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Abstract

Dense snow flowing down a rough inclined chute and interacting with a deflecting obstacle is experimentally investigated.
These experiments are of considerable practical interest for the design of deflecting dams that are built to defend against large-scale
snow avalanches. Our study focused on the maximum run-up reached by the dense flowing snow on a deflector. It was found that
the maximum run-up was strongly correlated to the upstream Froude number and the deflecting angle of the obstacle. The data was
compared with the predictions from a simple conversion of kinetic energy to potential energy on one hand and with oblique shock
calculations on the other hand. The predicted values from the first approach were in better agreement with the measured values in
comparison with the second approach. During a short transient phase at the end of the flow, it was shown that the flow features
from our snow experiments were identical to the flow features from the previous granular and water experiments. In these
conditions, the shallow-layer theory was also found to be relevant for snow flows.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

One means of protecting mountainous areas against
dense snow avalanches is to build passive defense
structures in the run-out zone of the snow avalanche in
order to divert, brake, and stop the avalanche. Design of
defense structures is still based on empirical arguments.
Many studies have been conducted over the last few
years in order to analyze the effectiveness of different
protection structures against snow avalanches. Several
approaches have been used: (i) full-scale observations of
snow avalanches interacting with defence structures
(Larsen and Norem, 1996; Harbitz et al., 2000; Jóhan-
nesson, 2001; Lied et al., 2002), (ii) small-scale labo-
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ratory experiments with granular flows (Chu et al.,
1995; Hákonardóttir et al., 2001, 2003a; Faug et al.,
2002, 2003, 2004a; Platzer et al., 2004), and, to a lesser
extent, in situ chute experiments with snow flows (Há-
konardóttir et al., 2003b), and (iii) numerical simula-
tions (Naaim, 1998; Chiou et al., 2005). Other studies
combined numerical simulations with full-scale terrain
observations (Domaas and Harbitz, 1999; Harbitz et al.,
2000) or laboratory experiments (Tai et al., 2001; Gray
et al., 2003; Faug et al., 2004b; Naaim et al., 2003,
2004).

The problem of the interaction between a snow
avalanche and a deflecting dam has been investigated
by direct observations (Domaas and Harbitz, 1999;
Jóhannesson, 2001), but there is still insufficient infor-
mation in order to properly evaluate the effectiveness of
such deflecting structures. Recent experimental inves-
tigations on high Froude number free surface flows
ing obstacle: An experimental investigation. Cold Reg. Sci. Technol.
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Fig. 1. Schematic diagrams of the deflector down a slope inclined at an
angle θ. (a) Plan view: the incoming speed of the flow is u before
interaction with the deflector positioned at an angle γ to the flow
direction. The channel width is lchannel and the deflector length is
Ldeflector. (b) Side view: the maximum run-up reached by the flow on
the deflector is hmax.
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interacting with a deflector have been reported (Háko-
nardóttir and Hogg, 2005). The authors show that ob-
lique shocks, observed for laboratory flows of water or
of dry granular materials, are described well by shock
equations in the framework of shallow-water theory, as
has also been suggested by Gray et al. (2003).

The present paper deals with a series of in situ
experiments (at the Lac Blanc pass in Alpe d'Huez,
France) conducted with dense snow flows down an
inclined chute interacting with a deflecting vertical wall.
The experiments were conducted in an attempt to
answer the following question: How does one estimate
the maximum run-up reached by a dense snow flow on a
deflecting obstacle?

The paper is organized as follows. Section 2 deals
with theoretical approaches that can be used as an at-
tempt to predict the maximum run-up reached by a
dense snow flow on a deflector. The first attempt
(Section 2.1) is simply based on the conversion of the
kinetic energy to potential energy and is generally used
for snow engineering applications (Salm, 1990; Jóhan-
nesson, 2001). The second one (Section 2.2) comes
from shock theory in the framework of shallow flows
and was shown to be relevant for small-scale laboratory
flows of granular materials and of water (Hákonardóttir
and Hogg, 2005; Gray et al., 2003). We then describe the
experimental set-up of the Lac Blanc pass (Section 3.1)
and the main features of the incoming snow flows
upstream of the deflection (Section 3.2) before analys-
ing the deflected flow along the obstacle (Section 3.3).
Section 4 is devoted to the comparison of the data in
terms of maximum run-up along the obstacle with the
predictions from the equations proposed in Section 2.
We discuss the results in comparison with the results
from small-scale laboratory flows of water or of dry
granular materials.

