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Abstract

We determined the compressive strength of weak layers of faceted crystals and depth hoar using
artificially grown samples with a wide range of microstructural morphologies in a cold labo-
ratory setup. Micro-computed tomography (uCT) imaging showed that the microstructures of
the artificial samples were comparable to that of natural depth hoar. We performed compression
experiments in a displacement controlled testing machine on 92 depth hoar samples with den-
sities ranging from 150 kgm™ to 350 kg m~>. The compressive strength spanned two orders of
magnitude (1-150kPa) at strain rates of about 107> s™! at —5°C and followed a power law as a
function of density. Several microstructural metrics such as the specific surface area, connectivity
density and correlation lengths obtained from CT measurements exhibited a statistically signifi-
cant relationship with compressive strength. Analysis of the residuals of the power law fit showed
that in addition to density, horizontal correlation lengths also correlated with strength. However,
in this study, density remained the dominant predictor of the compressive strength of depth
hoar.

1. Introduction

Slab avalanches initiate when a weak layer buried below cohesive slab layers fails (e.g. Reuter
and others, 2015). Various types of weak layers with a wide range of microstructures are present
in seasonal snowpacks, which originate from metamorphic processes, precipitation events or
water vapor transport from the atmosphere. In the Alps, the most common persistent type of
weak layers are faceted crystals and depth hoar (Schweizer and Jamieson, 2001). These crystals
form as a result of nonequilibrium metamorphism of snow in the presence of a large temperature
gradient. The resulting microstructure depends mainly on the temperature gradient, the average
temperature, the snow density and time (e.g. Staron and others, 2014; Bouvet and others, 2023).

Slab avalanches are often triggered by the victims themselves. They are, therefore, respon-
sible for the majority of avalanche fatalities, which makes them most relevant for avalanche
forecasting (e.g. Schweizer and Jamieson, 2001). Since the processes involved in slab avalanche
release are well known, deterministic models are expected to support avalanche forecasting in
the future. These models require detailed knowledge of the mechanical properties of snow and
in particular of weak layers. Snow properties strongly scale with density but can differ by orders
of magnitude depending on the microstructure for identical snow densities (e.g. Mellor, 1975;
Fukuzawa and Narita, 1993; Sundu and others, 2024b).

The mechanical properties of snow—particularly of rounded grains—have been studied
since the 1940s. Snow is highly porous, has a complex microstructure and is a fast-changing
material due to its high homologous temperature (>>0.9) under natural conditions. It exhibits
anisotropic, temperature and strain-rate dependent material behavior (e.g. Mellor, 1975). After
settling on the ground, it immediately forms a porous matrix of sintered ice crystals and air
(Kirchner and others, 2001). Consequently, the physical properties of snow are closely related
to those of ice but strongly influenced by its microstructure. Due to its high porosity, snow can
fail under (macroscopic) purely hydrostatic stress states in a volumetric, collapse-like manner.
This failure can then propagate through the material like a mode I opening crack, which has
been termed ‘anticrack’ (Heierli and others, 2008).

Slab avalanche release requires the failure of a weak layer, hence the material strength must
be exceeded. Experimentally determining the strength of different weak layers is challenging
due to the seasonal availability and the fragile nature of these layers. As shear strength of
weak layers was found to be lower than the compressive strength, several field measurement
campaigns aimed to determine this property for different weak layer types (e.g. Perla and others,
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1982; Fukuzawa and Narita, 1993; Schweizer, 1998; Jamieson and
Schweizer, 2000; Jamieson and Johnston, 2001). Only few studies
looked into the compressive strength of snow (e.g. Jellinek, 1959;
Kinosita, 1996; Fukue, 1979), but comprehensive data on the com-
pressive strength of weak layers are missing. However, even in flat
terrain, the macroscopic stress state in a weak layer is multiaxial
due to the bending of the overlying cohesive slab (e.g. Heierli and
others, 2008; Rosendahl and Weif3 graeber, 2020; Adam and oth-
ers, 2024). To model avalanche initiation, it is, therefore, necessary
to know the full failure envelope from pure compression to pure
shear stress states. Based on experimental results (e.g. McClung,
1977; Chiaia and Frigo, 2009; Nakamura and others, 2010), a
Mohr-Coulomb criterion was proposed. This criterion describes
material strength as a linear function of the ratio of shear to normal
stress and is commonly used for geotechnical materials. As a result,
the strength continuously increases for higher compressive stress
states. However, since snow can fail in pure compression, the failure
envelope must be closed. Accordingly, Chandel and others (2014)
proposed an elliptical failure criterion based on shear experiments
with dead weights. Reiweger and others (2015) performed multiax-
ial strength experiments on natural weak layers with a controlled
loading rate and suggested a modified Mohr-Coulomb criterion
by introducing a cap function. In recent numerical approaches
based on FEM and DEM, elliptical failure envelopes were used
(e.g. Chandel and others, 2015; Mede and others, 2018; Mulak and
Gaume, 2019; Bobillier and others, 2020; Ritter and others, 2020;
Singh and others, 2022).

Performing mechanical experiments on natural weak layers is
challenging. If experiments are done in situ in the field, many
parameters (e.g. the temperature) cannot be controlled and trans-
porting the fragile samples to a cold laboratory is difficult and
time-consuming (e.g. Lombardo and others, 2021). In both cases,
the results are limited to the naturally available microstructures
and densities, and the experiments are dependent on the sea-
sonal availability of weak layers. Most of these challenges can be
avoided by the artificial growth of weak layers, which is why arti-
ficial depth hoar weak layers have been used for experiments for
many years (e.g. Fukuzawa and Narita, 1993; Reiweger and oth-
ers, 2010; Reiweger and Schweizer, 2013; Capelli and others, 2018).
A number of different setups have been described in the litera-
ture. The more recent publications use weak layers grown in situ
between two dense snow slabs, providing a good interface for the
subsequent testing procedure (e.g. Capelli and others, 2018).

Historically, quantifying snow microstructure was difficult and
observations using magnifying glasses and crystal cards only
characterized ‘grains’ representing the fragmented ice matrix
and relied on the classification by an observer. Because den-
sity is relatively easy to measure, it has commonly been used
to parameterize important physical quantities. However, despite
its ease of measurement, it still leads to large uncertainties
(Proksch and others, 2016). At the same time, the importance of
microstructure has long been recognized (e.g. Good, 1987; Shapiro
and others, 1997). Today, micro-computed tomography (uCT)
imaging allows for a detailed analysis of snow microstructure
(e.g. Coléou and others, 2001). Still there is a lack of a comprehen-
sive understanding of the relationship between snow mechanics
and snow microstructure. While Sundu and others (2024b) showed
a first parameterization for the elastic modulus depending on
snow density and microstructure, similar results on strength and
fracture toughness are missing. Aside from the microstructural
aspect, the experimental data on the strength of weak layers under
multiaxial loading conditions are sparse, especially toward pure
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compression. Also it is still unclear, if artificially grown weak lay-
ers are a valid substitution for natural depth hoar in terms of their
microstructure.

Therefore, our goal is to establish a link between the uniax-
ial compressive strength and microstructural information of depth
hoar weak layers obtained with yCT imaging. To characterize a
wide range of different microstructural morphologies, we used
artificially produced specimens. We compared their microstruc-
ture with natural depth hoar to assess the suitability of artificial
samples for conducting experiments. This study is considered
as a proof of concept for subsequent experiments assessing the
effect of microstructure on the strength under multiaxial loading
conditions.

2. Methods

The workflow for sample preparation is visualized in Figure 1 and
then described in detail below. First, we produced nature-identical
snow or used natural snow from which we prepared a sandwich-
like snow sample (sieved lower-density snow between denser slab
layers). This sample was then exposed to a temperature gradient in
a metamorphism box. From the resulting parent sample, five speci-
mens were cut with a band saw for the experiments and one for the
uCT scan. The workflow from snow production to actual testing
took about 10 days for every parent sample.

2.1. Sample preparation

Artificially grown depth hoar has been used in the past for studies
of the mechanical behavior, thermal conductivity and settlement
behavior (e.g. Fukuzawa and Narita, 1993; Reiweger and Schweizer,
2010; Staron and others, 2014; Capelli and others, 2018). To per-
form mechanical experiments, it is necessary to have the weak layer
contained between dense and cohesive snow. This allowed us to
handle the fragile weak layers and acts as an interface with the
sample holders on the testing machine. We achieved this by siev-
ing a layer of lower-density snow (20-40 mm in thickness) onto
a dense slab layer and covering it with a second slab. We made
these 30-50 mm thick slabs from nature-identical snow (Schleef
and others, 2014) or natural snow consisting of partly decomposed
precipitation particles (DF) or rounded grains (RG) according to
Fierz and others (2009) which we compressed with 80 kPa between
two 10 mm steel plates. To sieve the weak layer, we again used nat-
ural or nature-identical snow. Depending on the desired density
of the weak layer, we varied the sieve mesh size (1.5-4 mm) and
the crystal type of the snow (precipitation particles (PP), DE RG).
We found the compressed slabs needed to have a density of about
100 kgm™ higher than the weak layer for the samples to fail in
the weak layer. Overall, we produced 28 parent samples with weak
layers of faceted crystals and depth hoar of different densities.

