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Abstract. Possible reasons for deviations from Griffith’s criterion in slab avalanche triggerings are examined. In the
case of a major basal crack, we show (i) that the usual form
of Griffith’s criterion is valid if elastic energy is stored in
a shallow and hard slab only, and (ii) that rapid healing
of broken ice bonds may lead to shear toughnesses larger
than expected from tensile toughness experiments. In the
case of avalanches resulting from failure of multi-cracked
weak layers, where a simple Griffith’s criterion cannot be applied, frequency/size plots obtained from discrete elements
and cellular automata simulations are shown to obey scale
invariant power law distributions. These findings are confirmed by both frequency/acoustic emission duration and frequency/size plots obtained from field data, suggesting that
avalanche triggerings may be described using the formalism
of critical phenomena.

1 Introduction
It is widely accepted that slab avalanche release results from
the propagation of a basal crack, followed by a crown crack
opening. The stability of a crack in a bulk solid is√classically
determined by the so-called Griffith’s criterion τ π a = Kc ,
where τ is the applied stress, a is the crack size, and Kc is
the material toughness. This expression results from a balance between the release rate of the stored elastic energy and
the work required to create new surfaces that allow further
propagation of the crack.
However, the application of Griffith’s approach to
avalanche release is not straightforward, due to at least four
factors. The first one is that toughness data are poorly documented in snow: there is a factor of about 20 between theoretical and experimental estimates that leads to a factor 400
in crack critical size. The second is that Griffith’s criterion
is, in principle, valid if the elastic energy is stored in a threeCorrespondence to: F. Louchet
(francois.louchet@ltpcm.inpg.fr)

dimensional volume of matter. Since the amount of elastic
energy stored per unit volume is τ 2 /2E, where E is the material Young’s modulus, softer matter stores more elastic energy than stiffer matter. Griffith’s criterion may thus apply
without any modification to either basal or crown cracks in
the case of a relatively thick snow slab deposited on a thick
and relatively soft snow substrate, but some corrections are
expected to be necessary in the case of a basal crack located between a shallow and soft slab and a stiff substrate.
The third factor, developed in Sect. 2.1, is that basal crack
surfaces may experience frictional stresses that may significantly decrease stress concentrations at the crack tip, which
is equivalent to an apparent increase in the shear toughness
KI I C . The fourth factor is that Griffith’s criterion deals with
the stability of a single crack, whereas avalanche release, and
in particular, natural avalanche release, is more likely to result from a catastrophic evolution of a large number of small,
elastically interacting basal defects, rather than from that of
a single large crack.
The goal of the present paper is to discuss the possible reasons for the inconsistency of toughness data, and to explore
both the validity limits of Griffith’s criterion in the case of
shallow slabs, and a possible application to avalanche release
of methods derived from the theory of critical phenomena in
statistical physics.

2
2.1

Single defect
Influence of friction

Current observation shows that many human triggered
avalanches start from tens or hundreds of meters above the
skier, which suggests that they are triggered by a rapid extension of a basal crack. According to Griffith’s criterion,
such an instability of the basal crack takes place for a critical
crack size as given by:
√
τ π ass = KI I C ,

(1)

158

F. Louchet et al.: Possible deviations from Griffith’s criterion

h

τ 2/2E
2a

2a

Fig. 1

Fig. 1. Schematic spatial distribution
of stored elastic energy around a basal
crack: (a) in the case of a deep slab, and
(b) in the case of a shallow slab of depth
h⊥

Schematic spatial distribution of stored elastic energy around a basal crack: a) in the case of a
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Fig. 2. Variations with slope of the critical slab depth h for avalanche release in
the limiting case of a soft shallow slab.

Fig. 2
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This is why for instance frequency / size or frequency / duration distributions in these fractal
scale invariant systems obey power laws. There are a number of examples of such systems in
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geophysics,
as for instance in earthquakes, volcanic eruptions, rock falls
or landslides.

(a)

(b)

Fig. 3. Distribution of avalanche frequency vs. duration of the associated
acoustic emission from Val Frejus data
(a) or vs. avalanche size (slab depth
x crown crack length) from La Plagne
data (b): the data obey a power law up
to a cutoff associated with the spatial
scale of the system.

