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Full-scale experiments have been conducted on the Lautaret avalanche test site (France, Hautes-Alpes) to
quantify avalanche impact pressure. A structure with a flat surface is used as a large sensor and an inverse
analysis procedure is developed to reconstruct the pressure applied on this obstacle. This method is validated
by numerical simulations and in-situ impact hammer tests are performed to acquire the frequency transfer
function of the sensor. Experimental measurements are carried out with the device during an avalanche and
are processed to quantify the impact pressure. Results show that the loading rate can reach up to 100 kPa/s
with a nominal pressure of 35 kPa for an avalanche with a front velocity of around 17 m/s and a density of
around 100 kg/m3. The nominal impact pressure of this avalanche, with a Froude number of around 5, is
roughly consistent with the kinetic pressure estimation. Interactions between the flow and the structure form
a dihedral snow deposit upstream of the obstacle (stagnation zone), modifying the shape of the obstacle and
reducing the hydrodynamic drag pressure, which is nevertheless mainly depending on the velocity of the
flow. Results are discussed on the basis of the drag coefficient, Cr, to the Froude number, Fr, relationship which
can be expressed as Cr=10.8 Fr−1.3 from the data.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The understanding of the action of a snow avalanche against an
obstacle is a key step in the design of passive avalanche defense
structures and in avalanche hazard zoning. No method is available to
provide a complete pressure spectrum and it is generally recom-
mended to use an equivalent static load for accidental load effects
caused by avalanches (NF EN Eurocode, 1990–2003). The impact force
of a flow on an obstacle should be estimated on the basis of media
continuum mechanics. Such a deterministic approach requires a
constitutive equation to describe the flowingmedium and theway the
obstacle interacts with the flow. Unfortunately such a constitutive
equation is not available for flowing snow such as encountered in
aerosol avalanches (Ancey, 2006). However, for non-aerosol ava-
lanches, which are more common in zones of moderate danger (blue
zone in French hazard zoning) and where defense structures are
present, most studies suggest that snow flows as a non-Newtonian
fluid (Dent and Lang, 1982; Maeno, 1993; Bouchet et al., 2003; Kern
et al., 2004; Rognon, 2006). The flow is therefore expected to be
divided into a lower highly sheared zone, and an upper weakly-
sheared layer of maximum velocity. However, even under this
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restrictive hypothesis, when such a dense snow avalanche interacts
with an obstacle with a size that is comparable to that of these layers,
the structure of the flow is strongly affected and the modification of
the flow at the scale of the structure is still difficult to assess using
numerical simulations (Lachamp et al., 2002). Flow-structure inter-
actions are therefore mainly investigated by experimental studies
(Faug et al., 2004). However, similarity criteria are also difficult to
determine and make the extrapolation of small-scale results ques-
tionable. Full-scale experiments are therefore necessary to validate
small-scale experiments, provide phenomenological information and
validate numerical models of avalanche dynamics.

The first full-scale investigations of avalanche pressure impact on
large obstacles were reported in the late 70s by Kotlyakov et al. (1977)
who provided pressure measurements and proposed results taking
into account the change in density due to flow-structure interactions.
Impact pressure values on macroscopic structure such as towers have
since been reported by Norem (1991). Impact pressure measurements
on a plate around a meter in size have been reported by Sovilla and
co-authors (2007) and also Gauer and co-authors (2007) for the basal
shear component. The main advantage of large scale sensors is that
they provide measurements at a scale where the avalanche can be
modeled by fluid mechanics equations for a homogeneous and
continuous medium. They integrate the flow-structure interactions
and incorporate the overall spatial variability of the pressure applied
on the surface of the obstacle. On the other hand, large scale sensors
do not provide any information on the internal structure of the flow.
Moreover, they also have a limited bandwidth due to low Eigen
n an instrumented structure, Cold Regions Science and Technology
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Fig. 1. Digital elevation model obtained from airborne scanning laser altimetry on the
experimental site of Col du Lautaret where avalanches are released.
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frequencies which can significantly reduce the time resolution
(Sovilla et al., 2007). However, this difficulty can be dealt with by a
spectral analysis of the structure to acquire its frequency response
function.

Most studies have therefore used small load cells to obtain insight
into the avalanche structure and pressure distribution (Lang and
Brown,1980; Schaerer and Salway, 1980; McClung and Schaerer, 1985;
Norem et al., 1985; Kawada et al., 1989; Nishimura et al., 1989, Abe
et al., 1992; Schaer and Issler, 2001). These point measurements allow
an extended spectral bandwidth but have two main disadvantages:

- The scale of measurement is generally too small compared to snow
heterogeneities to consider the avalanche as a continuous flowing
medium. The use of fluid mechanics equations to interpret the
measurements is therefore questionable. Pressures show high
temporal variations (Sovilla et al., 2007) with high peak values
(McClung and Schaerer, 1985) due to impulses from particles or
snow blocks, leading to overestimated pressure values. Data are
therefore usually smoothed with a low pass filter to achieve
consistency with larger scale measurements (Sovilla et al., 2007).
Such data processing greatly limits the usefulness of high
frequency load cells.

