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Abstract

Dry-snow slab avalanches are generally caused by a sequence of fracture processes
including (1) failure initiation in a weak snow layer underlying a cohesive slab, (2) crack
propagation within the weak layer and (3) tensile fracture through the slab which leads
to its detachment. During the past decades, theoretical and experimental work has5

gradually led to a better understanding of the fracture process in snow involving the
collapse of the structure in the weak layer during fracture. This now allows us to better
model failure initiation and the onset of crack propagation, i.e. to estimate the critical
length required for crack propagation. On the other hand, our understanding of dynamic
crack propagation and fracture arrest propensity is still very limited. For instance, it is10

not uncommon to perform field measurements with widespread crack propagation on
one day, while a few days later, with very little changes to the snowpack, crack prop-
agation does not occur anymore. Thus far, there is no clear theoretical framework to
interpret such observations, and it is not clear how and which snowpack properties
affect dynamic crack propagation. To shed more light on this issue, we performed nu-15

merical propagation saw test (PST) experiments applying the discrete element (DE)
method and compared the numerical results with field measurements based on par-
ticle tracking. The goal is to investigate the influence of weak layer failure and the
mechanical properties of the slab on crack propagation and fracture arrest propensity.
Crack propagation speeds and distances before fracture arrest were derived from the20

DE simulations for different snowpack configurations and mechanical properties. Then,
the relation between mechanical parameters of the snowpack was taken into account
so as to compare numerical and experimental results, which were in good agreement,
suggesting that the simulations can reproduce crack propagation in PSTs. Finally, an
in-depth analysis of the mechanical processes at play was carried out which led to25

suggestions for minimum column length in field PSTs.
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1 Introduction

Dry-snow slab avalanches result from the failure of a weak snow layer underlying co-
hesive slab layers. The local damage in the weak layer develops into a crack which can
expand if its size exceeds a critical length or if the load exceeds a critical value. Finally,
crack propagation leads to the tensile fracture of the slab and ultimately, avalanche5

release (McClung, 1979; Schweizer et al., 2003). During the past decade our under-
standing of the fracture process in snow has gradually evolved through the develop-
ment of new theories as well as various field observations and experiments. The prop-
agation saw test (PST), concurrently developed by Gauthier and Jamieson (2006) and
Sigrist and Schweizer (2007), allows observers to determine the critical crack length10

and evaluate crack propagation propensity. This field method has highlighted the im-
portance of slab bending (due to the collapsible nature of weak snow layers) on crack
propagation (e.g. van Herwijnen et al., 2010; van Herwijnen and Birkeland, 2014). On
the other hand, theoretical and numerical models, based on fracture mechanics or
strength of material approaches, were developed to investigate crack propagation and15

avalanche release (McClung, 1979; Chiaia et al., 2008; Heierli et al., 2008; Gaume
et al., 2013, 2014c). While substantial progress has been made, application with re-
gard to avalanche forecasting or hazard mapping is still hindered in part by our lack
of understanding of the dynamic phase of crack propagation. For instance, it is not
uncommon to perform PST field measurements with widespread crack propagation on20

one day, while a few days later, with seemingly very little changes in snowpack proper-
ties, cracks will no longer propagate. Thus far, there is no clear theoretical framework
to interpret such observations, and it is not clear how and which snowpack properties
affect dynamic crack propagation. This limitation is due to the complex microstructure
of snow and its highly porous character (Fig. 1) which are not taken into account in the25

continuous approaches previously mentioned.
In this paper, numerical experiments of the propagation saw test (PST) are per-

formed applying the discrete element (DE) method which allows us to mimic the high
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porosity of snow. The goal is to investigate the influence of weak layer (WL) failure and
the mechanical properties of the slab on crack propagation. In a first section, field data
as well as the proposed model are presented. Then, crack propagation speed and
distance before fracture arrest are derived from the DE simulations using the same
method as for the field experiments (particle tracking). In a parametric analysis, we5

show the influence of single system parameters on the crack propagation speed and
distance. Finally, the existing relation between snowpack properties is accounted for in
order to compare numerical and experimental results and the mechanical processes
leading to fracture arrest are analysed.

2 Data and methods10

2.1 PST field data

Since the winter of 2002–2003, we collected data from 121 PST experiments at 46 dif-
ferent sites in Canada, USA and Switzerland (van Herwijnen and Jamieson, 2005; van
Herwijnen and Heierli, 2009; van Herwijnen et al., 2010; Bair et al., 2012; van Herwij-
nen and Birkeland, 2014; Birkeland et al., 2014). At each site, we collected a manual15

snow profile and conducted one or several PSTs according to the procedure outlined in
Greene et al. (2004). In many cases we used longer (than standard) beams to allow us
to better investigate crack propagation. After PST preparation, we inserted black plastic
markers into the pit wall and used a digital camera on a tripod to make a video record-
ing of the PST (Fig. 2). We used a particle tracking velocimetry (PTV) algorithm to20

analyze the motion of the markers and thus the displacement of the snow slab above
the weak layer (Crocker and Grier, 1996). In this way, the position of the markers in
each video frame can be determined with a mean accuracy of 0.1 mm. The displace-
ment of a marker is then defined as the movement relative to its initial position, that is,
the average position of the marker prior to movement. For propagating cracks, there is25

a delay between the vertical displacement of subsequent markers. A typical displace-
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ment time-evolution for a propagating crack is shown in Fig. 3 for four slab markers. As
explained in van Herwijnen and Jamieson (2005), the time delay between the onset of
movement between markers is proportional to the distance between the markers and
was used to calculate the propagation speed c of the fracture.

