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Abstract We experimentally determined the multiaxial strength of weak layers of buried surface hoar using
displacement-controlled tests under combined normal and shear loading on a custom testing machine. We tested
63 samples from three different weak layers, with strengths ranging from 1 to 10 kPa with considerable
scattering. While shear strength was lower than compressive strength (typically about one to two thirds), we did
not observe the very low shear strengths implied by a Mohr-Coulomb-cap type of failure envelope. Instead, our
data were better described by elliptical failure envelopes, consistent with numerical predictions for other weak
layer types. Density and microstructural parameters were quantified from micro-computed tomography. Bulk
density alone did not predict strength or envelope shape, but the data are not yet sufficient to derive robust
quantitative structure—property relations. The envelope shape also appeared to be unrelated to the elastic
properties, indicating that different microstructural aspects might govern elasticity and strength.

Plain Language Summary Snow avalanches start when a weak layer within the snowpack fails, but
it is not well understood how these layers break under different directions of loading. One of the most fragile
weak layers is buried surface hoar, which forms when delicate frost crystals on the snow surface are buried by
new snow. On an inclined avalanche slope, the weight of the snow and, for example, the load of a skier can be
decomposed into components normal and parallel to the slope, producing compression on the weak layer and
shear along it. To better understand how these layers fail under such combined loading, we tested 63 snow
samples in the laboratory using a custom-built machine that allowed precise control of the deformation. In our
experiments, the weak layers were easier to break in shear than in compression. The failure behavior in stress
space followed an elliptical pattern, which means that surface hoar can fail in pure shear, in pure compression,
and in any combination of these two loading directions. These results improve our understanding of how
avalanches start and can help to enhance avalanche forecasting in the future.

1. Introduction

Slope failures in soils, rocks, and snow share a common trigger: the loss of strength along a buried weakness that
separates an intact body from its substrate. Whether in landslides, rock avalanches, or dry-snow slab avalanches,
failure occurs when stress states at depth reach a critical loading. Predicting such events therefore requires un-
derstanding the geometry of the failure envelope—the surface in stress space that defines the transition from
stable to unstable conditions. While this concept is well established in soil and rock mechanics, its form for snow,
a highly porous and evolving geomaterial, remains poorly constrained.

In snowpacks, the weak layer beneath a slab is particularly fragile and often consists of faceted crystals, depth
hoar, or surface hoar (Schweizer et al., 2003). It is subjected to multiaxial loading from the snowpack's self-
weight and external perturbations such as skiers or a snowfall. In a slope-aligned coordinate system, this
loading is commonly expressed as normal and shear components acting on the weak layer plane, which are not
necessarily aligned with the principal stress directions and can vary substantially with snowpack stratigraphy and
loading conditions even for similar slope angles. The relevant descriptor is the multiaxial failure envelope, which
links normal- and shear stress to delineate stable from failing states.

For isotropic materials, invariant-based formulations in Haigh—Westergaard space (I, J,, and J3) provide a
compact representation of the failure surface. Here, I; defines the hydrostatic axis. The deviatoric plane is
described by the deviatoric radius p (proportional to \/.1_2 ) and the Lode angle ® (a function of J5/J. %/ %), where J,
and J; are the second and third invariants of the deviatoric stress. Meridian sections along the hydrostatic axis then
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quantify pressure sensitivity, while z-plane sections orthogonal to the hydrostatic axis reveal Lode dependence of
strength (Bigoni & Piccolroaz, 2004; Christensen, 2013; Hach et al., 2026; Lode, 1926; Rosendahl, Kolupaev, &
Altenbach, 2019). Classical criteria map to simple shapes in this space: von Mises (J,-only cylinder around the
hydrostatic axis), Drucker-Prager (/;—/, cone centered around the hydrostatic axis), and Mohr—Coulomb (fric-
tional pyramid), with cap-type extensions often introduced to ensure closure at high confinement (Chen &
Zhang, 1991; Coulomb, 1773; Drucker & Prager, 1952; Mohr, 1900; Rosendahl, Staudt, et al., 2019). Such
formulations are commonly used to reduce multiaxial stress states to an equivalent stress (to be compared with
material strength) or, when several parameters are needed to describe the failure surface @, to define linear failure
indices along the loading path (Hach et al., 2026). For the slab—weak layer configuration considered here, normal
and shear stresses dominate, so we describe the failure envelope in the o— plane, which provides a practical
section of the broader failure surface because other multiaxial loading configurations are difficult to realize
experimentally. In this sense, our representation can be viewed as a physically meaningful 2D slice of @ that
reflects pressure sensitivity and compressive failure through 7; (Gibson & Ashby, 1997; Rosendahl, Drass,
et al., 2019), and shear dependence through J, (Chen & Zhang, 1991; Christensen, 2013).

