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ABSTRACT: The triggering mechanisms of dry snow slab avalanches are subjected to a mixed-mode load-
ing scenario driven by different dynamic loading conditions and the natural inclined terrain. However, standard
propagation saw tests, which are common to determine the fracture toughness of weak layers, almost exclu-
sively cover the slope-normal regime (mode I) of the anticrack phenomena within these layers. By employing
a mechanical model, we introduce a novel conclusive experimental setup that effectively addresses the thus
far unexplored shear-influence regime (mode II).
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1. INTRODUCTION

The description of material failure requires a con-
clusive criterion that considers parameters relevant
to the specific nature of the failure. While there is
agreement on the basic physics of fracture within
weak snowpack layers, there is no sufficient ba-
sis in material properties to quantify it accurately
(Rosendahl and Weißgraeber, 2020b). In the last
two decades, we have witnessed a paradigm shift
describing weak-layer failure as mixed-mode anti-
cracks rather than pure shear (Heierli and Zaiser,
2008). While strength-based bulk-material failure
properties have been identified under mixed load-
ing conditions (normal and in-plane shear, Reiweger
et al., 2015), energy-based fracture properties un-
der mixed-mode conditions are largely missing.

An established method to derive the fracture
toughness of weak layers is the propagation saw
test (PST), which has gained widespread recogni-
tion since winter season 2005/06 (van Herwijnen
and Jamieson, 2005; Gauthier and Jamieson, 2006;
Sigrist, 2006). However, due to its geometry and
the way it is performed, the critical energy release
rate (ERR) has mostly been determined in pure or
close-to-pure mode I conditions. Recently Bergfeld
et al. (2023a) measured ratios of mode II contribu-
tions less than 10% in flat field PST experiments.
Nevertheless, significantly more mode II contribu-
tions have never been measured, and nothing is
known about the behavior of the ERR in the inter-
action regime. Clearly, the origin of fracture is not
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solely driven by the normal component of the slope,
but also by the in-plane shear component (mode II),
especially when considering inclined terrain and the
superposition of dynamic loads caused by moun-
taineers (Mede et al., 2020; Rosendahl and Weiß-
graeber, 2020a).

Moreover, there is no agreement whether criti-
cal cut lengths ac in PSTs decrease (Gaume et al.,
2017; Trottet et al., 2022), increase (Gauthier and
Jamieson, 2008; McClung, 2009), or remain con-
stant with slope inclination ' (Bair et al., 2012). This
is directly related to the question of whether the
compression or shear fracture toughness is larger,
as well as how much energy the PST system can
release within the weak layer at different slope incli-
nations.

We propose a novel approach to measure criti-
cal cut length on steep angles and address the en-
tire range of mode interactions between compres-
sion and in-plane shear. The method is based on
a modified PST setup combined with a closed-form
mechanical model.

2. MECHANICAL MODEL

Notched samples represent a standard approach in
fracture mechanics for the determination of fracture
toughnesses (Rosendahl et al., 2019). An example
is the double cantilever beam (DCB) test (Hutchin-
son and Suo, 1991). Due to the artificially intro-
duced cut, stresses at the crack tip become sin-
gular, making the energy release the sole driver of
failure. This is the reason why the PST is well-
suited for measuring the fracture toughness of the
weak layer—namely, the energy released per unit
crack advance required for crack growth (Weißgrae-
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ber and Rosendahl, 2018).
However, determining this ERR is challenging

because PSTs are complex systems character-
ized by different layerings and material proper-
ties. To make accurate assessments of their de-
formations under various boundary conditions, a
well-representative model is necessary. Therefore,
we analyzed the experiments using a closed-form
and well-validated analytical model (Rosendahl and
Weißgraeber, 2023), which represents the slab as
a shear-deformable, layered plate under cylindrical
bending supported by an elastic foundation (weak
layer). It enabled us to consider the natural strati-
fication of the slab and the anisotropy of the weak
layer. Moreover, it is computationally efficient, mak-
ing real-time calculations possible. For the purpose
of this study, we have implemented the capability to
apply a surface line load. With help of the model
we calculated the total ERR, and distinguished its
mode I and mode II contributions for various sce-
narios. It enabled to determine a experimental setup
which is capable to address the lack of mode II con-
tributions and can simultaneously serve as interpre-
tation tool for possible outcomes.