Fig. 3
Distribution
of avalanche
frequency
vs duration
of the associated acoustic
emission
Val of the duration of acoustic emission,
3 Population
of elastically
interacting
defects
frequency
as a from
function
obtained from data recorded in the Valfréjus ski resort in the
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datareason
(a) or that
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(slab
depth × crown
crack length)French
from LaAlps
Plagne
(b): the fact that the results displayed in
The last
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applicability
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(6).data
Despite
criterion is that the snow cover, and in particular, the weak
Fig. 3a were obtained from different avalanche channels, the
the data
obey to
a power
law
up to a cutoff
associated interactwith the spatial scale of the system.
layer,
are likely
contain
a population
of elastically
distribution clearly obeys a single power law with a critical
ing cracks instead of a single crack. Since artificial avalanche
exponent close to 1.6. In a similar way, Fig. 3b shows the
triggering is likely to be controlled by the stability of a sincumulative distribution of avalanches vs. their size (defined
gle major basal crack formed under local and rapid external
theknow,
product
the slab depth by the crown crack length),
Though snow avalanches are likely to behave in a similar way, as far asaswe
the of
validity
loading (e.g. a skier), the detailed structure and influence of
also obtained from different gullies in the La Plagne ski repreexisting cracks may be ignored as a first approximation, or
sort. We also obtain a power law with a critical exponent of
taken into account considering the multi-cracked snow cover
1.4. As usual, the cutoff at large durations or volumes is imas a continuous average medium (mean field approach). By
posed by the largest dimension of the system, the scatter in
contrast, the knowledge of the collective behaviour of such a
the cutoff value probably resulting from the different sizes of
population of elastically coupled cracks is probably essential
the channels in which avalanches were recorded. However,
in the description of natural triggerings. Though triggering
the critical exponent obtained for each type of physical quanconditions in this situation may be, in principle, determintity (duration, size, etc.) is independent of the local topograistically computed in each particular case, this task is unphy. This universal character, if confirmed, may help in the
tractable in practice. This kind of complex system that is
statistical prediction of avalanches of given amplitudes. In
governed by nonlinear deterministic equations may exhibit
addition, the determination of such a critical exponent is of
a chaotic behaviour, also often associated with scale invariinterest, in order to understand the physics of avalanche trigant fractal structures (e.g. Turcotte, 1997). Scale invariance
gerings: discrete elements and cellular automata simulations
means that if m(x) is the measure of a physical quantity at a
are in progress, in order to simulate avalanches of interacting
scale x, the measure of the same quantity at a scale λx is:
granular objects or resulting from coalescence of interacting
cracks. The comparison of the corresponding critical expom(λx) = λα m(x),
(11)
nents with the experimental ones will allow us to validate or
invalidate the physics of interactions introduced in the simuwhere α is the scaling law exponent. The only functional that
lations.
obeys Eq. (11) is a power law:
m(x) = Kx α .

(12)
4

This is why, for instance, frequency/size or frequency/duration distributions in these fractal scale invariant
systems obey power laws. There are a number of examples
of such systems in geophysics, for instance in earthquakes,
volcanic eruptions, rock falls or landslides.
Though snow avalanches are likely to behave in a similar way, as far as we know, the validity of fractal statistics
has never been tested on these systems so far. The major
problem is to find data that are both meaningful and available. A particular difficulty is linked to the fact that many
avalanches are released during snow storms and are not visually recorded; this may bias the statistics, which is why, as a
starting point, we analysed the distribution of the avalanche

Conclusions

The application of Griffith’s criterion to slab avalanche
triggerings suffers from inconsistencies in toughness data.
We showed that some of these inconsistencies may be
solved considering that snow shear toughness has a significantly larger value than that obtained from tensile toughness
through elasticity calculations, due to rapid healing of broken
ice bonds. Some deviations from Griffith’s criterion may also
occur when a significant part of the elastic energy is stored
in a shallow slab, leading to a reduction of basal crack size
values in the critical triggering situation. Nevertheless, this
criterion remains a reasonable approach for artificially triggered avalanches. In contrast, we suggest that avalanches
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resulting from failure of multi-cracked weak layers, and in
particular, natural avalanches, are more likely to be described
using the theory of critical phenomena. We show indeed for
the first time that both frequency/acoustic emission duration
and frequency/size plots obtained from field data obey scale
invariant power law distributions. This result provides a basis
for an extensive study of triggering processes using discrete
elements and cellular automata simulations.
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de l’Isère” for financial support through the “Pôle Grenoblois des
Risques Naturels”.

161
References
Gibson, L. J. and Ashby, M. F.: Cellular Solids: Structure and Properties, Pergamon Press, Oxford, 1987.
Kirchner, H. O. K., Michot, G., and Suzuki, T.: Fracture toughness
of snow in tension, Phil. Mag. A 80, 5, 1265–1272, 2000.
Louchet, F.: Creep instability of the weak layer and natural slab
avalanche triggerings. Cold Regions Science and Technology,
33, 141–146, 2000.
Louchet, F.: A transition in dry snow slab avalanche triggering
modes, Proc. Int. Symp. on snow, avalanches and impact on the
forest cover, Innsbruck, 22–26 May 2000, Ann. of Glaciology,
32, 285–289, 2001.
Turcotte, D. L.: Fractals and Chaos in Geology and Geophysics,
Cambridge University Press, 1997.