- Small-scale sensors are set up on structures (e.g. pylons or wedges)
that are large enough to resist the studied avalanches. These
structures represent obstacles that interact with the flow of the
avalanche, creating a stagnation zone and lateral or vertical
deviations as demonstrated for granular materials (Gray et al.,
2003; Faug et al., 2004) and plastic flows (Coussot, 1997,
Tiberghien, 2007).

Considering that suchmeasurements are highly intrusive, we use a
different approach: by setting up a suitable experimental structure in
a real path, both the snow-obstacle interaction and the associated
impact pressure at the scale of the structure are expected to be
quantified (Berthet-Rambaud et al., 2005). Pressure is to be deter-
mined from an inverse analysis of the deformation of the structure.
Considering that the Eigen frequencies of a structure are about 1 Hz to
a few 10 Hz, its frequency response function is to be determined in
order to be used as an instrumented-structure. This approach should
provide information on its dynamic behavior under the complex
loading conditions of an avalanche. Conversely and considering that,
at such a scale, pressure can be analyzed by fluidmechanics equations,
a basic understanding of the flow mechanism of snow can also be
derived from the overall response of the structure.

The following section describes the site used for avalanches release
and the sensor-structure. Then the transfer function obtained from
analytical model, numerical finite element computation and experi-
mental impact tests is presented with the inverse problem deconvo-
lution. Results obtained for a dry and dense snow avalanche are
presented in Section 3 and discussed in Section 4.

2. Method

2.1. Test site

Experiments were carried out at the Lautaret full-scale avalanche
site in the southern French Alps (45.033°N/6.404°E). This site has been
used by the Cemagref Research Institute since 1973 (Issler, 1999;
Naaim et al., 2004). Different avalanche paths (Fig. 1) are located on
the south-east slope of Chaillol Mountain (2600 m a.s.l. max), near the
Lautaret Pass (2058m a.s.l), where small tomedium avalanches can be
released 3 or 4 times eachwinter. Avalanche flows are generally dense,
whether wet or dry, sometimes with a small but fast powder cloud (or
saltation layer). The dense part is usually less than 1m thick. The track
length is 500 to 800 mwith an average slope angle of 36° that reaches
40° in the starting zone. Dry snow avalanches released in early winter
generally exhibit a density of 80 to 160 kg/m3 in the starting zone and
Please cite this article as: Thibert, E., et al., Avalanche impact pressure o
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between 300 and 350 kg/m3 in the deposition area. Typical release
volumes vary from 500 to 10,000 m3 and maximum front speed can
reach 30 to 40 m/s (Meunier et al., 2004). Medium-size avalanches
make this site of particular interest for experiments on structures as
the structures are not deeply buried under avalanche snow deposits
and remain available for the next avalanche event.

A reinforced-concrete shelter houses the data acquisition equip-
ment including a National Instrument SCXI-1000 high frequency
logger. A sampling rate of 3000 Hz is used to ensure the recording of
dynamic effects. A strong concrete foundationwas built to support the
structure used as the macroscopic sensor described in the following
section. The Eulerian surface velocity of the avalanche at the location
of the structure is measured by video image processing (25 frames/s).
The Lagrangian velocity of the avalanche front is measured along the
track by a digital camera with a shooting rate that can be set up to
8 frames/s. The process is similar to the videogrammetry used at
La Sionne (Vallet et al., 2004) but using a single camera. Images
(4288×2848 pixels; ground pixel size=10 cm) are captured on a CMOS
sensor (23.7×15.7 mm) and a 85 mm focal length lens. They are
orientated towards ground control points observed to within a few
centimeters with differential geodetic GPS. The position of the front of
the avalanche is given by ortho-rectified images on a digital elevation
model of the slopes obtained from airborne laser altimetry (Fig. 1).

2.2. The instrumented structure

The macroscopic structure is a one square-meter plate supported
by a 3.5 m high steel cantilever fixed in the ground, facing the ava-
lanche (Fig. 2). It is set up in the avalanche path nearly 150 m downhill
from the starting zone, that is, in the area where avalanches generally
reach their maximum velocity. This represents a large obstacle in
comparison to the flow height (about 1 m at this location) and there-
fore integrates the effects offlowheterogeneities. Strains aremeasured
at the bottom of the beamwith 4 precision strain gages (Vishay micro-
measurements CEA-06-125UN) placed in the maximum bending
moment area. The plate can be moved along the beam to be located
exactly at the surface of the initial snow-cover prior to avalanche
release. The height of the flow on the obstacle is deduced from images
focused on the black/white 10 cm checkered surface of the plate.