2. Calculating the maximum run-up reached on a
deflector

In this section we present two different ways to
estimate the maximum run-up reached on the deflector:
(i) the first one comes from simple conversion of kinetic
energy to potential energy, and (ii) the second one is
based on an oblique shock calculation.

2.1. Conversion of kinetic energy to potential energy

A naive estimate of the maximum run-up reached by
the flowing material on the deflecting obstacle can be
made by a simple conversion of kinetic energy to po-
tential energy, assuming that the component of velocity
Please cite this article as: Faug, T. et al. Dense snow flowing past a deflect
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normal to the obstacle vanished and is compensated by
the increase in flow depth:

ðu singÞ2
2

¼ gDhcosh; ð1Þ

where Δh=hmax−h is the increase in flow depth as
illustrated in Fig. 1 along with the other variables in
Eq. (1). In this formulation, it is assumed that no energy
is lost during the impact of the snow particles with the
obstacle, nor due to friction with the obstacle as the
snow particles move along the obstacle after the impact.
The equation leads to the following one:

hmax

h
¼ 1þ 1

2
ðFr⁎singÞ2; ð2Þ

where Fr⁎ ¼ uffiffiffiffiffiffiffiffiffiffi
ghcosh

p . This formulation predicts that the

maximum run-up should be correlated with the square
of Fr⁎ sin γ. Note that this formulation is generally used
in snow engineering for dam design (Salm, 1990; Jó-
hannesson, 2001) but it doesn't take into account the
formation of oblique shocks occurring when the incom-
ing flow is supercritical (see Section 2.2).
ing obstacle: An experimental investigation. Cold Reg. Sci. Technol.
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2.2. Oblique shocks

Normal and oblique shocks are usually discussed in
gas dynamics. Some analogy to this was first discussed
in water flows, where the name “hydraulic jump” was
coined. Shocks in cohesionless granular material dyna-
mics have been investigated more recently: normal gra-
nular shocks similar to the so-called hydraulic jumps in
(Savage, 1979) and granular oblique shocks in (Rericha
et al., 2002; Gray et al., 2003; Hákonardóttir and Hogg,
2005). These oblique shocks are described well by the
so-called shock theory. Fig. 2 provides a schematic
diagram of oblique shocks. Here in, h1 and Yu1 are,
respectively, the flow depth and the velocity upstream of
the shock, h2 andYu2 are the flow depth and the velocity
downstream of the shock, and β is the shock angle. The
motion upstream of the shock is parallel to the side walls
of the chute so that Yu1 ¼ ðu1; 0Þ. The motion down-
stream of the shock is assumed to be tangential to the
wall, so that the velocity Yu2 can be written as Yu2 ¼
ðu2 cosg; u2 singÞ. The jump condition to conserve
mass and momentum imply:

h1u1sinb ¼ h2u2sinðb−gÞ ð3Þ

1
2
g coshh21þh1u

2
1 sin

2b ¼ 1
2
g coshh22 þ h2u

2
2 sin

2ðb−gÞ
ð4Þ

h1u
2
1 sinb cosb ¼ h2u

2
2 sinðb−gÞcosðb−gÞ ð5Þ

These equations can be solved to give the depth ratio
h2/h1 as a function of the upstream Froude number
Fr⁎1 ¼ u1ffiffiffiffiffiffiffiffiffiffiffi

gh1cosh
p and the shock angle b:

h2
h1

¼ 1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8ðFr⁎1 sinbÞ2

q
−1

� �
ð6Þ

Note that it may be possible to include a source term
in equations as an attempt to catch features of flows that
Fig. 2. The oblique shock configuration when we consider the
deflection of a uniform and steady downslope flow with velocity u1
and depth h1 by a rigid barrier orientated at an angle γ to the incoming
flow direction. β is the shock angle, u2 and h2 are the velocity and the
depth of the flow downstream of the shock.
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accelerate (Gray et al., 2003). Here we only present the
equations without including source terms. The study
from Hákonardóttir and Hogg (2005) showed that these
equations work well to describe steady oblique shocks
occurring with high Froude number flows of water and
of dry granular material. Note that ones can define an
implicit equation between the shock angle β, the in-
coming Froude number Fr1