2.2. Snow metamorphism

To apply the temperature gradient to the prepared snow sand-
wich, we used custom build metamorphism boxes. The boxes
consisted of 60 mm XPS foam panels within a wooden frame.
Inside the insulation, a 10 mm thick aluminum plate with a 35 W
heating foil attached allowed to control the bottom temperature of
the snow sample using a calibrated DS18B20 temperature sensor
(Maxim Integrated) and an Arduino-based PID controller. We
used a 1.5 mm aluminum sheet on top of the sample to prevent
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Figure 1. Workflow from sample preparation to experimental testing and analysis of microstructure.

sublimation and the formation of faceted crystals at the exposed
surface due to fluctuations of the cold laboratory temperature
(approximately +1°C). We applied gradients of 100-250 Km™
(over the whole sample, the relevant gradient in the weak layer
is likely higher), which were determined by both the set temper-
ature of the heating plate (—0.5°C) and the cold lab temperature to
which the top of the sample was exposed to (—10°C to —20°C). This
allowed both the temperature gradient and the average tempera-
ture within the sample to be varied. To obtain different microstruc-
tural morphologies, we also varied the duration of metamorphism
between 45 and 200 hours. From the resulting 28 parent samples
(300mm x 400 mm), we cut out 5 specimens for the experimen-
tal tests (65mm x 140mm) and 1 specimen for the yCT scans
(diameter 80 mm) with a band saw. The edges of the parent sample
(outer 50 mm) were not used to avoid edge effects and the influence
of the nonlinearity of the temperature gradient. The specimens
were stored at —5°C for at least 2 hours prior to the experiments
to minimize temperature induced scatter in our results.

2.3. Experimental testing

For the mechanical experiments, we tested the compressive
strength of five specimens per parent sample from which we cal-
culated the average strength. The bottom of each specimen was
frozen to a sample holder and the surface on the upper face was
then leveled using a fine saw blade. Compression tests were per-
formed using a uniaxial testing machine (Shimadzu Corporation)
in combination with a 10 kN load cell with a sampling rate of 1 kHz
(Fig. 2). The measurement accuracy is within +1% of the indi-
cated test force (at 1/500 to 1/1 load cell rating). The compression
plate allows a rotation of +2.5° around the vertical axis, thus
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Figure 2. Setup for the mechanical tests showing the uniaxial testing machine, the
machine crosshead with aluminum compression plate and the high speed camera.
For reference, the compression plate is 140 mm wide.

allowing for a uniform load distribution, even if the sample sur-
face is not perfectly aligned with the machine crosshead. Since
snow properties are strain rate dependent, we aimed to have similar
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Figure 3. Examples of sample failure: (a) a sample that failed as intended in the weak layer and (b) a sample where a failure across the top layer occurred. The extent of the
weak layer is highlighted in yellow. The samples are sprayed with black ink to improve the optical contrast.

strain rates for all experiments. We set the displacement speed
of the machine to 0.1-0.4 mm s™!, which resulted in a theoreti-
cal strain rate (weak layer thickness in the range of 10-40 mm) of
1072571, assuming that all the deformation is concentrated within
the weak layer. The effective strain rate was estimated using digital
image correlation (DIC) (see Section 2.4).

For our analysis, we normalized the parameters with the prop-
erties of ice, which is commonly done for porous materials (Gibson
and Ashby, 1997). To distinguish between the properties of the
porous material and the bulk material, we introduce signifiers: ‘c’
for the porous material (snow) and ‘@’ for the properties of the
bulk material (ice). For strength of ice, we used the yield strength
oy ~2MPa of polycrystalline ice (e.g. Haynes, 1978; Petrovic,
2003). We refer to polycrystalline ice because the properties of
snow are governed by the bonds between crystals (Chandel and
others, 2015). Snow grains can be seen as monocrystalline units
(Riche and Schneebeli, 2013) with random lattice structures, so
the bonds typically comprise a crystal lattice boundary. Since our
experiments are in uniaxial compression, but the microscopic fail-
ure is likely to be due to bending moments in necks between
grains (Ballard and McGaw, 1965), we use the yield strength of
polycrystalline ice.

2.4. Video recordings and image correlation

We recorded each mechanical experiment with a Phantom Veo
710L high-speed camera (Vision Research - 1280 px x 720 px,
which corresponds to approximately 9pxmm™) at 1kHz to
identify unsuccessful experiments (e.g. uneven loading, premature
failures in upper or lower snow layers). It was relatively easy to
identify failed experiments as can be seen in Figure 3. We also
used a few of the recordings to perform DIC to estimate the effec-
tive strain within the weak layer. To this end, we used the tracking
mode of the open source Digital Image Correlation Engine soft-
ware (Turner and others, 2015). The surface of the snow samples
was sprayed with black ink for better contrast. To evaluate the strain
of the weak layer, we selected narrow regions of interest immedi-
ately below and above the weak layer and calculated the difference
of the average displacement of the two regions. By evaluating the
relative displacement between the two regions, we also eliminated
noise due to micro-movements of the camera.

This analysis showed that most of the displacement of the
machine did not contribute to the strain within the weak
layer (Fig.4). Instead, a large proportion was absorbed at the
sample-machine interface and by elastic and plastic deformation of
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the slab layers. We therefore analyzed six samples representing the
extreme conditions of the effective strain rate (smallest vs largest
weak layer thickness, lowest vs highest density, lowest vs highest
displacement rate) using DIC. From this, we estimated the effective
strain rate within the weak layer before failure to be in the range of
1x107°t05 x 1073s .

Both the displacement and stress signals exhibit so-called pop-
ins, which are abrupt changes observed in both the stress and
strain signals. Figure 4 shows that for each pop-in the down-
ward displacement of the machine crosshead increased, while all
the other regions moved upward. This suggests that the pop-ins
must originate from the interface between the machine crosshead
and the specimen surface. We therefore assume these pop-ins are
artifacts caused by the localized crushing of small irregularities at
the sample-machine interface. Such events are not indicative of a
failure within the weak layer and therefore had to be distinguished
from a true failure of the weak layer, which was easily detectable in
our experiments. Failure was indicated by a rapid decrease in stress
after the peak and a relatively constant stress signal thereafter. In
contrast, for pop-ins the stress increased again.

2.5. Microstructure via uCT

Each artificial parent sample was characterized using yCT imag-
ing (uCT 90, Scanco Medical), giving us a total of 28 scans. In
order to avoid breaking the fragile weak layers while cutting them
in preparation for the ;1CT scan, we had to use the largest sample
holder (diameter 80 mm). This limited the effective resolution to
a voxel size of (29.1 um)>. For the scan, we used a source current
of 145 pA and 55 kV. We chose an integration time of 300 ms and
averaged the data twice. The reconstructed geometry was Gaussian
filtered to reduce noise (width = 1.2 voxels, support = 2 voxels)
and binary segmented (Hagenmuller and others, 2013). The uCT
scans were used to (i) calculate average (bulk) properties of the
weak layer (density, specific surface area (SSA), correlation lengths,
anisotropy, connectivity density) and to (ii) perform a moving
window analysis to obtain high resolution (about 3 mm) vertical
profiles of all samples (density, SSA).

For the bulk analysis (i), a cubic region of interest (ROI) con-
taining only the weak layer was manually selected from the scan.
This region had to be cubic for subsequent correlation length anal-
ysis and was, therefore, limited by either the height of the weak
layer or the size of the sample holder. Typically, the ROI was larger
than 1000 voxels ((29.1 mm)?). The minimum ROI size was 278
voxels ((8.09 mm)?), which we assume to be a sufficiently large
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representative volume in good agreement with the findings of
Kaempfer and others (2005) and Coléou and others (2001). The
average weak layer density pp; was calculated from the volume
fraction of the segmented binary CT image after triangulation
(Proksch and others, 2016; Calonne and others, 2020b) and the
density of ice (p* = 916.7 m? kgfl—Harvey (2017)). SSAp i Was
calculated from the triangulated surface of the binary image which
was normalized by the ice volume (Schleef and Lowe, 2013). We
calculated the weak layer vertical anisotropy « from the ;/CT expo-
nential correlation lengths p, according to Calonne and others
(2014):

o= pex,z ) (1)

0.5 (pex,x +pex,y)

Values greater than 1 for o indicate vertical structures and values
smaller than 1 indicate horizontal structures. We also calculated
the connectivity density (ConnD) of our CT scans. This parameter
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quantifies the degree of microstructural connectivity by normal-
izing a topological measure of the structure (based on the Euler
characteristic) to the unit volume, as described by Odgaard and
Gundersen (1993).