Gages are linked to the data acquisition system in the shelter using
a quarter bridge configuration and their signals are filtered with a
4-pole Butterworth (−24 dB/octave) filter with the cut-off frequency
set to 1 kHz to ensure a bandwidth without aliasing. An additional
±490 m/s2 accelerometer (Wilcoxon Research 736) is placed on the
beam to measure high-frequency vibrations of the structure in the
direction of the avalanche. Its bandwidth is also limited to 1 kHz. Note
that nodes of the standing waves of the beam may alter the signal to
n an instrumented structure, Cold Regions Science and Technology
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Fig. 3. Frequency response function for deformation as given by (a) the Euler–Bernoulli
beam model and (b) measurements from the impulse hammer test at the center of the
plate. The difference in amplitudes between modeled and measured transfer functions
is due only to different normalization choices.

Fig. 2.Macroscopic instrumentation used for impact pressure measurements. Numbers
1 to 4 denote the locations of strain gages and γ the location of the accelerometer. For
the purpose of illustration, the sensors are indicated on the front of the beam although
they are in fact located on the rear side. The steel beam does not reach the back concrete
wedge during elastic deformation. Contact only occurs at the elastic limit to avoid
plastic damage.
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noise ratio of vibrationmeasurements. As the node location is a function
of the position of the plate on the beam, the accelerometer is set to avoid
nodes when the plate is located at the top. This position is indeed the
most commonly used given the regular snowconditions observed in the
avalanche path. Vibration data are used for the modal study of the
structure, but as explained by Hillary and Erwins (1984), for higher
accuracy, preference is given to strain gage signals for pressure
reconstruction by inverse analysis.

2.3. Inverse analysis

Force identifications are widely used in the determination of
dynamic loads applied to various structures under unknown load-
ing conditions (Wang, 2002). The inverse analysis procedure is
developed using the 4 dynamic strain measurements performed at
the bottom of the structure (Fig. 2). The avalanche action is assumed
to be uniformly distributed over the obstacle and no avalanche
forces are assumed to act directly on the beam. The impacted
structure is the system formed by the beam and the plate. The beam
is elastic, perfectly clamped at one end and free elsewhere. It is
designed to remain elastic during avalanche loading. The equations
of motion are those of structural dynamics (Gerardin and Rixen,
1993) and an Euler–Bernoulli beam model can be used. The elastic
assumption can be checked afterwards by comparison of the
recorded strains with the elastic limit.

2.3.1. The direct problem
This consists in evaluating the strain history from the loading,

boundary and initial conditions. Using the Euler–Bernoulli beam
model, the direct problem is firstly solved by assuming that the im-
pacting force acts at a specific point. As described by Meirovitch
(1986), it is well established that, in the elastic domain, this for-
mulation is equivalent to solving a Fredholm integral equation of the
first order:

ei tð Þ ¼
X
j

Z t

0
hij t � sð Þfj sð Þds ð1Þ
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where ɛi is the strain history measured at a point xi (gage locations), fj
the impact load at xj (center of the plate) and hij the transfer function
between excitation and measurement points.

The transfer function or its equivalent Frequency Response Func-
tion (FRF) in the frequency domain (ω: angular frequency), ĥ(ω) is
kown once the mechanical model of the structure including its
boundary conditions has been set (Fig. 3a.). The FRFs can be also
directly measured (Fig. 3b). For our macroscopic sensor, we used the
following three methods:

a) An analytical Euler–Bernoulli beam model, with an additional
point mass (200 kg) located 0.50 m from the clamped end to
simulate the plate on the beam. Calculations are performed using
the modal displacement method. The direct model is solved once
the Eigen frequencies have been determined.

b) A numerical finite element computation performed with the
CASTEM 2000 general purpose finite element code using thin plate
DKT elements (Batoz et al., 1980). An average Young's modulus of
190 GPa, a damping coefficient of 0.33% obtained from laboratory
measurements, and a density of 7850 kg/m3 were used as fixed
parameters in these calculations.

c) An experimental impact test on the structure using an impact
hammer to apply the impact force, with simultaneous measure-
ment of strain and vibration responses of the structure. According
to Doyle (1997), the gage sizes together with the density and the
Young's modulus of steel ensure that the frequency response
n an instrumented structure, Cold Regions Science and Technology
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Fig. 4. Main deformation modes of the structure from finite element computations.

