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Dense and powder avalanches: momentum reduction
generated by a dam
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ABSTRACT. Passive protection structures reduce avalanche run-out distance and
hence the potential damages brought about by an avalanche, by reducing its velocity and
mass. This paper starts with a summary of the main existing results on interactions
between snow avalanches and dams. In the case of dense avalanches, the effects of dams
are re-examined and previous results are theoretically justified. For a powder-snow ava-
lanche a dam has two primary effects. The momentum is reduced by the retarding force
upstream of the dam and when the jet collides with the ground after the dam. Entrain-
ment of air during the jet reduces its velocity since the mass increases. For a dense ava-
lanche, there is a retarding force upstream of the dam and when the jet collides with the
ground, but there is no significant effect of air entrainment. There is, however, deposition
of snow which reduces the momentum of the avalanche without affecting the velocity. The
reduction of the volume due to deposition reduces the spreading length and therefore the
run-out distance of the avalanche. Downstream of the obstacle, the avalanche flow is re-
garded as an airborne jet. A comparative study shows that density and ambient-fluid en-
trainment effects are significant for gravity currents, powder and dense snow avalanches
whereas they are negligible in granular flows.

1. INTRODUCTION

Dams are usually designed to stop dense avalanches up to a
certain volume. Above this volume, they act by retarding
and stopping the flow of the avalanche. This paper focuses
on that particular phase. A direct assessment of the effi-
ciency of defence structures is obtained by quantifying mo-
mentum and mass reductions and the resulting
consequences in terms of pressure and run-out distance. In
the powder-snow avalanche case, the main effects are mo-
mentum reduction and ambient-fluid entrainment. The mo-
mentum is reduced through a retarding force upstream of
the dam and when the jet collides with the ground down-
stream of the dam. Entrainment of air during the jet reduces
its velocity since the mass increases. These effects are res-
ponsible for the avalanche pressure reduction. In the case
of dense flows, momentum reduction generated by the up-
stream retarding force and by the collision of the jet with
the ground is combined with mass reduction due to deposi-
tion upstream of the dam. These two processes contribute to
the shortening of the avalanche run-out.

The momentum reduction results from three different
phases: (i) flow—obstacle impact and deflection upstream of
the dam, (i1) jet and ambient fluid entrainment, and (1ii1) jet
impact on the ground downstream of the dam. Many pre-
vious works have evaluated the contribution of the first
phase, but the contributions of the two last phases have often
been neglected. This paper attempts to summarize, re-exam-
ine and improve the existing results on the first phase and to
quantify the contributions of the second phase by studying
the airborne jet and its interaction with the ambient fluid in
terms of entrainment and friction for both avalanche types.
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The following two sections summarize, re-examine and
improve recent results on avalanche interactions with a
dam. Section 4 is devoted to the analysis of the flow of the
airborne jet downstream of the obstacle.

2. POWDER-SNOW AVALANCHES

In the past, several attempts have been made to simulate a
powder avalanche. It is possible to distinguish three differ-
ent approaches: (1) Hopfinger and Tochon-Danguy (1977)
and Beghin and Olagne (1991) mainly employed density
currents; (i1) Hermann and Hutter (1991) simulated pow-
der-snow avalanches by a turbulent suspension flow of poly-
styrene particles in water; (iii) Bozhinskiy and Sukhanov
(1998) modelled a dense avalanche with dry powder mater-
ials in air and studied the formation of the powder cloud,
while McElwaine and Nishimura (2001) simulated colli-
sional avalanche flows and their interaction with air using
ping-pong ball experiments. In our experiments (Naaim-
Bouvet and others, 2002) using the gravity-current concept,
the avalanche consisted of a heavy fluid (kaolin particles
suspended in salt water) dispersing in a lighter one (water).
When the Reynolds number is sufficiently high (inertial
phase), dynamic similarity is respected if the densimetric
Froude number F' = U/+/gH(Ap/p.) and the density ratio
Ap/pa = (p — pa)/pa are equal in nature and in the labora-
tory. U is the downslope velocity, H is the flow height, p is
the density of the mixture and p, is the density of the ambi-
ent fluid. Satisfying Froude-number and density-ratio simi-
larities in the laboratory means that a very high velocity is
necessary, which calls for considerable channel dimensions.
With water as ambient fluid, it is not possible to satisfy the
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Fig. 1. Experimental values of Ugront / Utrontret as a_function
of distance for different dam heights. The dam s located at
97 em. Ugontret U5 the front velocily of the reference avalanche
without a dam.

density-ratio similarity, but the effects of a distortion in the
density ratio on the flow variables have been studied using a
numerical model in Hermann and others (1995) and Naaim
and others (2003). For a high initial density ratio, a strong
effect is observed mainly during the acceleration phase
(rapid growth in size and velocity). When the flow is fully
developed, the densimetric Froude similarity is approxi-
mately valid.