⁎ and the deflecting angle γ
(see Hákonardóttir and Hogg (2005)):

tang ¼ 4 sinb cosbð1−Fr⁎21 sin2bÞ
−3þ 4cos2b−4cos2bFr⁎21 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8Fr⁎21 sin2b

q

ð7Þ

3. Experimental set-up and main qualitative data

3.1. Description of the experimental set-up

The experimental device we used is an intermedi-
ate scale device built at the Lac Blanc pass, near the
Alpe d'Huez ski resort in the French Alps. It consists
of a flow chute that can be artificially fed with snow
through a hopper. The chute is 10 m long and 0.20 m
wide. The bottom of the chute is lined with rough
sandpaper. The channel has been instrumented to
measure flow depth, normal and shear stresses at the
bottom, and the velocity profile within the flow.
Through variations in chute inclination and feeding
rate, access to a wide range of slopes and flow depths
is available. Fig. 3 shows the device (more details
can be found in (Bouchet et al., 2003)). In winter
2004–2005, the device was fitted with an inclined
plane, located at the end of the channel, on which a
deflecting obstacle was set-up. The flow in the in-
clined plane was free on one side and constrained by
the deflecting obstacle on the other side. It cor-
responded to the typical configuration of a snow
avalanche interacting with a deflecting dam (Jóhan-
nesson, 2001) except that our experiments involved a
vertical deflecting wall. The effect of the upstream
slope of the deflector (fixed at 90° in our experi-
ments) is therefore not discussed in this paper. The
same configuration with a vertical deflecting wall was
used in the laboratory experiments described by Há-
konardóttir and Hogg (2005). As illustrated in Fig. 3,
two video cameras provided the means to study the
interaction between the obstacle and the flow: video
camera 0 showed the modifications of the free surface
in the vicinity of the obstacle (side view) and video
camera 1 analyzed the flow spreading downstream
ing obstacle: An experimental investigation. Cold Reg. Sci. Technol.

http://dx.doi.org/10.1016/j.coldregions.2007.01.003


Fig. 3. Experimental set-up: view of the channel with the inclined plane and the deflecting obstacle (left) and detailed view of the deflecting obstacle
(right). Two video cameras were installed to study the mean features of the flow interacting with the deflecting obstacle.
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from the deviation (top view). The deflector was
made out of wood. A grid was drawn on its surface in
order to measure the maximum run-up of snow on the
obstacle.

The parameters of the system, which could be varied,
were: (i) the feeding mass flow rate, (ii) the chute
inclination θ, and (iii) and the deflecting angle of the
obstacle γ. The slope of the plane at the end of the chute
was equal to the chute inclination θ.

3.2. Features of the flow upstream of the obstacle

The experimental device provides steady and uni-
form snow flows as described in (Bouchet et al., 2003,
2004). Systematic measurements of the velocity
profiles for different chute inclinations showed the
existence of a typical velocity profile with two zones
of different shearing: a thin high-shear zone sur-
mounted by a weak sheared zone. The velocity profile
has not yet been theoretically described, but it seems
to be explained by the existence of clusters due to
cohesion (Rognon et al., 2005). The velocity profile is
fixed by the channel inclination, the feeding mass
flow rate, and the roughness at the base. The velocity
profile provides the means to calculate the mean
velocity u. The reference upstream snow flow is then
characterized by its Froude number Fr ¼ uffiffiffiffi

gh
p , where

h is the flow depth.
Four series of measurements (23/02/2005, 02/03/

2005, 16/03/2005, 31/03/2005) were conducted dur-
ing the winter 2005, but the video camera 0 did not
Please cite this article as: Faug, T. et al. Dense snow flowing past a deflect
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function during the third series of measurements (16/
03/2005).The basal surface of the plane was smooth
(wood) for the first experiments (23/02/2005). The
plane was covered with the same roughness as the
bottom of the chute for the following experiments
(02/03/2005, 16/03/2005, 31/03/2005). The length of
the deflector was 0.70 m.