2.2 Discrete element model5

2.2.1 Motivation and objectives

Discrete element (DE) modeling (Cundall and Strack, 1979) allows computing the mo-
tion of a large number of small grains by solving dynamic equations for each of them
and defining a contact law between the grains. In addition, the DE method allows as-
sessing mechanical quantities such as stress, displacement, deformation rate, porosity,10

etc. computed over representative elementary domains at each material point within
the sample. Experimentally, this would be an impossible task. Hence, using DE, the
mechanical and rheological behavior of the material can be explored locally, regard-
less of the spatial heterogeneities possibly displayed by the structure of the material
and its mechanical quantities. This method can thus help to better understand physi-15

cal processes at play in granular assemblies. The DE method has been widely used
to study the flow of granular materials within industrial (e.g. Chaudhuri et al., 2006;
Sarkar and Wassgren, 2010) or environmental applications such as snow dynamics
(e.g. Rognon et al., 2008; Faug et al., 2009). However, to our knowledge, discrete el-
ements have never been used to model crack propagation in layered systems or to20

describe slab avalanche release processes. The latter processes are generally mod-
eled under a continuum mechanics framework, using methods such as finite elements
(Podolskiy et al., 2013, and references therein). While these methods can be used to
assess the stability of a layered snow cover, i.e. determine the conditions of failure oc-
currence and the onset of crack propagation, they are not suited to study what occurs25

after failure, i.e. during the dynamic phase of crack propagation, due to a lack in rele-
vant constitutive models for the WL. The objective of the proposed approach is to use
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the DE method to model the structure of both the slab and the WL using discrete co-
hesive grains. This will allow mimicking the high porosity of the WL and to account for
slab elasticity and for the different modes of failure possibly displayed by snow (shear,
compression, tension). Ultimately, DE propagation saw tests will be performed to in-
vestigate the characteristics of crack propagation.5

2.2.2 Formulation of the model

The discrete element simulations were performed using the commercial software
PFC2D (by Itasca), which implements the original soft-contact algorithm described in
Cundall and Strack (1979). The simulated system is two dimensional and is composed
of a completely rigid basal layer, a WL of thickness Dwl and a slab of thickness D which10

were varied in the simulations. The slab is composed of grains of radius r = 0.01 m with
a primitive cubic packing. The porosity of the slab is equal to 21 %. Hence the density of
the slab ρ can be adjusted by changing the grain density ρp,s (varied in the simulations).
The WL is composed of grains of radius rwl = r/2 with a complex packing of collapsible
triangular forms aimed at roughly representing the porous structure of persistent WLs15

such as surface hoar or depth hoar. The porosity of the WL is 70 % and the density
of the WL grains is ρp,wl = 400 kgm−3, leading to a WL density ρwl = 120 kgm−3. The
length of the system (column length) is L = 2 m and the slope angle is denoted ψ . It
is worth noting that the numerical grains are not indented to represent the real snow
grains which are obviously smaller and have a different density. Nevertheless, as will20

be shown, this set up allows to capture the main features observed in field PSTs.
The loading is applied by gravity and by advancing a “saw” (in red on Fig. 4a) at

a constant velocity vsaw = 2 ms−1 through the weak layer. This saw is composed by rigid
walls and has approximately the same thickness as field saws hsaw = 2 mm. The saw
velocity was chosen relatively high to decrease the computational time, but lower than25

the lowest crack propagation speed observed in the field so as to correctly distinguish
crack propagation from the saw movement.
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A classical contact law was used in the simulations (Radjai and Dubois, 2011;
Gaume et al., 2011). The normal force is the sum of a linear elastic and of a vis-
cous contribution (spring-dashpot model), and the tangential force is linear elastic with
a Coulombian friction threshold. The corresponding mechanical parameters, namely
the normal and shear stiffness kn and ks (elasticity parameters), the restitution coef-5

ficient e (viscous parameter) and the friction coefficient µ are summarized in Table 1.
The value of the normal stiffness kn was chosen in such a way that the normal interpen-
etrations at contacts are kept small, i.e. to work in the quasi-rigid grain limit (da Cruz
et al., 2005; Roux and Combe, 2002). Concerning the normal restitution coefficient e,
we verified that the results presented below, and more generally all the macroscopic10

mechanical quantities obtained from the simulations, are actually independent of this
parameter (in the range 0.1–0.9).

Cohesion was introduced by adding a bond at each contact (Fig. 4b). A contact bond
can be envisioned as a point of glue with constant normal and shear stiffness kb

n and
kb

s acting at the contact point (Fig. 4b). This bond has a specified shear and tensile15

strength σs and σt. The maximum tensile and shear stresses σmax and τmax at the bond
periphery are calculated via beam theory according to:

σmax = −
Fn

A
+
|M |rb
I

(1)

τmax =
|Fs|
A

(2)

where Fn and Fs are the bond normal and shear forces, |M | is the bending moment,20

rb the bond radius, A = πr2
b the bond area and I = πr4

b/4 its moment of inertia. If the
magnitude of the tensile stress exceeds the bond tensile strength, the bond breaks and
both the normal and shear contact forces are set to zero. If the magnitude of the shear
stress exceeds the bond shear strength, the bond also breaks but the contact forces
are not altered, provided that the shear force does not exceed the friction limit, and25
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provided that the normal force is compressive. The ranges of parameters used for the
bond model are summarized in Table 2.

2.2.3 Simulation protocol and illustration

First, the macroscopic properties of the slab have to be determined as a function of the
microscopic properties of the bond. Hence, bi-axial tests were carried out and allowed5

to determine the macroscopic Young’s modulus of the slab as a function of the bond
stiffness. Similarly, simple loading tests were carried out to compute the macroscopic
failure criterion (mixed mode shear-compression) of the WL as a function of the bonds
of WL grains (Gaume et al., 2014b).

Then, PST simulations were performed. An illustration of a simulation result highlight-10

ing the displacement wave of the slab is shown in Fig. 5 and the associated vertical
displacement ∆y is represented in Fig. 6. The critical length is denoted ac and corre-
sponds to the translation length of the saw required to obtain self crack propagation.