3. MIXED-MODE FRACTURE TEST

To explore significant mode II contributions to the to-
tal ERR, specific modifications of the standard PST
are required. The adaptions include i) a reduced
slab height and smaller dimensions allowing to ii) tilt
the extracted snow column to high inclinations while
iii) cutting in downslope direction with iv) additional
dead weight on the slab.

3.1. Experimental setup

The first intuitive measure to increase mode II con-
tributions is to tilt a PST configuration up to naturally
not feasible inclinations. Therefore transportable
specimen dimensions are needed, as a snowblock
within the weak layer has to be mounted on a tiltable
device (Fig. 1). Dimensions of 100 cm length 30 cm
width and a reduced slab height of 12.5 cm are cho-
sen. The height-to-length ratio (1/8) is appropriately
aligned with the beam theory used in the mechani-
cal model, and the width equals that of a standard
PST. However, removing a part of the slab also re-
moves its dead weight as the crack driving force
and therefore increases critical cut lengths. An ad-
ditional surface load is included in our case to com-
pensate for the loss of weight. To prevent any im-
pact on the stiffness of the slab, the weights are po-
sitioned freely within prepared notches on the sur-
face of the slab. The specified line load of 1.5 kN/m
translates to a total dead weight of 45 kg, which
aligns with a plausible estimation for a previous slab
thickness of around 55 cm. For the calculations, we

φ

Figure 1: Sketch of a possible setup for the pro-
posed modifications to the standard PST to increase
mode II contributions and cover the whole mode in-
teraction regime. Image generated with help of Viz-
com (2023).

assume a homogeneous slab with rounded grains
(hardness: P), as layering effects are minimized due
to the reduced slab height. The respective den-
sity of 270 kg/m3 (Geldsetzer and Jamieson, 2000)
is then transformed into elastic properties using
the density-parametrization method (Gerling et al.,
2017)

Esl(ρ) = E0

(
ρ

ρ0

)4.4
, (1)

where E0 = 6.5 · 103 MPa (Bergfeld et al., 2023b)
and ρ0 = 917 kg/m3 are Young’s modulus and
density of ice (Northwood, 1947; Mellor and Cole,
1983; Moslet, 2007). We attributed an assumed
Young’s modulus of 0.2 MPa and a shear modulus
of 0.08 MPa to the elastic property of the weak layer,
corresponding to a Poisson’s ratio of ν = 0.25.

3.2. Downslope cuts are mandatory

With the novel setup it is possible to reach a higher
mode II fraction (Fig. 2a, solid lines) in compari-
son to previous performed PSTs (green bullets, van
Herwijnen et al. (2016)) by increasing the slope in-
clination. Despite the gap in our understanding
of how the critical cut length qualitatively changes
with slope inclination, it is evident that shorter cut
lengths lead to a faster increase in mode II interac-
tion. Adding surface line load (Fig. 2a, dashed lines)
results in a more pronounced increase of the mode
ratio for downslope cuts (ϕ > 0◦), but in an opposite
behaviour for upslope cuts (ϕ < 0◦). The historical
dataset suggests that the amount of mode II mea-
sured thus far has been limited to a small fraction

Proceedings, International Snow Science Workshop, Bend, Oregon, 2023

1256

Proceedings, International Snow Science Workshop, Bend, Oregon, 2023

1262



−75° −50° −25° 0° 25° 50° 75°
0.0

0.2

0.4

0.6

0.8

0 10 20

40
cm

30
cm

20
cm

a
=
10
cm

a

Inclination ϕ −→

M
od

e
ra

tio
ψ
=

G II
/(
G I

+
G II

)
−→ b

163

p = 1.5 kN/m

p = 0kN/m

historic dataset

Figure 2: a Mode ratio ψ representing the mode II contribution of the ERR at the onset of unstable crack
propagation. Calculated for the proposed PST configuration for different cut length in downslope (ϕ > 0◦)
and upslope direction (ϕ < 0◦). Once with additional lineload (p = 1.5 kN/m, dashed lines) and without (solid
line). The historical dataset collected by van Herwijnen et al. (2016) (N = 183, green bullets) consists solely of
upslope cuts (ϕ ≤ 0◦) involving several different weak layers and slab assemblies. a The number of historical
PSTs indicates that no conclusion can be drawn regarding the effect of mode II contributions on the critical
ERR with the standard setup.