Table 1
Eigen modes of the structure resulting from the analytical Euler–Bernoulli beam model
(EB), the finite element computation (FE), and direct in-situ measurements performed
on the real structure

Mode of deformation FE computations EB model In-situ measurements

Ortho. bending (order 1) 12 Hz –

Axial bending (order 1) 18 Hz 20 Hz 18.5–18.6 Hz
Torsion 52 Hz – Non-excited
Axial bending (order 2) 90 Hz – 83 Hz
Ortho. bending (order 2) 79 Hz – Non-excited
Upper modes 109; 123 Hz – 121; 126 Hz
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reaches 300 kHz. The impact load is measured by the piezoelectric
force measurement device integrated in the head of the impact
hammer (model 5802A from Dytran Instrument Corporation). The
acquisition system is the same as used during avalanche measure-
ments but with an enhanced bandwidth (0–5000 Hz) and a
sampling rate of 10 kHz.

2.3.2. The inverse problem
The associated inverse problem is to extract the force history from

the measured local strains using Eq. (1). The unknown applied force
fj(t) at point xj is estimated on the basis of the experimental and
potentially noisy strain time function ε(xi,tr) at point xi, recorded at
sampling times tra[0,T], r=1,2,…,n. The frequency domain formula-
tion is used here (Martin and Doyle, 1996; Doyle, 1997). Since the
measured signal is not continuous, the Discrete Fast Fourier Trans-
form (DFFT) is necessary. The solution of the inverse problem is
given by the regularized deconvolution formula:

f̂ d xð Þ ¼ êd xð Þ � /̂ xð Þ
ĥ xð Þ

ð2Þ

where the symbol “ ˆ ” denotes Fourier transform functions of the
circular frequency variable ω. As explained by Doyle (1997), such
problems are generally ill-posed which means that a regulariza-
tion filter represented by ϕ̂ (ω) is necessary to achieve physically
meaningful solutions. Given that the Frequency Response Functions
(FRFs) have very small amplitudes near some frequencies and that
the measured signal εδ is polluted by measurement noise, the di-
rect application of the deconvolution Eq. (2) without regularization
(ϕ̂ (ω)≡1) leads to instability of the inverse problem (Tikhonov and
Arsenin, 1977; Engl et al., 1996). The solution is therefore to find the
optimal level of regularization between stability and accuracy. This
optimal level is achieved using the Morozov discrepancy principle
(Engl et al., 1996; Groetsch, 1993).

3. Results

3.1. Direct model

The analytical transfer function of the direct Euler–Bernoulli beam
model is plotted in Fig. 3(a) and shows a single mode of bending with
an Eigen frequency of 20 Hz. Finite element computations provide
more detailed deformation modes with first and second order com-
ponents, as shown in Fig. 4.

The main deformation mode for the structure is expected to be
pure bending in the direction of the avalanche. This is referred to as
axial bending and its first order mode is found at 18 Hz (2nd order is
90 Hz). Orthogonal bending is bending of the beam in the per-
Please cite this article as: Thibert, E., et al., Avalanche impact pressure o
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pendicular directionwith 1rst and 2nd order modes at respectively 12
and 79 Hz. Torsion of the beam is detected at 52 Hz. Upper modes
were also simulated but are not of interest here. The main modes of
deformation and their Eigen frequencies resulting from the 2 direct
models are summarized in Table 1.

Dynamic in-situ tests were performed to validate both direct
analytical and numerical models before applying them to pressure
reconstruction from avalanche real strain measurements. The plate
was in the lowest position on the beam, as was the case for the direct
models and for the avalanche described below. Before applying the
inverse method to full-scale avalanches, it was validated with lab-
oratory hammer impact tests in which both strain and impact load
history were recorded.

In the dynamic in-situ tests, the impact force is applied with the
impulse hammer at the center of the plate. The applied force is shown
as a function of time in Fig. 5(a) and versus frequency in Fig. 5(b). The
frequency spectrum of deformations recorded simultaneously at gage
1 is plotted in Fig. 6(a) while Fig. 6(b) shows the acceleration spectrum
measured on the beam. The large spectral extent of the impact (up to
500 Hz) ensures coverage of the first Eigen modes of the structure.

