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Abstract

Snow instability data provide information about the mechanical state of the snow cover
and are essential for forecasting snow avalanches. So far, direct observations of insta-
bility (recent avalanches, shooting cracks or whumpf sounds) are complemented with
field tests such as the rutschblock test, since no measurement method for instability
exists. We propose a new approach based on snow mechanical properties derived
from the snow micro-penetrometer that takes into account the two essential processes
during dry-snow avalanche release: failure initiation and crack propagation. To estimate
the propensity of failure initiation we define a stress-based failure criterion, whereas the
propensity of crack propagation is described by the critical cut length as obtained with
a propagation saw test. The input parameters include layer thickness, snow density,
effective elastic modulus, strength and specific fracture energy of the weak layer — all
derived from the penetration-force signal acquired with the snow micro-penetrometer.
Both instability measures were validated with independent field data and correlated
well with results from field tests. Comparisons with observed signs of instability clearly
indicated that a snowpack is only prone to avalanche if the two separate conditions
for failure initiation and crack propagation are fulfilled. To our knowledge, this is the
first time that an objective method for estimating snow instability has been proposed.
The approach can either be used directly based on field measurements with the snow
micro-penetrometer, or be implemented in numerical snow cover models. With an ob-
jective measure of instability at hand, the problem of spatial variations of instability and
its causes can now be tackled.

1 Introduction

Snow slope stability describes the mechanical state of the snow cover on an inclined
slope and is inversely related to the probability of avalanche release (McClung and
Schaerer, 2006). For a given time, depth within the snowpack, and location on a slope,
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snow stability has been described as the balance between snow strength and stress,
the so-called stability index (Roch, 1966). This index has been widely used (e.g. Con-
way and Abrahamson, 1984; Perla et al., 1982) and was refined to account for trigger-
ing by an additional load such as a skier (F6hn, 1987b). Whereas, the skier stability
index has been shown to be related to the probability of skier triggering (Jamieson,
1995), this critical stress approach does not take into account that slope failure requires
crack propagation. While failure initiation may depend on stress only, the propagation
of cracks requires deformation energy (Bazant and Planas, 1998). Furthermore, on
a slope, strength and stress are spatially variable; these variations are fundamental to
the fracture process (Schweizer et al., 2003). Around locally failed areas stress concen-
trations will form and drive crack propagation, and eventually cause catastrophic failure
before the average material strength is reached. This observation has been termed
knock-down effect (Fyffe and Zaiser, 2004; Gaume et al., 2014) and partly explains
why the stability index derived from measurements at or near natural slab avalanches
often indicated stable conditions.

Not surprisingly, the link between point observations of snow stability and snow slope
stability is not clear, yet (e.g. Bellaire and Schweizer, 2011). Scale issues due to dif-
ferent measurement scales, the so-called support and knowledge gaps between the
processes involved at both scales have complicated bringing together point and slope
scale snow instability results (Schweizer et al., 2008a). The point stability scale is not
even well defined. Failure initiation refers to the collective failing of snow grains, or
bonds between grains, on the scale of centimeters and the onset of a self-propagating
crack in a weak snow layer called crack propagation. A common scale for both pro-
cesses is the snowpack scale which spans about one square meter (Schweizer and
Kronholm, 2007) which in the following we will refer to when we use the term point
snow instability.