Despite extensive testing, the geometry of the weak layer failure envelope is still poorly constrained. Most studies
measure strength in a single dominant loading mode, either compression or shear (e.g., de Montmollin, 1982 Fohn
et al., 1998; Fukuzawa & Narita, 1993;; Jamieson & Johnston, 2001; Jamieson & Schweizer, 2000; Schottner,
Zeller-Plumhoff, et al., 2026; Schottner et al., 2025; Schweizer, 1998), while only few studies span the combined
o—7 domain (e.g., Chandel et al., 2014; Jamieson and Johnston, 1998; McClung, 1977; Nakamura et al., 2010;
Reiweger et al., 2015; Zeidler and Jamieson, 2006). Methodological heterogeneity, such as differences in sample
type, preparation, density, and loading rate further limits comparability.

Experimental and numerical studies suggest two recurring families of envelope shapes: conic-section—like sur-
faces (ellipses, parabolas, ...) (e.g., Blatny et al., 2021; Bobillier et al., 2020; Chandel et al., 2014; Ritter
et al., 2020) and Mohr—Coulomb—cap-type surfaces (e.g., Chandel et al., 2015, 2014; Gaume et al., 2014;
Jamieson and Johnston, 1998; McClung, 1977; Nakamura et al., 2010; Reiweger et al., 2015). Several studies also
report intermediate or blended forms (e.g., Chandel et al., 2015; Gaume et al., 2014; Mulak and Gaume, 2019;
Mede et al., 2018). The choice of envelope shape affects how failure is represented under combined normal and
shear stresses and influences modeling outcomes. The limited experimental multiaxial coverage and methodo-
logical heterogeneity outlined above underscore the need for systematic, controlled, coupled compression and
shear experiments across a broad o—r domain.

Here we conduct displacement-controlled multiaxial tests on natural buried surface hoar layers using a custom-
built apparatus. We probe the failure envelope from compression-dominated to shear-dominated regimes,
quantify its geometry and associated parameters, and compare the results with prior experimental and numerical
studies to assess which type of envelope shape is more consistent with the observations. The results constrain the
multiaxial strength of weak layers and provide essential parameters for physics-based avalanche-release
simulations.

2. Methods
2.1. Snow Weak Layer Samples

Samples including surface hoar weak layers were harvested in February 2024 and February 2025 in the Fliiela
Valley near Davos, Switzerland, at about 1,640 m a.s.l. The sampling site was the flat, shaded roof of a bunker
near a creek, where a horizontally layered snowpack and minimal solar radiation until early February favors
regular surface hoar formation. Snow blocks (“parent samples”) of approximately 60 x 40 cm? were cut with a
snow saw, placed in polystyrene boxes, and stored at —20°C in the cold laboratory. The snow layers surrounding
the weak layer consisted of rounded grains and decomposed particles. The SH24 and SH25.1 samples also
exhibited a melt-freeze crust directly above the weak layer. Ten parent samples were obtained in 2024 and eight in
2025; since two weak layers were present in 2025, the 2025 blocks were split horizontally, yielding three series:
SH24, SH25.1, and SH25.2. All samples were tested in May—June 2025.
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2.2. Experimental Setup and Testing Procedure

The experiments were performed in a displacement-controlled, biaxial testing machine at —5(x1) °C (Schéttner
etal., 2024). 1 day before testing, up to four specimens (10 X 20 x 15 cm®) were cut from each parent sample and
freeze-bonded on their top and bottom faces to pre-cooled, 3D-printed holders using a thin water film. The holders
provided a rigid interface for direct displacement transfer. Because both interfaces had to be attached to the
machine force-locked and without play, completely stress-free mounting was not possible. Residual force offsets
were quantified from baseline measurements without a sample and removed in post-processing. During the
experiment, the vertical actuator applied compression to the top of the sample, and the horizontal actuator moved
the bottom sideways, yielding superimposed unconfined compression and simple shear. The relative actuator
displacement rates prescribed the displacement angle 6,,,, which set the normal-shear partition for each test. Each
machine axis was driven by a linear motor and guided by linear rails, instrumented with a high-precision load cell
(1 kN capacity, 0.1 N resolution) and linear encoders. Data were sampled at 1,000 Hz. The upper plate allowed a
+5° tilt for alignment with the sample and could be locked with three thumb screws.