For the moving window analysis (ii), we chose a window size
of 1000 x 1000 x 100 voxels (x, y, z) and a vertical overlap of 50%
(Fig. 5a). Thus, the theoretical vertical resolution was 1.46 mm with
a window height of 2.91 mm. Density and SSA were calculated for
each slice as described for the bulk properties above. The result-
ing profiles (an example is shown in Fig. 5b) generally showed that
the properties were not uniform with height. Comparison of the
profiles with the bulk measurements (solid vertical lines) showed
that the bulk density was typically substantially higher than the
minimum density. As strength is expected to be sensitive on snow
density, we also used the minimum density within the weak layer
Prin for our subsequent statistical analysis.

Geometries reconstructed from ;CT measurements are subject
to measurement uncertainties and limitations due to discretization.
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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 voxels, a window height of 100 voxels and a vertical overlap of 50%. Therefore, each

value represents the average of a 2.91 mm thick slice.

The measurement uncertainties arise from the measurement pro-
cess itself. Then, the discretization of the image into voxels with a
defined gray scale range affects the representativeness of the recon-
struction results further. For snow, this is the main concern, as
resolution limitations could lead to underrepresentation of fine
structures in the binarized image and thus affect the calculated
density and SSA. Kerbrat and others (2008) estimated the error
of uCT-based SSA measurements to be 3% for SSA values in the
range of 5-64mm ' using a voxel size of 10-18 pm based on a
comparison with gas adsorption values. Furthermore, Walter and
others (2024) found that their CT-based SSA values were too low
due to resolution limitations for SSA values larger than approxi-
mately 30 mm™!. For snow density and anisotropy, to the best of
our knowledge, no objective estimate of the error has been reported
in the literature. Freitag and others (2004) found that CT density
measurements of firn were in good agreement (deviations <1%)
with results obtained using the gamma absorption method using a
voxel size of 40 pm. Furthermore, Hagenmuller and others (2013)
reported density deviations in the order of 5% resulting from the
segmentation process.

The measurement uncertainties of the uCT mentioned above
do not capture the variability within the parent sample and are,
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Table 1. Microstructural variability due to spatial variations for a low-density
(LD) and a high-density (HD) weak layer. Values are calculated from five individ-
ual pCT scans distributed over the parent sample. Bold values indicate those
used for error estimation

Phulk SSApuk a ConnD

(kg m ) (mm™!) () (mm~3)

LD Mean 150.1 13.03 0.8876 4.867
Std dev. 11.9 0.635 0.00444 0.923

% 7.9% 4.9% 0.50% 17.4%

HD Mean 351.2 12.79 0.8506 22.35
Std dev. 8.07 0.256 0.00665 1.35

% 2.3% 2.0% 0.78% 6.0%

therefore, not sufficient to explain the scatter in our results. To
obtain an estimate of the variability within a parent sample, we pro-
duced two additional samples, one with a low-density (LD) weak
layer and one with a high-density (HD) weak layer. We took five
samples distributed across each parent sample and analyzed them.
The results are summarized in Table 1.

The primary source of uncertainty in density measurements was
the spatial variability within a parent sample. As this variability
strongly decreased at higher densities, we adopted the larger value
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of 11.9kg m™ as a fixed uncertainty instead of a percentage-based
estimate. Similarly, for SSA and connectivity density, we observed
a reduction in variability at higher densities and, therefore, used
fixed uncertainty values of 0.635mm ' and 1.35mm?, respec-
tively. Anisotropy remained similar across densities, leading us to
use 0.78% as the estimated error.

These values are only applicable to weak layers. To also indicate
the uncertainty in our time-series measurements (Fig. 6), we used
the microstructure time-series data (see Sections 2.6 and 3.1) to
calculate the average difference between the two samples for each
layer (Table A1, Appendix). We assume that this difference between
two identically produced samples is an upper limit for the spatial
variability.
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2.6. Microstructure time series

To better understand the depth hoar growth in our artifi-
cial samples and to quantify the repeatability of our setup, we
performed daily ©CT measurements on two identically produced
parent samples that were placed in the metamorphism box for
1 week. To do this, we cut 100 mm x 100 mm samples from the
parent samples for scanning. The remaining holes were filled by
sieving snow consisting of partly decomposed precipitation par-
ticles. Since the sieved patches probably influenced the global
temperature gradient, the processes in an undisturbed metamor-
phism box might be slightly different. We used the daily uCT scans
to show the evolution of the microstructural properties density,


https://doi.org/10.1017/jog.2025.16

SSA and anisotropy over a week and to estimate the repeatability
of our setup.

2.7. Comparison of microstructure datasets

To demonstrate the comparability of our artificially grown
microstructural morphologies with natural depth hoar, we re-
analyzed pCT scans of natural depth hoar from two large datasets.
First, during the RHOSSA campaign (Calonne and others, 2020b),
a dataset of uCT scans, snow micro pen (SMP) profiles and
traditional profiles was collected over one winter season at the
Weissfluhjoch, Davos. This dataset represents a typical alpine
snowpack. The maximum temperature gradient within the snow-
pack was up to 50 Km™' and was reached in the early winter. We
analyzed all 4CT scans containing depth hoar and faceted crystals
(about 30 individual scans—Calonne and others 2020a). Second,
during the MOSAIC expedition (Macfarlane and others, 2023), an
even larger dataset of microstructural properties of snow on sea ice
was collected. It consists of SMP, 4CT and density measurements
as well as traditional snow profiles. This dataset represents rather
extreme conditions for depth hoar formation (low snow heights
and strong gradients, typically 50-150 Km™). From this dataset,
we also analyzed about 30 scans from the period December 2019
to April 2020 (Macfarlane and others, 2022).

To create the artificial weak layers, we used higher temper-
ature gradients than those typically found in alpine snowpacks
to speed up the process and increase the number of samples.
To asses the influence of the high temperature gradient, we also
created an artificial sample with more realistic environmental con-
ditions (temperature gradient over the whole sample: 30 Km™,
average temperature in the weak layer —13°C and a metamor-
phism duration of 44 days). This allowed us to assess the effect
of the high temperature gradients used and to demonstrate the
microstructural capabilities of our setup.

3. Results
3.1. Temporal evolution within the metamorphism box

The evolution of the microstructural properties density, SSA,
anisotropy and connectivity density over the course of 1 week is
shown in Figure 6 for two identical samples. Density increased
only slightly in both the slabs and the weak layer. SSA decreased
throughout the sample. For the vertical anisotropy, we observed
the strongest increase within the first few days, after that a plateau
seemed to be reached. The connectivity density decreased over
time, especially in the slab layers. The values for the weak layer are
one order of magnitude lower than for the slabs.

3.2. Similarity to natural depth hoar

We compared the microstructure of our artificial samples with
natural depth hoar data from the RHOSSA and MOSAIC cam-
paigns. The SSA of our samples showed a clear decreasing trend
with increasing density and the values were similar to natural sam-
ples above relative densities of ~0.25 (Fig. 7a). The relation between
bulk SSA and density for the artificial samples can be described
with a linear regression (Eqn (2)). For the vertical anisotropy
(Fig. 7b), we observed a strong increase for higher densities
(Eqn (3)). The vertical anisotropy of the RHOSSA samples was
consistently lower than that of our artificial samples. Half of the
MOSAIC samples were comparably anisotropic, while the other
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half had lower vertical anisotropies. The connectivity density of
our samples was comparable to the MOSAIC samples but system-
atically higher than most of the RHOSSA samples (Fig. 7c and
Eqn (4)). The microstructure of the long-term artificial sample,
which was grown under more realistic conditions, had a lower
SSA and connectivity density than the other artificial samples, but
comparable anisotropy.