At present, there is no objective measurement of snow instability. Instead, field ob-
servations of recent avalanches, whumpfs or shooting cracks are considered clear in-
dicators of instability (e.g. Jamieson et al., 2009), but these observations are rare. In
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their absence, snow instability information is generally obtained by performing so-called
snow stability tests (Schweizer and Jamieson, 2010). Snow stability tests generally
consist of isolating a block of snow of predefined dimensions and incrementally load-
ing the block up to weak layer failure. The main goal of these tests is to evaluate the
load required to fail a potential weak layer, i.e. to create an initial failure that will propa-
gate. The loading step at weak layer failure, also referred to as the test score, mainly re-
lates to failure initiation, additional information on crack propagation is obtained through
qualitative fracture observations (e.g. van Herwijnen and Jamieson, 2007; Schweizer
and Jamieson, 2010). While there are a variety of different snow stability tests, the two
tests most relevant for this study are the rutschblock test (RB) (Féhn, 1987a; Schweizer,
2002) and the propagation saw test (PST) (Gauthier and Jamieson, 2006; Sigrist and
Schweizer, 2007). The RB test (Fig. 1) consists of a 1.5m by 2 m block of snow incre-
mentally loaded by a skier and the PST (Fig. 2) involves isolating a block that is 30 cm
cross-slope by at least 120 cm upslope and then cutting the weak layer with a snow saw
up to a critical cut length when crack propagation occurs. The RB score is assumed
to be indicative of failure initiation propensity, and RB release type, either whole block,
part of the block or only an edge, is assumed to relate to crack propagation propensity
(Schweizer et al., 2008b). While the RB only provides rather crude ordinal data, the
PST gives a metric value, the critical cut length, which eases quantitative analysis. As
the PST is assumed to be indicative of crack propagation, a combination of the re-
sults of both tests seems appropriate for snow instability assessment in terms of failure
initiation and crack propagation.

The classical stability index assumes a transition from stable to unstable when driv-
ing forces are no longer balanced by resisting forces. However, this approach is ques-
tionable, primarily since dry-snow slab avalanche release is the result of a series of
fractures and snow properties are spatially variable. In a fracture mechanical view, to
describe a material’s resistance to crack propagation, flaw size and toughness need to
be considered additionally to the stresses (Anderson, 1995). With the introduction of
the PST all these properties can be obtained from field data. PST experiments to study
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propagating cracks have confirmed deformation of the slab to substantially contribute
to the mechanical energy consumed by crack extension (van Herwijnen et al., 2010;
van Herwijnen and Birkeland, 2014). Further, it has been shown that the critical crack
length is related to slope stability (Gauthier and Jamieson, 2008b).

Several studies focused on snow instability in the past, thereby either concentrating
on failure initiation or crack propagation. Using stability related parameters derived
from measured snow micro-penetrometer resistance profiles, Bellaire et al. (2009) and
Pielmeier and Marshall (2009) found that weak layer strength and average slab density
predicted stability classes estimated from RB tests with reasonable accuracy. Weak
layer strength relates to failure initiation, while mean slab density likely relates to both
failure initiation and crack propagation (van Herwijnen and Jamieson, 2007).

Under the assumption of a uniform slab on a rigid substratum, Heierli (2008) pre-
sented estimates of critical crack lengths obtained from recalculation of PST field
experiments. Yet, averaging slab properties is a strong simplification and Schweizer
(1993) pointed out the importance of slab properties for failure initiation. By means of
finite element (FE) simulations of typical snow profile types Habermann et al. (2008)
found the stress at the depth of the weak layer to vary by a factor of two compared to
a uniform slab.

Several numerical approaches focusing on avalanche release (for a summary see
Podolskiy et al., 2013) have been made but only a few incorporate both fracture pro-
cesses. Among the latest were Gaume et al. (2013) who presented a Mohr—Coulomb
failure criterion based model taking into account variations of weak layer shear strength
and stress redistribution by slab elasticity. Only lately, a possible refinement of the clas-
sical stability index by accounting for strength variations and their knock-down effect
including a derivation of a critical crack length was presented (Gaume et al., 2014).