Three series of measurements (25/01/2006, 31/01/
2006, 26/04/2006) were taken during the winter 2006.
The basal surface of the plane was smooth (wood) for all
the experiments in winter 2006. The length of the de-
flector was increased and equal to 1.40 m.

All the experiments, except the last series in winter
2006 (26/04/2006), were conducted during the night in
order to guarantee the use of dry snow (no liquid water),
the snow was made up of fine snow grains (weak co-
hesion) and the air and snow temperatures were negative
(see Table 1). The last series of winter 2006 (26/04/
2006) was made during the morning with sun light and
involved humid fresh snow. This last series did not
allow observation of the interaction of the flow with the
deflector because the snow was not able to flow down
until the end of the channel.

The Froude number Fr⁎ of the flows studied are
given in Table 1 and ranged typically from 3 to 8.
Depending on the incoming Froude number and the
deflecting angle of the obstacle, that was varied from 0°
to 18.5° in our experiments, the maximum run-up hmax

reached on the obstacle could be 3 times higher than the
incoming flow depth. The Section 3.3 presents the mean
features of the deflected flow.
ing obstacle: An experimental investigation. Cold Reg. Sci. Technol.
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Table 1
Features of the reference flow: chute inclination θ, velocity u, depth h,
Froude number Fr⁎ ¼ u=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gh cos h

p
, deflecting angle of the obstacle

γ, air temperature Ta, snow temperature Ts

Date Flow θ
(°)

u
(ms−1)

h
(cm)

Fr⁎ γ
(°)

Ta
(°C)

Ts
(°C)

23/02/2005 1 38.0 4.30 9.9 4.9 0 −18 −18
23/02/2005 2 38.0 4.30 9.5 5.0 11.5 −18 −18
23/02/2005 3 39.5 4.70 9.4 5.6 18.5 −18 −18
23/02/2005 4 37.0 4.00 10.2 4.5 18.5 −18 −18
02/03/2005 5 41.0 4.45 8.6 5.6 5 −19 −21
02/03/2005 6 39.5 4.25 8.5 5.3 5 −19 −21
02/03/2005 7 38.0 4.00 9.2 4.7 5 −19 −21
02/03/2005 8 37.0 3.95 10 4.5 5 −19 −21
31/03/2005 15 39.5 4.10 10.1 4.7 0 −3.3 −6.7
31/03/2005 16 39.5 4.10 11.4 4.4 3.9 −3.3 −6.7
31/03/2005 17 39.5 4.10 11.2 4.4 8.9 −3.3 −6.7
31/03/2005 18 39.5 4.10 11.8 4.3 13.8 −3.3 −6.7
25/01/2006 19 37.0 3.77 8.0 4.8 2.5 −13 −17
25/01/2006 20 37.0 4.14 10.8 4.5 5 −13 −17
25/01/2006 22 37.0 3.84 8.2 4.8 7.5 −13 −17
25/01/2006 23 35.5 3.49 8.7 4.2 7.5 −13 −17
25/01/2006 24 35.5 2.93 4.8 4.7 7.5 −13 −17
25/01/2006 26 35.5 3.74 11.4 3.9 10 −13 −17
25/01/2006 29 34.5 3.38 11.9 3.4 10 −13 −17
31/01/2006 30 39.5 4.75 8.2 6.0 10 −5.9 −7.4
31/01/2006 31 39.5 4.52 6.5 6.5 10 −5.9 −7.4
31/01/2006 33 39.5 4.78 9.1 5.7 15 −5.9 −7.4
31/01/2006 34 38.0 4.10 3.8 7.4 10 −5.9 −7.4
31/01/2006 35 38.0 4.70 9.0 5.6 15 −5.9 −7.4
31/01/2006 36 38.0 4.48 6.1 6.5 15 −5.9 −7.4

The second column gives the number of the flow. h is the flow depth at
the location s=0 (end of the channel). The basal surface of the plane
was rough (sandpaper) for flows 5–18 and smooth for flows 1–4 and
flows 19–36 (wood).

