coefficient changes from m1 to m2 as the flow heights
decrease. Two friction coefficients m1 and m2 can be
mathematically defined as follows:

m1 ¼
dS

dN

� �
h!1

ð1Þ

and

m2 ¼
dS

dN

� �
h!0

: ð2Þ

Then the relation

m ¼ S

N
¼ m1 þ m2 � m1ð Þf u; hð Þ ð3Þ

accurately describes the measured results over the entire
range of flow heights where f(u, h) is some transition
function which we will derive in section 6. Equation (3) is
similar to hyperbolic constitutive models to define sheared
geotechnical interfaces [Desai and Christen, 1977] or the
granular mechanics relations derived by Pouliquen [1999].
The relation is a direct consequence of mathematically
defining the frictional behaviour by the secant modulus (m =
S/N) instead of the tangent modulus (m = dS/dN).

4. Slip Velocity u0 and Mean Velocity um

[12] The slip velocity is highest at the front of the
avalanche, but decreases rapidly immediately after the
arrival of the leading edge, then reaches a constant velocity
plateau before decreasing sharply at the tail (Figure 2a).
[13] We calculated the acceleration am (Figure 2b) of the

avalanche as it passed over the force plate according to

am ¼ g sin að Þ � mg cos að Þ: ð4Þ

We find that both the front and tail of the movement are
decelerating, while the bulk of the flow, located directly
behind the front where the flow heights are largest, is

Table 1. Overview of the laboratory chute experiments with determined parameters m1, m2, and ba

Experiment Date, y_m_d rd, kgm
�3 a, deg tan(a) m1 m2 b, Wm�2 R RH, %

21 2006_10_02_2 1350 27.5 0.52 0.415 0.591 436 0.9962 58
2 2006_07_05_1 1500 27.5 0.52 0.498 0.648 175 0.9966 47
20 2006_10_02_1 1350 28.0 0.53 0.487 0.640 270 0.9995 51
3 2006_06_23_2 1450 28.5 0.54 0.548 0.719 71 0.9855 97
4 2006_07_05_2 1500 29.5 0.57 0.569 0.722 144 0.8632 41
18 2006_07_14_2 1450 30.0 0.58 0.565 0.775 188 0.9977 44
1 2006_06_24_1 1500 30.0 0.58 0.546 0.930 222 0.9872 42
17 2006_07_14_1 1450 32.0 0.62 0.680 0.910 115 0.8786 43

aOverview of the laboratory chute experiments with glass beads arranged according to angle of inclination. Parameters m1, m2, and b defined by
equations (3) and (10). rd is the dynamic density and is calculated from rd = N/gh cos(a). R is the goodness of fit. RH is the measured relative
humidity.
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moving with a constant velocity (am � 0). Moreover, the
velocity and force measurements provide consistent results:
they show that the bulk has reached a force equilibrium
between the driving and frictional forces, resulting in the
observed constant flow velocity. Since m = S/N is found
from the measured shear and normal stresses, am is the
mean acceleration of the total mass at the measurement
point. Therefore, the time integration of am provides the
mean velocity of the flow um. We find that the calculated
mean velocity is higher than the measured slip velocity u0
(Figure 2a). Since

um ¼ 1

h

Z h

0

u zð Þdz; ð5Þ

the mean value theorem of integral calculus states that u0 <
um < uh where uh is the top surface velocity of the flow (u(z)
is the velocity profile in the z-direction). Thus, although the
shape of the profile is unknown, shear gradients must exist
within the flow. Note that at the leading edge and very tail
of the flow uh = um = u0, in agreement with the mea-
surements. Because particles at the top surface are moving
with velocity uh, they will overtake the slower moving
particles at the base. This is the reason why the leading edge
velocity, the mean velocity of the avalanche head, is different
from the particle velocities at the front. At the time at which
the flow heights are maximum, the mean velocity um is
approximately 1.2 times larger than the slip velocity u0.