Only a few experiments have been attempted using
physical modelling of the interaction between a gravity
current and obstacles. A first attempt was made by Hopfin-
ger and Tochon-Danguy (1977). Later, a series of experi-
ments studying unsteady gravity current flows over
deflecting and catching dams was conducted by Beghin
and Closet (1990) and Augé and others (1993). The dynamic
pressure was estimated from the front velocity, which was
the only measured parameter. Experiments similar to those
of Beghin and Closet (1990) have been carried out using
Doppler ultrasonic velocimetry in order to measure the
velocity inside the flow (Keller and Issler, 1996; Naaim-Bou-
vet and others, 2002).

The experimental set-up used in Naaim-Bouvet and
others (2002) consisted of a 4 m X 2m X 4.5 m water tank
with glass walls. Buoyant clouds flowed along an inclined
channel from a small immersed tank (0.20 m length, 0.15 m
width, 4 x 10 ® m® volume) with a release gate. The inertial
phase (high velocity and turbulence) of powder avalanches
was simulated by a heavy suspension (salt water and kao-
lin), which was dispersed into a lighter one. The density of
the heavy suspension was 1200 kg m >, The simulated ava-
lanche was more a puff of non-continuous injected density
than a current of heavy fluid: a finite volume of heavy sus-
pension was released instantaneously from the small im-
mersed tank. The avalanche track was confined to a
channel (length 285 cm, width 15 cm, height 50 cm). The ex-
periments were carried out with and without an obstacle
which was set up 97 cm from the gate, perpendicular both
to the bottom plane and to the channel axis. This obstacle,
with a height up to 8 cm, obstructed the channel. Runs were
made along a constant slope angle of 10°. The initial volume
in the release tank was 2 x 10 m? for each trial. The experi-
ments were quasi-two-dimensional. We determined experi-
mentally that the highly turbulent nature of the avalanches
required an average over five identical experiments. Two
cameras were used (top and side views) to obtain the height,
length, width and shape of the flow, together with the front
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Fig. 2. Ratio between the maximum horizontal velocity and
Sront velocity as _function of height at 47 cm downstream of
the dam ( Naaim-Bouvet and others, 2002).

velocity. An array of two transducers coupled with the ex-
panded ultrasonic unit was used to measure the component
of the particle velocity vector in the direction of the trans-
ducer. Two directions (z direction and y direction) were in-
vestigated. For the reference avalanche without obstacle, the
“horizontal” velocity” (in the x direction, i.e. parallel to the
slope) inside the avalanche head was about 1.5 times the
front velocity. This supports Hopfinger and Tochon-Dan-
guy’s (1977) results. The ratio Upax/Ugront Was greater than
I in the lower part (y <0.5H) of the flowing avalanche.
Umax 1s the maximum “horizontal” velocity in time at a fixed
space point, and Ugpt is the front velocity measured at the
same space point. New and interesting results were obtained
for the “vertical” velocity (in the y direction, i.e. normal to
the slope), which rose to 74% of the front velocity in a very
short period.

The flow overran obstacles: the dam caused an accelera-
tion of the flow above it and then a vortex appeared. This
vortex acquired its circulation from the impulse due to the
acceleration above the dam. As reported in Naaim-Bouvet
and others (2002), the reduction in front velocity due to the
presence of a dam was an increasing function of the dam
height 47 cm downstream of the dam (Fig. 1). The ratio
Umax/Usont Was an increasing function of the dam height
and reached a maximum value of 1.9 (Fig. 2). Consequently,
the front velocity was not relevant in determining the effect-
iveness of dams. The obstacle led to a velocity reduction
downstream of the vortex zone.