Fig. 4. Flow depth versus time for two different locations along the
dam: s=0 and s=0.5 m. Example for θ=39.5°, γ=18.5°, Ldeflector=
0.70 m (winter 2005, flow 3).
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3.3. Analysis of the influence of the deflecting obstacle

The changes in flow depth versus time at a given
location s were displayed with the films obtained from
video camera 0. Fig. 4 shows an example (flow 3 in
Table 1: θ=39.5° and γ=18.5°) how the flow depth
evolved over time at two different locations of the
obstacle (s=0 and s=0.5 m). We observed three
phases: (i) a transient phase when the front of the
snow flow interacted with the obstacle, (ii) the statio-
nary phase, and (iii) the transient phase when the flow
came to rest. No splash-up, as described in (Hákonar-
dóttir and Hogg, 2005) was observed during the front
and obstacle interaction. The films from both video
cameras showed that there was a progressive increase
in flow depth along the obstacle before reaching a
steady state.

As can be seen in Fig. 4, we observe the height had
periodic fluctuations, as was observed for the upstream
flow in the channel (Bouchet et al., 2003, 2004). The
Please cite this article as: Faug, T. et al. Dense snow flowing past a deflect
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maxima of these variations traveled with the flow.
Bouchet et al. (2003, 2004) suggested that these
variations are not waves intrinsic to the flow but are
due to the feeding system. The flow depth h(s) at
location s was calculated as follows: hðsÞ ¼ R t2

t1
zðsÞdt,

where t1 and t2 corresponded to the beginning and the
end of the stationary phase, respectively. The value of
h given in Table 1 corresponded to the position s=0.
Calculating h(s), s ranging from 0 – end of the channel
– to 0.70 m (winter 2005) or 1.40 m (winter 2006) —
end of the obstacle, gave the height of the free surface
along the obstacle.

The qualitative analysis of the films from video
camera 0 brought out the following points: the height
reached on the obstacle increased when the Froude
number and the deflecting angle of the obstacle in-
creased. We defined the maximum run-up hmax reached
on the obstacle as it is defined in Fig. 5 (side view from
camera 0). This maximum run-up was generally well
defined except for a few cases for which the deflecting
angle of the obstacle and the Froude number were both
high (flows 3 and 18 in table 1). Indeed, in these cases,
the maximum run-up did not seem to be reached before
the end of the obstacle, which was probably not long
enough. That is why the length of the deflector was
increased from 0.70 m to 1.40 m during the winter 2006.
Note that the direction of the downstream flow is
parallel to the deflector as can be seen in Fig. 5 (top view
from camera 1).

The observations showed that the maximum run-up
reached on the deflector mainly depended on the up-
stream Froude number and the deflecting angle of the
obstacle. The maximum steady run-up hmax, normalized
by the upstream reference flow depth h, was quantified
ing obstacle: An experimental investigation. Cold Reg. Sci. Technol.
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Fig. 6. Normalized maximum run-up versus the Froude number for
different angles of the deflecting obstacle. The typical error bars
correspond to the standard deviation due to the height fluctuations (see
Fig. 4).
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according to the Froude number and the deflecting angle
of the channel:

hmax

h
¼ hmax

h
ðFr⁎; gÞ ð8Þ

The maximum run-up reached on the obstacle during
this stationary phase is compared to predictions from
theoretical approaches in Section 4.1.

4. Maximum run-up on the deflecting obstacle

4.1. Steady flows

In this section we only consider the steady phase of
the snow flows experiments (see the stationary phase in
Fig. 4). Fig. 6 shows the variation of the maximum run-
up (normalized by the upstream flow depth) reached on
the obstacle versus the upstream Froude number for
different deflecting angles of the obstacle. The maxi-
mum run-up increased when the Froude number in-
creased. If we compare the case with a low deflecting
angle (γ=5°) and the case with a higher deflecting angle
(γ=18.5°), the maximum run-up was greater when the
deflecting angle was higher for a fixed Froude number.
Only a small range of Froude numbers was investigated,
but the results indicate the qualitative trend.

Fig. 7 shows the variation of the maximum run-up
(normalized by the reference flow depth) versus the
Fig. 5. a) camera 0, upstream photo: side view of the maximum run-up
on the dam. Example for θ=38° and γ=15° (flow 36, winter 2006); b)
camera 1: downstream photo: top view of the deflected flow. The
direction of the downstream flow is parallel to the deflector. Example
for θ=37° and γ=18.5° (flow 4, winter 2005).

