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Avalanches overflowing a dam: dead zone, granular bore
and run-out shortening
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ABSTRACT. The influence of a dam on granular avalanches was investigated. Small-scale laboratory
experiments were designed to study the effectiveness of dams built to protect against large-scale dense
snow avalanches. These experiments consisted of releasing a granular mass that first flowed down an
inclined channel, then hit and overflowed a dam spanning the channel exit and finally spread out on an
inclined unconfined run-out zone. First, we measured the volume retained upstream of the obstacle and
the overrun length downstream of the obstacle. In the avalanche regime studied here, no simple relation
was found between the volume retained and the run-out shortening resulting from the obstacle. The
results highlighted that the avalanche run-out was also shortened by complex local energy dissipation.
Second, we report the study of the granular deposit propagating upstream of the dam. We show that
there was a change in behaviour from an overflow-type regime for low dam heights to a bore regime for
higher dam heights. Finally, we show that this change in behaviour directly influenced the local energy

dissipation and the resulting avalanche run-out shortening downstream of the dam.

1. INTRODUCTION

One method of protecting mountainous areas against dense
snow avalanches is to build passive defence structures in the
run-out zone of the snow avalanche in order to divert, brake
and stop the avalanche. Many studies have been conducted
over the last few years in order to analyze the effectiveness of
different protection structures against snow avalanches. Sev-
eral approaches have been used: (1) full-scale observations of
snow avalanches interacting with defence structures (Larsen
and Norem, 1996; Harbitz and others, 2000; Jéhannesson,
2001; Lied and others, 2002; Cui and others, 2007); (2) small-
scale laboratory experiments with granular flows (Chu and
others, 1995; Hakonardéttir and others, 2001, 2003a; Faug
and others, 2002, 2003, 2004a; Platzer and others, 2004)
and, to a lesser extent, in situ chute experiments with snow
flows (Hakonardéttir and others, 2003b; Faug and others,
2007); and (3) numerical simulations (Naaim, 1998; Chiou
and others, 2005). Other studies combined numerical simu-
lations or theoretical models with full-scale terrain obser-
vations (McClung and Mears, 1995; Domaas and Harbitz,
1998; Harbitz and others, 2000; Cui and others, 2007) or
with laboratory experiments (McClung and Mears, 1995; Tai
and others, 2001; Gray and others, 2003; Naaim and others,
2003, 2004; Faug and others, 2004b).

In many previous studies reported in the literature (e.g.
Chu and others, 1995; Tai and others, 2001; Faug and others,
2003; Hakonardéttir and others, 2003a; Chiou and others,
2005; Gray and Cui, 2007), dense snow avalanches inter-
acting with protection dams are regarded as granular
avalanches flowing over obstacles. Here we present new
small-scale laboratory experiments on granular avalanches
hitting and overflowing a dam. These experiments were
carried out on the granular experimental platform at Cema-
gref, Grenoble, France. The effectiveness of protection dams
against full-scale dense snow avalanches was investigated.

This new platform consists of two inclined planes. The
upstream plane is equipped with two side-walls constituting
a channel. A dam normal to the bottom of the plane can be
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set up to span the exit of the channel. The main objective of
these experiments was to investigate the run-out shortening
of the granular avalanche downstream of the dam and the
final volume retained upstream of the dam. Furthermore, a
video camera was set up at one side-wall of the channel
for a detailed study of the formation of the deposit upstream
of the dam and its propagation. If the dam was sufficiently
high, we observed that the deposition process could generate
a granular jump propagating increasingly far upstream as the
dam height increased.

The experimental set-up and procedure are first presen-
ted. We then present the main results concerning (1) the
run-out shortening and (2) the deposition process. Finally,
we show that the observed deposition process directly influ-
ences the local energy dissipation caused by the dam. This
consequently shortens the maximum run-out of the granular
avalanche downstream of the dam.

2. EXPERIMENTAL SET-UP

The experimental set-up consists of two inclined planes
covered with rough sandpaper (Fig. 1). The granulometry
(mean value of 0.5 mm) of the sandpaper was close to the
diameter of the flowing particles (1 mm). In our experiments,
we fixed certain conditions: (1) the upstream plane was in-
clined at 32° and was equipped with a 1.60m long and
20 cm wide channel with an upstream reservoir to store the
granular material before releasing it, and (2) the downstream
plane was inclined at 20°.

The preliminary tests investigated the granular avalanche
without a dam. A granular mass (my = 10kg) of glass beads,
with a mean diameter of 1 mm and a particle density pp =
2450kgm™3, was released by opening the reservoir gate.
The granular mass then flowed down the channel and decel-
erated before spreading out on the unconfined run-out zone.