We also focus on what could be called “protected zone
length” situated between the dam and the jet collision area.
It consists of a small area just downstream of the dam. In our
laboratory experiments, this relatively small region, deter-
mined by means of image processing, seems to be independ-
ent of the dam height (Fig. 3). This is mainly due to the
strong entrainment of water inside the gravity current.

3. DENSE-SNOW AVALANCHES

The dense part of major avalanches with dry and cold snow
is generally regarded as a granular flow. Many previous ex-
perimental works (Hutter and Koch, 1991; Greve and Hut-
ter, 1993; Koch and others, 1994; Hutter and others, 1995;
Gray and others, 1999) have confirmed that the Savage—
Hutter model (Savage and Hutter, 1989), based on a Cou-
lombian dry-friction term as the dominant momentum-loss
mechanism, predicts the details of the motion of dry granu-
lar masses in the laboratory. However, this model seems to
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be only well adapted for high slopes with a smooth bed
(Pouliquen and Forterre, 2002). A new empirical friction
law has been formulated for dense gravity mass flows on
rough beds (Pouliquen, 1999). This model has been shown
to describe quite well low-Froude-number flows on lower
slopes with a rough bed (Pouliquen and Forterre, 2002). This
recent progress has been integrated in snow avalanche mod-
elling (Naaim and others, in press), particularly in order to
study the interaction of dense flows with obstacles. The con-
stitutive law relevant to describe, with high precision,
granular flows is still an open question. However, numerous
studies have recently been carried out to better understand
the interaction of these flows with obstacles. Two questions
arise when a dense granular flow interacts with an obstacle.
Each of them concerns a particular scale:

local effects: stagnant zone formation upstream of the
obstacle (Chu and others, 1995; Faug and others, 2002;
Naaim and others, 2003), jet formation downstream of
the obstacle (Hakonardottir and others, 2001, 2003) and
dynamic pressure reduction (Naaim, 1998);

global effects: run-out shortening (Hakonardottir and
others, 2001; Faug and others, 2003) and deflection (Tai
and others, 2001).

Both local and global effects were shown to be heavily
linked to the flow regime. According to the Froude number,
two distinct flow regimes can be identified:

A low-Iroude-number regime (or storage regime) where
the deposition process upstream of the obstacle is domi-
nant. It leads to a shortening of the run-out which is
heavily dependent on the volume retained. The rheology
of the material is crucial for this regime.

A high-Froude-number regime (or inertial regime) for
which local momentum loss 1s dominant. It leads to a
significant run-out shortening. The rheology of the ma-
terial is not crucial in this case.

The Froude number of dense-snow avalanches is generally
between 0 and 15, depending on different parameters such
as snow types or flow phases (release, acceleration, decel-
eration. . .). Thus, dense-snow avalanches can exhibit both
flow regimes.

According to the desired effects (momentum reduction
or storage), dams are generally set up at the end of the flow
zone (high Froude number) or in the run-out zone (inter-
mediate or low Froude number). A series of experiments
with different granular materials at different scales were
performed concerning the influence of the dimensionless
obstacle height Hyam/Hy (ratio of the obstacle height to
the reference flow depth at the same location) on the run-
out shortening Dyam/ Dy (ratio of the run-out distance with
obstacle to the run-out distance without obstacle)
(Hakonardottir and others, 2001; Faug and others, 2003).

The run-outshortening results from: (i) thelocal momen-
tum loss generated by impact on the dam, flow deflection,
jump and impact on the ground, and (i1) the reduction of the
volume of the avalanche which limits the spreading length.

The total run-out distance of a given avalanche without
any obstacle can be written as the sum of the run-out of the
centre of mass (Dy_cy) and half of the spreading length in
the stopping zone (Dy_s):

DO = DO—cm + DO—s (1)
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Fig. 3. Gravity current: dimensionless jump length as function
of dam height (average 15 runs/Hy =15.5 cm).