Please cite this article as: Faug, T. et al. Dense snow flowing past a deflect
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deflecting angle of the obstacle for different ranges of
Froude numbers. The maximum run-up increased sub-
stantially when the deflecting angle of the obstacle
increased. The maximum run-up was approximately
three times higher than the incoming flow depth for a
deflecting angle of 18.5° and an incoming Froude
number of about 6.

Some typical depth profiles along the obstacle are
given in Fig. 8. Here we plotted the dimensionless
height of the flow along the deflector (z/h) as a function
of the dimensionless distance along the deflector (s/h).
Also plotted are the predictions of the steady depth
from both (i) a simple conversion of kinetic energy to
potential energy (Eq. (2)) and (ii) the shock conditions
(Eq. (6)). The results show that a simple conversion of
kinetic energy to potential energy gives a good estima-
tion of the maximum run-up whereas a shock calcu-
lation tends to over-estimate the maximum run-up that
is observed from experiments.

In Fig. 9, the experimentally measured dimension-
less maximum run-up is compared with the theoreti-
cally calculated values, which are derived from Eqs. (2)
and (6). The data in Fig. 9 comprise all the experimental
series listed in Table 1. We note that there seems to be a
better agreement of the experimental measurements
with the predictions from simple conversion of kinetic
energy to potential energy (Eq. (2)) than with ones from
the shock conditions (Eq. (6)). These results are now
discussed in details.

The studies from Hákonardóttir and Hogg (2005)
and Gray et al. (2003) dealing with dry granular flows
show that shock calculations are very relevant to pre-
dict the depth of the flow at the deflecting obstacle,
ing obstacle: An experimental investigation. Cold Reg. Sci. Technol.
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Fig. 7. Normalized maximum run-up versus the deflecting angle of the
obstacle for different ranges of the incoming Froude number. We did
not mention here the error bars that are similar the error bars shown in
Fig. 6.

Fig. 8. The dimensionless height of the flow along the obstacle, z/h,
as a function of the dimensionless distance along the dam, s/h,
for (a) flow 2 with Fr⁎=5.0, γ=11.5°, r1=Ldeflector /h=7 and
r2=Lchannel/(h sin γ) =10, (b) flow 35 with Fr⁎=5.6, γ=15°,
r1=14 and r2=7.8, (c) flow 36 with Fr⁎=6.5, γ=15°, r1=14 and
r2=7.8. Also plotted are the predictions from conversion of kinetic
energy K.E. to potential energy P.E. (dashed line) and of shock
calculations (solid line). For comparison with Eq. (6), the shock β
angle was calculated from the implicit equation between Fr⁎, γ and
β as is mentioned at the end of the Section 2.2 in Eq. (7).
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downstream of the shock, relative to the upstream
depth (see Fig. 6 in (Hákonardóttir and Hogg, 2005)).
To explain that our results are not in contradiction with
the conclusions from Hákonardóttir and Hogg (2005)
and Gray et al. (2003), we have to consider the main
differences between the experimental conditions. In
our experiments the incoming flow is thick. The flow
depth h is typically equal to 10 cm, leading to a ratio
h/lchannel≈1/2 (where lchannel is the width of the chan-
nel) whereas Hákonardóttir and Hogg studied granular
flows that were characterized by a ratio h/lchannel
typically equal to 1/50. The granular flows that they
studied can be considered as shallow flows, which is
confirmed by the good agreement between their ex-
periments and the shallow-layer theory whereas our
snow flows are far from being shallow flows during
the stationary phase (h/lchannel≈1/2).

