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Weak-layer spatial variability as a possible trigger of slab tensile failure
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ABSTRACT: The evaluation of the location of slab tensile failure represents an important concern for
the evaluation of the extent of avalanche release zones and hence hazard assessment. In this study,
a mechanically-based statistical model of the slab-weak layer system accounting for weak-layer spatial
variability, stress redistributions by elasticity of the slab and the slab possible tensile failure is simu-
lated using a stochastic finite element method. Two types of avalanche releases are distinguished in
the simulations: (1) full slope releases, for which the entire simulated slope is released and the het-
erogeneity is not sufficient to trigger a tensile failure within the slab; (2) partial slope releases, for
which tensile failure occurs within the slab due to the heterogeneity so that only a part of the slope is
released. We present the proportion of these two release types as a function of the different model
parameters obtained from finite element simulations. One of the main outcomes is that, for slab tensile
strength higher than the average cohesion of the weak layer, all the releases appear to be full-slope,
justifying the major influence of topographical and morphological features such as rocks, trees, slope
curvature, ridge and heterogeneous snow cover often claimed in the literature.
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1 INTRODUCTION

Avalanche hazard mapping procedures
have seen the growing popularity of coupled
statistical-deterministic models in order to
evaluate runout distance and maximal pressure
distributions at any location of the runout zone
(Barbolini et al., 2000; Naaim et al., 2003; Ancey
et al., 2004, Eckert et al., 2007a; Eckert et al.,
2008 and Eckert et al.,, 2010). These coupled
models require the release volume as input,
combination between the release depth and
area. Concerning the evaluation of the release
depth, empirical techniques already exist (Swiss
guidelines: Salm et al., 1990) and more recently,
a coupled statistical-mechanical model has been
proposed by Gaume et al., (2012, 2013) taking
into account both mechanical and meteorologi-
cal factors in a probabilistic framework.

On the other hand, the position and the ex-
tent of the release zone have been little investi-
gated. Maggioni et al., (2002) and Maggioni and
Gruber, (2003) analyzed a well-documented
database of avalanche events with respect to
several topographic characteristics and showed
that the mean slope angle, the curvature and the
distance to the ridge are the most important pa-
rameters influencing the distribution of the ava-
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lanche release. Failletaz et al., (2006), Fyffe and
Zaiser, (2004, 2007) used cellular-automata ap-
proaches to compute avalanche release area
distributions. These models include a source of
stochastic variability such as the heterogeneity
of weak layer mechanical properties. Interest-
ingly, these models are capable, under certain
conditions, to reproduce the power-law area dis-
tributions observed from field measurements
(McClung, 2003, Failletaz et al., 2004).

Our aim is to extend a mechanically-based
probabilistic model developed in a previous
study (Gaume et al., 2012, 2013) to analyze the
parameters influencing the position of the slab
tensile failure and, hence, the extent of the re-
lease area.

In a first section, we recall the main charac-
teristics of the model and present the changes
made compared to its previous versions. Then,
in the second section, two rupture types are dis-
tinguished and presented. Finally, in the third
section, we quantify the influence of weak layer
heterogeneity and slab tensile strength on the
position of slab tensile failure.

2 PRESENTATION OF THE MODEL

In this study, the mechanically-based statisti-
cal model proposed by Gaume et al.,, 2013 is
used. We recall here its main characteristics.

The simulated system is a uniform slope
composed of a slab and a weak layer of length
L= 50 m. The simulations are carried out using
the finite element code Cast3m in 2D (plane
stress condition). Gravity is the only applied ex-
ternal force and the system is loaded by pro-
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gressively increasing the slope angle 6 until rup-
ture. The main change compared to Gaume et
al.,, 2013’s model concerns the constitutive law
of the slab. In order to take into account the
possible tensile failure of the slab, we use here
an elastic-brittle law. The Young modulus of the
slab is E = 1 MPa, the Poisson ratio v = 0.2, and
the density p =250 kg.m's. The tensile strength
of the slab is denoted o7 and was varied be-
tween 500 and 2000Pa.The weak layer is mod-
elled as a quasi-brittle (strain-softening) inter-
face with a

Mohr-Coulomb rupture criterion characterized by
a cohesion ¢ and a friction coefficient 1 =tan30°.
A spatial heterogeneity of the weak layer is ac-
counted for through a stochastic distribution of
the cohesion ¢ with a spherical covariance func-
tion of correlation length ¢ The average cohe-
sion is denoted < ¢ >and its overall standard de-
viation o.