Predicting snow instability requires snow properties obtained either from field mea-
surements or from snow cover modeling. In the field, the method of choice is the snow
micro-penetrometer (SMP) (Schneebeli and Johnson, 1998) that allows deriving mi-
crostructural and micromechanical properties from the penetration force-distancesignal
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(Johnson and Schneebeli, 1999). Marshall and Johnson (2009) showed that values
of snow density, elastic modulus and strength derived from snow micro-penetrometer
signals compared well with literature data. Interpreting the penetration resistance mea-
surements as a Poisson shot-noise process, Léwe and van Herwijnen (2012) sug-
gested a more robust method to extract microstructural parameters. Their method was
employed by Proksch et al. (2014) who developed a reliable parameterization of snow
density applicable to a wide range of snow types. Reuter et al. (2013) showed that
with the snow micro-penetrometer, apart from snow density and effective modulus, the
specific fracture energy of the weak layer can also be derived. Comparing the results
for mechanical properties obtained with snow micro-tomography (Schneebeli, 2004)
to those with particle tracking velocimetry of propagation saw tests (van Herwijnen
et al., 2010) they substantiated the reliability of SMP-derived parameters. Alternatively,
snow cover models provide snow structural information allowing snow instability mod-
eling (Durand et al., 1999; Lehning et al., 2004). However, snow mechanical properties
are often not simulated independently, but parameterized on density only. Schweizer
et al. (2006) refined the skier’s stability index implemented in the snow cover model
SNOWPACK and validated it with field observations. By first identifying the potential
weakness in a simulated profile and then assessing its stability Monti et al. (2014) im-
proved this approach to classify profiles into three classes of snow instability: poor, fair
and good.

Given the fracture mechanical context of dry-snow slab avalanche release and the
lack of an objective measure of instability, we propose that a description of instability
should take into account the two essential processes in slab avalanche release, i.e.
failure initiation and crack propagation, and be based on snow mechanical properties
measured independently, for instance, with the snow micro-penetrometer. Our goal is
to provide an observer-independent methodology applicable to field measurements of
snow stratigraphy. To this end we introduce a two-step calculation of a stability criterion
and a critical crack length based on snow mechanical properties measured with the
SMP. Then, we will validate the performance of our approach with field experiments of
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snow instability. Finally, we will show how classical snow instability observations may
be interpreted in terms of failure initiation and crack propagation.

2 Methods

First, we present the experimental data, then we describe how the mechanical field
data acquired with the snow micro-penetrometer was analyzed, finally we introduce
the new approach to derive snow instability.

2.1 Field data

Two datasets of SMP measurements were exploited to test the performance of the
failure initiation (A) and the crack propagation (B) part of our approach. Dataset A con-
sisted of 64 SMP measurements obtained in close proximity (< 0.5m) to a RB test.
These measurements were a subset of a larger dataset originally presented by Bel-
laire et al. (2009). We used the RB score for validating the failure initiation propensity
derived from the SMP measurements.

Dataset B consists of 31 SMP measurements performed in close proximity (< 0.3 m)
to the lower end of a PST. Data were collected on seven different days. The PST
experiments were recorded on video to precisely determine the critical cut length as
a criterion of crack propagation. Both datasets included manually observed snow profile
data including snow grain type and size and hand hardness index. In addition, 77 out
of the 95 field records contained information on either type or absence of signs of
instability.

2.2 Snow micro-penetrometer

With the snow micro-penetrometer (SMP) a penetration resistance profile is recorded to
a depth well below the weak layer with sub-millimeter resolution. The SMP consists of
a probe, with a force sensor at the tip which is driven into the snowpack at a constant
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speed and perpendicular to the surface. Based on the detailed manually observed
snow profile, layers were defined from the corresponding sections of the SMP signal,
namely slab layers, a weak layer and a basal layer. Introducing a number of layers
helped to reduce the resolution of measured snow properties for the sake of shorter
computation times in finite element (FE) simulations. Figure 3 shows an example of
a SMP signal with manually assigned snow layer boundaries.

Applying the shot-noise model by Léwe and van Herwijnen (2012), snow micro-
structural parameters, namely the rupture force 7, the deflection at rupture § and the
structural element size L were derived from the SMP signal over a moving window
w of 2.5 mm with 50 % overlap and then averaged over the layer. Snow density was
calculated as described in Proksch et al. (2014):

0 = a; + a,log(F) + agL log(F) + a,L (1)

where a; are coefficients, F is the penetration resistance and tilde denotes the median.
The micro-mechanical effective modulus and strength were calculated according to
Johnson and Schneebeli (1999):

f
E= 5L (2)
and

f

The specific fracture energy of the weak layer (WL) was calculated as the minimum
of the penetration resistance integrated across the window size w within the weak layer
(Reuter et al., 2013):

+

NS

Wf = minWL FdZ (4)
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The penetration depth was derived by integrating over the penetration resistance to
a threshold absorbed energy of 0.0036 J, which had been determined by comparison
of SMP and ramsonde profiles (Schweizer and Reuter, 2014).