(Fig. 2b), and even with the new setup, it is not fea-
sible to exceed more than 70 % with upslope cuts
(Fig. 2a). On the other hand, downslope cutting
leads to a significant increase, with mode ratios ap-
proaching pure mode II at slope inclinations around
70◦ for smaller cut lengths.

The reason for this asymmetrical behavior, with
its minimum not at zero but shifted towards the
upslope cuts, can be attributed to two effects.
The first effect, mentioned already by Sigrist and
Schweizer (2007) and recently by Weißgraeber and
Rosendahl (2023), is more pronounced in lower in-
clinations, while the second effect gains importance
with steeper inclinations:

1. The natural shear component caused by the
dead weight at the crack tip always aligns with
the direction of gravitational force. An additional
component due to the bending of the slab points
in the same direction with downslope cuts and in
the opposite direction with upslope cuts.

2. This amplifying and vanishing effect of mode II is
further compounded by the influence of bending
moments arising from the slab’s normal faces.
Overhanging (downside face) or missing (upside
face) parts lead to an increase of mode I during
upslope cutting and to a reduction during downs-
lope cutting.

The novel setup incorporates these aspects with
help of the model allowing for shear deformation and
capturing rotational inertia of the slab. It becomes
evident that, unlike the current standard, downslope
cuts are essential to attain nearly pure mode II con-

tributions at feasible inclinations. However, this as-
sumption relies on the condition that the critical cut
lengths remain relatively small.

3.3. Need for additional load

The effectiveness of the described setup to cover
the whole mode interaction regime is closely linked
to the yet unknown response of the critical cut length
ac to increasing slope inclinations. From a practical
point of view, the use of very steep angles should
be avoided, as it becomes challenging to secure the
snowblock onto the tilting device and prevent the ad-
ditional weights from falling. Conversely, the critical
cut length should neither exceed half the PST length
to avoid boundary effects, nor decrease to a value
close to zero to prevent triggering before higher
shear contributions can be reached. To gain a pre-
liminary understanding of the most probable sce-
nario, we adopt a common quadratic energy-based
failure criterion for the interaction regime, given by:

( GI

GIc

)2
+

( GII

GIIc

)2
= 1 (2)

We then investigate the critical cut length in rela-
tion to various pure mode ratios GIIc/GIc (Fig. 3b).
A quadratic interaction law is common for materi-
als underlying mixed-mode conditions of shear and
tension, while most of them have a larger pure shear
fracture toughness than pure tension fracture tough-
ness (Hutchinson and Suo, 1991). The pure com-
pression fracture toughness in this case has been
fixed to the median value of the historic dataset
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Figure 3: a Calculated critical cut length ac for different ratios of pure mode toughness GIIc/GIc. With additional
surface line load (p = 1.5 kN/m, dashed lines) and without (solid lines). A quadratic interaction law was
assumed to apply an energy based failure criteria as basis of the calculation. b Illustration of the interaction law
subjected to changes in the ratio of pure mode toughness (GIIc/GIc). The pure fracture toughness of mode I
has been set to the median value of the historical dataset (van Herwijnen et al., 2016), as the experiments
are conducted in regimes close-to-pure mode I. The pure mode II fracture toughness GIIc varies with the
provided ratios, and the interaction behavior between the pure mode toughness values is described quadratic.
No conclusions can be made with the historic dataset (green bullets) about the shape of the interaction law. c
The distribution of historic GIc values and their median G̃Ic = 0.52 J/m2 spanning over a wide range of energy
release rates, which can be attributed to the different kinds of investigated weak layers.