Besides the evaluation of avalanche release
depth distributions, this model enabled to evi-
dence, a heterogeneity smoothing effect caused
by stress redistribution due to slab elasticity and
characterized by the ratio between correlation
length ¢ and a typical length scale of the system
associated to elastic effects (see Gaume et al.,
2012, 2013).

3 RELEASE TYPES

Two types of avalanche releases were dis-
tinguished in the simulations:

(1) full slope release, for which the entire
simulated slope is released without tensile fail-
ure within the slab (Fig. 1a);

(2) partial slope release, for which tensile
failure occurs within the slab so that only a part
of the slope is released (Fig. 1b).

Importantly, however, for both release types,
the primary rupture process observed is always
the shear failure of the weak layer. Slab rupture,
when existent, systematically constitutes a sec-
ondary process. In the case of a full slope re-
lease, the heterogeneity magnitude is not suffi-
cient to trigger a tensile failure within the slab.
The basal shear failure in the weak layer thus
propagates until the top boundary condition
which can be seen as an anchor point or a zone
of high concentration of tensile stresses where
slab tensile failure would occur (Fig. 1a). Re-
placed in the context of natural avalanche paths,
this boundary condition can represent a strong
morphological feature susceptible to trigger the
tensile failure (ridges, rocks, trees, local convex
zone, etc.).

On the contrary, for partial slope releases,
the cohesion variations in the weak layer are
sufficient to generate the tensile failure within
the system. Local strong zones can effectively

stop the progression of the basal failure and the
excess of stress is redistributed in the slab
which engenders slab tensile opening.

Figure 1. Diagram representing the two types of
failure observed in the simulations. (a) full-slope
release: the position of the slab tensile failure is
influenced by morphological features (rocks,
trees, ridge, curvature...). (b) partial-slope re-
lease: the local heterogeneity is sufficient to
trigger the tensile failure within the slab. The
red-colored part of the weak layer represents a
local zone of important shear strength. The blue
curves represent an illustration of the heteroge-
neity of shear stress difference between two
adjacent elements At and the dotted line repre-
sents the tensile strength or.

4 RESULTS

In this section, we present the results in
terms of partial slope release probability, also
called tensile failure probability and denoted Py,
as a function of the following model parameters:
tensile strength oy correlation length & slab
depth h. In a first step, the average cohesion
and the standard deviation are kept fixed
(< ¢ >=1kPa, 0,=300Pa).

4.1 Influence of the tensile strength

Fig. 2 represents the probability of tensile
failure Py within the system as a function of the
tensile strength oy for different values of the cor-
relation length ¢ and a constant slab depth
h=1m. Tensile strength values are varied be-
tween 0.5 and 1.5kPa. As expected, this prob-
ability decreases with the tensile strength ot
from 100% to 0%. The rate of decrease and
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tensile strength values at 0 and 100% depend
on the correlation length ¢.

4.2 Influence of the correlation length

The influence of correlation length ¢ is also
noticeable on Fig. 2. The higher ¢ is, the slower
the probability decreases with or. Besides, for
constant tensile strength values, Py globally de-
creases with ¢. The values of o for Py =100% is
decreasing with increasing correlation length
while the value for Py =0% is almost not affected
by &.
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Figure 2. Probability of slab tensile failure Py
within the simulated system (partial-slope re-
lease) as a function of the tensile strength oy for
different values of £ and a constant slab depth
h=1m representing the two types of failure ob-
served in the simulations. The curves represent
the adjustment given by the statistical model
presented in Sec. 5.

4.3 Influence of the slab depth

Fig. 3 reports the tensile failure probability Py
as a function of h for different tensile strength
values and a constant correlation length &=0.5m.
For or < 0.75kPa, Py is approximately equal to
100%, whereas, Py is approximately equal to 0%
for or > 1.5kPa. For intermediate values of o,
Py decreases from h=0.5m to h=2m. A single
simulation for h=0.25m was also performed for
o7 =1kPa to confirm the increase of Py with h for
h < 0.5m that will be highlighted be the statistical
model developed in the next section.

5 A SIMPLE STATISTICAL MODEL

In order to estimate the proportion between
the two release types, one can define the prob-
ability that the tensile stress oy, in the slab ex-
ceeds the tensile strength or. We have shown
that, a necessary condition for slab release is
the primary rupture in shear of the weak layer.
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Figure 3. Probability of slab tensile failure Py
with the simulated system (partial-slope release)
as a function of slab depth h for different values
of the tensile strength o7 and a constant correla-
tion length £=0.5m. The curves represent the
adjustment given by the statistical model pre-
sented in Sec. 5.