2.3 Modeling

In the following the modeling approach to calculate estimates of the failure initiation and
the crack propagation propensity of a certain slab-weak layer combination is described

and validated. The mechanical properties required as input are obtained from the SMP
signal as described above.
2.3.1 Failure initiation
A strength-over-stress criterion S describes the propensity of the weak layer to fail in
the case of an additional load:
OwL
S=—, 5
AT (5)

with oy, the strength of the weak layer and A7 the maximum additional shear stress
at the depth of the weak layer due to skier loading. The strength of the weak layer
is approximated by the micro-mechanical strength derived from the snow micro-
penetrometer signal in the weak layer. The maximum shear stress at the depth of
the weak layer was modeled with the 2-D linear elastic finite element model originally
designed by Habermann et al. (2008) to calculate the shear stress at the depth of the
weak layer below a layered slab due to the weight of a skier. S may be interpreted as
an indicator of failure initiation with low (high) values being associated with high (low)
likelihood of initiating a failure. Note that the thus derived stability criterion S does not
yield values comparable to the skier stability index (< 1 for “unstable”, > 1.5 for “sta-
ble”) (Jamieson and Johnston, 1998). One reason is that SMP-derived strength values
are about two orders of magnitude larger than values of shear strength reported in
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literature (Marshall and Johnson, 2009) as the SMP measurement is an indentation
test.

The 2-D FE model by Habermann et al. (2008) was adapted to include all relevant
slab layers — usually about 5 to 10 layers. To minimize boundary effects, the geometry
of the model (Fig. 4a) was chosen such that the length of the modeled section of the
snowpack (10m) is at least one order of magnitude larger than the average depth of
the weak layer. The model consists of multiple layers including slab and basal layers
as well as an embedded weak layer corresponding to the layering identified in the SMP
signal. The layers are inclined by the slope angle a. Nodes at the lower end (on the
right of Fig. 4a) and at the snow ground interface are fixed in both coordinate directions.

The model domain was divided into two-dimensional, quadrilateral plane strain ele-
ments with eight nodes each. The mesh consisted of 75 nodes in the horizontal and
100 nodes in the vertical per meter. The model was implemented in ANSYS workbench
to calculate the maximum shear stress within the weak layer. We assumed plane strain
as stresses in the direction normal to the x—y plane are smaller than within and linear
elastic behavior as the loading rate is high considering skier loading. The skier load
was modeled as a static strip load F of 780 N spread over a width a of 0.2m. To ac-
count for skier penetration we assumed the layers within the penetration depth to be
compacted to a density of 300 kg m~ with a corresponding elastic modulus of 16 MPa
according to Scapozza (2004). All snow layers in the FE model were assigned thick-
ness, density and effective modulus values as derived from the SMP signal. A fixed
value of the Poisson’s ratio was chosen (v = 0.25). From the modeled linear elastic be-
havior the maximum shear stress within the weak layer was computed yielding A7 of
Eqg. (5), i.e. not considering the stress due to the weight of the slab.

The FE model was tested to reproduce the analytical solution of McClung and
Schweizer (1999) for the shear stress for a strip load on a finite area 7(6,H) where 6
and H are two-dimensional polar coordinates. To do so, the maximum shear stress at
a certain depth H was determined by varying 6. The FE model was run with a Poisson’s
ratio of v = 0.49, as the analytical solution assumes an incompressible half space. The
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slab was not stratified, but uniform having a density of 200 kg m~2. Hence, the solution
is independent of the elastic modulus. The simulation results for different slab thick-
ness H are presented in Fig. 4b together with the analytical solution. The FE model
reproduced the maximum shear stress as obtained with the analytical solution very
well (/?2 = 0.94) especially for slab depth larger than the skier width (0.2 m).

2.3.2 Crack propagation

In order to estimate the crack propagation propensity, the critical crack length as mea-
sured in a PST experiment was calculated for a weak layer embedded by a layered
slab and a basal layer.