Recorded deformation, ε̂δ(ω), at gages 1 to 4 and the applied force,
f̂δ(ω), can be used to calculate the Frequency Response Function (FRF)
of the structure, ĥ(ω) according to Eq. (3):

ĥ xð Þ ¼
êd xð Þ � conj f̂ d xð Þ

� �
f̂ d xð Þ � conj f̂ d xð Þ

� � ð3Þ

in order to minimize the effect of noise (Doyle,. 1997). The FRF is
plotted in Fig. 3(b) for gage 1 and Eigen frequencies from the four
gages and the accelerometer are given in Table 2. The first order of the
axial bending of the beam is naturally the main excited mode of
deformation in this test and is detected at 18.5 Hz. Impulse hammer
test also excitesmode 2 at 83 Hzwhich is measured by all gages except
no. 4. Upper modes are only measured by the accelerometer. Eigen
frequencies given by both direct models (Table 1) are consistent with
n an instrumented structure, Cold Regions Science and Technology
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Fig. 5. (a) Measured impact force applied on the structure versus time during the
impulse hammer test. (b) Frequency spectrum of the measured impact force.

Fig. 6. Frequency response function of (a) deformation at gage 1 and (b) accelerations
during the impulse hammer test.

Table 2
Mode of deformation excited by the impulse hammer test: detected Eigen frequencies
from the 4 gages and the accelerometer

Mode Gage 1 Gage 2 Gage 3 Gage 4 Accelerometer

ab. 18.5 Hz 18.5 Hz 18.6 Hz 18.5 Hz 18.5 Hz
ob. 83 Hz 83 Hz 83 Hz – 83 Hz
Other – – – – 121, 126 Hz

Letters ab. and ob. refer to axial and orthogonal bending.
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experimental values obtained in-situ and we have used the Euler–
Bernoulli beam model and its transfer function (Fig. 3a) in the inverse
analysis below.

3.2. Avalanche impact pressure reconstruction

Snow and meteorological conditions on 15 February 2007 allowed
artificial release of a relatively large avalanche above the structure.
Atmospheric temperature was about −1 °C when a 0.5 m thick layer of
small rounded particles (0.3 mm in diameter) and decomposing and
fragmented precipitation particles was released in the avalanche path.
The density was about 80–160 kg/m3 and themean snow temperature
was −2 °C. The avalanche stopped after running a distance of 450 m
(elevation difference of 240 m). The density in the deposition zone,
where only small rounded particles were observed, was 340 kg/m3,
and the measured temperature was between −0.5 and −1 °C. Nu-
merous spherical flaky balls due to recovered snow cohesion were
observed at the surface. Fig. 7 shows the avalanche a few seconds after
its impact on the structure.

At the location of the measurement structure, the flow was dense
and reached the plate at about 17 m/s with a thickness of 1 m at the
time of the impact. Lateral and partly vertical deviations of the flow
were observed around the obstacle. Then, an accumulation or “dead
zone” was formed rapidly (in 2.4 s) on the upstream side of the plate.
Its shape was somewhat close to a symmetric dihedral with a summit
angle of nearly 2α=100° (Fig. 8). The height of the flow remained
nearly constant and equal to 1 m until the very end of the flow. Snow
Please cite this article as: Thibert, E., et al., Avalanche impact pressure o
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in the dead zone was composed of compacted, highly cohesive, fine
grains, with a temperature of 0 °C and a density of 540 kg/m3.
Recorded deformation at gage 1 and the acceleration spectrum of the
structure are shown in Fig. 9a and b.

Static deformation remained at t=32 s due to the nearly 110 kg of
snow bearing on the structure after impact. The accelerometer signal
shows that both orders (18 and 86 Hz) of axial bending were the main
excited deformation modes. The energy measured at 32 Hz is not
explained but was also observed on gages 1 and 2 (spectrum not
reported here).

The reconstructed load of the avalanche is obtained from Eq. (2)
for gages 1 and 2 using a low pass filter for the regularization function,
ϕ̂ (ω), which truncates the frequency domain. The filter is such that
ϕ̂ (ω)≡0 above a truncation frequency ωc and ϕ̂ (ω)≡1 elsewhere.
The optimal truncation frequency ωc is determined according to the
Morozov's discrepancy principle, ||εω− εδ|| =δ (Engl et al., 1996;
Groetsch, 1993) where δ is the noise level of the measured signal
estimated prior to avalanche impact, ɛδ the experimental noisy
n an instrumented structure, Cold Regions Science and Technology
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Fig. 7. Avalanche released on 15 February 2007 a few seconds after contact with the
instrumented structure.

Fig. 9. (a) Deformation measured at gage 1 during the impact of the avalanche (15
February 2007) versus time. (b) Frequency response of the accelerometer during
avalanche impact.
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strain and εω the strain history given by the direct model for a level
of regularization corresponding to ωc.