Thus, this probability P(o, > o7) is assumed to
be equal to P(47> o7), the probability that the
shear stress difference Ar between two adja-
cent elements of the weak layer exceeds the
tensile strength or. The shear stress difference
At is due to weak layer cohesion heterogeneity.
Because of the Gaussian character of weak
layer heterogeneity, we assume that Ar also
follows a Gaussian law of average <At > and
standard deviation g,,.

With this last assumption, one can compute
the exceedence probability P(47z> o) analyti-
cally. It is given by:

A _ 1 1 fO'T—<AT> 1
P( T>0'T)—1—E[ +er <—\/70_AT )] D

This equation was adjusted to the finite ele-
ment results, namely to the evolution of Py with
oy for different values of ¢ (Fig. 2, continuous
lines) and to the evolution of Py with oy for dif-
ferent values of h (not represented). The two
parameters < At > and o,, where thus evaluated
as a function of h and & Consequently, this
model enables to predict the proportion between
the two observed types for all values of the pa-
rameters. For instance, we represented on Fig.
3 as continuous lines, the complete evolution of
this proportion for different slab depth values.
The agreement with FEM datapoints is excel-
lent. Notably, the model was calibrated using
only values of h > 0.5m. Hence, the increase of
Py between 0 and 0.5m was first predicted by
the model, and later confirmed by an additional
FEM simulation conducted for h=0.25m.

As a consequence, we argue that this simple
model can reproduce with a good accuracy the
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relative proportion of full and partial slope re-
leases.

6 DISCUSSION & CONCLUSIONS

We presented two different release types
observed in our simulations. (1) Full-slope re-
leases are influenced by the morphology of the
path and/or snow-cover variations since the het-
erogeneity is not sufficient to trigger a tensile
failure. For instance, the tensile failure will be
very sensitive to the presence of trees, rocks,
ridges and local curvature. (2) Partial-slope re-
leases for which the local variations of weak-
layer cohesion are substantial and can trigger
the slab tensile crack on their own. Importantly,
for both release types, the primary rupture proc-
ess observed is always the basal shear failure of
the weak layer. Hence slab rupture systemati-
cally constitutes a secondary process.

We have shown that the proportion between
these two types is extremely dependent on the
model parameters such as the tensile strength
or, the slab depth h, the correlation length ¢, and
most probably on other parameters that have
not been varied in this study such as the aver-
age cohesion<c >and the cohesion standard
deviation o.. Besides, we presented a simple
statistical model capable of reproducing the pro-
portion between release types as a function of
the model parameters. Two illustrations of this

simple model are represented on Fig. 1. In the
first case (Fig. 1a), the shear stress difference
At is always lower than the tensile strength or.
The basal failure thus propagates over the entire
system until the top boundary condition which is
a zone of high concentration of tensile stresses.
This zone can be seen as a ridge, a rock, a tree
or a local curvature. In the second case (Fig.
1b), a local zone of substantial shear stress dif-
ference Az due to strong variations of the cohe-
sion generates a local tensile failure within the
slab since A7 > 07

We have shown that for values of o higher
than the average cohesion < ¢ >=1kPa (in this
case) the releases are almost always full slope
and consequently they are controlled by the
morphology of the path. Let us recall that tensile
strength values from laboratory tests appear to
be globally higher than 1kPa (Jamieson and
Johnston 1990, Sigrist 2006) according to many
different measurement techniques whereas
shear strength values of weak layers are typi-
cally lower than 1kPa. This indicates, for realistic
values of the mechanical parameters, the major
influence of slope morphology and topography
on the position of the slab tensile failure and
thus on the extent of the release area. This ef-
fect is further amplified when the slab depth is
high compared to the correlation length and
elasticity tends to smooth out the heterogeneity
influence. Such a conclusion corroborates and

Figure 4. Diptych: Avalanche triggered by a snowboarder. The release area is defined by the ridge at the
crown and rock and trees at flanks. Left side: before the impact of the snowboarder. Right side: after the im-
pact. © Rémi Petit.
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brings some mechanical justification to the re-
sults found by Maggioni and Gruber 2003 who
analyzed the influence of morphological features
of the path on the extent of the release area us-
ing a purely data-driven statistical approach, and
concluded that local geometry plays a dominant
role in the location and extent of avalanches.

Hence, in practice, the release area is
mainly dependent on slope topography (local
curvature, ridge, etc.), or on the presence of
rocks and trees for instance. For example, Fig.
4. shows a typical slab avalanche release area
defined by the ridge at the crown and by rocks
and trees at flanks.
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