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ABSTRACT: Natural weak layers exhibit a variety of different microstructures and densities, and thus show
different mechanical behavior. Up to now, mechanical properties of snow have been mainly evaluated based
on bulk proxies such as snow density, not accounting for relevant microstructural characteristics. To establish
a link between the microstructure of weak layers and their mechanical properties, we tested weak layers of
three different categories (faceted crystals and depth hoar, decomposed particles and rounded grains, and
buried surface hoar) in displacement-controlled laboratory experiments using a uniaxial testing machine and
recorded their microstructure using micro-computed tomography («CT) imaging. The compressive strength
of 295 tested samples covered three orders of magnitude (0.5 kPa to 1 MPa) for weak layer densities ranging
from 65 kg m~3 to 470 kg m3. As expected, our results show a strong correlation between weak layer density
and strength. At the same time, we observe distinct scaling of different types of weak layers with density,
highlighting the importance of snow microstructure for mechanical considerations. These results will help us
to establish a link between density, microstructural properties and strength of weak snow layers, which is
needed for the next generation of snow cover and avalanche release models.
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1. INTRODUCTION

Dry-snow slab avalanches are responsible for
the majority of avalanche fatalities, which makes
them most relevant for avalanche forecasting (e.g.
Schweizer and Jamieson, [2001). This type of
avalanche requires a weak layer within the snow-
pack. If this weak layer fails e.g. due to the impact of

X ) X Figure 1: Exemplary microstructures obtained from uCT images
a skier, this failure may propagate across the slope for each tested category of weak layers: (a) faceted crystals and

and the avalanche releases (e.g. |Schweizer et al.| depth hoar, (b) decomposed particles and rounded grains and (c)

2016). Most weak layers form as a result of high buried surface hoar.

rates of water vapor transport within the snowpack

or from the atmosphere, or as a result of precipita- controlled compression experiments on weak lay-
tion events. ers with a wide range of microstructural morpholo-
Natural weak layers exhibit a variety of different mi- gies and recorded the microstructure of every batch
crostructures and densities, and thus show different of samples using uCT imaging (e.g. [Coléou et al,
mechanical behavior (e.g. Jamieson and Johnston| 2001). In order to test a wide range of microstruc-
2001). Up to now, mechanical properties of snow tures we used both natural and artificially grown
have been mainly evaluated based on bulk proxies weak layers. To quantify the influence of snow mi-
such as snow density. This does not account for rel- crostructure, we tested weak layers of three differ-
evant microstructural characteristics, although snow ent categories: faceted crystals and depth hoar, de-
properties can vary by orders of magnitude for iden- composed particles and rounded grains, and buried
tical densities depending on the microstructure (e.g. surface hoar. This study is a first step to quantify
Shapiro et al., |1997; Mellor, [1975). the influence of snow microstructure on the strength
To establish a link between weak layer strength under multiaxial loading conditions, which is needed
and microstructure, we performed displacement- for the next generation of snow cover and avalanche

release models.
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dataset with a wide range of microstructural mor-
phologies is required. Since we lack a biaxial test-
ing machine (we show the current development of
two machines in[Schéttner et all,[2024), for the time
being, we performed compression experiments on
different types of weak layers with a wide range
of microstructures. To capture the microstructure,

we used uCT imaging (e.g. [Calonne et al, 2020
[Proksch et al., 2016).

To perform mechanical experiments, the weak lay-
ers need to be contained between dense snow lay-
ers. This allows us to cut and transport the samples
without damaging the weak layer and provides an
interface for the mechanical tests. This sandwich-
like configuration also helps to localize the failure
within the weak layer and is therefore required for
experimental testing of any type of weak layer. We
always produced or harvested a block of snow ("par-
ent sample”) (300 mm x 400 mm) containing a weak
layer, from which we cut 5 specimens for the me-
chanical experiments (65 mm x 140 mm) and one
specimen for the uCT scan.

In order to quantify the effect of microstructure, we
used weak layers of three different types: faceted
crystals and depth hoar, decomposed particles and
rounded grains, and buried surface hoar. Examples
of the corresponding microstructures are shown in
Figure For the first two types it would be very
time consuming to find natural samples with differ-
ent microstructures in a sandwich-like configuration
for mechanical testing. We have therefore grown
these weak layers artificially in the cold laboratory.
Surface hoar, on the other hand, often forms near
open water in winter. This makes it easier to collect
natural samples instead of growing them artificially.

2.1 Artificially grown weak layers

To grow artificial depth hoar weak layers we sieved
artificially produced snow (Schleef et al.| [2014) in
between two dense snow slabs and subjected this
sandwich to a temperature gradient for a prolonged
time (e.g.[Capelli et al., [2018};[Fukuzawa and Narital,
[1993). The dense slabs were made from com-
pacted snow consisting of decomposed particles or
rounded grains. Depending on the type of snow,
the sieve mesh size, temperature and the duration
of metamorphism, it was possible to obtain sam-
ples with a wide range of densities and microstruc-
tures. However, the density of the weak layer was
limited by the required higher density of the slabs.
To achieve weak layer densities above 350 kg m=3,
we used slabs of compacted wet snow. In this way
we were able to achieve weak layer densities up to
470 kg m~3.