The observed noise level is here relatively high (see Fig. 9a)
because the plate of the structure is located at the bottom of the beam,
and the bending moment is very low under such conditions. The
optimal value of regularization is therefore ωc=25 Hz as obtained
from the L-Curve (Tikhonov and Arsenin, 1977; Engl et al., 1996;
Groetsch, 1993) which reduces significantly the initial 0–1000 Hz
bandwidth. Fig. 10a shows this ωc parametric graph of the norm of the
residual versus the norm of the solution. The reconstructed pressure
from gages 1 and 2 is plotted in Fig. 10b. Despite the reduced band-
width, a dynamic analysis was still worthwhile in the frequency range
covering the first Eigen mode of the structure (20 Hz). A constant
frequency transfer function extrapolated from the static case (assum-
ing that pressure is proportional to deformation) would not have been
Fig. 8. Snow deposition (dead zone) of a dihedral shape on the upstream face of the
structure.

Please cite this article as: Thibert, E., et al., Avalanche impact pressure o
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valid for much more than 20% of the first Eigen frequency, i.e. up
to 4 Hz. For higher frequencies, the discrepancy between static and
dynamic response functions is not acceptable, as it exceeds 3 dB.

4. Discussions

The surface velocity of the flow determined from video image
analysis is plotted in Fig. 11 together with the mean pressure re-
constructed from gages 1 and 2. The initial Eulerian velocity, 17 m/s, is
in good agreement with the Lagrangian one obtained from numeric
photography. Supported by image analysis, the qualitative deciphering
of Fig. 11 yields the main following steps: The first impact at t=18 s
was due to the saltation component. The dense part of the flow hits
the sensor at nearly t=19 s. Pressure reaches a value of 30–35 kPa. The
mean loading rate is around 20 kPa/s but rose up to 100 kPa/s over
a short time period (100–200 ms). Between t=21 s and t=23 s, the
pressure decreases regularly while the snow is deposited on the struc-
ture and the velocity decreases. Then (25b tb28 s), the pressure sta-
bilizes and later decreases alongwith the velocityandheightofflow. The
static pressure that remains is the weight of the deposited snow.

The quantitative analysis of pressure measurements is a more
difficult task because the interaction of the avalanche with the ob-
stacle combines flow dynamics and the obstacle effect. Two ap-
proaches can be attempted, both modeling the avalanche flow as a
homogeneous fluid. Such an assumption is valid for our experiment
conditions because decimetric heterogeneities in the flow are neg-
ligible compared to the size of the sensor.
n an instrumented structure, Cold Regions Science and Technology

http://dx.doi.org/10.1016/j.coldregions.2008.01.005


Fig. 10. (a) L-curve used for the determination of the optimal cut-off frequency, ωc, of
the low-pass filter according to the Morosov discrepancy principle. (b) Reconstructed
pressure from gages 1 and 2.

Fig. 11.Mean pressure applied on the structure obtained from inverse analysis of gage 1
and 2 data and surface velocity of the flow obtained from video image analysis, along
with the kinetic pressure obtained from Eq. (7), the hydrostatic pressure and the
unsteady-state pressure.
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4.1. Linear momentum conservation

The first approach is based on a deterministic formulation of the
conservation of the linear momentum of the fluid during the flow
around the obstacle. This can be expressed in the integral formula for a
finite volume, V, bounded by surface S of fluid, which flows around the
obstacle with area Sob. (Fig. 12a):

Z
V

Aq
Yu

At
dvþ

Z
S

q
Yu:Yn

� �
YudSþ

Z
S

p
PP

1 � PP

r
� �

:
YndS ¼

Z
V
q
YgdV ð4Þ

where u
→
is the velocity and ρ the density of the snow, p the ambient

pressure, 1
=
the unit tensor, σ= the stress tensor, g

→
the gravitational

acceleration, and n
→

the vector normal to the surface of S (Ryhming,
1991; chapter 3). The pressure applied on the surface of the obstacle is
given by:

P ¼ 1
Sob:

Z
Sob:

PP

r � p
PP

1
� �

:
YndS ð5Þ

which using Eq. (4) results in the general formulation (no particular
functional form required for the constitutive equation of the fluid):

P ¼ 1
Sob:

Z
V

�Aq
Yu

At
þ q

Yg

 !
dV �

Z
S1þS2þS3

q
Yu:Yn

� �
Yuþ PP

r � p
PP

1
� �

:
Yn

� �
dS

( )
:

ð6Þ
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Eq. (6) therefore highlights 4 contributions to the pressure applied
over the obstacle:

1. First term on the right-hand side is the impact pressure due to time
variations of the momentum related to changes in density and
velocity. It can be neglected in the quasi-steady flow approximation.

2. Second term is the hydrostatic pressure which is a function of both
density and the height of the flow.

3. Third term is the kinetic pressure related to the velocity vector field
around the obstacle.

4. Fourth term is the pressure due to the unknown constitutive law of
the fluid and corresponds to deviations from a perfect fluid's
behavior.

