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PREDICTION OF SNOW FAILURE: MISSION IMPOSSIBLE?

Achille Capelli1*, Ingrid Reiwegerz, and Jurg Schweizer'

" WSL Institute for Snow and Avalanche Research SLF, Davos Dorf, Switzerland
2 Institute of Mountain Risk Engineering, Department of Civil Engineering and Natural Hazards, BOKU University of Natural
Resources and Life Sciences, Wien, Austria

ABSTRACT: Slab avalanches are caused by a crack forming and propagating in a weak layer with-
in the snow cover, which eventually causes the detachment of the overlying cohesive slab. Predicting
the nucleation of the initial failure is therefore needed to assess the probability of avalanche release.
Failure in heterogeneous materials, such as snow, is normally preceded by a progressive damage
process. Monitoring this progressive damage should allow predicting the failure point. We performed
snow failure experiments in a cold laboratory and studied the damage process measuring the acous-
tic emissions (AE) generated by the damage (micro-cracking). Moreover, we simulated the damage
process and the resulting AE with a fiber bundle model (FBM) accounting for the disorder as well as
the time dependent sintering and viscos deformation of the ice matrix. We focused on the differences
in the damage process depending on the loading rate to which the snow is subjected. Whereas for
fast loading rates features indicating imminent failure are present in the AE, experimental results as
well as simulations suggest that due to the rapid sintering and viscous deformation of the ice matrix
the failure of snow seems difficult to be predicted for low loading rates. Hence applying AE techniques
for snow avalanche prediction in the field seems not feasible. Still, the found AE characteristics may
be useful to assess the mechanisms beyond the failure nucleation process that lead to the release of
natural slab avalanches.
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Recently, Capelli et al. (2018b) presented results
1. INTRODUCTION of snow loading experiments with concurrent
In heterogeneous materials such as fiber com-  measurements of the AE preceding failure. They
posites, rocks, concrete, and snow, failure may found not only the failure behavior (brittle VS.
occur as the culmination of a progressive dam-  ductile) but also the AE response to depend on
age process. In other words, failure does not the loading rate. For correct interpretation of the
occur by a “one-crack” mechanism, but instead observed AE features a model is needed that
by the complex interactions between multiple links the micromechanical mechanisms govern-
defects and micro-cracks (Sornette, 2006, p.  ing the damage process to the recorded AE.

31?_’)' ) During_the damage process acoustic Snow failure can be described with statistical
emissions (.AE) are generated, possibly due to fracture models such as the fiber bundle model
mlcro-c.racklng. Those AE can be used to study (FBM) (e.g. Kun et al., 2006). The FBM consists
how fa|lure_ develops (eg. Gross_,e and Ohtsu, of a high number of single elements (fibers) with
2008) and in some cases to predict failure (e.g. heterogeneous strength, which obey simple

Amitrano et al., 2005; Faillettaz et al., 2011).. For  mechanical (e.g. elastic deformation) and inter-
snow, the damage process and type failure  ;ion (e.g. global vs. local load sharing) rules.

strongly depend on the a_lpplied load or gtra!n From the interaction of the high number of single
rate_, whereas for fast loading ratgs snhow fa|_ls in elements, the complex damage process of the
a brittle manner and for slow loading rates failure bulk material is reproduced. A first attempt to

behavior is more ductile (Narita, 1980). This model snow failure with a FBM was presented
characteristic of snow is attributed to the peculiar by Reiweger et al. (2009) to model displace-

mechanical properties of ice and the high ho- o0t controlled shear experiments. They repro-
mologous temperature under natural conditions, duced the ductile-to-brittle transition in snow.

i.e. sintering or the formation of bonds between More recently, a new version of a FBM including
ice partic_le on con_tact and. the creep or viscous two healing ’mechanisms, sintering and load
deformation of the ice matrix. relaxation, was suggested for modeling the me-
chanical behavior of snow (Capelli et al., 2018a).
This model presents effects similar to the ob-
served dependence of the AE signatures during
snow failure experiments.
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a particular focus on the occurrence of precur-
sors and on the influence of the rate of loading
on the AE response. Moreover, we aim to use a
FBM for modeling the experiments and repro-
ducing the experimentally observed AE signa-
tures. We are particularly interested whether the
FBM allows explaining the observed loading rate
dependence of the AE signatures.