In order to determine the crack propagation speed, purely elastic simulations (infinite
tensile and shear strength of the bonds between particles in the slab) were carried out.15

The propagation speed was computed using the same method as for field PSTs by
analyzing the vertical displacement wave of the slab (van Herwijnen and Jamieson,
2005). The only difference with the procedure for field measurements is that with DE
we do not need markers since we have access to the displacement of every grain of
the system.20

The propagation distance was computed by taking into account the possible failure
of the slab by setting finite values to the tensile and shear strength of the slab (σt, σs).
We define the propagation distance as the distance between the left wall of the system
and the crack tip of the slab, as shown in Fig. 7. This measure of the propagation
distance differs from the one defined originally by Gauthier and Jamieson (2006) who25

defined it as the distance between the point of onset of crack propagation in the WL
and the point of slab failure. However, we argue that the propagation distance, as we
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defined it, is a more suitable measure since this is the one that influences the stresses
in the slab and thus fracture arrest propensity.

For the parametric analysis (Sect. 3.2), we performed simulations for which only
one system parameter was modified while the other parameters were kept constant.
The parameters used are described in Table 3. However to apply these results to slab5

avalanche release and in order to compare our results to field data (Sect. 3.2), existing
relations between snowpack properties were taken into account. Hence, simulations
were performed for different slab densities with a Young’s modulus varying according
to an empirical exponential fit to the data reported by Scapozza (2004):

E = 1.873×105e0.0149ρ, (3)10

and with a tensile strength varying according to a power-law fit of the data reported by
Sigrist (2006):

σt = 2.4×105
(
ρ
ρice

)2.44

(4)

with ρice = 917 kgm−3.

3 Results15

3.1 Displacement of the slab

The evolution of the vertical displacement of the slab ∆y is represented in Fig. 6. On
this figure together with the illustration of the displacement wave of the slab (Fig. 5),
one can clearly observe the different processes acting before, during and after crack
propagation. First, slab bending occurs prior to the onset of crack propagation and the20

dynamic propagation phase. These distinct phases (stable bending of the slab and
crack propagation) are also clearly visible in the vertical displacement ∆y , as shown in
Fig. 6 for four different horizontal positions in the slab.
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Between 0 and 0.1 s nothing happens, then as the saw advances, the vertical dis-
placement slowly increases. This phase corresponds to the bending of the slab on
the left side of the saw. Then, for t = 0.25 s approximately, the critical length ac was
reached and the displacement increases abruptly, even beyond the saw, correspond-
ing to the dynamic crack propagation phase. After t = 0.3 s, the slab has reached the5

broken WL at the left-end of the slab for x = 0 m. After 0.32 s, the entire WL has col-
lapsed leading to a constant vertical displacement of the slab approximately equal to
∆y = 1.8 cm. This displacement is not perfectly equal to the WL thickness because of
the grains remaining in the WL. The peak in the displacement around t = 0.38 s is an
artefact associated to the movement of the saw after the crack has propagated which10

does not affect the results that we will present.

3.2 Parametric analysis

3.2.1 Crack propagation speed

For all the simulations carried out, the crack propagation speed varied between 5 and
60 ms−1. Figure 8a shows that the crack propagation speed c strongly increases with15

the Young’s modulus of the slab E , from almost zero for a very soft slab (E ≈ 0.5 MPa)
to 40 ms−1 for a rigid slab (E ≈ 50 MPa) where the increase levels off. The propagation
speed c also strongly and linearly increases with the thickness of the slab D (Fig. 8b),
from almost zero for a slab thickness lower than 10 cm to 60 ms−1 for a thickness of
80 cm. Similar to the increase with slab thickness, the propagation speed increases20

almost linearly with the density of the slab ρ (Fig. 8c) and the slope angle ψ (Fig. 8d).
The propagation speed seems not to be influenced by the thickness of the WL (Fig. 8b)
as soon as the failure occurs under the same conditions (same critical length). This
suggests that the crack propagation speed is mostly influenced by the failure conditions
(load due to the slab and WL strength) rather than structural parameters such as the25

WL thickness.
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3.2.2 Propagation distance

Figure 9 shows propagation distance as a function of different system parameters.
Figure 9a1, b1 and c1 shows the increase of the propagation distance with increasing
tensile strength of the slab σt. This result was expected since a stronger slab requires
a larger tensile stress in order to break and thus a larger propagation distance is re-5

quired to obtain sufficient tensile stresses in the slab (induced by bending or by the
shear component of the the slab’s weight additionally in case of ψ 6= 0).

The influence of the Young’s modulus E of the slab is shown in Fig. 9a1 and a2.
Overall, propagation distance decreases in general with increasing Young’s modulus.
Hence, the softer the slab is, the lower is the fracture arrest propensity. For a ten-10

sile strength of 2 kPa (Fig. 9a2), the propagation distance l ∗ sharply decreases from
2 m (column length) to an approximately constant value l ∗ = 0.5 m for E ≈ 2 MPa. Also,
Fig. 9a1 shows that for higher Young’s modulus larger tensile strength values are re-
quired to obtain full propagation. The critical length ac for crack propagation was also
represented in Fig. 9a2 to show that the tensile failure across the slab always occurred15

(in this case) after the onset of crack propagation.
Then, the influence of WL thickness Dwl is shown in Fig. 9b1 and b2. The WLs have

different thicknesses but the same failure criterion and thus the same critical length
ac which is equal to 15 cm in this case. The propagation distance l ∗ decreases with
increasing WL thickness. For low values of the tensile strength of the slab, the prop-20

agation distance is small and almost independent of the WL thickness whereas an
important decrease is observed for larger values of the tensile strength. In other words,
this finding means that thicker weak layers result in more slab bending so that slab
failure becomes more likely due to high tensile (bending) stress.