5. At the Tail: h ////// u0
2

[14] Mass conservation at the tail of the avalanche deter-
mines the relationship between the slip velocity and flow
height. Consider a segment of the tail in a fixed coordinate
system x-z, inclined at the slope angle a (Figure 2c). The
length of the tail segment is s = u0t and stretches a length ds =
du0t in the time interval t. Shear gradients within the body
cause the tail to stretch: the faster material moving at the
upper regions of the flow overtakes the slower moving
material at the bottom and, because the flow is finite, the
flow heights must decrease. The mass within the triangle
DEF must find space in the region ABCD (see Figure 2c).
Mass conservation within the tail demands that

1

2
dhð Þs ¼ h dsð Þ ð6Þ

or

dh

h
¼ 2

du0

u0
ð7Þ

which has the general solution

h

hi
¼ u0

ui

� �2

; ð8Þ

where hi and ui are the initial flow height and velocity,
respectively. Thus, when the flow height decreases linearly,
the slip velocity decreases with the square. This relationship
we experimentally observed in the experiments (Figure 2d).

Figure 1. Typical results of the laboratory chute.
(a) Normal stress N, shear stress S and flow height h.
Normal stress N varies with h, experiment 3. (b) Friction
coefficient m as a function of time, experiment 18. (c) Shear
stress S versus N. Note how the secant modulus changes
when some offset S = c exists.
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The relationship h / u0
2 does not explain the nature of

frictional processes at the tail, merely that mass conserva-
tion demands that the flow height and slip velocity are
uniquely related when the avalanche tail is decelerating.

6. Frictional Mechanisms at the Tail

[15] To understand the frictional mechanisms operating at
the tail note that the transition from m2 to m1 is governed by
the f(u, h) function. Since there is only one source of energy
in a gravity driven mass flow – the potential energy – we
expect the frictional mechanisms to be a function of the
gravitational work rate _Wg, which per unit area is

_Wg ¼ rghum sin að Þ: ð9Þ

We find a good fit to the experimental measurements at the
tail to be given by the exponential expression

f u; hð Þ ¼ exp �
_Wg

b

� �
ð10Þ

where b is a fit parameter. The values of b, m1 and m2 are
listed in Table 1. Two example fits using equation (10) are
depicted in Figures 3a (experiment 3) and 3b (experiment 18).
When the gravitational work rate is small then f(u, h) = 1
and m = m2. Conversely when the gravitational work rate is
large, then f(u, h) = 0 and m = m1. The coefficient b defines
the range of work rates at which the transition from m2 to m1

occurs (see Figure 1c). Interestingly, because the flow
height at the tail is proportional to the square of the velocity
(equation (8)), the gravitational work rate at the tail
(equation (9)) is proportional to h3/2 [Pouliquen, 1999]. At
the tail of the event, the local work rate is declining –
because the mass is decreasing – and therefore the friction
is increasing towards the higher m2 value. At some point m2

becomes greater than the tangent of the slope anglem2 > tana,
the tail will rapidly decelerate and eventually stop. The
avalanche will starve as more mass stops moving at the tail.
[16] Although the gravitational work rate can be directly

related to the mass flux, the description is still phenome-
nological. No physical reason has been provided to explain
why the friction should increase as the work rate decreases.
However, the fact that the transition from m2 to m1 can be
parameterized as an exponential function of the gravitation-
al work rate is not without physical significance. The
equation (equations (3) and (10))

m� m1 ¼ m2 � m1ð Þ exp �
_Wg

b

� �
ð11Þ

is the solution to the differential equation

d m� m1ð Þ
d _Wg

¼ � m� m1ð Þ
b

: ð12Þ

Therefore, the change friction (m � m1) with respect to the
change in work rate, is a function of the friction itself.
[17] On a slope of constant incline, any change in friction

is the result of a change in the shear properties of the flow
material since the roughness of the slope does not change, at

Figure 2. (a) Measured slip velocity u0 and calculated
mean velocity um. (b) Local mean acceleration am of
experiment 18 determined from equation (4). (c) Definition
of tail geometry to define differential equation (7).
(d) Measurements of experiments 17 and 18 showing that h
/ u0