2. METHODS

2.1 Snow failure experiments

For the load-controlled snow failure experiments
we used quadratic snow samples with a side
length of 50 cm and a height of about 10 cm.
The layered snow samples included in the mid-
dle a weak layer consisting of depth hoar crys-
tals. For the snow failure experiments the snow
samples were clamped between two metal
plates and the load was increased linearly until
the sample failed or the maximum load of
20 kPa was reached. We applied three different
loading rates (32, 168, and 400 Pa s'1) with an
angle of 35° mimicking a typical avalanche slope
angle. The applied load resulted in a progressive
deformation of the samples, which was concen-
trated in the weak layer. At failure, a crack
formed along the weak layer, and the weak layer
eventually collapsed. During the loading process
the generated AE were recorded by six wide-
band piezoelectric acoustic sensors (Mistras
WD, 20-1000 kHz). This monitoring of AE al-
lowed observing the ongoing damage process
preceding failure. A more detailed description
can be found in Capelli et al. (2018b).

2.2 Fiber bundle model

The FBM consists of a set of A fibers subjected
to a load o increasing with load rate ¢. The fi-
bers have heterogeneous strength o, (Weibull
distribution) mimicking the heterogeneity of
snow. The load on the fibers is increased step-
wise to the strength of the weakest fiber causing

loading steps of variable duration t = Af. When

the load on a fiber reaches its strength, the fiber
fails and the load is redistributed among the
surviving fibers (democratic or equal load shar-
ing). The load redistribution may cause failure of
other fibers and possibly initiating a cascade or
burst of fiber ruptures. We added the following
two features to this classical form of FBM.

(a) In analogy to the sintering mechanism of
ice, each time the load increases the fibers can
heal (sinter) and regain full strength, which is
independent from the previous value. The load is
zero immediately after sintering and increases
with the external load or with load redistribution.
We assume that the probability of forming a new
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bond depends on the amount of damage and
increases with time. Therefore, the probability
ps,i that a given broken fiber i re-sinters during
the time interval At is:

N roken
ps,i(At) = ( )%;

and depends on the number of broken fibers
Nproken @S Well as the characteristic sintering
time t, that controls the speed of the sintering
process.

At

1—etr

(b) We assume that the fibers are viscoelastic
and each fiber can be described by a spring with
elastic modulus E and a dashpot with viscosity n
connected in series (Maxwell element). This
viscoelasticity leads to time dependent relaxa-
tion of the load inhomogeneities that arise since
the re-sintered fibers do not carry load initially.
More specifically, the viscous deformation leads
to an exponential relaxation of the single fiber
load o; to the mean fiber load (o) with:
At

oi(t+ t) = (o) + (g;(t) — (o))e *r,

with the characteristic relaxation time ¢,
trolling the relaxation speed.

2 con-
E

The deformation of the fiber bundle is a super-
position of elastic and viscous deformation. The
detailed description of the model can be found in
Capelli et al. (2018a).

3. RESULTS AND DISCUSSION

We exemplarily compare the FBM model results
with the result of failure experiments at three
loading rates (400, 168 and 32 Pa s'1). The
model parameters were calibrated by comparing
the FBM to the experimental stress-strain rela-
tions (see Figure 1). Table 1 shows a list of the
model parameters with the values we used in
the comparison to the experiments. We adjusted
the mean strength of the fibers (gy,) to fit the
strength of the fiber bundle to the strength of the
snow sample. The strength of the fibers follows
a Weibull distribution with the shape factor k
controlling the amount of disorder. The strength
distribution should reflect the strength distribu-
tion of the elements of the ice matrix (bonds).
Since no direct measurement method is availa-
ble, we have to assume the type of distribution
and the value of k. The speed of the sintering
process is controlled by the sintering time t,. For
snow the characteristic time t, is assumed to be
constant (and therefore also the sintering
speed). However, the relationship between sin-
tering and damage speed changes when the
loading rate changes. For the comparison with
the snow experiments the parameter t, was