Displacement-controlled tests under combined normal and shear loading require careful consideration because
the shear modulus G is typically smaller than the elastic modulus E. As a result, identical normal (y) and shear (x)
displacements do not generate comparable stress responses (e.g., Luo et al., 2021; Vogler et al., 2000; Xu and
Dai, 2018). Hence, the machine's prescribed displacement ratio (expressed as the displacement angle
0., = arctan(u,/u,)) generally differs from the reaction force angle ¢,, = arctan(F}/F,), and thus from the
resulting normal and shear stresses (see Figure 1a). To span the full range of o6—7 conditions, we therefore applied
proportionally larger horizontal (shear) displacements.

The required displacement ratios were obtained from a finite-element (FEM) parameter study of a three-layer
linear-elastic model (slab—weak layer—slab) in ANSYS Mechanical (static structural, Mechanical APDL
solver). The model was meshed with 3D solid elements using a uniform element size of 5 mm; the bottom surface
was fixed and horizontal displacements were prescribed at the top surface according to the displacement angle 6,.,.
Reaction forces were used to derive ¢,,. The study spanned Poisson's ratios v €[0.1,0.4] and elastic modulus
ratios Ey,/ Egy, € [0.1,1.0] (N = 760), and the resulting mapping @,, - 6,, is shown in Figure 1b.

Deformation of the samples was recorded with a Phantom Veo 710L high-speed camera (AMETEK Vision
Research, USA-1,280 px X 720 px) at 1,000 frames per second, mounted 60 cm from the rig and synchronized to
the mechanical data via a trigger signal. To enhance contrast for digital image correlation (DIC), specimens were
speckled with black ink (Figure 1a).

2.3. Data Post-Processing and Evaluation

We recorded mechanical- and high-speed video data of the experiment simultaneously, until after the moment of
failure. The machine measured compressive and shear forces, temperature, relative humidity, and trigger signals
at 1,000 Hz, providing the primary data for characterizing the multiaxial behavior of the weak layers. The raw
force signals were filtered using a second-order low-pass Bessel filter with a 10 Hz cutoff to reduce noise
(Virtanen et al., 2020). Compressive and shear stresses (o and 7) were obtained by dividing the respective filtered
forces (F; and Fy) by the horizontal cross-sectional area of the sample (20 X 10 cmz), which defines the relevant
area for both types of stress.

To obtain accurate strain information for the weak layer alone, high-speed video recordings were analyzed using
DIC software (DICe; Turner et al., 2015). Full-field strain measurements within the weak layer were unreliable:
the highly porous microstructure induces depth-of-field effects, individual crystals deform in a complex manner,
and post-failure disturbance of crystal fragments compromises correlation quality and strain estimates. Instead,
we tracked the speckle pattern in two long and thin rectangular regions of interest (ROIs) placed immediately
above and below the weak layer in order to calculate the effective displacement in the weak layer (white hori-
zontal regions in Figure 1a). From each ROI, the average horizontal (u,) and vertical (u,) displacements as well as
the rigid body rotation (/)’Z) were obtained. Due to the finite stiffness of the machine and the sample attachment, a
small but systematic rigid-body rotation about the out-of-plane axis was present in most experiments (mean
rotation at failure BZ ~ 0.03°, with maxima up to ~ 0.3°in tests with the largest shear contributions). To isolate the
layer deformation, we corrected the relative displacements between the upper and lower ROIs for rigid-body
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Figure 1. (a) Weak layer specimen in the biaxial testing machine, speckled with black ink to improve image contrast,
illustrating the imposed displacement angle 6,, and the resulting reaction-force angle ¢,,. The weak layer is defined by the
~4 cm thick surface hoar layer visible in the image. Displacement of the white horizontal regions was tracked using digital
image correlation to quantify strain within the weak layer. (b) FEM-based mapping ¢, — 6, for a three-layer system (slab—
weak layer—slab). The shaded band spans v €[0.1,0.4] and E )/ Eg,, €[0.1,1.0] (N = 760 parameter combinations); the solid
line shows the mean relation. (c) Example of the measured stress—strain response for a test with 6,, = 30°. Dots show normal
stress o (compression) and shear stress 7 as a function of compressive strain ¢, and engineering shear strain y,,. Square markers
indicate the ultimate normal and shear strength. The straight line segments indicate how the elastic modulus E and shear
modulus G were obtained, with the data points used for the fits highlighted. The corresponding stress—time signals are included
to indicate when these features occur during loading. For this specimen, the extracted ultimate strengths correspond to a
reaction-force angle ¢,, ~ 12.5°.