For rounded grains we used a similar procedure of
sample preparation. Since we found that the up-
per dense slab sometimes was poorly bonded to
the weak layer, we sieved the second dense slab
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Figure 2: Experimental setup of the compression experiments.
The samples are sprayed with black ink to increase the contrast
for the high speed video recording.

directly onto the weak layers rather than using com-
pacted snow. The sandwich structures were then
stored for up to 6 months at -5 °C to -20 °C.

2.2 Natural weak layers

We sampled three different surface hoar events
in the winter of 2023/24 near a shaded creek
(1650 m ASL) in Davos (Switzerland). Since we
found that manually covering surface hoar by sieving
new snow was more damaging to the crystals than a
natural snowfall, we sampled only surface hoar lay-
ers that had already been covered by natural snow.
Depending on the density and thickness of the natu-
ral new snow layer, we sieved an additional layer of
dense snow on top of it, in order to have a stable and
dense interface for the mechanical experiments.

2.3 Mechanical testing

We used a uniaxial testing machine in combination
with a 10 kN load cell to perform the displacement-
controlled compression experiments (see Figure [2).
The displacement rate of the machine was set to
reach a strain rate of 1072 s7! in the weak layer,
however, since we also observed deformation at the
top surface of the sample, the effective loading rate
in the weak layer was likely lower. From the result-
ing stress signal (an example is shown in Figure
it was straight forward to determine the ultimate
strength. In most experiments, we also observed
pop-ins prior to failure due to collapse processes
from the snow-machine interface.
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Figure 3: Comparison of the bulk uCT evaluation and the moving window analysis. (a) shows a vertical cross-section through the
uCT scan of a natural buried surface hoar weak layer and the size and overlap of the moving window. The dashed lines are the
manually selected extent of the weak layer. (b) shows a representative example comparison of the moving window analysis and the bulk
measurements (representing weak layer averages, shown as vertical bars) for density (black squares) and specific surface area (SSA)
(purple circles). For the moving window analysis we used a window size of 1000 x 1000 voxel, a window height of 100 voxel and a

vertical overlap of 50%.

2.4 Microstructure quantification

The microstructure of each parent sample (5 spec-
imens) was analyzed using uCT imaging. The re-
constructed image was Gaussian filtered to reduce
noise (width = 1.2 voxels, support = 2 voxels) and
binary segmented (Hagenmuller et al, 2013). The
average weak layer density p° was calculated from
the volume fraction of the segmented binary uCT
image (Calonne et al, [2020; [Proksch et all [2016)
and the density of ice (o* = 917 kg m~3). The bina-
rized image was also used to calculate the vertical
anisotropy A“T of the weak layer using the ratio of
the exponential correlation lengths p.,. SSA was
calculated from the triangulated surface of the bi-
nary image which was normalized with the ice mass
(Calonne et al., 2020} [Schieef and Lowel, 2013).

In addition to these bulk evaluations, which rep-
resent averages of the entire weak layer, we also
performed a moving window analysis to obtain pro-
files of density and specific surface area (SSA) over
the height of the weak layer. Since compressive
strength depends strongly on snow density, our hy-
pothesis is that the minimum density obtained by
moving window analysis could shed light on the fail-

For the uCT scans we used sample holders with di-
ameters of 50 mm, 70 mm and 90 mm depending on
how fragile the weak layers were, yielding an effec-
tive resolution (voxel size) of (16.2 um)3, (22.8 um)3,
and (29.1 um)3, respectively. We then selected a re-
gion of interest (ROI) only containing the weak layer.
The size of the ROl was limited by either the thick-
ness of the weak layer or the size of the sample
holder.

3. RESULTS

The compressive strength of 295 tested samples
covered three orders of magnitude (0.5 kPa to
1 MPa) for weak layer densities ranging from
65 kg m~3 to 470 kg m~3 and is summarized in Table
[l As expected, our results show a strong correla-
tion between weak layer density and compressive
strength. Also, we observe a different scaling of the
compressive strength with density for different weak
layer types.

To show the scaling of compressive strength and
density, we fit a power law to our normalized data.
For the compressive strength o7 we used the yield
strength oy ~ 2 MPa of polycrystalline ice (e.g.

ure location within the weak layer (e.g.|Hagenmuller|

[Petrovic, [2003; [Haynes), [1978) for the normalization.