(1

(2)
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adapted to meet the loading rate for which a
transition in the failure behavior of snow was
observed (between 32 and 168 Pa s'1). Increas-

ing the relaxation speed t, =% leads to faster

load transfer from older fibers to younger fibers,
which initially carry less load. Besides controlling
the relaxation speed, the ratio of viscosity and
elastic modulus also influences the bundle strain
and its dependence on the loading rate. There-
fore, viscosity and elastic modulus need to be
adapted to the measured strain and the ob-
served failure behavior. We determined the elas-
tic modulus and the viscosity fitting the stress-
strain relation of the model to the measured
curves for the lowest and fastest loading rate
(see Figure 1). The values of E and n are in
good agreement with literature values for snow
(Gerling et al., 2017; Mellor, 1975).
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Figure 1: Stress-strain relations for both experi-
ments (solid lines) and model (dash-dotted lines)
and for three different loading rates. The inset
shows a magnification of the strain range be-
tween 0 and 0.005.

Table 1: Model parameters and their values
used for comparison to the experiments results.

Symbol Description Value Units
N Number of fibers 2.5x10° -
(Otn) Mean strength of fibers 22.3 kPa
k Shape factor of Weibull distr. 1.1 -

tp Characteristic sintering time 20 s

t, = % Characteristic relaxation time 2 S

E Elastic modulus of snow 19 MPa
n Viscosity 38 MPa s
¢ Loading rate 32-400 Pas’

The strain-stress relations of model and experi-
ments are compared in Figure 1. At high loading
rates (400 and 170 Pa s'1), we observed low
strain and brittle fracture of the snow samples.
At low loading rate the strain at equal stress was
much higher and the sample strength was high-
er. The FBM reproduced the higher strength and
the higher strain at equal stress for lower loading
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rates. However, at low loading rates the model
showed a divergence of the strain rate, which
was not observed in the experiments. The strain
rate divergence is caused by a divergence of the
number of intact fibers carrying load and the
resulting increase of the load per fiber.

The recorded acoustic energy E,g is an indica-
tion of the amount of damage generated in the
snow sample. Using the amount of energy per
unit stress instead of energy per time allows
comparing the increase of damage with increas-
ing stress for the different loading rates. Hence,
the remainder of the text, we refer to the energy
rate as the energy rate of change with stress

di%. We assume that when the fibers fail, this

elastic energy is dissipated partially as AE, and
that the AE energy E,; produced by the micro-
scopic damage is proportional to the elastic en-
ergy U stored in the breaking fibers. Therefore,
we can compare the model elastic energy rate
z—z with the experimental energy rate % (Figure
2).

For the experiment, we observed an exponential
increase of the energy rate toward failure and
the exponential coefficient (slope in Figure 2a)
was higher for the higher loading rate. The mod-
el showed a similar behavior, with an approxi-
mately exponential increase of the energy rate
with increasing load (if the vicinity of the failure is
disregarded) and higher exponential coefficient
for higher loading rate. However, for the high
loading rates the model showed a divergence of
the energy rate close to failure, which has the
same cause as the divergence of the strain rate.

The probability density functions of the AE
events energy E,g, and of the modeled burst
elastic energy U were power-law distributed. The
power-law distribution is characterized by the
exponent, which is usually referred to as the
b-value. Of particular interest is the evolution of
the b-value with increasing load (Figure 3), since
it indicates variations of the event statistics to-
wards failure and is considered a useful precur-
sor for failure prediction (Amitrano, 2012;
Amitrano et al., 2005; Capelli et al., 2018b).

For the snow failure experiments a decrease of
the b-value with increasing load was observed
for the higher loading rates, whereas for the
slower loading rates the b-value was constant.
Moreover, the b-value at failure was higher for
lower loading rates.