G̃Ic = 0.52 J/m2 (Fig. 3c). First and foremost, it can
be stated that achieving a practical critical cut length
without an additional line load is not feasible with
pure critical mode ratios exceeding GIIc/GIc = 0.1
(depicted by the solid lines in Fig. 3a). An addi-
tional line load is necessary to reduce the critical
cut length to an applicable size, ensuring the appli-
cation of the shortened PST length (Fig. 3a, dashed
lines).

3.4. Choosing a suitable extra load

If, in the presence of the line load p = 1.5 kN/m, the
pure mode II energy release rate (ERR) is equal to
or greater than mode I (GIIc/GIc ≥ 1), the critical cut
length increases exponentially for downslope cuts.
Values below approximately GIIc/GIc = 0.5 result in
a decreasing trend. In this scenario, the additional
line load would not be suitable, as the weak layer
could potentially be triggered at lower inclinations.
To facilitate the selection of the line load with re-
spect to observed critical cut length, Fig. 4 provides
graphical assistance. The plot assists the decision-
making which line load is practical to choose to re-
duce the required inclination for observed trends

of critical cut length to reach an amount of 90%
mode II. As an example, considering the additional
line load of p = 1.5 kN/m and a potential critical cut
length of 30 cm, the required inclination to achieve
a 90% mode II ratio can be decreased by approx-
imately 10◦, from 73◦ to 63◦. It is also visible that
this effect diminishes with even higher loads. It illus-
trates that, particularly when dealing with short cut
lengths, even a minor increase in the applied addi-
tional load can significantly reduce the required an-
gle and thus ensure the feasibility of the experimen-
tal procedure.

3.5. Unlocking pure shear is challenging

A possible limitation of the proposed setup could
be the domain of high mode II interaction above
80%. Experimentally approaching the point of van-
ishing mode I, which reveals pure shear behavior,
is challenging due to the asymptotic nature of the
mode ratio ψ in this regime (Fig. 2a). This requires
steeper inclinations, and additionally tension at the
crack tip must be prevented. Furthermore, the crit-
ical cut length increases with increasing slope incli-
nations for downslope cuts when the pure mode II
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Figure 5: The total ERR G of the PST configuration,
which includes a surface line load of p = 1.5 kN/m,
is calculated for varying slope inclinations and differ-
ent cut lengths.

fracture toughness is equal to or greater than half
of the pure mode I fracture toughness (as depicted
in Fig. 3a). The reason for increasing critical cut
length even below the 1-to-1 ratio of pure mode
toughness can be attributed to the fact that the to-
tal ERR of the PST system has its peak at upslope
cuts between �10� and �45� depending on the cut
length and decreases towards higher inclinations for
downslope cuts (Fig. 5). The ability of the slabs
to bend and release energy within the weak layer
through deformation is more pronounced at lower
angles. These circumstances can lead to the re-
quirement of a considerably larger additional load
at higher inclinations, which can be challenging to
practically achieve. Nonetheless, achieving cover-
age up to 80% is already a significant improvement,
as pure shear is excepted to be rare in real-life sce-
narios.

4. CONCLUSIONS

In this study, we introduced a novel experimental
setup capable of addressing mode II contributions
to the critical ERR of weak layers that have not
been previously explored. The mechanical model
assisted in deriving modifications to the standard
PST setup:

1. Steeper slope inclinations reveal the possibility
to address the whole range of mode interaction
from pure compression (mode I) to pure shear
(mode II), whereby a reduced slab height and a
beam length of 1 m ensure a good handling of
the extracted snow block.

2. Downslope cuts result in a faster increase of
mode II energy release rates and are necessary
to reach a significant contribution at feasible in-
clinations.

3. Additional dead weights on the surface of the
slab are needed to reduce the critical cut length
to an acceptable length.

4. Due to the decrease of the total ERR of the sys-
tem the probability of increasing cut length with
increasing slope inclinations for downslope cuts
is high. Therefore close-to-pure mode II con-
tributions might practically be difficult to realise
as a substantial additional amount of weight is
needed.
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We used https://chat.openai.com and
https://www.deepl.com/write to improve
ease of reading and comprehension.

CODE AVAILABILITY

A Python implementation of the mechanical model
is available from the code repository https://
github.com/2phi/weac or for direct installation
from https://pypi.org/project/weac (last ac-
cessed July 24, 2023).
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