Figure 9c1 and c2 shows the influence of slope angle ψ on propagation distance.25

Similarly to WL thickness, slope angle seems to have no influence on the propagation
distance for low values of the tensile strength. However, for larger values of σt (σt >
3.5 kPa), the propagation distance strongly increases with increasing slope angle ψ .
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Hence, fracture arrest propensity decreases with slope angle. This result is not trivial,
since as the slope angle increases, there is a competition between the decreasing slab
bending which results in a decrease of the tensile stresses in the slab and an increase
of the tensile stresses due to the weight of the slab in the slope parallel direction.
Hence, this result suggests that slab bending is the primary process influencing tensile5

failure of the slab (for homogeneous properties of the system). This interpretation is
supported by the observation that the tensile opening of the crack always starts from
the top surface of the slab in both DE simulations (Fig. 7) and in field PSTs.

Crack propagation distance slightly decreases with slab density as shown in Fig. 9d.
For very low slab densities, the critical length ac is relatively high and thus the tensile10

failure across the slab occurs before the critical length is reached. Then, as the den-
sity of the slab increases, the critical length decreases and the propagation distance
stabilizes around 0.4 m.

Finally, whereas slab density ρ and slab thickness D have a similar influence on the
stability of the system and on the onset of crack propagation, as suggested by the de-15

crease of the critical length ac with both ρ and D, this is certainly not true for their influ-
ence on fracture arrest propensity. Indeed, in contrast to the influence of slab density,
the propagation distance strongly increases with increasing slab thickness (Fig. 9e).
Hence, the thicker the slab is, the lower is the fracture arrest propensity. This results
can be easily explained using beam theory (Timoshenko and Goodier, 1970) to ex-20

press the tensile stress in a bending slab which is inversely proportional to the slab
thickness D (see Sect. 3.4 or Schweizer et al., 2014).

3.3 Comparison with field data

The findings of the preceding parametric analysis have to be interpreted with care since
for snow, several of the system parameters are inter-related leading to more compli-25

cated outcomes. As an example, the decrease of the propagation distance with Young’s
modulus seems to be in contradiction with field experiments. Indeed, this result sug-
gests that stiff and thus hard snow slabs would be associated to smaller release zones
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than soft slabs which is obviously in contradiction with avalanche observations (van
Herwijnen and Jamieson, 2007). Therefore, even if the result evidenced by Fig. 9a2 is
mechanically consistent, no firm conclusions can be directly drawn with regards to dry-
snow slab avalanche release. To this end, the relationships between slab density ρ,
Young’s modulus E and tensile strength σt need to be considered according to Eqs. (3)5

and (4). Simulations were performed for slab densities ranging from 100 to 300 kgm−3,
corresponding to a Young’s modulus E of the slab between 0.8 and 16 MPa (Eq. 3) and
a tensile strength σt between 1 and 16 kPa (Eq. 4).

In the following, we distinguish two simulation cases:

– Case #1 corresponds to simulations with a constant slab thickness D = 20 cm,10

slope angle ψ = 0◦ and WL properties;

– Case #2 corresponds to a case with a slope angle ψ = 23◦ which is the average
slope angle of our field PSTs and a slab thickness D which is also a function of
density according to field data (Table 4). In addition, we calibrated the strength of
the WL bonds in order to have the same critical length for the different densities.15

This ensured we observed crack propagation and avoid the global and simulta-
neous failure of the entire WL. Indeed, as density increases, the critical length
ac decreases and tends to zero (Fig. 9d) leading to the instability of the system
without cutting the WL.

3.3.1 Displacement of the slab20

Our numerical results (Fig. 6) obtained for a slab density ρ = 250 kgm−3 are in very
good agreement with experimental results (Fig. 3) obtained for a similar density of
ρ = 240 kgm−3. Indeed, the same phases in the displacement curves, corresponding
to slab bending and crack propagation, were observed in the measurements. Further-
more, the amount of slope normal displacement prior to crack propagation as well as25

the fracture time, defined as the time it takes for the slab to come into contact with the
broken weak layer, were very similar. Finally, we would like to point out that the total
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slope normal displacement after crack propagation in our experimental results was not
the same for all markers (Fig. 3), which has often been observed in previous studies
(van Herwijnen et al., 2010; Bair et al., 2014), whereas it is approximately the same in
the numerical simulations if no fracture arrest occurred (Fig. 6). This is presumably due
to 3-D and edge effects such as wall friction at the right interface.5

3.3.2 Crack propagation speed

The crack propagation speed c obtained in field PSTs and from the simulated PSTs
is represented as a function of slab density in Fig. 10. Overall, the propagation speed
obtained from field PSTs increases from 10 to 50 ms−1 as the density of the slab in-
creased from 140 to 300 kgm−3. The gray squares represent the cases with fracture10

arrest due to tensile fracture of the slab (SF: “Slab Fracture”) for which the crack propa-
gation speed is not very accurate and generally lower than the velocity measured when
the slab did not break (END: empty squares for full propagation until the “end” of the
system).

Overall, both simulation cases #1 and #2 reproduce the magnitude of the propa-15

gation speed c and the increasing trend with increasing slab density ρ. The case #2
model (relation between slab density, Young’s modulus, thickness and slope angle)
slightly overestimates the average propagation speed for low slab densities but pro-
vides good estimates for densities higher than 250 kgm−3. The slight overestimation
for low densities might be due to the fact that, to compute the propagation speed, the20

slab was considered as purely elastic and possible plastic effects in the slab that might
induce energy dissipation were disregarded. Furthermore, the simulations of case #2
have been done for the same conditions of failure initiation, i.e. the strength of the WL
bonds have been calibrated in order to have the same critical length for the different
densities. This is not the case for the experiments for which the critical length generally25

increases with increasing density due to the associated increase of Young’s modulus
and a strengthening of the WL (Zeidler and Jamieson, 2006a, b; Szabo and Schnee-
beli, 2007; Podolskiy et al., 2014). In contrast, for case #1, a decrease in slab thickness
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and slope angle induces a decrease in the crack propagation speed (Fig. 8), explain-
ing why the model result for case #1 (ψ = 0◦ and D = 20 cm) gives lower speed values.
Furthermore, for case #1, the WL properties were kept constant, which together with
the increase of Young’s modulus (less bending) with density resulted in an increase of
the critical length with density, in agreement with field observations which might explain5

the better quantitative agreement with the experiments.