SSAp = —16 (@> 14, R®=0.46 )
a=16 (%) +0.84, R*=0.71 3)
ConnD = 19 (%) —1.1, R*=0.75. (4)

3.3. Compressive strength

A total of 92 specimens from 24 parent samples were analyzed. Our
results suggest a strong nonlinear relation of compressive strength
and depth hoar density (Fig. 8). We used an orthogonal distance
regression (ODR—Boggs and Rogers (1990)) to fit a power law
using the bulk weak layer density:

o

< _11(47) (pbulk

. X =209 (5)

5.4(+0.5)
Y )

The reduced chi-square parameter 2 provides a measure of
how well a model fits a set of data, normalized by the degrees of
freedom. Values close to 1 indicate a good fit while values signifi-
cantly higher suggest uncertainties in the data or inadequacies in
the model (Andrae and others, 2010). For reference, we have also
plotted the power law of Gibson and Ashby 1997 for cellular solids
(dashed line Fig. 8). At high weak layer densities (bulk density
>350 kg m™3), it was not possible to maintain the density differ-
ence of >100 kg m™> between the weak layer and the slab layers,
so many samples failed at the upper slab layer first. We, therefore,
excluded these results from the power law fit.

3.4. Influence of microstructure

Various microstructural parameters were obtained from the uCT
scans. We analyzed the statistical significance of each parameter
with the experimentally determined mean compressive strength
0. using a Spearman rank correlation. We chose this method
because it is able to capture nonlinear correlations in a repre-
sentative way and because it is less sensitive to outliers than
other methods. Since the total number of observations was rela-
tively small for this purpose, we performed a permutation test to
obtain meaningful p-values (Phipson and Smyth, 2010). Excluding
the samples which failed at the slab layers, we found that all
SSA and density parameters as well as connectivity density cor-
related significantly with o, (Fig. 9). The anisotropy was sta-
tistically highly significant, although the individual exponential
correlation lengths were not. The complete Spearman rank corre-
lation matrix is shown in Figure A1, Appendix. We repeated the
same analysis with the residuals obtained from the ODR power
law fit (Eqn (5)) of compressive strength and bulk density to
exclude the influence of density on other parameters. For the
residuals, we found that only the horizontal correlation lengths
Pex,x/y correlated with the compressive strength (p = 0.04 and
p = 0.03, respectively).
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Figure 7. Comparison of the microstructure of the artificial samples with natural depth hoar as a function of normalized density. (a) Shows SSAy, of our artificial weak layers
and the corresponding linear regression in comparison with samples from the RHOSSA and MOSAIC campaigns. (b and c) Show the same for anisotropy « and connectivity
density (ConnD), respectively. All plots include data from one long-term artificial sample which has been grown under more realistic conditions, visualized with a cross.

4. Discussion
4.1. Temporal evolution within the metamorphism box

The pCT time series (Fig. 6) of two independent but identically
setup metamorphism boxes allowed us to estimate the repeatabil-
ity of our method and revealed the changes in microstructure due
to the temperature gradient metamorphism. Both density and SSA
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of the two samples were very similar in the weak layer. However,
anisotropy and connectivity density showed differences of up to
50%, which may be attributed to the spacial variability within the
weak layer and to the perturbation of the linear temperature gradi-
ent due to the sample extraction for the 4CT scan. The connectivity
density of the weak layer was an order of magnitude lower than
that of the slab layers. This is probably due to the unit volume


https://doi.org/10.1017/jog.2025.16

10

Jakob Schottner et al.

Density p° [kgm~3]

100 200 300 400
107
Literature data
A Mede and others (2018) ~
® Chandel and others (2015) /‘,— 100
@ Chandel and others (2014) _,-‘D' ||:'I_IT_’
€ Reiweger and Schweizer (2014) ’,—”
—-== Gibson and Ashby (1897) ,,"‘
= a
g .,
e By
107 s -
”" E‘
S =
= 10 5
o c
5 = e £
3 T Ea ¢ 0
3 T s 2
© (7]
£ o
S ) a
= $° S
2 =
107
@
1
]
e O
10 Our data
: 00 Compressive strength
O _ Poui \5.4(+0. =
5 = 11(7)(2x 541203} y2=2.9
-4
10 -1 -1 -1 =4
10 2x10 3x10 4x10

Normalized density

Figure 8. Mean compressive strength per parent sample vs normalized density. The line

Pouik
-

represents the power law fit obtained via orthogonal distance regression (ODR). For
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crushing strength of most cellular solids (Gibson and Ashby, 1997). The vertical error bars
parent sample (five specimens).

normalization, which adds a strong density scaling to this parame-
ter (see Fig. 7). In terms of microstructure, the time series shows a
similar trend across all layers. Therefore, the main microstructural
difference between the different regions of the sample was the den-
sity, highlighting the need to have higher densities in the slab layers
compared to the weak layer to ensure that the fracture happens only
in the weak layer during the mechanical experiments.

4.2. Similarity to natural depth hoar

Our setup allowed us to perform compressive strength experi-
ments for a wide range of depth hoar densities (150-350 kg m™),
which would be difficult to achieve with natural snow. We
used high temperature gradients (100-250 Km™ over the whole
sample) to speed up the process. Gradients of this magnitude can
occur during surface faceting due to diurnal temperature changes
(Birkeland and others, 1998) and in sub-arctic (Sturm and Benson,
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indicate the standard deviation of the individual compression tests for one artificial

1997) and arctic (Macfarlane and others, 2023) snowpacks but are
otherwise not commonly found in alpine snowpacks (e.g. Calonne
and others, 2020Db).

The analysis of the microstructure of our artificial samples
(Fig. 7) showed a decreasing trend for SSA with increasing den-
sities. This agrees well with findings using the gas adsorption
method, for instance, the parameterization by Domine and others
(2007) and the overall trend shown by Legagneux and others
(2002) and pCT-based SSA evaluations (e.g. Schneebeli and
Sokratov, 2004). For the vertical anisotropy, we found an increase
with increasing snow density. This dependence is somewhat unex-
pected but is in line with the measurements of Calonne and others
(2019) for faceted crystals and depth hoar and our analysis of the
RHOSSA (CT scans (Fig. 7). Connectivity density also showed an
increasing trend with density. This effect may be partly attributed
to the closer proximity of grains at higher densities, as well as to the
normalization by unit volume, which introduces a density-scaling
behavior.
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The comparison of the microstructural quantities SSA,
anisotropy and connectivity density with natural samples (Fig. 7)
suggests that our artificial depth hoar samples were comparable
to natural ones. We found that the SSA of our artificial samples
was systematically slightly higher than that of natural samples. As
our more realistic long-term sample showed lower SSA values, we
suggest that this offset is due to the short time of metamorphism
of our samples. The anisotropy was similar to the majority of
MOSAIC samples, while RHOSSA samples had systematically
lower anisotropy. This could be due to the different tempera-
ture gradient, but also to the different weight of the overlying
snowpack. The latter is supported by our long-term sample, which
had a lower density and a greater vertical anisotropy than the
RHOSSA campaign samples, although the SSA is comparable.
The connectivity density of our artificial samples closely matched
that of the MOSAIC samples, while most RHOSSA samples
consistently showed lower values. In addition, our long-term
sample showed reduced connectivity density, suggesting that these
differences may be due to variations in metamorphism driven by
different temperature gradients.

4.3. Compressive strength

Failure of weak layers in nature occurs if the multiaxial stress state
exceeds the strength of the weak layer. In this study, we focused on
the influence of snow microstructure on the uniaxial compressive
strength and assessed only one dimension of the failure envelope.

Our strength values (Fig. 8) represented the mean of five
mechanical tests per parent sample. This allowed us to obtain
robust experimental results, although considerable standard
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deviations (represented by the error bars) of compressive strength
(around 20%) were observed across the density range. This value
is comparable to scatter reported in other experimental studies
with snow (e.g. Jamieson and Johnston, 2001; Chandel and others,
2014; Reiweger and others, 2015) and indicates that the repeatabil-
ity of our sample growth process was similar independent of the
weak layer density. We attribute the observed scatter to variations
in the microstructure of the parent sample (e.g. local differences
in density, different notch effects, different cross sections of the
load-bearing structures) and the test method (e.g. uneven load
distribution due to a non-parallel sample interface and different
contact points). It is also likely that the sample preparation process
damaged some of the weak layer crystal structures at the edges.
This would result in a systematic offset of the strength values, as
the effective load bearing area may have been smaller than the
sample dimensions. If we assume that only the very outer crystals
were damaged (grain size on the order of 2-3 mm), this would cor-
respond to an underestimation of the strength by less than 10%,
which is a relatively small amount compared to the overall scatter
in our data.