2 at the tail.
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least in our experiments. Any change in material properties
‘‘needs’’ energy – the changes are not for free. Therefore,
the decrease in shear viscosity of the flow requires mechan-
ical work. The only source for this mechanical work is the
potential energy of the mass, the work done by gravity. The
part of the potential energy that is dissipated as heat is
irreversible and cannot be used to change the material
properties, unless one speculates that the rise in temperature
is such that phase changes occur, which we certainly did not
observe in our experiments. Therefore, there must be another
energy component which competes with the heat production
since both must share the only source of energy, the gravi-

tational work rate. The competition is visible in equation (12)
because of the minus sign on the right hand side of this
equation. When the friction decreases with respect to the
work rate, then (m � m1) increases, b being the proportion-
ality constant, compare also with equation (11). Moreover,
when the friction (heat) decreases, the other energy compo-
nent increases. An energy that fulfils this requirement is the
random kinetic energy produced at the basal slip surface
[Jenkins, 1992; Bartelt et al., 2006].
[18] The random energy created by the interaction of the

flow with the basal plane, diffuses from the bottom of the
avalanche into the higher profiles of the flow, where it is
eventually absorbed by inelastic collisions. The effect of the
random energy is to reduce the shear viscosity of the flow
material. It ‘‘agitates’’ the flow. In steady-state, the produc-
tion and decay of random energy is in balance providing a
constant agitation level [Bartelt et al., 2006]. Therefore,
when the body of the avalanche is in steady-state, we should
observe – and do observe in the experiments – a constant m =
S/N ratio. In the body dS/dN = constant because the random
energy is constant. Thus, the shear properties of the material
are unchanging. Alternatively, when the flow is outside
steady-state, at the front and tail of the avalanche, the
production of random energy is either increasing (front) or
decreasing (tail) – depending on its source, the gravitational
work rate. Since the production is not in balance with the
decay of random energy, we should observe – and do observe
in the experiments – a change in the shear properties of the
material; moreover, either an increase or decrease in the m =
S/N ratio.

7. Conclusions

[19] Forecasting hazardous avalanches and landslides has
concentrated on defining failure thresholds. This is impor-
tant. However, once the fracture has occurred the question
of how gravitational work is transformed to translational
kinetic energy remains. It appears that further thresholds
exist that define the mobility of the released mass.
[20] If enough of the gravitational work rate can be

transformed to random kinetic energy, basal friction is
reduced. Flow is possible. However, as the mass descends
shear gradients develop. Because the released mass is finite,
the shear gradients at the tail cause the flow heights to
decrease. The gravitational work rate subsequently
decreases, the corresponding production of random kinetic
energy declines and friction increases. The tail begins to
decelerate. As the tail slows down, mass is withdrawn from
the bulk and the avalanche begins to starve, unless it can
consume additional mass at the front. If not, the tail will
eventually consume the entire avalanche and the mass will
runout and stop on the slope.
[21] Since the production and decay of random energy

are time dependent material properties of the flow material
and basal surface, we should observe (and do observe in the
experiments) different m = S/N ratios for the same gravita-
tional work rate (Figure 3). The hysteresis that exists
between m = S/N and _Wg can be exploited to deduce not
only how the random energy is being produced, but also
how the shear viscosity changes as a function of the random
energy. Therefore the increase in m = S/N at the tail of a
mass flow is the key to understanding and quantifying the

Figure 3. (a) Measured m = S/N at the tail of experiment 3
as a function of the gravitational work rate _Wg with fit to
equation (10). (b) Measured m as a function of _Wg

experiment 18. Note the well defined hysteresis between
front and tail.

L20407 BARTELT ET AL.: STARVING AVALANCHES L20407

5 of 6



mechanics of finite-sized mass movements. The time lag
between the production of random energy, the mechanical
work done by the fluctuations and the applied gravitational
work rate are visible only when the flow is outside of
steady-state. Thus, starving avalanches are the result of
competing processes having to share the only energy
source: the change in potential energy. A good place to
observe this competition is at the tail of an avalanche.
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