3.3.3 Propagation distance

The proportion between the number of experiments for which fracture arrest was ob-
served NSF and the total number of experiments NSF +NEND is shown vs. slab density
ρ in Fig. 11a. This figure highlights the important decrease of fracture arrest propensity10

with slab density. Slab densities higher than 300 kgm−3 lead to a very small amount of
experiments with slab fracture (NSF < 20 %).

The crack propagation distance l ∗ is represented as a function of slab density in
Fig. 11b. Only cases with slab fracture (SF) were represented. Overall, the propaga-
tion distance obtained from field PSTs increased with slab density and varies approx-15

imately from 0.4 to 2.1 m as the density increased from 140 to 300 kgm−3. This trend
is well reproduced by the discrete element simulations for both cases, but with a bet-
ter qualitative agreement for case #1. For case #1 and for densities higher that about
300 kgm−3, no fracture arrest is observed resulting in full propagation of the crack in
the WL (END) over the entire column length. For case #2, this transition occurs already20

for a density of about 200 kgm−3. Besides, we would like to point out that cases of field
PSTs with fracture arrest were made for different column lengths. However, we argue
that, as soon as fracture arrest occurs within the beam, the crack propagation distance
is almost independent of the beam length. For instance, if a propagation distance of
0.7 m is observed for a column length of 1.5 m, it would certainly be the same for a col-25

umn of 2.5 m, as soon as the column length is higher than the length over which edge
effect are observed (length typically lower than 1 m, Gaume et al., 2013).
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The experiments and the simulations confirm that dense and hard snow slabs are
more prone to wide-spread crack propagation than soft slabs.

3.4 Mechanical processes of fracture arrest

In order to better understand the underlying mechanical processes of fracture arrest
in the slab, the tensile stresses in the slab σxx have to be compared with its tensile5

strength σt. A tensile crack in the slab occurs when the maximum tensile stress σm
xx

meets the tensile strength. Hence, we analyzed the evolution of the tensile stresses
in the slab during the process of crack propagation for case #1 with a slab density
ρ = 250 kgm−3 leading to a tensile strength σt = 10 kPa (Eq. 4). Figure 12 shows the
tensile stresses in the slab for different stages of the propagation process. First, before10

the onset of crack propagation, an increase of tensile stress occurs at the top of the
slab close to the crack tip of the WL. The bottom of the slab is subjected to an increase
in compression (σxx < 0). This increase of tensile stress is due to the bending of the
slab and increases with increasing crack length (Timoshenko and Goodier, 1970).

Then, once the critical length is reached, the crack becomes self-propagating. The15

crack length increase leads to an increase of the tensile stresses in the slab. Note that
the maximum tensile stress σm

xx is always located at the top surface of the slab, not
directly at the vertical of the crack tip but slightly shifted towards the right side. At one
point the maximum tensile stress meets the tensile strength of the slab (σt = 10 kPa)
which leads to the tensile crack opening and fracture arrest. This fracture arrest leads20

to the unloading of the slab where the stresses are close to zero everywhere, except
at the position of the saw where some small local bending effects still occur.

In order to better understand why fracture arrest does not occur anymore for large
densities, as shown in Fig. 11, we then analyzed the maximum tensile stress σm

xx as
a function of slab density in the case of a purely elastic slab for which the Young’s25

modulus was varied according to Eq. (3) (case #1). The DE results were then compared
to those predicted by the static beam theory. According to beam theory (Timoshenko
and Goodier, 1970), the maximum theoretical tensile stress in a beam of length l ,
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thickness D embedded on its right side and subjected to gravity, with an angle ψ (with
regards to the horizontal) is equal to

σ th
xx = ρgl sinψ +

3ρgcosψl2

D
. (5)

As we have seen before on Fig. 12, the tensile stress in the slab increases during
propagation due to an increase of the crack length. However, this length is limited by5

the amplitude of collapse of the WL hc (Fig. 13a). Indeed, once the left part of the slab
comes into contact with the broken WL, then the tensile stress does not increase any
further, but has reached its maximum value (see also Fig. 5c). The length l0 (already
introduced by Heierli et al., 2008) required to come into contact with the broken WL can
be obtained analytically by computing the vertical displacement of the slab according10

to beam theory and is equal to

l0 =

(
2ED2hc

3ρgcosψ

)1/4

. (6)

Hence, the overall maximum theoretical tensile stress σm,th
xx = σ th

xx(l0) is found by re-
placing l by l0 in Eq. (5).

For low values of slab’s density (ρ < 175 kgm−3, Fig. 13b), the maximum tensile15

stress increases with increasing density and the DE model results are very well re-
produced by beam theory. In addition, the maximum tensile stress is always higher
than the tensile strength of the slab, leading to systematic fracture arrest for these low
density values. However, for higher densities, beam theory predicts a strong increase
of the maximum tensile stress with density, so that the stress would always be higher20

than the tensile strength of the slab. This would lead to systematic fracture arrest for
any value of the density which is in contrast to the results of both field and numerical
PSTs. The DE model results, in particular, show that for a slab density higher than
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about 180 kgm−3, the maximum tensile stress starts to decrease with increasing den-
sity. Ultimately, for a density of approximately 280 kgm−3, the maximum tensile stress
becomes lower than the strength leading to full propagation of the crack in the WL, in
agreement with Fig. 11 (case #1).