For the FBM similar results were obtained for the
b-value of the energy U (Figure 3b). The FBM
with sintering and load relaxation reproduced the
higher b-value at failure for lower rates observed
for the experiments. However, the b-value de-
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creased for all loading rates. According to the
theory of critical phenomena the observed AE
features for the high loading rates can be inter-
preted as a transition from a stable state with
uncorrelated damage to an unstable state with
correlated damage leading to complete failure.
At low loading rates (32 Pa 5'1) the AE features
indicated a stable state of the damage process
over the entire duration of the experiment, and
we assume that during slow loading the damage
process was balanced by the healing process.
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Figure 2: (a) Evolution of AE energy rate -

toward failure for three snow failure experiments
with different loading rates. (b) Evolution FBM

elastic energy rate Z—Z (emitted energy per unit
stress) with increasing load.

The good agreement of modeled and experi-
mental results is remarkable considering the
simplicity of the model and it confirms that the
FBM is a valuable tool for studying the effects of
basic microscopic mechanisms on the macro-
scopic failure behavior.

Moreover, we showed that adding viscous de-
formation and the resulting load relaxation, the
FBM exhibited features that cannot be repro-
duced with models incorporating only sintering
(Capelli et al., 2018b).

However, many current models used for study-
ing snow failure do not consider any healing
mechanism (Gaume et al., 2015) or consider
only sintering (e.g. Gaume et al, 2017;
Reiweger et al., 2009; Steinkogler et al., 2015).
Our results show the necessity of considering
both time dependent mechanisms (sintering and

933

load relaxation) for modeling snow failure for low
loading rate or for modeling natural snow ava-
lanches where slow loading rates are involved.
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Figure 3: Evolution of b-value with increasing
load o up to failure at o, for three different load-
ing rates for: (a) AE energy E,; for the snow
failure experiments, and (b) for the FBM burst
elastic energy U.

For high loading rates the AE showed some
features that could be used to predict failure or
identify unstable states of the snow. The expo-
nential increase of the energy rate and mainly
the decrease of the b-value indicate imminent
failure. The divergence of the energy rate at
failure present for the model can be used to
determine the point of failure, but was not pre-
sent in the AE signals of the experiments.

On the other hand, for low rates both experi-
ments and model indicated that the failure oc-
curs abruptly without any of the typical precur-
sors. The b-value of the AE was constant over
the entire experiment and the energy rate in-
crease was more moderate. Also for the model
the b-value decreased to a higher value at fail-
ure.

The lack of clear precursors that indicate immi-
nent failure for both low and high loading rates
makes the application of AE for avalanche pre-
diction questionable. In particular considering
that the load increase due to precipitation, which
is believed to cause the nucleation of the initial
crack is quite slow. However, the observed dif-
ference in the AE signature in dependence of



Proceedings, International Snow Science Workshop, Innsbruck, Austria, 2018

the loading rate may be used to investigate
which of the two types of damage process is
involved in the formation of natural avalanches.
This feature may help to better understand as
well as better model how the initial failures form
that lead to avalanche release.

4. CONCLUSIONS

We performed snow failure experiments at dif-
ferent loading rates and concurrently measured
the acoustic emissions to study the influence of
the loading rate on the progressive damage
process prior to failure. Moreover, we modeled
the snow failure experiments with a fiber bundle
model (FBM) including two healing mechanisms:
(a) sintering which corresponds to regenerating
broken fibers with time dependent probability,
and (b) viscous deformation of the fibers result-
ing in time dependent relaxation of load inhomo-
geneities. The FBM allowed reproducing the
loading rate dependent stress-strain relations
observed in the snow failure experiments. More-
over, the FBM exhibited AE features similar to
the observed loading rate dependent AE fea-
tures occurring before snow failure.

Our results indicate that both sintering and vis-
cous deformation with resulting load relaxation
are essential for modeling snow failure. These
processes are of particular relevance when
modeling natural release of snow avalanches
where slow loading conditions are involved.
Whereas for high loading rate some features
that may indicate imminent failure were identi-
fied, for low loading rates the failure occurred
suddenly without precursors for both experiment
and model. Therefore, applying AE techniques
for avalanche prediction seem not to be feasible,
at least for the time being with the methods we
used.
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