A theoretical expression (Eq. 6) linking the fracture energy of the weak layer, the
elastic modulus of the slab and the critical crack length for a self-propagating crack is
obtained by replacing the mechanical energy in Griffith’s criterion with the total energy
of the slab weak layer system derived by Heierli (2008) and was presented in detail
by Schweizer et al. (2011). The formulation of the total mechanical energy of the slab-
weak layer system has been proven to describe the released mechanical energy of the
slab in a PST reasonably well (van Herwijnen et al., 2010).

r r.\2 r.\3 r.\*
wi(E,r.) = % [WO + W ﬁc + Wy (ﬁc) + W (ﬁ) + W, (ﬁc) : (6)
with
3/]2 2
Wo = TT ,

3
wy = (ny + g) 72 + 3210 + My 0>,
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9
Wy = T2 + ?IITO' +3n%0°,
ws = 3n02,

W4 = 302,

and 7 =-pgHsin(a) the shear stress, o=-pgHcos(a) the normal stress,

n=\/4(1+v)/5, y =1 and v = 0.25. Provided the elastic modulus E, the density p
and the thickness of the slab H, the fracture energy of the weak layer w;, and the slope
angle a are known, the calculation of the critical crack length r, reduces to finding the
roots of Eq. (6). This fourth degree polynomial of r, has real, ever positive coefficients.
Figure 5 illustrates the dependence of the polynomial’s discriminant on slab thickness
and density, which is the case if a dependence of the elastic modulus on density is
assumed. As the polynomial’s discriminant does not change sign for typical values of
density (and the elastic modulus), solutions consist of a pair of complex conjugated
and two real roots. A physically meaningful solution of r, is obtained, if the complex
roots and the one with an unexpected sign are discarded.

To relax the assumption of a uniform, i.e. not stratified, slab a FE model was designed
to determine the equivalent bulk modulus £’ of a stratified slab (Fig. 6a). The model
performed a stepwise calculation of the mechanical strain energy M of a stratified slab
due to bending over an increasing crack of length r. In order to recover an equivalent
bulk modulus E’, in a next step the pairs of mechanical energy and crack length (M, r)
were fitted with a theoretical expression of the total mechanical energy of the slab M

(Heierli, 2008):
myr? r
") = 2, 42y _ 2 2
M(E',r) = iE (1° + 09) Y= [ATTT +Ap;TO + 550 ] (7)
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with

b=t ) S ()
o e 2 ()
b-ar o3G5

The FE model consists of stratified layers, which were assigned SMP-derived values
of density, effective modulus and thickness (Fig. 6a). The Poisson’s ratio was kept con-
stant (v = 0.25). Due to its geometry (only considering slab layers) and boundary con-
ditions (rigid support along the ligament length (L-r)) the FE model only considers the
behavior of the slab layers as described with the formulation of the total mechanical en-
ergy of the slab weak layer system, neglecting deformation in the weak or basal layers.
The FE model reproduced the theoretical formulation very well (l-?2 = 0.85), especially
for crack lengths r greater or equal the thickness of the overlying slab H (Fig. 6b). With
the bulk equivalent modulus £’, Eq. (6) is then solved to find the critical crack length r,
for the specific slab-weak layer combination.

3 Results

In the following both model parts predicting the propensity of the snowpack to failure ini-
tiation and crack propagation are evaluated with the two independent data sets (A and
B).

3.1 Failure initiation

For each of the 64 SMP profiles with corresponding RB test (dataset A) the failure

initiation criterion S was calculated. SMP-derived density, effective modulus, strength

and layer thickness were used to drive the FE model. For the comparison with the RB
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score we grouped scores 1 and 2 as well as 6 and 7 because scores 1 and 7 were
observed infrequently. The criterion S increased with increasing RB score (Fig. 7a). If
for a given S there was no overlap of the boxes, the predictive power of S would obvi-
ously be very good. Although this is not the case, the medians of the failure initiation
criterion (indicated by gray lines) per RB score increased monotonically with increasing
RB scores. This monotonic increase is reflected in a high Spearman rank correlation
coefficient (rg > 0.9). If results are grouped by scores in two stability classes of RB < 4
and RB > 4, a threshold previously found to separate lower and higher stability (e.g.
Schweizer and Jamieson, 2003), the criterion S discriminated well between the two
classes (Wilcoxon rank sum test, level of significance p = 0.01) with a classification
tree splitting value of S = 133 (Fig. 7b).