rotation of the sample using a small-angle approximation for the rotation (Schreier et al., 2009). Compressive
strain (¢,,) and engineering shear strain (y,,) across the weak layer were then computed as:

Au, + B, Ax Au, + . Ay
— Y = —
Syy = hW] = . j/xy = 2€xy = o hW] S . (1)

where Au, and Au, are the translational displacement differences between the ROIs in horizontal and vertical
direction (still containing rigid-body rotation), Ax and Ay are the horizontal and vertical offsets between the ROI
centroids (with Ay ~ hy;), B, is the measured rigid body rotation in radians, and h,,; denotes the weak layer
thickness, which is the relevant length for the calculation of both types of strain. Camera calibration minimized
lens distortion and enabled accurate conversion from pixels to millimeters, while synchronization with the ma-
chine data was ensured via a trigger signal.
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Failure was clearly visible in the stress—strain signals as a sudden drop in stress (see Figure 1c¢). We defined the
failure point as the time when the magnitude of the stress vector reached its maximum, just before this drop. The
normal and shear stresses at that time were taken as the compressive and shear strength, respectively.

The stress-strain signals were also used to estimate the elastic response and the strain rate of the experiment. To
this end, we analyzed the linear region of the stress-strain plots using an incremental regression approach,
necessary because of the relatively high amounts of noise in the data. We fitted a regression line to the first 10% of
the linear region and added further data points until R> > 0.9 was fulfilled, as described in detail in Schéttner,
Zeller-Plumhoff, et al. (2026). Fits that did not meet this criterion were not considered. This procedure is
illustrated in Figure 1c. We then used the resulting mean elastic E and shear G modulus per weak layer to estimate
the Poisson's ratio according to:

-1 @)

__E
r=—
2G
Values of 7 with 0¢(—1,0.5), that is outside the physically admissible range for linear isotropic elasticity, are
marked with an *. We retain them only as an indicator of the E-G ratio and the magnitude of this deviation.

In addition to the mechanical tests, we obtained microstructural information using micro-computed tomography
(1CT). For this purpose, one weak layer sample was extracted from each parent sample and scanned in an 80 mm
sample holder at a resolution of 29.1 pm. The resulting scans were post-processed and analyzed using standard
methods (Schoéttner, Zeller-Plumhoff, et al., 2026).

3. Results

In total, we performed approximately 80 experiments under loading conditions ranging from simple shear to pure
compression. Of these, 63 samples yielded usable data; the remaining tests were discarded due to specimen
damage during mounting or at the sample holder interface, or clearly invalid measurement signals. In parallel, we
conducted 20 pCT scans of all parent samples to obtain detailed density information and a comprehensive set of
standard microstructural metrics.

To verity the experimental conditions, we first address the strain rate, a parameter to which snow's mechanical
properties are highly sensitive. The strain rate was estimated from the linear regions of the stress—strain curves and
the corresponding time signals. The average strain rate components in the weak layer were &, =
1.1(x1.8) x 1073 s~! in compression and Ty = 28y = 2.0&1.4) X 1073 57! in shear. These values place our
experiments in the quasi-brittle regime (e.g., Lowe et al., 2020), although the stress—strain curves indicate some
degree of plastic deformation preceding failure.

Figure 2a summarizes the effective, linear-elastic properties obtained from these experiments. The amount of
usable data was further reduced by about a third, as many stress—strain signals were affected by noise. In particular,
for tests dominated by compressive loading, it was difficult to reliably determine G, whereas for those with a high
proportion of shear loading, deriving E proved challenging. The resulting mean elastic E = ¢/e,, and shear
G = 1/y,, moduli were E = 9.16(£5.6) MPaand G = 3.65(+2.3) MPa for SH24, E = 9.08( +4.4) MPa and
G = 4.05(+1.4) MPa for SH25.1, and E = 12.47(+3.7) MPa and G = 3.44(x1.1) MPa for SH25.2.
Assuming isotropic material behavior, the corresponding mean Poisson's ratios are 7 = 0.26, 0.12, and 0.81",
respectively. We note that snow is generally anisotropic, so these values are effective parameters obtained under a
commonly used isotropic approximation for snow.