Furthermore note that Hákonardóttir and Hogg
showed the existence of a transition zone that corres-
ponds to the initial spatial development of the oblique
shock. Hence the deflecting obstacle has to be long
enough in order to see the shock. In their experiments
the length of this transition zone is typically between 20
and 50 times the flow depth. In our experiments the ratio
Ldeflector /h is typically between 7 (winter 2005) and 14
(winter 2006) for a given incoming flow depth around
10 cm. Therefore we might think that we can only see
the initial development of the shock towards the steady
and uniform state shock depth. However, our experi-
ments show that the predictions from the shock
calculation are always higher than the measured max-
imum run-up for all the series which would correspond
to the transition zone (see Fig. 8). This result seems to
Please cite this article as: Faug, T. et al. Dense snow flowing past a deflect
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be a different result from Fig. 8 in (Hákonardóttir and
Hogg, 2005). Keeping our incoming flow conditions
(ratio h/lchannel≈1/2) and increasing the length of the
deflector would not increase the maximum run-up and
the depth profile along the deflector because the flow
was supercritical. Moreover the comparison of the re-
sults from winter 2005 and 2006 where the length of the
deflector was increased by a factor 2 showed that the
depth profile was not influenced by the length of the
deflector. Therefore, in these conditions we think that
the shock calculation would fail in predicting the uni-
form and steady state flow depth. The analysis of the
experiments showed that a simple conversion of kinetic
energy to potential energy seems to be sufficient to
ing obstacle: An experimental investigation. Cold Reg. Sci. Technol.
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Fig. 9. Predicted values of the dimensionless maximum depth reached
along the dam from simple conversion of kinetic energy to potential
energy (Eq. (2), white squares) and from shock calculations (Eq. (6),
black circles) versus the measured ones. For comparison with Eq. (6),
the shock angle β was calculated from the implicit equation between
Fr⁎, γ and β as is mentioned at the end of the Section 2.2.

Fig. 10. Snow jump: side view of the oblique shock (camera 0:
upstream photo) and top view of the oblique shock (camera 1: down-
stream photo). We reported the deflecting angle of the obstacle γ and
the shock angle β as defined in (Gray et al., 2003; Hákonardóttir and
Hogg, 2005). Example for θ=37° and γ=18.5° (winter 2005, flow 4).
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predict the measured values of the maximum run-up in
the range of the following values of the Froude number
Fr⁎ and the deflecting angle γ: 3bFr⁎b8 and 0bγb
18.5°. In addition to the ratio Ldeflector /h, it's crucial
to consider the ratio lchannel /(h sin γ). With a ratio
h/lchannel≈1/2 and with values of the deflecting angle
γ ranging from 5 to 20°, the ratio lchannel /(h sin γ)
typically ranged between 6 and 46 in our snow
experiments. In the granular flows tests, with a ratio
h/lchannel≈1/50 and with values of the deflecting angle
γ ranging from 8 to 32° (Hákonardóttir and Hogg,
2005), the ratio lchannel /(h sin γ) typically ranged
between 95 and 360. To our opinion the main argu-
ment to explain our observations and results is the fact
that the incoming flow was far from being a shallow
flow. If the snow chute had been wider (and the dam
longer) — or if the flow had been thinner, we would
have observed shocks well predicted by the shock
theory in the framework of shallow flows. These con-
ditions occurred during a short transient phase at the
end of the flow when the flow became thinner: we
observed transient snow oblique shocks very similar to
those observed with granular flows, as it is described
in the following section. Note that we also defined the
ratio r ¼ Ldeflector

ðlchannel=singÞ which indicated if the dam ex-
tended out the incoming flow (rN1) or not (rb1) as
illustrated in Fig. 1. In our snow chute experiments the
ratio r ranged from 0.15 to 1.1 (winter 2005) and from
0.3 to 2.2 (winter 2006). In the granular flows tests
from Hákonardóttir and Hogg (2005), the ratio r
ranged from 0.3 to 1. Then the values of the ratio r
Please cite this article as: Faug, T. et al. Dense snow flowing past a deflect
(2007), doi:10.1016/j.coldregions.2007.01.003
were very similar for our snow chute experiments and
the granular flows tests.