Although there are only few data available for comparison,
our strength data agree well with most previously reported val-
ues for faceted crystals and depth hoar (see literature data in
Fig. 8). Reiweger and Schweizer (2013) performed load-controlled
experiments and reported compressive strengths of 2.5-6 kPa for
different loading rates for a depth hoar weak layer with a density
of 190 kg m™>. This is close to our data, though not directly com-
parable with our displacement-controlled test results in terms of
loading rate. Chandel and others (2014) reported values between
0.3kPa and 1.4kPa for faceted crystals with densities between
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100 and 200 kg m>, which is also similar to our results. Strength
data obtained using numerical modeling also shows comparable
values. Mede and others (2018) found the compressive strength
to be approximately 2kPa for a sample consisting of faceted
crystals and depth hoar with a density of 180kgm™ using dis-
crete element modeling. The finite element results of Chandel
and others (2015) showed lower compressive strength: approx-
imately 6kPa for faceted crystals with a density of 250 kgm™
and 7.5kPa for a density of 416kgm™, which suggests a very
low dependence on density, not in line with our findings. Other
numerical studies of multiaxial strength again show values com-
parable to our results (e.g. Mulak and Gaume, 2019; Bobillier and
others, 2020; Ritter and others, 2020; Singh and others, 2022).
However, most of these numerical studies used some sort of
simplified snow microstructure and results cannot be compared
directly.

As our data have uncertainties in both strength and density (due
to inhomogeneities within the parent sample), we chose to use an
ODR to fit the power law, which can account for measurement
uncertainties in the fitting process. The x? value allows the good-
ness of the fit to be assessed, taking into consideration the degrees
of freedom in the fitting process. The value obtained from our fit
was X2 = 2.9, which indicates that our power laws fit the data
well, but the errors in strength and density did not fully explain the
observed scatter.

Mechanical experiments on weak layers are challenging even
in the controlled environment of the cold lab. The samples are
fragile and sample preparation (cutting, freezing to the bottom
sample holder) can damage the weak layer. In addition, the top
and bottom surfaces of a sample are typically not parallel, requiring
manual post-processing upon sample preparation. It should be
noted that even after post-processing, the load distribution during
the compression test may not have been perfect due to uneven sur-
face of the sample interface. Samples where tilting of the machine
crosshead prior to failure was detected on the high speed videos
were excluded from the analysis. Nevertheless, small tilting may
have resulted in unwanted moments resulting in shear forces in the
weak layer. It should also be noted that the effective strain rate in
the weak layer is very different from the theoretical rate resulting
from the machine speed. In our experiments, we found the strain
rate in the weak layer to be on the order of 1073 s™!. This is close to
the ductile-to-brittle transition (e.g. Lowe and others, 2020). The
elastic behavior of the pop-ins in the displacement signal obtained
by DIC (Fig. 4) suggests quasi-brittle material behavior.

4.4. Influence of microstructure

The large sample dimensions we used did not allow testing and
scanning of the same sample. As a result, the strength and
microstructure cannot be directly related using, for example, the
finite element method. Instead, we extracted five specimens for
experimental testing and one specimen for the ;CT scan from
one parent sample. We assume that the microstructure of the uCT
scan is representative of the microstructure of the experimental test
specimens, but small spatial variations are to be expected and have
been discussed in Sections 2.5 and 4.1.

We found that minimum density, minimum SSA and maximum
SSA from the yCT profiles added significant microstructural infor-
mation at a significance level of 0.01, suggesting that the yCT pro-
files represented a valuable addition to the standard bulk analysis.
Interestingly, while the correlation with anisotropy was statistically
significant, the individual exponential correlation lengths were not.
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This suggests that shape and orientation of the microstructure
influence the mechanical properties, which agree well with the
findings of Walters and Adams (2014), Sundu and others (2024a)
and Walters and Adams (2012). The thickness of the weak layer
h; had no significant influence on the compressive strength. This
seems plausible if we assume quasi-static stress distribution within
the weak layer which would lead to failure at the weakest link,
likely the region with the lowest density (Hagenmuller and others,
2014a).

As SSA, connectivity density and anisotropy were also cor-
related with density (see Fig. 7 and Figure Al, Appendix), we
repeated the same analysis with the residuals obtained from the
ODR power law fit of compressive strength and bulk density
(Fig. 8 and Eqn (5)), thus excluding the direct influence of den-
sity. We found that only the horizontal correlation lengths pey ,/y
correlated with the residuals of the power law fit (p = 0.04 and p =
0.03, respectively). This suggests that the extent of horizontal struc-
tures within the weak layer had some influence on the strength.
The fact that anisotropy is not significant here could indicate that
its effects are already accounted for through the correlation of den-
sity and anisotropy (see Eqn (3)), or that the driving mechanism
is not related to orientation within the material. Instead, it may
be that a specific horizontal length scale of the material plays an
important role in the microscopic failure of the material. Since cor-
relation lengths symmetrically capture the length scales of both
phases (solid and void), their interpretation in this context remains
ambiguous.

Opverall, our results highlight that density was the primary fac-
tor influencing strength, with most of the strong correlations of
other quantities with strength appearing to be artifacts of their
dependence on density. However, an analysis of the residuals
revealed that horizontal dimensions also play a role. This suggests
that additional dependencies may exist but remain obscured by
scatter in the data and correlations between parameters.

4.5. Power law fit and the relation to foams

Due to the similarity in terms of porosity, the principles of foamed
engineering materials have often been used in the past to describe
the mechanical behavior of snow (e.g. Schneebeli and others, 1999;
Jamieson and Johnston, 2001; Blatny and others, 2023). Gibson and
Ashby 1997 showed that the strength of many foam-like materials
follows a power law as a function of density with an exponent of
1.5. Our results also show a power law relation of strength with
density, but with a much larger exponent of 5.4 (Fig. 8). This dis-
crepancy suggests that the foam model is not suitable for describing
the material behavior of depth hoar under compression. Our expo-
nents are also larger than those reported by Jamieson and Johnston
(2001) for the shear strength of weak layers. This suggests that
the compressive strength is more sensitive to variations in density
than the shear strength, which may be due to the microstructure of
SNOW.

Although snow is a bi-continuous material and has been consid-
ered a foam of ice’ (Kirchner and others, 2001), its microstructure
differs from other cellular solids in that it is composed of grains
that form bonds with their immediate neighbors. These bonds are
typically much smaller than the grains and therefore strongly influ-
ence the mechanical response of the material (Agrawal and Mittal,
1995). The inconsistency with other foamed materials becomes
more apparent when the influence of density on the microstruc-
ture is assessed. Figure 10 compares the microstructure of an low
density (182 kg m™) and an high density (355 kg m~*) weak layer
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Figure 10. 3-D reconstruction (top) and 2-D section (bottom) of the microstructure of a low bulk density sample (left) and high density sample (right). The microstructural
parameters of the left sample are: pp, = 182kgm ™3, SSApy = 10.8mm™', ConnD = 1.51mm~>, pey x = 0.192mm, pey , = 0.187mm, pe, , = 0.224mm, a =1.18. The
microstructural parameters of the right sample are: pj ;= 355kgm >, SSApy = 9.00mm™!, ConnD = 5.93mm 3, p, , = 0.160 mm, Pex,y = 0.162mm, pe, , = 0.235mm,

« = 1.46. Size: 300 voxels corresponding to 8.73 mm.

of depth hoar from our dataset. It can be see that the individual
crystals have roughly similar shapes and sizes, the most obvi-
ous difference is the smaller distance between grains in the dense
sample.

This distance between grains defines an effective length scale
I for failure mechanism considerations. The hypothesis that the
distance between grains influences compressive strength agrees
well with the small, but statistically significant negative correla-
tion coeflicients we found for the horizontal correlation lengths
Pex,x/y from the ODR residuals (Fig. 9). At the same time, smaller
distances between grains makes it more likely to have more bonds
per grain. This density dependence of weak layer topology is to
some extent reflected in the parameter connectivity density, which
is a measure for the connected structures per unit volume (see
Figs 6 and 10). The number and size of bonds add another scaling
factor to the density-strength relation. An additional complication
to the foam analogy is that the snow’s ice mass does not contribute
equally to the strength, with a significant portion of the stress
being carried by a relatively small fraction of the mass (Schneebeli
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and Sokratov, 2004; Hagenmuller and others, 2014b; Wiese and
Schneebeli, 2017).

The foam model by Gibson and Ashby 1997 accounts for several
failure mechanisms (e.g. bending and buckling), which dominate
the response of cellular materials. However, we assume that the
mechanisms controlling the macroscopic strength of the depth
hoar layers we tested may differ. If this is the case, we expect
to find different exponents for other load configurations and dif-
ferent microstructures, which may provide a new approach to
microstructure-based weak layer strength assessment for practical
applications such as snow instability modeling.