This result highlights the limits of the static beam theory and thus the need to take5

into account dynamic effects when addressing fracture arrest propensity issues. In-
deed, we suppose that the reason of this sudden decrease is due to the crack propa-
gation speed which becomes higher as slab density increases and induces a loss of
support in the slab where stresses do not have time to establish. For instance, if we
assume that the crack would propagate at an infinite speed, then the tensile stresses10

in the slab would not increase after reaching the critical length. The maximum tensile
stress in the slab would thus be the one obtained at the moment of the onset of crack
propagation. Obviously, the propagation speed is not infinite but limits the establish-
ment of the stresses in the slab. Based on the observed decrease beyond 180 kgm−3

(Fig. 13b), we propose an empirical relation describing the maximum tensile stress:15

σm,th
xx = αdyn(ρ)σ th

xx(l0) = e−
ρ−ρ′
r σ th

xx(l0), for ρ > ρ′ (7)

with ρ′ = 179 kgm−3 and r = 35 kgm−3. The value of ρ′ hence represents the transi-
tion point beyond which beam theory does not apply anymore (dashed/dotted line in
Fig. 13b). Note that more generally, αdyn is likely to depend not only on slab density ρ,
but also on the crack propagation speed c and on the slab Young’s modulus E , which20

are anyhow related to slab density explaining why in this case ρ is the main driving
parameter.

Using the theoretical relationships for both zones (ρ < ρ′ and ρ > ρ′) one can com-
pute the theoretical propagation distance l ∗th by solving

σm,th
xx (l ∗th) = σt. (8)25

The theoretical propagation distance l ∗th was represented in Fig. 13c for both zones
(l ∗bt for ρ < ρ′ and l ∗dynρ > ρ

′) as well as the characteristic distance l0. Again, the beam
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theory reproduces well the results for low densities. For these low densities, the ten-
sile failure in the slab occurs even before the onset of crack propagation due to the
low value of the associated tensile strength. However, the important increase of the
propagation distance for densities higher than ρ′ is not reproduced by beam theory. On
the other hand, using the empirical relation (Eq. 7), the strong increase of the propaga-5

tion distance is well reproduced. After a certain value of density ρEND = 280 kgm−3, the
propagation distance l ∗dyn becomes higher than l0 which is technically not possible since
the maximum tensile stress is obtained exactly for l = l0 and cannot increase above l0.
Hence the only solution is that no fracture arrest occurs for ρ > ρEND. In fact, for a den-
sity of 300 kgm−3 no fracture arrest was observed using the DE model (Fig. 11). For10

this simulation, we also tried with longer column lengths L up to 10 m which did not
affect the full propagation. The corresponding maximum propagation distance for this
case is about 2.3 m (for l ∗dyn = l0), in agreement with field data for which the maximum
propagation distance recorded for was l ∗ = 2.15 m (Fig. 11b).

Obviously, the density ρEND which was 280 kgm−3 in our simulations, will vary de-15

pending on the geometry and material properties of the snowpack. For the cases pre-
sented in Fig. 13b and c, the Young’s modulus was derived from density (Eq. 3), the
slab thickness D was constant equal to 20 cm, the slope angle ψ = 0◦ (case #1). This
set of parameters resulted in a density ρEND = 280 kgm−3. However, for a slope angle
of 23◦ and taking into account the dependence of slab thickness with slab density (Ta-20

ble 4), ρEND would be even smaller than 200 kgm−3 as shown in Fig. 11b (case #2)
since the transition between a regime of fracture arrest and full propagation is between
150 and 200 kgm−3. Furthermore, the propagation distance being also strongly influ-
enced by the WL thickness Dwl (Fig. 9b), we assume that ρEND increases with Dwl as
the maximum tensile stress in the slab increases with Dwl.25
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4 Discussion

In this study, a numerical model based on the discrete element method was developed
in order to perform numerical PST simulations and study the mechanical processes
involved. Despite the apparent simplicity of the proposed DE model and of the structure
of the simulated WL, we were able to quantitatively address the issue of the dynamic5

phase of crack propagation as well as fracture arrest propensity and to reproduce PST
field data.

First, a parametric analysis was conducted to study the influence of snowpack prop-
erties on crack propagation speed on the propagation distance. It was shown that the
propagation speed increases with increasing slab density ρ, slab Young’s modulus E ,10

slab thickness D and slope angle ψ . The propagation speed was almost not influenced
by the WL thickness. The increase of crack propagation speed with slab density is not
compatible with the expression for crack propagation speed proposed by Heierli (2008)
for which the speed decreases with increasing slab density ρ, as for a crack in a ho-
mogeneous material (Auld, 1973). However, this is obviously not the case here, since15

the crack propagates through the underlying WL. Therefore, the propagation speed is
likely to decrease with increasing WL density (and thus to increase with increasing WL
porosity) but to increase with slab density, as shown by our results.

In addition, it was shown that the propagation distance l ∗ increases with increasing
tensile strength of the slab σt, slab thickness D and slope angle ψ . The latter result20

together with the fact that the tensile opening of the crack in the slab always occurs
from the top surface, suggests that slab bending is the primary process influencing
the tensile failure of the slab. On the contrary the propagation distance decreases
with increasing slab Young’s modulus E , slab density ρ and WL thickness Dwl. These
results are in agreement with Gaume et al. (2014a) who showed that the tensile failure25

probability (fracture arrest propensity) decreased with increasing tensile strength σt of
the slab, increased with increasing Young’s modulus E of the slab and decrease with
increasing slab thickness D.
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Furthermore, by accounting for the relation between the mechanical properties of the
snowpack, the increase of crack propagation speed and distance with increasing slab
density could be well reproduced. The in-depth analysis of the mechanical processes
involved in fracture arrest showed that after a certain value of the slab density ρ′, the
evolution of the maximum tensile stress in the slab with slab density diverged from the5

static beam theory. This is due to dynamic effects during crack propagation that induce
a loss of support of the slab where the stresses do not have time to establish. Ultimately,
for a density ρEND, the maximum tensile stress in the slab decreases below its tensile
strength leading to full propagation without fracture arrest. Consequently, for large den-
sities, mechanical properties of the snowpack only marginally affect crack propagation10

distance. In that case, terrain characteristics and snowpack spatial variability will play
a crucial role in the definition of the release area.