3.2 Crack propagation

All 31 SMP signals from dataset B were analyzed and the critical cut length r, was cal-
culated from Eq. (6) with SMP-derived mechanical properties being density, effective
modulus, specific fracture energy and layer thickness. In Fig. 8 the results are con-
trasted with the critical crack lengths measured in the field in the PST experiments
adjacent to the SMP measurements. On the left (Fig. 8a) model results are shown for
the case of a uniform slab, i.e. density and effective modulus were averaged to show
the effect of neglecting the stratigraphy of the slab. Modeled values overestimated the
critical cut length yielding a rather fair Pearson correlation coefficient of rp = 0.58 and
a coefficient of determination of A% = 0.29. Only for a few experiments modeled and
observed crack lengths were similar indicating that assuming a uniform slab is not
a good approximation. In fact, Fig. 8b shows that the agreement between model results
and observations improved if the stratification of the slab was taken into account. All
identified slab layers were assigned the corresponding density and effective modulus
obtained from SMP signal processing and input in the FE model to determine the bulk
effective modulus of the slab. The modeled values of critical crack length were clearly
related to the measured values (rp = 0.83) as indicated by the collapse of the linear
5838
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regression on the 1: 1 line (Fig. 8b). The regression slope was well-defined (p < 0.01)
with some scatter (,‘-?2 = 0.50) indicating the uncertainty involved with the presented
approach. The critical crack length was predicted with a root mean squared error of
2cm and a mean absolute error of 7cm.

3.3 Validation with signs of instability

Model results were further compared with independent field observations of signs of
instability such as whumpfs, shooting cracks and recent avalanches. Both datasets
(A and B) included records of such field observations which we grouped in three cat-
egories: whumpfs, shooting cracks with or without whumpfs (“cracks”) or “all signs”
(whumpfs, cracks and recent avalanches), i.e. fresh avalanches were only observed
simultaneously with whumpfs and cracks (Fig. 9). To jointly relate our modeled esti-
mates of instability to the observations of instability we contrasted the propensity to
crack propagation, i.e. modeled critical crack length, and failure initiation, i.e. initiation
criterion S, in Fig. 9. Signs of instability were primarily present in the lower left of Fig. 9,
i.e. for low values of the failure initiation criterion and the critical crack length. Vice versa
no signs of instability were reported if both criteria yielded high values (upper right).
This finding suggests that both criteria, the one for failure initiation and the one for
crack propagation, are linked to snow instability. Introducing thresholds for both criteria
divides the plot into four quadrants. In Fig. 7b a value of S = 133 split the two groups
of RB< 4 and RB > 4. A critical crack length of about 40 cm seemed to separate well
between the cases with and without concurrently observed signs of instability. Gauthier
and Jamieson (2008a) suggested a value of < 50 % of the column length which in their
study corresponded to 50 cm. Assuming crack propagation to be likely (two lower quad-
rants) or failure initiation to be easy (two left quadrants) does not distinguish sharply
between signs of instability present or absent. However, if both criteria had low values
unstable snow conditions were observed (lower left quadrant).
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4 Discussion

In our present understanding avalanche release is seen as a sequence of fractures.
To capture the two most important steps preceding the detachment of a snow slab, we
addressed the stress at the depth of a potential weakness with the failure initiation crite-
rion S and the critical crack size for self-propagation with the critical crack length r,. We
presented a model approach to derive both quantities from snow micro-penetrometer
signals which is a relatively fast method to acquire information on mechanical proper-
ties in the field.

Assessing the performance of the model approach with two different field tests (RB
and PST) yielded plausible results. However, the main source of uncertainty is related
to the mechanical properties needed as input for the model. Snow density, effective
modulus and specific fracture energy were all determined from SMP measurements.
Uncertainties related to the determination of these mechanical properties have re-
cently been addressed by Proksch et al. (2014) and Reuter et al. (2013) and lie within
10—20 % for density and fracture energy. Other SMP error sources are known and so
erroneous signals were identified and discarded. Some errors were user-related such
as mechanical disturbances. Other unavoidable errors such as signal drift due to strong
temperature changes in the snowpack or stick slip of the rod at high snow densities
were rare.