Using a video camera at one side-wall, we measured the
changes in flow depth at the exit of the channel over time.
Figure 2b shows flow depth vs time. A maximum was reached
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Fig. 1. The experimental granular platform with a granular avalanche
overflowing a dam before stopping downstream of the obstacle.

and defined as the reference flow depth hg. Furthermore,
using a video camera above the channel, we measured the
front position of the granular mass X, in the last third of the
channel. The changes over time are illustrated by a straight
line in Figure 2a, which allowed us to define a reference
front velocity up. The maximum run-out distance dy of the
granular avalanche was defined as the final deposit length
measured from the beginning of the downstream plane in-
clined at 20° (see Fig. 1). The following values were retained
to characterize the reference avalanche: (1) the front velocity
uo = 1.28ms™"; (2) the flow depth hg = 14 mm; and (3) the
maximum run-out distance dy = 88.3 cm, allowing us to
deduce the Froude number Fr = ug/+/gho cos 32° = 3.75.

The subsequent experiment consisted of releasing the
same granular mass with a dam spanning the channel exit.
The dam was used to model a protection dam that would
be overflowed by a snow avalanche. In these experiments,
the granular mass hit the dam and overflowed before spread-
ing out on the downstream inclined plane. We analyzed the
influence of varying dam height Hgps on the maximum run-
out D downstream of the obstacle, the final mass retained
upstream of the dam, ms, and the changes in the free surface
in the vicinity of the obstacle over time.

3. RESULTS ON RUN-OUT SHORTENING

A previous study (Faug and others, 2003) showed that in a
regime of slow flow, the run-out shortening caused by a dam
is completely dependent upon the volume of granular mass
retained upstream of the dam. The slow-flow regime is char-
acterized by a Froude number close to 1 and the existence
of a steady and uniform regime in the channel (i.e. constant
flow depth over time and space over a long distance), similar
to the regime investigated for inclined planes in GDR MiDi
(2004). In this regime, the run-out shortening is represented
by the straight line y = x in Figure 3a, i.e.

1/3
b (T—E) , (1
do Vo
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Fig. 2. (a) Front position vs time in the channel and (b) flow depth vs
time at the exit of the channel. The time Tmax is the time between
front arrival and the maximum flow depth hg. The initally large error
bars are due to particles in saltation that make it difficult to estimate
the flow depth in the dilute front.

where Vo = mg/p and Vs = ms/p are the initial volume
released and the volume retained upstream of the dam,
respectively, and p is the bulk density of the granular
medium.

The bulk density is p = ¢pp, and a volume fraction of
¢ = 0.6 is assumed. The avalanche regime that we studied in
this investigation was characterized by a Froude number sig-
nificantly greater than 1, and a non-steady and non-uniform
state. In this regime, Equation (1) is no longer valid. Indeed, as
is illustrated in Figure 3, the run-out shortening term D/d is
always smaller than the volume reduction term (1—Vs/ Vo)'/3
whatever the dam height. We interpret the difference be-
tween the latter and the former term as the contribution from
complex local energy dissipation. This difference is referred

toasf, i.e.
1/3
_ (%)Y _D
f= <1 V0> & (2)

Figure 3b depicts f vs the dam height normalized by the
reference flow depth (Hys/ho). In the regime of slow flow,
the function f vanishes by virtue of Equation (1) (Faug and
others, 2003). In a purely inertial regime (very rapid flow
with Fr = 10), very little material is expected to be retained
upstream of the dam. The function f is then expected to
be equal to the run-out shortening expressed in the form
1—D/dy (Vs = 0 in Equation (2)).

We also reported one straight line (dashed line in Fig. 3a)
representing the expected trend in such a regime for low
dams, where local energy dissipation is expected to be
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greater than in our experiments (intermediate Froude num-
ber). Note that even in this regime there might be a critical
dam height Hc(Fr > 1) that would retain all granular material
so that f would fall back to 0 as H,,s approaches this critical
height. We arbitrarily report this critical height He(Fr > 1) in
Figure 3b. Note that Hc(Fr >> 1) is expected to increase with
increasing Fr.

Figure 3b shows the variation of f as a function of Hyps/ho
obtained from our experiments. This variation corresponds to
an intermediate case between the two extreme regimes men-
tioned above (slow-flow regime and inertial regime). Two
comments are necessary regarding Figure 3b. First, when the
ratio Hgps/ho is greater than 5, the function f rapidly de-
creases. This asymptotic behaviour for high dams results from
the large amount of granular material retained upstream of
the dam, which tends towards the volume initially released,
i.e. Vs/Vp — 1. Here we reached a regime for which the con-
tribution of local energy dissipations becomes very weak in
terms of run-out shortening. Secondly, the function f shows
an inflection point towards Hyp/ho = 3. This major point is
analyzed in detail in section 4.