4.6. Conclusions

We performed 92 uniaxial compression tests on layered snow sam-
ples containing an artificially grown weak layer of depth hoar.
Our results show that our method of artificially producing spec-
imens with a weak layer of faceted crystals and depth hoar is
well suited to produce nature-like specimens, suited for extensive


https://doi.org/10.1017/jog.2025.16

14

experimental campaigns. These artificial specimens allowed us to
determine the compressive strength of a wide range of microstruc-
tures and densities in a controlled environment. The compressive
strength ranged from 1 to 150 kPa for weak layer densities between
150 and 350 kg m™>. The strong dependence on snow density was
best described by a power law with an exponent of 5.4. In addition,
several microstructural metrics such as SSA, connectivity density
and correlation lengths obtained from pCT measurements were
statistically significantly related to compressive strength. Since
many of the metrics also depend on density, we repeated the
analysis based on the residuals obtained from the power law fit of
compressive strength and bulk density, thus excluding the direct
influence of density. Here we found that the horizontal correlation
lengths pey x/y showed a weak negative, still significant correlation
(p = 0.04 and p = 0.03, respectively) with the residuals of the
power law fit. In conclusion, while compressive strength primarily
depends on snow density, our findings suggest that the horizon-
tal correlation lengths, a proxy for horizontal dimensions within
the microstructure, may also play a role in determining the mate-
rial’s strength, potentially influencing load transfer and failure
mechanisms at a micro scale.

In the future, we will test other types of weak layers and eval-
uate the influence of microstructure on strength under multiaxial
loading conditions in a laboratory setup. Field experiments using
a portable, displacement-controlled testing device could also pro-
vide valuable insights, particularly into the temporal evolution of
strength in a natural snowpack.

Data availability statement. Experimental data and details on the refer-
ence uCT scans used are available on EnviDat: https://www.doi.org/10.16904/
envidat.626.

Acknowledgements. We thank the editor, Nicolas Eckert, as well as Pascal
Hagenmuller and two further anonymous reviewers for their constructive feed-
back. We also thank Matthias Jaggi and Lucid Concepts AG for their assistance
with the preparation and evaluation of the ;+CT scans. We used deepl.com/write
to to enhance the language and readability of this manuscript.

Funding statement. This project was funded by the Swiss National Science
Foundation (SNF), Grant No. 201071.

References

Adam YV, Bergfeld B, Weifgraeber P, van Herwijnen A and Rosendahl PL
(2024) Fracture toughness of mixed-mode anticracks in highly porous
materials. Nature Communications 15, 7379. doi: 10.1038/s41467-024-
51491-7

Agrawal KC and Mittal RK (1995) Influence of microstructure on mechanical
properties of snow. Defence Science Journal 45, 93-105.

Andrae R, Schulze-Hartung T and Melchior P (2010) Dos and don'ts of
reduced chi-squared. ArXiv - Instrumentation and Methods for Astrophysics
(astro-ph.IM). doi: 10.48550/arXiv.1012.3754

Ballard GEH McGaw RW (1965) A theory of snow failure. CRREL Research
Report, 137.

Birkeland KW, Johnson RF and Schmidt DS (1998) Near-Surface faceted crys-
tals formed by diurnal recrystallization: A case study of weak layer formation
in the mountain snowpack and its contribution to snow avalanches. Arctic
and Alpine Research 30(2), 200-204. doi: 10.2307/1552135

Blatny L, Lowe H and Gaume J (2023) Microstructural controls on the plas-
tic consolidation of porous brittle solids. Acta Materialia 250, 118861.
doi: 10.1016/j.actamat.2023.118861

Bobillier G and 6 others (2020) Micromechanical modeling of snow failure.
The Cryosphere 14, 39-49. doi: 10.5194/tc-14-39-2020

https://doi.org/10.1017/jog.2025.16 Published online by Cambridge University Press

Jakob Schottner et al.

Boggs PT and Rogers JE (1990) Orthogonal distance regression. Contemporary
Mathematics 112, 183-194.

Bouvet L, Calonne N, Flin F and Geindreau C (2023) Heterogeneous grain
growth and vertical mass transfer within a snow layer under a temper-
ature gradient. The Cryosphere 17, 3553-3573. doi: 10.5194/tc-17-3553-
2023

Calonne N and 6 others (2019) Thermal conductivity of snow, firn, and porous
ice from 3-D image-based computations. Geophysical Research Letters 46,
13079-13089. doi: 10.1029/2019GL085228

Calonne N and 8 others (2020a) WFJ_RHOSSA: Multi-instrument stratigra-
phy data for the seasonal evolution of an alpine snowpack. Environmental
Data Portal and Repository. doi: 10.16904/envidat.151

Calonne N and 8 others (2020b) The RHOSSA campaign: Multi-resolution
monitoring of the seasonal evolution of the structure and mechanical sta-
bility of an alpine snowpack. The Cryosphere 14, 1829-1848. doi: 10.5194/tc-
14-1829-2020

Calonne N, Flin F Geindreau C, Lesaffre B and Rolland du Roscoat S
(2014) Study of a temperature gradient metamorphism of snow from 3-D
images: Time evolution of microstructures, physical properties and their
associated anisotropy. The Cryosphere 8, 2255-2274. doi: 10.5194/tc-8-2255-
2014

Capelli A, Reiweger I and Schweizer J (2018) Acoustic emission signatures
prior to snow failure. Journal of Glaciology 64(246), 543-554. doi: 10.1017/
jog.2018.43

Chandel C, Mahajan P, Srivastava PK and Kumar V (2014) The behaviour of
snow under the effect of combined compressive and shear loading. Current
Science 107, 888-894.

Chandel C, Srivastava PK and Mahajan P (2015) Determination of fail-
ure envelope for faceted snow through numerical simulations. Cold
Regions Science and Technology 116, 56-64. doi: 10.1016/j.coldregions.2015.
04.009

Chiaia B and Frigo B (2009) A scale-invariant model for snow slab avalanches.
Journal of Statistical Mechanics: Theory and Experiment 2009, 02056.
doi: 10.1088/1742-5468/2009/02/P02056.

Coléou C, Lesaffre B, Brzoska JB, Ludwig W and Boller E (2001) Three-
dimensional snow images by X-ray microtomography. Annals of Glaciology
32, 75-81. doi: 10.3189/172756401781819418

Domine F, Taillandier A and Simpson WR (2007) A parameterization of the
specific surface area of seasonal snow for field use and for models of snow-
pack evolution. Journal of Geophysical Research: Earth Surface 112, F02031.
doi: 10.1029/2006JF000512

Fierz C and 8 others (2009) The International Classification for Seasonal Snow
on the Ground. In IHP-VII Technical Documents in Hydrology N°83, IACS
Contribution N°1. UNESCO-IHP, Paris.

Freitag J, Wilhelms F and Kipfstuhl S (2004) Microstructure-dependent den-
sification of polar firn derived from X-ray microtomography. Journal of
Glaciology 50(169), 243-250. doi: 10.3189/172756504781830123

Fukue M (1979) Mechanical Performance of Snow Under Loading. Tokai
University Press, Tokyo, p. 136.

Fukuzawa T and Narita H (1993) An experimental study on the mechani-
cal behavior of a depth hoar layer under shear stress. In Proceedings ISSW
1992. International Snow Science Workshop, 4-8 October 1992, Breckenridge,
Colorado, USA, pp. 171-175.

Gibson LJ and Ashby MF (1997) Cellular Solids: Structure and Properties.
Cambridge: Cambridge University Press. doi: 10.1017/CB09781139878326

Good W (1987) Thin sections, serial cuts and 3-D analysis of snow. JAHS
Publication 162, 35-48.