It is possible, as proposed by Ancey (2006; chapter 5), to extract the
prevailing terms in Eq. (6) to carry out further calculations. This is
done integrating over a volume Vwhich is large enough to account for
all regions where stream lines are under the obstacle's influence,
which is roughly lo=1 m in our conditions. Assuming density to
increase linearly with time between initial (120 kg/m3) and final
values (340 kg/m3), a height of flow h that remains close to 1 m until
t=28 s, and using the velocity obtained from video analysis, the un-
steady-state pressure 1

lo
Aqu
At

� �
and the hydrostatic pressure (ρgh cosφ;

φ: 30° slope) are plotted in Fig. 11.
The kinetic pressure contribution is calculated under the hypoth-

esis of a non-compressible perfect fluid (no energy dissipation),
integrating incoming and outgoing kinetic fluxes (the q

Y
u � Yn

� �
Y
u term)

through cross-sections S1, S2 and S3 (Fig. 12a). The calculation of this
term requires a determinate velocity vector field. Assuming a non-
compressible perfect fluid, and that the flow is non-rotational
Y
rot

Y
u ¼ 0

� �
, the velocity can be derived from a velocity potential

ϕ. Mass conservation in a steady flow div
Y
u ¼ 0

� �
results in Δϕ=0

(Landau and Lifshitz, 1994; chapter 1). The velocity vector close to the
surface can therefore be expressed in polar coordinates (Fig. 12a) as
ur=Crcos2θ, and uθ=Crsin2θ where C is a constant (Ryhming, 1991;
chapter 5). Streamlines are hyperbolic and the y-axis streamline
comes to a point where the flow is stopped. This stagnation point is
the location where snow deposits initially to build the dead zone. The
dihedral snow deposit that can be observed in Fig. 8 displays slightly
concave sides with a shape that is consistent with hyperbolic
streamlines. Assuming the shape of the stagnation zone to be perfectly
n an instrumented structure, Cold Regions Science and Technology
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Fig. 12. (a) Flow of the avalanche around the flat surface of the obstacle (general formulation). (b) Flow of the avalanche around the observed snow deposit (dead zone) on the
obstacle.

Fig. 13. Drag coefficient versus Froude number as obtained from the avalanche released
on the 15 February 2007. The line is the best fit of Eq. (10) to all data except those for the
Froude number nought value. The slope is −1.3 and the explained variance is 94%.
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dihedral (summit angle 2α; Fig. 12b), calculation of the kinetic con-
tribution on a volume bounded by the stream lines, S1, S2, and S3
(Fig. 12a) results in a pressure applied on the obstacle that is given by:

P ¼ qu2 1� cosað Þ: ð7Þ

Eq. (7) therefore takes into account a part of the pressure decrease
due to the change in obstacle shape caused by snow deposition.

Using again the linear time variable density hypothesis and the
surface velocities measured from the video analysis, the change in
pressure with time given by Eq. (7) is plotted in Fig. 11. The changes in
time are in good agreement with the pressure obtained from the
inverse analysis, but the kinetic pressure underestimates system-
atically the data. Consistency is only observed at the impact, that is for
Froude number Fr ¼ u=

ffiffiffiffiffiffi
gh

p
higher than 3. For lower values (tN21s),

the kinetic term cannot alone explain the pressure reconstructed from
the inverse analysis. This discrepancy cannot be explained by the
velocities used in Eq. (7). Surface velocities are indeed an upper limit
of the mean velocity over the obstacle, as the velocity profile is
generally sheared in its lower part (Rognon, 2006). Complementary
contributions to the pressure seem therefore necessary to explain the
measured values. It should be noted that the sum of the three first
contributions (kinetic+hydrostatic+unsteady state) is too low to fit
the data for tN22 s which suggests that the last term of Eq. (6) related
to the constitutive equation is acting. On the contrary, at the impact,
the three contributions overestimate the measured values. This is
possibly due to a lower density at the impact.