The SMP-derived failure initiation criterion S performed well based on the evalua-
tion with rutschblock tests, yielding a better correlation than the one lately observed
by Schweizer and Reuter (2014) using the compression test. They concluded that the
dimensions of the compression test and the type of loading are not ideal for model-
ing purposes. While the RB test includes six different loading steps, the load is only
increased three times in a compression test, but numerous taps are performed within
the same loading range. The loading of the RB and consequently the stress exerted
on the weak layer increases monotonically with the score (score four and five have the
same load). This is reflected in the fair discrimination of RB scores four and five with
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the failure initiation criterion S. Furthermore, RB loading steps are ordinal numbers, i.e.
they can be ranked, but they do not follow a known relation with stability. Hence, the
stress in the weak layer increases stepwise in the experiment, whereas the modeled
stability is continuous. The boxplots in Fig. 7 group modeled values of failure initiation
(S) with rutschblock classes. The monotonic increase of the medians suggests that the
criterion S reflects the propensity of failure initiation in a weak layer below a layered
slab. Correlations of the rutschblock release type were neither significant with the initi-
ation criterion S (rg = 0.11, p = 0.39), nor with the modeled critical cut length (r; = 0.04,
p =0.76).

The critical cut length was modeled with an accuracy of a few centimeters (RMSE
of 2cm). It was shown that the slab layering played an important role in the process of
crack propagation (Fig. 8). Until now research on snow instability had mainly focused
on weak layer or average slab properties (Bellaire et al., 2009; Pielmeier and Marshall,
2009). Alternatively, the critical value of the crack length could have been determined
by stepwise increasing the crack length in an FE model until the critical energy release
rate reaches the specific fracture energy of the weak layer. This approach, however,
was not followed due to its high computational expenses, as repeated meshing for
every single iteration step would be costly.

The introduced FE models assumed linear elastic behavior and were confined to
two dimensions. These assumptions are in contrast with our knowledge that snow is
a porous medium consisting of a non-isotropic ice/air matrix, exhibiting plastic, elastic
and viscous behavior at the macro scale. However, as loading rates in RB tests and
PSTs are high, linear elastic assumptions are justified — for the rutschblock test at least
at a certain depth below the snow surface. Two dimensional modeling seems sufficient,
as three dimensional modeling is not advantageous due to the lack of experimental
orthotropic material properties at this point in time.
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5 Conclusions

We developed a novel approach to determine quantitative estimates of both, the fail-
ure initiation and crack propagation propensity of the snowpack based on mechani-
cal properties derived from snow micro-penetrometer measurements. Based on the
current understanding of dry-snow slab avalanche release it includes the mechanical
properties of all relevant layers embedding the weak layer to make predictions on the
propensity of initiating a failure and spreading the crack in a weak layer within the snow-
pack. The presented approach is process-based, observer-independent and relies on
measurements of mechanical properties.

The performance of the two novel measures of instability was assessed through
comparisons with two different datasets of field tests (rutschblock and propagation saw
test). Both measures of instability, the stress criterion S as well as the critical crack
length r., were well correlated with the results of field tests. In addition, the importance
of slab layering especially with respect to crack propagation has been shown. The
comparison of our modeled estimates of snow instability with field observations of signs
of instability clearly indicated that a snowpack is unstable only in case of high failure
initiation as well as high crack propagation propensity. Whereas we anticipated this
finding, i.e. that both conditions have to be fulfilled, we are not aware that it has been
demonstrated before.