The total run-out distance of the avalanche impacting a thin
obstacle can be written as the sum of the run-out of the
centre-of-mass (Dgam—cm) and one-half of the spreading
length in the stopping zone (Dgam—s):

Ddam - Ddamfcm + Ddamfs . (2)

The total run-out shortening generated by a dam is then
given by:
DO - Ddam = (DO—cm - Ddam—cm) + (DO—s - Ddam—s)
(3)
If wyp, is the velocity upstream of the dam and ugown the
velocity of the avalanche after the impact of the jet on the
ground, the centre-of-mass run-out distances can be written
as follows:
2

u
Dy o = —2 4
0-em pgcosf )
2
Uu,
Ddamfcm = ﬁ jump - (5)

g is the acceleration due to gravity, € is the slope angle,
Djumyp 1s the length of the jump and p is the effective friction
cocflicient at the bottom. These results hold if the external
forces are velocity-independent.

uup

2
Uu,
lown
D()fcm - Ddamfcm = D()fcm (1 - (2“> - Djump (6)

If the deposit obtained with the dam is geometrically
similar to the deposit without the dam, then:

(DO—S - Ddam—s) ( Vs>%
A Tdames) o (1-22) 7
DO—S V‘; ( )

where V; is the initial volume and V} is the volume retained
upstream of the dam.
The total run-out shortening can be written as follows:

2
U,
d
Dy — Dgam = Do—cnn (1 - own)

u2
Vs
Dy |1—-(1—-=
+ Dy l < W)

up
1
3
This new formulation shows the contribution of the two

= Djumnp - (8)

processes more clearly than in Faug and others (2003). The
run-out shortening due to the momentum loss 1s distin-
guished from the run-out shortening due to the avalanche
volume reduction.

If we assume [1 — (Ugpwn/uz,) [ and {1 — 1 —(V;/V})]%}
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Fig. 4. Granular flows: dimensionless run-out vs dimension-
less obstacle height.

proportional to Hyay, / Hy, the run-out shortening decreases
linearly with Hgam/Hp as evidenced by the experimental
data plotted in Figure 4.

4. POWDER AND DENSE AVALANCHES: JET
ANALYSIS

4.1.Jet modelling

The avalanche flow downstream of the obstacle is regarded
as an airborne jet moving in an ambient fluid with zero
velocity. It loses momentum due to drag caused by acceler-
ating the ambient fluid. Entrainment of the ambient fluid
increases its mass without affecting the momentum, thus de-
creasing the velocity and decreasing the density.

The following notation is used:  is the time, (x, y) 1s the
coordinate system, p is the jets average density, @ its
velocity, S'its external surface, V its volume, and §is the ac-
celeration due to gravity.

The momentum conservation law applied to the jet
gives:

d(pVa) _du _d(pV) L o=
dt p pV  pV dt

F.is the surface ambient-fluid drag: Fi = ASp, |||, where
A is the turbulent friction coefficient.

The turbulent shear between the jet and the ambient
fluid entrains the ambient fluid, so the solid volume fraction
of the jet changes. This entrainment is proportional to the
shear at the surface of the airborne jet. We considered the
ambient-fluid entrainment rate given by:

d(pV)

dt

The final expression for the equation of motion is then:

= Spalldll - (11)

dd _ p—pa_. Spa
dt  p g Vp

calall ; E= A+~ (12)

This model was used to reproduce three different small- and
intermediate-scale experiments corresponding to labora-
tory gravity currents, laboratory dense granular flows and
dense-snow flows on a chute.
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4.2. Gravity-current case

In the case of a gravity current, the results given by this sim-
ple model are relevant. They quantify the role of the en-
trainment of ambient fluid.

The back-calculation of the experiments by Naaim-Bou-
vet and others (2002) showed that the entrainment of ambi-
ent fluid significantly modifies the jet characteristics. The
volume of the airborne jet changes and its mass increases
significantly, while its velocity and trajectory length are re-
duced.

The model was first calibrated on four experiments. The
input parameters of the airborne jet were: dam height (0.02,
0.04, 0.06 and 0.08 m) and velocity (0.3, 0.25, 0.15,0.17 m's ).
The values of A ~ 1 x 1073 and ¢ =~ 0.4 were determined
from the data.

The diameter of the jet increases during its flying phase
due to the ambient-fluid incorporation. When the jet collides
with the ground, its higher limit collides far from the dam
when its lower limit collides approximately at a constant
distance (0.05 cm) from the dam whatever the dam height is.

The experimental results concerning the velocity of the
jet 20 cm downstream of the dam were well reproduced by
the model as shown in Figure 5. Another important point
concerns the trajectory of the lower limit of the airborne
jet. Both in the experimental and in the numerical results,
the distances covered by the jet lower limit were 0.04—
0.05 m.