In addition, interestingly, in very few simulations both fracture arrest by tensile failure
of the slab and full propagation was observed. In these cases, a portion of the WL on
the right-side of the slab tensile crack was damaged over a sufficient length to exceed15

the critical length leading again to crack propagation. This process repeated itself until
the end of the system leading to the so-called “en-echelon” fracture (Gauthier and
Jamieson, 2010). This is likely to happen for very unstable conditions (very low critical
length) but for a slab of intermediate density, not too dense so fracture arrest can occur
and not too loose so that the crack can propagate.20

Concerning the limitations of the model, we recall that the triangular shape of the
WL structure is highly idealized and that more complex and more realistic geometries
might have an influence on the presented results. In the future, the micro-structure of
the WL could be derived from micro-tomographic images (Hagenmuller et al., 2014)
in order to perform more realistic simulations. Moreover, we would like to recall that25

the crack propagation speed was computed from the vertical displacement wave of the
slab. However, for high values of the slope angle ψ , the collapse only constitutes a sec-
ondary process and the tangential displacement during propagation becomes higher
than the vertical displacement. Typically, for ψ > 40◦, it is not possible to compute the
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propagation speed using the presented approach as the height of collapse becomes
too low. A preliminary and still incomplete analysis of the tangential displacement re-
vealed that the crack propagation speed of slopes for which the shear component of
the slab weight is very important (ψ > 40◦) might be significantly higher than the prop-
agation speed on flatter slopes. This analysis suggested propagation speeds up to5

150 ms−1, similar to those observed in the field for real-scale avalanches by Hamre
et al. (2014). However, they considered avalanches triggered artificially by explosives
leading to even more complex interactions due to the propagation wave of the blast.

In regards to practical applications, the results of our study can help to choose the
size of the column length in field PSTs. Indeed, we showed that the maximum length10

for which snowpack properties might affect the propagation distance is around 2 m,
in agreement with the study of Bair et al. (2014). However, this result does not mean
that all PSTs should be 2 m long. The chosen column length can be evaluated from
slab thickness and density. As shown by Figs. 9 and 11, slab Young’s modulus and
tensile strength which are related to slab density, as well as slab thickness strongly15

affect the propagation distance. Hence, for soft and relatively thin slab, the standard
column length of 1.2 m might be sufficient. However, for very strong and thick slabs,
the column length of the PST should not be lower than 2 m in order to be able to still
observe a possible arrest of the fracture due to slab tensile failure. If slab fracture is not
observed in a PST for a column length of 2 m, fracture arrest is likely to be mainly driven20

by terrain and snowpack spatial variability and a 3-D-terrain model with snowpack might
be required to evaluate where fracture arrest might occur (Veitinger et al., 2014).

5 Conclusions

We proposed a new approach to characterize the dynamic phase of crack propagation
in weak snowpack layers as well as fracture arrest propensity by means of numeri-25

cal PST simulations based on the discrete element method with elastic-brittle bonded
grains.
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This model allowed us to compute crack propagation speed from slab vertical dis-
placement as a function of snowpack properties. Furthermore, crack propagation dis-
tance was computed by taking into account the tensile strength of the slab. A para-
metric analysis allowed us to compute the crack propagation speed and distance as
a function of the different snowpack properties. Then, the existing relationship between5

slab thickness, Young’s modulus and tensile strength with density was implemented.
Accounting for this relationship, modeled propagation speed and distances were found
in good agreement with those obtained from field measurements of propagation saw
test. In particular, for densities ranging from 100 to 300 kgm−3, the propagation speed
increased from approx. 10 to 50 ms−1 and the propagation distance was found to in-10

crease from approx. 0.4 to 2 m (column length). Concerning the mechanical processes,
the static beam theory predicts an increase of the maximum tensile stress with increas-
ing density. However, we show that dynamic effects of crack propagation induce a loss
of support of the slab which increases with increasing crack propagation speed and
thus slab density. This produces a decrease of maximum stress with density which ul-15

timately becomes lower than the tensile strength of the slab for a critical density ρEND

leading to the absence of slab tensile fracture and thus wide-spread crack propagation.
According to our simulations, this critical density depends mostly on slab and WL thick-
nesses and slope angle. It decreases with slab depth and slope angle but increases
with WL thickness.20

For slab layers denser than ρEND, the slab tensile fracture in the field and thus the
potential release size will be mostly controlled by topographical and morphological
features of the path such as ridges, rocks, trees, terrain breaks, etc. but also by the
spatial heterogeneity of the snow cover. In addition, we showed that the maximum
propagation distance associated with the density ρEND was around 2 m, justifying why25

the beam length of a propagation saw test should not be lower than 2 m for hard snow
slabs, in order to be able to observe fracture arrest. This result is in agreement with the
recent study of Bair et al. (2014) about PST edge effects.
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In the future, an in-depth analysis of crack propagation speeds for large slope angles
will be carried out in order to distinguish the speed associated to the collapse wave
of the slab and the speed associated to its tangential displacement. Finally, different
and more complex structures for the WL will also be implemented with the long-term
objective to model the structure of the WL directly from segmented micro-tomographic5

images (Hagenmuller et al., 2013).
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Table 1. Mechanical parameters used in the simulations for the contact law. kn: normal contact
stiffness; ks: tangential contact stiffness; µ: intergranular friction; e: normal restitution coeffi-
cient.

kn (Nm−1) kn/ks µ e

1×104 2 0.5 0.1
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Table 2. Mechanical parameters used in the simulations for the cohesive law. kb
n : bond normal

stiffness; kb
s : bond shear stiffness; σt: tensile strength; σs: shear strength.

kb
n (Pam−1) kb

n/k
b
s σt (kPa) σt/σs

slab 1×107–1×1010 2 0–20 2
WL 1×1010 2 1.6 2
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Table 3. Table of the parameter values used for Figs. 8 and 9. The symbol “–” means that the
associated parameter was varied.