4.2. Transient flows

In this section we consider the transient phase of the
snow flows experiments (see Fig. 4). At the end of the
flow when the flow became very shallow and only if the
basal roughness of the plan was smooth, we could
observe snow jumps very similar to those observed by
Hákonardóttir and Hogg. During this short duration
phase, the flow was very shallow. The upstream flow
depth was typically equal to 1 cm, leading to a ratio
h/lchannel≈1/20 and Ldeflector /h≈70 (for Ldeflector=
70 cm) and Ldeflector /h≈140 (for Ldeflector=140 cm).
Then the ratio lchannel/(h sin γ) defined in the previous
section ranged from 60 to 460. These values corres-
pond to the typical values that were considered in
(Hákonardóttir and Hogg, 2005). Fig. 10 shows an
example of the snow oblique shocks that we observed
(flow 4 in Table 1: γ=18.5°, θ=37° and a smooth
surface at the base). The side view (from camera 0)
illustrates the high h2/h1 depth ratio in this case. The
top view (camera 1) illustrates the shock angle β as
defined in the dry granular dynamics literature. Fig. 11
displays the experimental depth ratio h2/h1 according
to the upstream Froude number Fr1

⁎ that we estimated
in our experiments (flow 4 in Table 1) in comparison
with Eq. (6). The downstream flow depth h2 was
precisely measured but we could only roughly
ing obstacle: An experimental investigation. Cold Reg. Sci. Technol.
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Fig. 11. Snow oblique shock (flow 4): h2/h1 versus Fr1
⁎ sin β, where h1

and h2 are the flow depth upstream and downstream of the jump, Fr1
⁎ is

the upstream Froude number and β is the oblique shock angle.

9T. Faug et al. / Cold Regions Science and Technology xx (2007) xxx–xxx

ARTICLE IN PRESS
estimate the incoming flow depth h1 (the flow depth
and its fluctuations were on the same order during this
phase), explaining the high values of error bars dis-
played in Fig. 11. In spite of these high values of the
error bars, good agreement was found between the
experimental data and Eq. (6). The velocity was esti-
mated using small insulated clusters at the surface of
the flow, as shown in Fig. 10. The velocity was found
to be close to the measured velocity during the sta-
tionary phase, i.e., roughly 4 m s−1.

This led to local upstream Froude numbers typically
13. In the dry granular dynamics literature (Gray et al.,
2003; Hákonardóttir and Hogg, 2005), similar oblique
shocks described as sudden are observed for granular
flows with a high upstream Froude number above 5.
Gray et al. (2003) did study granular jumps with Froude
numbers less than five and described these shocks as
diffuse. In our experiments with snow, we observed
sudden oblique shocks for high upstream Froude number
values (10–15). Note that these values were therefore
much higher than those measured during the stationary
phase (3–8).

5. Concluding remarks and discussion

The experimental set-up allowed analysing the in-
teraction of a steady snow flow with a deflector. The
experimental features of the experiments were charac-
terized by the following parameters: the incoming
Froude number Fr⁎, the deflecting angle of the obstacle
γ, the ratio of the deflector length to the flow depth
Ldeflector /h and the ratio lchannel

hsing (involving the ratio of the
flow depth to the channel width h/lchannel). The typical
values of the snow flows that we studied during the
Please cite this article as: Faug, T. et al. Dense snow flowing past a deflect
(2007), doi:10.1016/j.coldregions.2007.01.003
steady phase were the following ones: Fr⁎ ranged from
3 to 8, γ ranged from 0 to 18.5°, Ldeflector /h≈10 and
h/lchannel≈1/2. In these conditions it was not possible to
observe a sudden oblique shock but the deflected flow
reached a maximum run-up that could be well charac-
terized and predicted by a simple conversion of kinetic
energy to potential energy. Shock calculations were also
used as an attempt to match the measured values
without luck (the predicted values are higher than the
measured ones). During a short transient phase at the
end of the flow, the flow became very shallow and the
values of the governing parameters changed as follows:
Fr⁎≈13, Ldeflector /h≈100 and h/lchannel≈1/20. Then
transient oblique shocks were observed with similar
features as the steady shocks observed with water and
granular materials (Hákonardóttir and Hogg, 2005).

A future challenge would be to build a wider channel
to investigate the occurrence of oblique snow shocks in
steady conditions. Further detailed investigations using
experiments and numerical computations are needed to
study many of the effects involved in natural situations
that could improve the predictions: (i) the effect of source
terms, including gravity and basal friction (rheology of
the material, bed roughness) and (ii) the effect of the
shape of the obstacle. The progress of these inves-
tigations would be of a crucial practical interest for the
design of protection dams to deflect dangerous snow
avalanches.
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