Recent field studies have frequently focused on identifying spatial variations of snow
instability and its drivers which requires an objective measure of instability — which was
so far lacking. With the observer-independent method we presented taking into ac-
count both processes, failure initiation and crack propagation, it will become possible
to resolve causes of spatial snow instability variations. With respect to operational ap-
plication in the context of avalanche forecasting our approach can be employed directly
based on field measurements, provided a robust and reliable snow micro-penetrometer
is at hand which in addition allows remote data transfer, or be implemented in numerical
snow cover models.
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Figure 1. Schematic of the rutschblock (RB) test as it is seen looking upslope: after isolating
a block of snow 2m wide and 1.5m upslope it is loaded progressively by a skier. The loading
steps and corresponding scores are described in the inset. The three possible release types g
are not shown. Q
;
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(@) End
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saw cut
(c) Armest
B | —
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Figure 2. Schematic of the propagation saw test (PST) as it is seen looking upslope: after
isolating a column 30 cm wide and at least 1.2m upslope, the weak layer is cut with a snow
saw from its lower end continuing upslope. Possible test results are described in the inset after
Gauthier and Jamieson (2008a). Here, we only consider tests where the crack propagated to
the end of the column (End).
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Figure 4. (a) FE model to simulate the maximum shear stress at the depth of the weak layer
consisting of three slab layers (green), the weak layer (red) and a basal layer below (orange)
inclined by the slope angle a. Triangles indicate fixed nodes. The applied strip load is illus-
trated by black arrows pointing towards the snow surface. The axes of the coordinate system
are indicated by arrows. (b) Maximum shear stress from FE simulations (dots) and from the
analytical solution (line) for a uniform slab with density 200 kg m=2anda slope angle of 38° vs.
slab thickness H.
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Figure 6. (a) The FE model to calculate the equivalent effective modulus contains as many
slab layers as necessary to reflect the stratigraphy found in the SMP signal. Triangles indicate
fixed nodes. The beam of length L is overhanging a crack of length r and is inclined by the
slope angle a. (b) Mechanical energy M over the ratio of crack length and slab thickness (r/H)
modeled with FE (dots) and calculated from the analytical solution (line) for a homogeneous
slab with density 200 kg m~>anda slope angle of 30°.
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Figure 7. Modeled failure initiation criterion S (a) vs. RB score and (b) vs. RB stability classes:
RB < 4 (N = 38) and RB > 4 (N = 26). Boxes span the interquartile range from 1st to 3rd quar-
tile with a horizontal line showing the median (grey line). Widths of the boxes correspond to
the number of cases. Whiskers extend to the most extreme data points not considered outliers
(crosses) within 1.5 times the interquartile range above the 3rd and below the 1st quartile.

5854

Jaded uoissnosiq

Jaded uoissnosiq

|
‘ll I’\‘EI ‘ll II\‘lI =
&

Jaded uoissnosiq

I
(8
K ()

Jaded uoissnosiq

TCD
8, 5825-5856, 2014

Estimate point show
instability

B. Reuter et al.

Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/8/5825/2014/tcd-8-5825-2014-print.pdf
http://www.the-cryosphere-discuss.net/8/5825/2014/tcd-8-5825-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

(@) (b)
0.7 0.7
06 06
:E: 0.5 E 05
© O
B 04 B 04
3 3
n 2]
g o @ 110301_STEI
= 03 = 03 @ 110322 CASA
@ 110323_SENT
Q@ 120217_STEI
02 0.2 @ 130211_STEI
© 120228 STEI
@ 110321_TSCH
0.1 0.1
0.1 02 0.3 0.4 0.5 0.6 0.7 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Modeled r_ (m) Modeled r_(m)

Figure 8. Critical crack lengths r, predicted from Eq. (6) are contrasted with critical crack
lengths measured in the field (N = 31). Experiments grouped by date and location with col-
ors. Solid line shows linear regression, dotted line indicates the 1: 1 line. (a) Slab stratigraphy
neglected (average density, average effective modulus). (b) Density and effective modulus of
each snow layer taken into account by FE simulation.
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Figure 9. Type and presence of signs of instability against failure initiation criterion S and critical
crack length r;, both modeled, for datasets A and B, if reported (N = 77). Colors indicate type of
observed signs of instability: whumpfs, shooting cracks with or without whumpfs (cracks) or all
signs (whumpfs, cracks and recent avalanches observed). Open circles indicate that no signs

of instability were reported explicitly (no signs). Dotted lines represent critical values dividing
the plot into four quadrants.
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