ρ E σt D Dwl ψ

Fig. 8a 300 kgm−3 – Inf. 20 cm 4 cm 0◦

Fig. 8b 100 kgm−3 4 MPa Inf. –/20 cm 4 cm/– 0◦

Fig. 8c – 4 MPa Inf. 20 cm 4 cm 0◦

Fig. 8d 100 kgm−3 4 MPa Inf. 20 cm 4 cm –

Fig. 9a 300 kgm−3 – – 20 cm 4 cm 0◦

Fig. 9b 300 kgm−3 4 MPa – 20 cm – 0◦

Fig. 9c 150 kgm−3 4 MPa – 20 cm 4 cm –
Fig. 9d – 4 MPa 2 kPa 20 cm 4 cm 0◦

Fig. 9e 100 kgm−3 4 MPa 1.5 kPa – 4 cm 0◦

639

http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/9/609/2015/tcd-9-609-2015-print.pdf
http://www.the-cryosphere-discuss.net/9/609/2015/tcd-9-609-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


TCD
9, 609–653, 2015

Modeling of crack
propagation

J. Gaume et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 4. Average slab thickness as a function of slab density for PST field data.

ρ (kgm−3) 100 150 200 250 300

D (cm) 30 40 50 65 80
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Figure 1. (a) Typical slab – weak layer configuration suitable for avalanche release. The weak
layer is composed of surface hoar which is intact on the right and partially ruptured on the left.
©ASARC from Jamieson and Schweizer (2000). (b) Zoom on a surface hoar crystal.
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Figure 2. Schematic drawing and picture of the propagation saw test (PST). The black dots
are markers used for particle tracking in order to measure the displacement of the slab. The
column length is denoted L. Adapted from van Herwijnen et al. (2010).
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Figure 3. Temporal evolution of the measured vertical displacement ∆y for a slab density of
ρ = 240 kgm−3. The different curves correspond to different horizontal positions in the slab,
from the left-end (x = 0.1 m) to the right-end (x = 2.1 m).
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Figure 4. (a) Simulated system of a Propagation Saw Test (PST) composed of a slab, a weak
layer and a rigid substratum. The column is 2 m long. (b) Illustration of the cohesive contact
bond model used in the discrete element simulations.
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Figure 5. Snapshots of a PST numerical experiment. (a) Initial system t = 0.1 s, (b) onset of
crack propagation t = 0.26 s, (c) dynamic propagation t = 0.28 s; (d) complete failure of the WL
t = 0.45 s.

645

http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/9/609/2015/tcd-9-609-2015-print.pdf
http://www.the-cryosphere-discuss.net/9/609/2015/tcd-9-609-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


TCD
9, 609–653, 2015

Modeling of crack
propagation

J. Gaume et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Figure 6. Temporal evolution of the modeled vertical displacement ∆y of the slab for a slab
density ρ = 250 kgm−3.The different curves correspond to different horizontal positions of the
slab, from the left-end (x = 0 m) to the right-end (x = 2 m).
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Figure 7. Snapshot of a PST with fracture arrest in the slab due to tensile crack opening.
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Figure 8. Crack propagation speed c as a function of (a) the Young’s modulus of the slab
E , (b) slab and WL thicknesses D and Dwl, (c) slab density ρ and (d) slope angle ψ . The
parameters used for these graphics are detailed in Table 3.
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Figure 9. Crack propagation distance l ∗ as a function of the tensile strength σt and the Young’s
modulus E of the slab (a1, a2), the tensile strength σt and the WL thickness Dwl (b1, b2), the
tensile strength σt and the slope angle ψ (c1, c2), slab density ρ (d) and slab thickness D (e).
The parameters used for these plots are detailed in Table 3.
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Figure 10. (a) Boxplot of the propagation speed c vs. slab density for all field experiments. The
data were grouped by slab density classes of 50 kgm−3. (b) Crack propagation speed c vs. slab
density ρ. The empty squares correspond to field PST with full propagation (END) and the filled
squares correspond to PST with fracture arrest (SF). The black line corresponds to the result of
the DE model taking into account the relation between slab density, Young’s modulus for a slope
angle ψ = 0◦ and a slab thickness D = 20 cm (case #1). The gray continuous line corresponds
to the result of the DE model taking into account the relation between slab density, Young’s
modulus and thickness for a slope angle ψ = 23◦ (case #2). The data consist of N = 121 PST
experiments.
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Figure 11. (a) Ratio between the number of experiments with slab fracture NSF and the total
number of experiments NSF +NEND for different classes of density. (b) Propagation distance l ∗

vs. slab density ρ only for cases with fracture arrest (SF). The red line corresponds to case #1
and the gray line corresponds to case #2. The dashed line correspond to the column length
L = 2 m in the PST simulations.
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Figure 12. Evolution of the tensile stress σxx in the slab during the process of crack propagation
for a case #1 simulation and a density of 250 kgm−3 and a tensile strength of 10 kPa.

652

http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/9/609/2015/tcd-9-609-2015-print.pdf
http://www.the-cryosphere-discuss.net/9/609/2015/tcd-9-609-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


TCD
9, 609–653, 2015

Modeling of crack
propagation

J. Gaume et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Figure 13. (a) Illustration of the characteristic length l0 required for the slab to be in contact with
the broken WL. hc represents the collapse height. (b) Maximum tensile stress σm

xx as a function
of slab density for the discrete element model σDEM

xx , with a purely elastic slab and case #1,
according to beam theory σ th

xx(l0) and according to Eq. (7) αdynσ
th
xx(l0). The tensile strength of

the slab σt is also represented as a function of slab density ρ. (c) Propagation distance for the
same cases as in (b) plus l0 as a function of slab density.
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