Knowledge of dy (run-out without dam) and Vs (volume
retained upstream of the dam) is needed to determine the
function f. Note that a comparison of the small-scale experi-
ments using granular materials from the literature with the
observations from full-scale snow avalanches overtopping a
dam was recently proposed by Faug and others (in press). This
study showed that a simple scaling connecting the maximum
run-out normalized by the obstacle height, D/H,,, and the
incoming kinetic energy normalized by the obstacle height,
Ué/(ngobs)/

uj

Hobs 2gHob5
where a; and agp are fitting parameters, could match the
results from small-scale laboratory granular avalanches and
full-scale snow avalanches overtopping a dam. The data from
these new experiments also match well this simple interpret-
ation (with a; = 10.5 and ag = —5.6), confirming the robust-
ness of the scaling. In this paper, we focus on the function f
which could not be systematically calculated for all the data
analyzed in Faug and others (in press) as dp and Vs were not
simultaneously known.

=a + ao,

4. DEAD ZONE AND GRANULAR BORE

The video camera at one side-wall of the channel allowed us
to determine the evolution of free surface vs time in the vicin-
ity of the obstacle. We observed the formation of a granu-
lar deposit propagating upstream of the dam, which could
generate a ‘bore’ for high dams. First, we describe in de-
tail the observed process highlighting a change in behaviour
at Hyps/ho ~ 3. Second, we try to quantify this change in
behaviour by analyzing the propagation speed of the free
surface for a given altitude inside the flow.

4.1. Qualitative analysis of the deposition process
upstream of the dam

When the granular flow hit the dam, we observed two differ-
ent regimes depending on the obstacle height. For low dams,
a large amount of the incoming granular mass was able to
overflow the obstacle while another portion was simultan-
eously blocked upstream of the dam (see Fig. 4a). The dead
zone that formed upstream of the dam acted as a springboard
for the granular mass overtopping the dam. For high dams,
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Fig. 3. (@) Run-out shortening D/dy vs volume reduction (1 —
VS/VO)1/3. (b) Function f vs dam height H,, relative to the in-
coming flow depth hg.

we observed a time delay to fill the dam. The incoming flow
was blocked for a long time and the granular deposit was
able to propagate far upstream of the dam, forming a granu-
lar bore (see Fig. 4b).

We estimated the time when the granular flow started to
overflow the dam, t. The origin of time was defined by the
time when the particles at the front of the granular flow hit
the dam, timp = 0. towr is depicted in Figure 4c as a function
of the obstacle height ratio Hyy,s/ho. The change in regime
due to a strong limitation of the flux over the dam is cap-
tured well by Figure 4c. When Hy,/ho < 2.9, the impact
and the overflow were simultaneous, i.e. toyr = timp = 0.
When the dam height was increased (i.e. Hyys/hg > 2.9),
towr demonstrated a large increase.

4.2. Change in behaviour

The image-processing method (using Image) and MATLAB™)
allowed us to track with time: (1) the frontier between the
approximately immobilized grains (allowing the definition
of the dead zone); (2) the free surface at the foreground side-
wall: and (3) the free surface at the side-wall behind. These
frontiers are represented in Figure 5b by lines (1), (2) and (3).
We chose a height y = Y; inside the flow, where y is meas-
ured normal to the channel bottom as illustrated in Figure 5b.
It was then easy to follow point P (see Fig. 5b) which rep-
resents the intersection between the free surface of the flow
and a line parallel to the channel bottom at the chosen height
Yy = Yo.

Figure 5a depicts a typical result for a given Yg (here, Yy =
ho). It provides the distance x travelled by the point P in the
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Fig. 4. Example of (a) the overflow regime for H,p,s /hg = 2.1 where
the dashed black arrow indicates the overflow (DZ = dead zone act-
ing as a springboard); (b) the granular bore regime for Hyys/hg = 5
where the black (white) arrow indicates the direction of the incom-
ing flow (propagation of the granular deposit); and (c) time tovr
needed to fill the dam (before overflow) vs Hyc/hg. Time toyr was
estimated from two video cameras located (1) at one side-wall of
the channel and (2) downstream and overhanging the dam; the two
methods yield a similar trend.

direction x parallel to the channel bottom for a given Y.
We observed that all experimental curves coincided when
the dam height was greater than a critical value H. defined
experimentally by 2 < Hc/hy < 3.