Hagenmuller P, Calonne N, Chambon G, Flin F, Geindreau C and Naaim M
(2014a) Characterization of the snow microstructural bonding system
through the minimum cut density. Cold Regions Science and Technology 108,
72-79. doi: 10.1016/j.coldregions.2014.09.002

Hagenmuller P, Chambon G, Lesaffre B, Flin F and Naaim M (2013) Energy-
based binary segmentation of snow microtomographic images. Journal of
Glaciology 59(217), 859-873. doi: 10.3189/2013J0oG13]035

Hagenmuller P, Theile TC and Schneebeli M (2014b) Numerical simulation of
microstructural damage and tensile strength of snow. Geophysical Research
Letters 41, 86-89. doi: 10.1002/2013GL058078


https://www.doi.org/10.16904/envidat.626
https://www.doi.org/10.16904/envidat.626
https://doi.org/10.1038/s41467-024-51491-7
https://doi.org/10.1038/s41467-024-51491-7
https://doi.org/10.48550/arXiv.1012.3754
https://doi.org/10.2307/1552135
https://doi.org/10.1016/j.actamat.2023.118861
https://doi.org/10.5194/tc-14-39-2020
https://doi.org/10.5194/tc-17-3553-2023
https://doi.org/10.5194/tc-17-3553-2023
https://doi.org/10.1029/2019GL085228
https://doi.org/10.16904/envidat.151
https://doi.org/10.5194/tc-14-1829-2020
https://doi.org/10.5194/tc-14-1829-2020
https://doi.org/10.5194/tc-8-2255-2014
https://doi.org/10.5194/tc-8-2255-2014
https://doi.org/10.1017/jog.2018.43
https://doi.org/10.1017/jog.2018.43
https://doi.org/10.1016/j.coldregions.2015.04.009
https://doi.org/10.1016/j.coldregions.2015.04.009
https://doi.org/10.1088/1742-5468/2009/02/P02056
https://doi.org/10.3189/172756401781819418
https://doi.org/10.1029/2006JF000512
https://doi.org/10.3189/172756504781830123
https://doi.org/10.1017/CBO9781139878326
https://doi.org/10.1016/j.coldregions.2014.09.002
https://doi.org/10.3189/2013JoG13J035
https://doi.org/10.1002/2013GL058078
https://doi.org/10.1017/jog.2025.16

Journal of Glaciology

Harvey AH (2017) Properties of ice and supercooled water. In CRC Handbook
of Chemistry and Physics. CRC Press, Boca Raton, FL

Haynes FD (1978) Effect of temperature on the strength of snow-ice. Technical
report. Department of the Army, Cold Regions Research and Engineering
Laboratory, Corps of Engineers, CRREL Report 78-27, Hanover, New
Hampshire. https://books.google.ch/books?id=fX5CHYos1rMC

Heierli J, Gumbsch P and Zaiser M (2008) Anticrack nucleation as triggering
mechanism for snow slab avalanches. Science 321, 240-243. doi: 10.1126/
science.1153948

Jamieson B and Johnston CD (2001) Evaluation of the shear frame test
for weak snowpack layers. Annals of Glaciology 32, 59-69. doi: 10.3189/
172756401781819472

Jamieson JB and Schweizer J (2000) Texture and strength changes of buried
surface-hoar layers with implications for dry snow-slab avalanche release.
Journal of Glaciology 46(152), 151-160. doi: 10.3189/172756500781833278

Jellinek HHG (1959) Compressive strength properties of snow. Journal of
Glaciology 3, 345-354. doi: 10.3189/S0022143000017019

Kaempfer TU, Schneebeli M and Sokratov SA (2005) A microstructural
approach to model heat transfer in snow. Geophysical Research Letters 32,
1-5. doi: 10.1029/2005GL023873

Kerbrat M, Pinzer B, Huthwelker T, Giggeler HW, Ammann M and
Schneebeli M (2008) Measuring the specific surface area of snow with X-ray
tomography and gas adsorption: Comparison and implications for surface
smoothness. Atmospheric Chemistry and Physics 8, 1261-1275. doi: 10.5194/
acp-8-1261-2008

Kinosita S (1996) Compression of snow at constant speed. In (ed.), Physics
of Snow and Ice - Proccedings International Conference on Low Temperature
Science, 14-19 August 1996, Sapporo, Japan: Institute of Low Temperature
Science, Hokkaido University, pp. 911-927.

Kirchner HO, Michot G, Narita H and Suzuki T (2001) Snow as a foam
of ice: Plasticity, fracture and the brittle-to-ductile transition. Philosophical
Magazine A: Physics of Condensed Matter, Structure, Defects and Mechanical
Properties 81, 2161-2181. doi: 10.1080/01418610108217141

Legagneux L, Cabanes A and Dominé F (2002) Measurement of the spe-
cific surface area of 176 snow samples using methane adsorption at 77 K.
Journal of Geophysical Research: Atmospheres 107,4335. doi: 10.1029/2001JD
001016

Lombardo M, Schneebeli M and Lowe H (2021) A casting method using
contrast-enhanced diethylphthalate for micro-computed tomography of
snow. Journal of Glaciology 67(265), 847-861. doi: 10.1017/jog.2021.35

Lowe H, Zaiser M, Mosinger S and Schleef S (2020) Snow mechanics
near the ductile-brittle transition: Compressive stick-slip and snow micro-
quakes. Geophysical Research Letters 47, €2019GL085491. doi: 10.1029/
2019GL085491

Macfarlane AR, Schneebeli M, Wagner DN, Dadic R, Jaggi M and
Himmerle S (2022) MicroCT Density and Specific Surface Area Snowpit
Profiles During the MOSAIC Expedition. PANGAEA, doi: 10.1594/
PANGAEA.952794

Macfarlane AR and 26 others (2023) A Database of Snow on Sea Ice in the
Central Arctic Collected during the MOSAIC expedition. Scientific Data 10,
398. doi: 10.1038/s41597-023-02273-1

McClung DM (1977) Direct simple shear tests on snow and their relation to slab
avalanche formation. Journal of Glaciology 19(81), 101-109. doi: 10.3189/
$0022143000215578

Mede T, Chambon G, Hagenmuller P and Nicot F (2018) Snow failure
modes under mixed loading. Geophysical Research Letters 45, 13351-13358.
doi: 10.1029/2018GL080637

Mellor M (1975) A review of basic snow mechanics. In Symposium at
Grindelwald 1974 - Snow Mechanics, IAHS Publication 114, pp. 251-291.

Mulak D and Gaume J (2019) Numerical investigation of the mixed-mode
failure of snow. Computational Particle Mechanics 6, 439-447. doi: 10.1007/
540571-019-00224-5

Nakamura T, Abe O, Hashimoto R and Ohta T (2010) A dynamic method to
measure the shear strength of snow. Journal of Glaciology 56(196), 333-338.
doi: 10.3189/002214310791968502

Odgaard A and Gundersen H (1993) Quantification of connectivity in cancel-
lous bone, with special emphasis on 3-D reconstructions. Bone 14, 173-182.
doi: 10.1016/8756-3282(93)90245-6

https://doi.org/10.1017/jog.2025.16 Published online by Cambridge University Press

15

Perla R, Beck T and Cheng T (1982) The shear strength index of alpine snow.
Cold Regions Science and Technology 6, 11-20. doi: 10.1016/0165-232X(82)
90040-4

Petrovic JJ (2003) Mechanical properties of ice and snow. Journal of Materials
Science 38, 1-6. http://dx.doi.org/10.1023/A:1021134128038

Phipson B and Smyth GK (2010) Permutation P-values should never be
zero: Calculating exact P-values when permutations are randomly drawn.
Statistical Applications in Genetics and Molecular Biology 9, Article39. doi:
10.2202/1544-6115.1585.

Proksch M, Rutter N, Fierz C and Schneebeli M (2016) Intercomparison of
snow density measurements: Bias, precision, and vertical resolution. The
Cryosphere 10, 371-384. doi: 10.5194/tc-10-371-2016

Reiweger I, Gaume J and Schweizer J (2015) A new mixed-mode failure crite-
rion for weak snowpack layers. Geophysical Research Letters 42, 1427-1432.
doi: 10.1002/2014GL062780

Reiweger I and Schweizer J (2010) Failure of a layer of buried surface hoar.
Geophysical Research Letters 37, 124501. doi: 10.1029/2010GL045433

Reiweger I and Schweizer J (2013) Weak layer fracture: Facets and depth hoar.
The Cryosphere 7, 1447-1453. doi: 10.5194/tc-7-1447-2013

Reiweger I, Schweizer J, Ernst R and Dual J (2010) Load-controlled test
apparatus for snow. Cold Regions Science and Technology 62, 119-125.
doi: 10.1016/j.coldregions.2010.04.002

Reuter B, Schweizer J and van Herwijnen A (2015) A process-based approach
to estimate point snow instability. The Cryosphere 9, 837-847. doi: 10.5194/
tc-9-837-2015

Riche F and Schneebeli M (2013) Thermal conductivity of snow measured by
three independent methods and anisotropy considerations. The Cryosphere
7,217-227. doi: 10.5194/tc-7-217-2013

Ritter J, Lowe H and Gaume J (2020) Microstructural controls of anticrack
nucleation in highly porous brittle solids. Scientific Reports 10, 12383. doi:
10.1038/541598-020-67926-2