4.3. Granular and dense avalanche cases

In the case of dense avalanche flows, where the ratio
between the density of the airborne jet and the ambient
fluid density is large, we computed, using the model cali-
brated above, many experiments of granular flows reported
by Hakonardottir and others (2001). The input data were the
dimensionless dam height Hya/Hy = 1.1, 2.2, 4.4, the hori-
zontal velocity u =285, 24, 1.3ms ' and the vertical
velocity w =121, 144, 1.5ms ! The comparison between
the computed data and experimental data showed that the
effect of the ambient-fluid entrainment is not significant
(Fig. 6).

Two other experiments from Hakonardottir and others
(2003), involving dense snow, were simulated. The input
parameters were the dam height (0.4 and 0.6 m), the hori-
zontal velocity (u =62 and 352ms ') and the vertical
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Ing. 6. Comparison between observed data ( Hakonardottir
and others, 2001) and computed data.

velocity (w =225 and 1.88 ms ). The model reproduced
these experiments well as illustrated in Figure 7.

44. Flying phase: entrainment effects on gravity cur-
rents and granular, dense and powder avalanches

Whatever the initial behaviour of the avalanche (dense,
powder, gravity current), the flying flow phase generated
by the dam is governed by Equation (12).

The considered flows (granular, dense flow, powder flow
and gravity current) occur at different densimetric Froude
number: typically 5-10 for granular- and dense-flow ava-
lanches, 1-3 for powder-snow avalanches and near 1 for
gravity currents in the laboratory. The objective of this sub-
section is to evaluate the effects of the air entrainment on
four different airborne jets generated by granular flow,
dense flow, powder flow and gravity-currents flow. The mo-
mentum losses of the airborne jet are governed by the grav-
ity force and the ambient-fluid drag and entrainment. The
ratio between the contributions of the two effects is approxi-
mated by:

£ e Ml
P P — Pa gd

~4loep?, (13)
P

The relative contribution of the ambient-fluid effects (in-
dexed e) is then given by:

o Ambient fluid effects _f
~ Gravity + Ambient fluid effects 1+ f

(14)

Table 1 displays the values of e for the considered flows. It
shows significant differences between them. For granular
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Ing. 7. Comparison between observed data ( Hakonardottr
and others, 2003) and computed data for trajectories at the
Davos snow chute.
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Table 1. Relative contribution of the ambient fluid effects for
granular flow, dense avalanche, powder avalanche and
gravity current

Flow Densimetric Froude number p Pa e

kgm * kgm *
Granular 5-10 2000 1.0 0.005-0.01
Dense 5-10 200 1.0 0.05-0.09
Powder 1-3 10 1.0 018-04
Gravity current 1 1100 1000 0.6

flow the entrainment effects are negligible. They represent
5—10% in the case of dense avalanches, 10-40% for powder
avalanches and around 60% for gravity currents.

5. CONCLUSION

In this paper, we studied the action of a thin dam on ava-
lanche flows. We considered two parameters. The flow was
represented by its densimetric Froude number, and the
dam was represented by its height. The avalanche dense
flows were regarded as granular flows, and the powder ava-
lanches as inertial gravity currents. Several experiments
were performed both for granular and for inertial gravity
currents. The experiments allowed us to quantify: (i) the
momentum reduction for both kinds of flows and (i) the
run-out distance shortening for dense flows. In the latter
case, the new formulation developed in this paper clearly
distinguishes the effects of momentum reduction from those
of mass reduction on the run-out distance shortening.

The momentum reduction due to the airborne jet (flying
phase) is also studied and modelled using a simple jet the-
ory. The model was calibrated using experimental results
obtained in the case of gravity-current laboratory simula-
tions. This model was thereafter successfully used to repro-
duce dense granular flying avalanches in terms of both
velocity and trajectories without any new calibration.

The contribution of the ambient-fluid entrainment to
the dynamics of four different airborne jets, corresponding
to granular flows, dense flows, powder flows and gravity-
current flows, was studied. The following conclusions were
obtained. The influence of the ambient fluid was found neg-
ligible for granular flows. The ratio between the entrain-
ment effects (drag and ambient-fluid incorporation) and
the gravity force strongly depends on the densimetric
Froude number. It was found to be up to 10% for dense ava-
lanches, 40% for powder avalanches and 60% for gravity-
current flows.
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