If we restrict our analysis to very short times in comparison
to towr (x reaches the maximum value at t < 2s for low
dams), the curves displayed in Figure 5a are lines that can
be approximated by

X =at+ 0, (3)

where a and (3 are parameters that are expected to depend
on Hgps. The parameter o may be interpreted as the speed
of point P (Fig. 5b) in the direction x:

x—p

o= T (4)

Figure 6a depicts « vs the ratio Hyps/ho for y/ho = 0.7, 1,
1.2,1.8. These curves were obtained from point P on the
free surface at the foreground side-wall (line (2) in Fig. 5b)
for three values of y/ho. « clearly indicates the change in
behaviour already suggested by Figure 4c. « increases with
the dam height and reaches an asymptotic value when
3 < Hops/ho < 4. The curve obtained from the analysis of
the propagation of the granular deposit (from a point P on
line (1) defined in Fig. 4b) gives the same features for the
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Fig. 5. (a) Distance x travelled along the channel and upstream of the
dam by the granular deposit vs time t for different obstacle height
ratios (Hyps/ho) for y/hyg = 1. (b) Definition of point P, the inter-
section between the free surface and a line at height y = Y{), where
y is measured normal to the bottom. These images were extracted
from Figure 4a. See text for boundary definitions.

value « as shown by the square white symbols in Figure 6a.
Figure 6b gives the fitted 3 value vs the ratio Hyys/ho for
y/ho = 0.7,1,1.2,1.8. 3 increases with the dam height,
reaches a maximum value when 2 < Hgo/ho < 3 and then
decreases. Even though it is more difficult to give a physical
meaning to 3, it also reflects this change in behaviour.

The curves in Figure 6 highlight a change in behaviour for
Hops/ho ~ 3. At this stage, it remains difficult to explain this
change in behaviour quantitatively or in detail. However, we
believe that it highlights a transition from an overflow regime
for low dams to a granular bore regime for higher dams.

In the overflow regime, a large amount of the incoming
granular mass is able to overflow the dam, preventing the
upstream propagation of a granular bore. The incoming mass
flows over the dead zone which acts as a springboard, prob-
ably minimizing the local energy dissipation. In the granular
bore regime, a large amount of granular material is gradually
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Fig. 6. (a) The « fitted values vs the normalized dam height Hy,. /hg
for different values of y/hg. (b) The j fitted values vs the normalized
dam height H,,; / ho for different values of y/hg. In each graph, the
value y/hy = 0.7 was obtained from measurements at the fron-
tier between the approximately immobilized grains and the moving
grains (line (1) in Fig. 5b). The values y/hy = 1,1.2,1.8 were ex-
tracted from measurements at the free surface of the flow at the
foreground side-wall (line (2) in Fig. 5b).

deposited upstream of the dam, and a granular bore is able
to propagate far upstream of the obstacle.

This transition has a direct influence on the function f and
consequently on the run-out shortening downstream of the
dam. It should be noted that f demonstrated an inflection
point towards Heps/ho ~ 3 (Fig. 3b), corresponding to the
value at which « and 3 demonstrated a change in behav-
iour. Note that the asymptotic decrease in f observed for
Hops/ho > 5 does not appear on the curves a(H,,s/ho) and
B(Hgps/ ho). This result is unsurprising in that the o and
parameters were deduced from the analysis of the upstream
propagation phase (t < 2's), whereas the asymptotic behav-
iour (Vs/ Vo — 1) was observed for longer times (t > 25).
Therefore, a and B cannot capture the asymptotic behaviour
of f in Figure 3b.

5. DISCUSSION AND CONCLUSION

We have presented experiments on granular avalanches over
a dam. We measured the maximum avalanche run-out down-
stream of the dam and the final volume retained upstream of
the dam. In the avalanche regime studied here, we showed
that the volume reduction generated by the obstacle was
not sufficient to explain the run-out shortening due to the
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obstacle. The difference, in terms of run-out shortening, was
interpreted as complex local energy dissipation which we
describe using a function f. The evolution of f vs the obs-
tacle height H,,s demonstrated two changes in behaviour
for critical obstacle heights He; and Hc. For high obstacle
heights, the volume retained upstream of the dam became
close to the volume initially released, which explains why
the function f vanished above H,,, = Hc,.

We also analyzed in detail the overflow and the granular
deposit propagating upstream of the dam. It allowed us to
identify a change in behaviour at an obstacle height close
to Hei. We highlighted a transition from an overflow re-
gime to a granular bore regime at the critical height Hc;.
The granular bore propagating far upstream of the dam, pre-
venting a rapid overflow (Hyps > Hc1), is expected to dissi-
pate much more energy than the dead zone which acts as a
springboard for the overflowing mass (Hyps < Hci).

The main result of this study is to show that the deposition
process occurring upstream of the dam has a direct influence
on the local energy dissipation (estimated from f) and there-
fore on the run-out shortening caused by the dam. This result
offers interesting perspectives concerning the effectiveness
and the optimal design of protection dams against full-scale
snow avalanches at intermediate Froude numbers.
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