Rosendahl PL and Weifigraeber P (2020) Modeling snow slab avalanches
caused by weak-layer failure - Part 2: Coupled mixed-mode criterion for
skier-triggered anticracks. The Cryosphere 14, 131-145. doi: 10.5194/tc-14-
131-2020

Schleef S, Jaggi M, Lowe H and Schneebeli M (2014) An improved machine
to produce nature-identical snow in the laboratory. Journal of Glaciology
60(219), 94-102. doi: 10.3189/2014JoG13]118

Schleef S and Lowe H (2013) X-ray microtomography analysis of isother-
mal densification of new snow under external mechanical stress. Journal of
Glaciology 59(214), 233-243. doi: 10.3189/2013JoG12J076

Schneebeli M, Pielmeier C and Johnson JB (1999) Measuring snow
microstructure and hardness using a high resolution penetrometer. Cold
Regions Science and Technology 30, 101-114. doi: 10.1016/S0165-232X(99)
00030-0

Schneebeli M and Sokratov SA (2004) Tomography of temperature gradi-
ent metamorphism of snow and associated changes in heat conductivity.
Hydrological Processes 18, 3655-3665. doi: 10.1002/hyp.5800

Schweizer J (1998) Laboratory experiments on shear failure of snow. Annals of
Glaciology 26, 97-102. doi: 10.3189/1998A0G26-1-97-102

Schweizer J and Jamieson J (2001) Snow cover properties for skier triggering of
avalanches. Cold Regions Science and Technology 33, 207-221. doi: 10.1016/
S0165-232X(01)00039-8

Shapiro L, Johnson J, Sturm M Blaisdell G (1997) Snow mechanics: Review of
the state of knowledge and applications. Technical Report, US Army Corps
of Engineers Cold Regions Research and Engineering Laborator.

Singh AK, Srivastava P, Kumar N and Mahajan P (2022) A fabric tensor based
small strain constitutive law for the elastoplastic behavior of snow. Mechanics
of Materials 165, doi: 10.1016/j.mechmat.2021.104182

Staron PJ, Adams EE and Miller DA (2014) Nonequilibrium thermodynamics
of kinetic metamorphism in snow. Cold Regions Science and Technology 97,
60-71. doi: 10.1016/j.coldregions.2013.10.007

Sturm M and Benson CS (1997) Vapor transport, grain growth and depth-hoar
development in the subarctic snow. Journal of Glaciology 43(143), 42-59.
doi: 10.3189/50022143000002793

Sundu K, Freitag ], Fourteau K and Lowe H (2024a) A microstructure-based
parameterization of the effective anisotropic elasticity tensor of snow, firn,
and bubbly ice. The Cryosphere 18, 1579-1596. doi: 10.5194/tc-18-1579-2024


https://books.google.ch/books?id=fX5CHYos1rMC
https://doi.org/10.1126/science.1153948
https://doi.org/10.1126/science.1153948
https://doi.org/10.3189/172756401781819472
https://doi.org/10.3189/172756401781819472
https://doi.org/10.3189/172756500781833278
https://doi.org/10.3189/S0022143000017019
https://doi.org/10.1029/2005GL023873
https://doi.org/10.5194/acp-8-1261-2008
https://doi.org/10.5194/acp-8-1261-2008
https://doi.org/10.1080/01418610108217141
https://doi.org/10.1029/2001JD001016
https://doi.org/10.1029/2001JD001016
https://doi.org/10.1017/jog.2021.35
https://doi.org/10.1029/2019GL085491
https://doi.org/10.1029/2019GL085491
https://doi.org/10.1594/PANGAEA.952794
https://doi.org/10.1594/PANGAEA.952794
https://doi.org/10.1038/s41597-023-02273-1
https://doi.org/10.3189/S0022143000215578
https://doi.org/10.3189/S0022143000215578
https://doi.org/10.1029/2018GL080637
https://doi.org/10.1007/s40571-019-00224-5
https://doi.org/10.1007/s40571-019-00224-5
https://doi.org/10.3189/002214310791968502
https://doi.org/10.1016/8756-3282(93)90245-6
https://doi.org/10.1016/0165-232X(82)90040-4
https://doi.org/10.1016/0165-232X(82)90040-4
http://dx.doi.org/10.1023/A:1021134128038
https://doi.org/10.2202/1544-6115.1585
https://doi.org/10.5194/tc-10-371-2016
https://doi.org/10.1002/2014GL062780
https://doi.org/10.1029/2010GL045433
https://doi.org/10.5194/tc-7-1447-2013
https://doi.org/10.1016/j.coldregions.2010.04.002
https://doi.org/10.5194/tc-9-837-2015
https://doi.org/10.5194/tc-9-837-2015
https://doi.org/10.5194/tc-7-217-2013
https://doi.org/10.1038/s41598-020-67926-2
https://doi.org/10.5194/tc-14-131-2020
https://doi.org/10.5194/tc-14-131-2020
https://doi.org/10.3189/2014JoG13J118
https://doi.org/10.3189/2013JoG12J076
https://doi.org/10.1016/S0165-232X(99)00030-0
https://doi.org/10.1016/S0165-232X(99)00030-0
https://doi.org/10.1002/hyp.5800
https://doi.org/10.3189/1998AoG26-1-97-102
https://doi.org/10.1016/S0165-232X(01)00039-8
https://doi.org/10.1016/S0165-232X(01)00039-8
https://doi.org/10.1016/j.mechmat.2021.104182
https://doi.org/10.1016/j.coldregions.2013.10.007
https://doi.org/10.3189/S0022143000002793
https://doi.org/10.5194/tc-18-1579-2024
https://doi.org/10.1017/jog.2025.16

16 Jakob Schottner et al.

Sundu K, Ottersberg R, Jaggi M and Lowe H (2024b) A grain-size driven ~ Appendix
transition in the deformation mechanism in slow snow compression. Acta
Materialia 262, 119359. doi: 10.1016/j.actamat.2023.119359

Turner D, Crozier P and Reu P (2015) Digital image correlation engine.
Technical Report, National Technology & Engineering Solutions of Sandia,

Table Al. Estimated microstructural variability due to spatial variations in the
time-series measurements. The values are mean daily differences between two
independent but identically prepared samples. The percent values represent

LLC (NTE?S). . § : the mean relative differences, which are used for the error estimate in Figure 6
Walter B, Weigel H, Wahl S and Lowe H (2024) Wind tunnel experiments to

quantify the effect of aeolian snow transport on the surface snow microstruc- Phulk SSALuk o ConnD

ture. The Cryosphere 18, 3633-3652. doi: 10.5194/tc-2023-112 (kgm™) (mm™) 0 (mm™)
Walters DJ and Adams EE (2012) Directional mechanical properties of radi- 46 0.93 0.054 8.4

ation recrystallized snow layers from experimental testing. In Proceedings Upper layer (13%) (7.2%) (4.3%) (38%)

ISSW 2012. International Snow Science Workshop, 16-21 September, 17 0.38 0.056 0.70

Anchorage AK, US.A., pp. 201-208. Weak layer (11%) (2.9%) (4.8%) (31%)
Walters DJ and Adams EE (2014) Quantifying anisotropy from experimen- 87 0.95 0.040 11

tal testing of radiation recrystallized snow layers. Cold Regions Science and ~ Lower layer (23%) (8.1%) (2.9%) (62%)

Technology 97, 72-80. doi: 10.1016/j.coldregions.2013.09.014

Wiese M and Schneebeli M (2017) Early-stage interaction between settlement
and temperature-gradient metamorphism. Journal of Glaciology 63(240),
652-662. doi: 10.1017/j0g.2017.31

Spearman rank correlation matrix

1.00
Oc
Pbulk 0.75
Pmin
0.50
SSAbulk
SSAmin 091 1.00 -025 £
3
55Amax 0.97 0.87 1.00 %
-0.00 8
(WRNEPS 065 062 -0.65 -0.61 -0.66 1.00 §
=
17 ®
Pex, x .25 -0.47 1.00 --0.25 &
o
Pex,y . -0.53 0.97 1.00
-0.50
Pex, z . -0.94 -0.75 70:49" 0.63 0.67 1.00
@ 0.82 0.90 O. -0.73 -0.85 0.66 EuN[EELNY 0.56 -0.75
[ WP 0.70 0.78 0. -0.40 0.25
) -1.00

[o3d s}l—

N Ny & a* .@zi\
Qe Q@ v.‘o‘) v-“\ v.é‘

Figure Al. Spearman rank correlation matrix of all obtained microstructural parameters and compressive strength. The correlations with weak layer thickness h,,; were due
to the increased weak layer heights used in later experiments to obtain larger ROI’s for the uCT scans and should therefore be neglected.
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