2014). An example profile of density and SSA

is shown in Figure 3]
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We normalized the density p° of our weak layers to
the density of ice (0* = 917 kg m3). To fit the power
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Number of Density range  Strength range a b x?
samples [kg m~3] [kPa]
Faceted crystals 118 150 - 470 0.5 - 1000 15 55 23
and depth hoar
Decomposed particles 124 120 - 360 1.0 - 60 13x102 25 3.4
and rounded grains
Surface hoar 53 65-175 0.5-10 90x103 2.0 1.4

Table 1: Preliminary results for the compressive strength of the three types of weak layers. The coefficients a and b are the fitting
parameters of the power law given in Eq. The value X3 evaluates the goodness of the fit, normalized by the degrees of freedom

(values closer to 1 are better).
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Figure 4: Example stress signal obtained from a compression
experiment. The round marker highlights the point of ultimate
strength, the smaller peaks are pop-ins from local failures at the
sample surface (before the failure) or due to crushing within the
weak layer (after the failure).

law (Eq. [1), we used an orthogonal distance regres-
sion (ODR -|Boggs and Rogers|(1990)).
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Our data have measurement uncertainties both in
terms of density and in terms of strength. For the
strength we take the average of the 5 compression
experiments per parent sample and the correspond-
ing standard deviation. For the average density the
error is composed of the measurement error of the
uCT (about 1% according to |Freitag et al.| (2004)
and the expected variations within a parent sample.
We found this variation to be about 17 kg m~3, by
calculating the mean daily difference between two
independently but identically produced depth hoar
parent samples over the duration of one week (12
scans in total).

For the artificially grown depth hoar the compres-
sive strength of 118 samples was in the range of
0.5 kPa to 1 MPa for densities between 150 kg m=3
and 470 kg m=3. We found that the relation be-
tween the normalized weak layer density and nor-
malized compressive strength was best described
by a power law with an exponent of 5.5 (variable b
in Eq. [1).

The natural surface hoar layers collected close to a
creek (53 samples in total) had densities between
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65 kg m=3 and 175 kg m=3. Their compressive
strength was in the range of 0.5 kPa to 10 kPa and
was best described by a power law with an exponent
of 2.5.

Weak layers consisting of rounded grains showed
more scatter in the data than the other two grain
types. 124 samples of this type with densities be-
tween 120 kg m~3 and 360 kg m~3 showed compres-
sive strengths between 1 kPa and 60 kPa. The scal-
ing of normalized compressive strength with normal-
ized density followed a power law with an exponent
of 2.0.

4. DISCUSSION

Although we are interested in the influence of mi-
crostructure for a wide range of mixed-mode load-
ing conditions, we chose to use only compressive
strength as a first step because the corresponding
experiments are straightforward and failed experi-
ments are easy to recognize.

Our results indicate a difference in the scaling of the
compressive strength of weak layers with density.
While the power law exponents of the normalized
data for surface hoar and rounded grains are similar
(2.0 - 2.5), we observe an exponent of 5.5 for weak
layers consisting of depth hoar. This suggests that
different failure mechanisms are at work for depth
hoar than for other types of weak layers (Gibson and
Ashbyl, |1997). As the strength of snow is governed
by the bonds between grains, this could indicate an
increase in bond size and number for depth hoar,
or a reduction in the mechanically relevant length
scales within the material. Overall, at higher densi-
ties, a greater proportion of the material in the depth
hoar contributes to its strength.

Buried surface hoar shows similar behavior as
rounded grains. This suggests that weak layers of
buried surface hoar are not particularly ‘fragile’ com-
pared to rounded grains under compression, but
that this is the only crystal configuration that can
persist at such low densities within the snowpack.
The reported power law fits and x? values are
strongly dependent on the estimated measurement
errors. For the density, we used the combined error
of the measurement accuracy (1%) of the uCT and
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the variability within a parent sample. However, it is
difficult to obtain an objective estimate for this vari-
ability, and so far we have only estimated a value for
artificially grown weak layers of depth hoar. A next
step will be to refine this error estimate and also in-
vestigate the variability of the other types of weak
layers. This will likely affect our reported power law
fits and y? values.

5. CONCLUSION AND OUTLOOK

In this study, we collected a large dataset of com-
pressive strength and microstructure for different
types of weak layers, which allows us to draw some
preliminary conclusions about the influence of snow
microstructure on mechanical properties. We found
that different types of weak layers show different
scaling of the compressive strength with density. By
fitting a power law to the normalized data we found
the exponent to be 5.5 for faceted crystals and depth
hoar, 2.5 for decomposed particles and rounded
grains, and 2.0 for surface hoar. This suggests that
microstructure plays an important role in mechanical
considerations of snow, and that the compressive
strength of depth hoar may have different scaling
mechanisms with density compared to other types
of snow.

In the future, we will extend our experiments to test
the strength of weak layers under multiaxial loading
conditions. The scaling of strength and microstruc-
ture under these conditions will give us valuable
information about the failure processes and open
up ways of abstracting the microstructure to sim-
plify mechanical modelling, which will ultimately be
needed for the next generation of snow cover and
avalanche release models.
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