4.2. Drag forces phenomenological relationships

The drag pressure is commonly expressed as a kinetic pressure
written as:

P ¼ 1
2
CrCo að ÞqU2

l ð8Þ

where U∞ is the flow velocity out of the influence of the obstacle, and
the product Cr Co is the drag factor written as a decoupled contribution
of the flow regime (Cr) and the obstacle geometry Co which is a
function of α for our conditions (Ryhming, 1991; chapter 5).
Combining Eqs. (7) and (8) results in a drag coefficient of the obstacle
expressed as:

CrCo að Þ ¼ 2 1� cosað ÞCr: ð9Þ

Using once again the surface velocities measured from the video
recording, a constant density of 120 kg/m3 and the pressure obtained
by inverse analysis, it is possible to calculate Cr as a function of the
Froude number. Results are plotted in Fig. 13 on a double log axis. For a
Froude number of around 5, Cr is found to be close to or even lower
than 1, which results in a CrCo value close to or lower than 2 (α=90°
Please cite this article as: Thibert, E., et al., Avalanche impact pressure o
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before the dead zone appears, Fig. 12a). This result is in good
agreement with the drag coefficient value recommended for flat
structures (Salm et al., 1990). For such a condition, Eq. (8) leads to a
value of 34 kPa, very close to the value we measured before the
stagnation zone appears. The use of Eq. (8) with CrCo=2 is therefore
reasonable to quantify the pressure impact of our dry and dense snow
avalanche at high Froude number (say high velocity as u >>

ffiffiffiffiffiffi
gh

p
).

Note that Cr values lower than 1 are theoretically possible at high
Froude numbers or for concave obstacles. Such values have already
been reported for snow avalanche (Schaerer and Salway, 1980).
Hauksson and co-authors (2007) also report Cr=0.8 for Fr=13 while
measuring total forces of a granular material flow on a rectangular
obstacle. On the other hand, for lower Froude number conditions (0.7
to 3), our drag coefficient is significantly higher. Our data for Cr fits an
equation of the following type:

Cr ¼ AF�n
r ð10Þ

which results inA=10.8 and n=1.3with 94% explained variance (Fig.13).
Calculations have been made excluding the residual pressure value at
t=33s associated with the Froude number nought value (end of the
flow). Note however that the value for nmust be considered as a lower
limit regarding the estimationof velocity values. Considering that (a) our
velocity, u, is probably an overestimation of the mean velocity of the
flow and (b) that the height, h, is also an upper limit (as snow may
deposits at the bottom of the flowwhen velocity decreases), this results
n an instrumented structure, Cold Regions Science and Technology
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in a steeper slope in Fig. 13. On the other hand, using a variable density
would result in a lower value with n=1.1 in Eq. (10). Nevertheless, a
similar Froudenumberdependence ofCrhas alreadybeendemonstrated
by various studies. Laboratory experiments on granular flows suggest
that for small Froude numbers, the drag coefficient fits a function of the
velocity that balances the square velocity dependency of Eq. (8), re-
sulting in n=2 in Eq. (10) and in a velocity-independent drag force
(Wieghardt, 1975; Chehata et al., 2003). It has also been shown by
Pazwash and Roberston (1975) that for Bingham fluids, the drag force is
composed of a velocity-independent contribution which also results in
n=2 in Eq. (10). Experiments on viscoplastic yield-stress fluids also
confirm such observations with n=1.7 (Tiberghien, 2007). Formulation
of pressure according to Eq. (8) should be therefore limited to flow
regimeswith Froudenumbers significantlygreater than1.Otherwise the
pressure will be largely underestimated. Results in the present paper
confirm therefore previously reported results by Sovilla and co-authors
(2007) and Gauer and co-authors (2007).

5. Conclusions

The purpose of this paper was to provide new results from ava-
lanche impact pressure measurements carried out at the Lautaret full-
scale experimental site on a large scale instrumented structure. The
size of the sensor makes it possible to integrate flow-obstacle
interactions in the pressure quantification and to consider the av-
alanche as a homogeneous and continuous flowing medium. The
avalanche pressure is reconstructed by an inverse analysis of the
elastic bending modes of the structure.

Although concerning only a single avalanche event, pressure
measurements are mainly important for quantifying the change of
avalanche action with time on a full-scale structure. They also make it
possible to distinguish the impact itself with severe loading rates from
the decreasing phase during which velocity decreases and snow
deposition partially protects the structure. The velocity dependence of
the pressure can be expressed throw a variable drag coefficient that is
proportional to the Froude number raised to the power of −1.3. The
measured nominal pressure of a dense, dry snow avalanche with a
Froude number higher than 3 is consistent with the classical estimate of
the kinetic pressure which is proportional to the density and the square
of thevelocity.However this formulationunderestimates thepressure of
a dense and dry snow flowwith a Froude number close to or lower than
1. As the above conclusions are based on a single avalanche event,
further experiments are needed to explore various flow regimes with
different velocities, snow height ranges and types of avalanches. This
will help to confirm and extend the preliminary derived relationship
between the drag coefficient and the Froude number. With further
improvements of on our experimental site, the height and velocity of the
flow that defines the Froude number could be measurement more
accurately. Regarding data processing, an estimation of the uncertainty
of the reconstructed pressure from the inverse analysis will be de-
veloped through a Monte Carlo sensitivity analysis.
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