Considerable scatter was observed in the ultimate strength data, which are shown in the 7—¢ plane in Figure 2b to
represent the proportions of shear and compressive stress at failure. Nevertheless, shear strength was generally
lower than compressive strength. We did not observe the pronounced frictional trend implied by Mohr-Coulomb-
cap criteria; instead, our data support a conic-section—like failure surface, which seems to be well described by a
simple, elliptical failure envelope in the shape of:

o 2 T 2
(5) + () = @
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Figure 2. Overview of experimental results: (a) Measured effective elastic modulus E and shear modulus G shown as box
plot, with boxes indicating the interquartile range and whiskers the full data range. The horizontal bar marks the median, and
the diamond symbol denotes the mean value. The theoretical Poisson's ratio 7 is calculated from the mean values of E and G
assuming isotropic material behavior. (b) Ultimate strength values obtained from the experiments shown in the 7—o plane,
including the resulting elliptical failure envelopes and the 1 prediction bands. The reduced y* values (y2 € [4.8, 7.3]) exceed
unity, indicating scatter beyond measurement uncertainty.

with only two free parameters o, 7, being the points where the envelope intersects the ¢ and z-axis. We used an
orthogonal distance regression (ODR-Boggs and Rogers, 1990) for the fitting.

The resulting 7. values were nearly identical for all samples, ranging between 2.2 and 2.7 kPa. In contrast, the o,
values differed more markedly: while SH25.1 and SH25.2 showed similar values of 4.5 and 3.8 kPa, the SH24
weak layer reached a considerably higher value of 7.8 kPa, roughly twice that of the 2025 samples. This indicates
that SH24 was more resistant to compressive loading.

Microstructural characteristics derived from pCT analysis are shown in Figure 3. The bulk densities of the weak
layers were 177( +23) kgm™ for SH24, 166( = 34) kg m™3 for SH25.1, and 102( +9) kg m~ for SH25.2. The
corresponding weak layer heights were 10.4(£1.6) mm for SH24, 13.6(£1.6) mm for SH25.1, and
31.6(+3.8) mm for SH25.2. Among these, SH24 exhibited substantially higher minimum densities (Figure 3d)
despite having a bulk density comparable to SH25.1. Specific surface area (SSA;. - Figure 3e), vertical
anisotropy (Figure 3f), and vertical tortuosity (Figure 3h) were of similar magnitude across all three weak layer
types. Local thickness analysis (Figure 3g), however, revealed clear distinctions: SH24 showed the lowest values
in both ice and pore thickness, indicating a network of fine ice structures with limited pore space. SH25.1 dis-
played nearly identical pore thickness but greater variability in ice thickness, whereas SH25.2 exhibited the
opposite trend, with uniform ice thickness and more variable pore geometry. Interfacial curvature analysis further
highlighted systematic differences. SH24 and SH25.1 exhibit a broad spread in both mean and Gaussian cur-
vature, whereas the SH25.2 samples cluster more tightly (Figure 3i).

4. Discussion

We tested 63 samples from three weak layers of buried surface hoar under combined simple shear and unconfined
compression to determine their failure envelopes. Here, we discuss the findings with attention to experimental
influences, microstructure, relevant literature, and key limitations.
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Figure 3. Summary of key microstructural parameters. (a—c) show 3D renderings of the three tested weak layers SH24 (177(23) kg m~2), SH25.1 (166(£34) kg m™3),
and SH25.2 (102(9) kgm™3), respectively (section size: 3 X 3 X 5 cm?). (d—i) compare key microstructural parameters according to Schéttner, Zeller-Plumhoff,
et al. (2026).

4.1. Experimental Setup

We used a displacement-controlled device to perform multiaxial tests on natural buried surface hoar under well-
defined laboratory conditions, to our knowledge, the first implementation of this kind. From these tests, we
derived mechanical properties and failure envelopes. The results show considerable scatter, which we partly
attribute to natural variability in sample properties, most notably density, within specimens from the same weak
layer.

Two characteristics of the setup are important for interpreting the data. First, the strain rate in shear was, on
average, about twice the compressive strain rate. However, since we report engineering shear strain rate
(7,y = 24,), this difference is expected and does not imply a shear-dominated stress path. Overall, the applied
rates place the tests in a quasi-brittle regime, although some stress—strain curves exhibited limited pre-failure
plasticity. Second, finite stiffness of the frame and attachments resulted in small rigid-body rotations of the
specimen. We corrected the ROI displacements for this effect; without correction, elastic properties would be
underestimated by ~ 5% in E and ~ 53% in G. The large effect on G follows from the ROI geometry: their centers
are aligned in x but separated in y by the weak layer thickness Ay ~ h,,;. A small rotation f3, induces a substantial
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relative x-shift Au, = f, Ay, which contaminates the apparent engineering shear strain y,, while the normal strain

€,y is largely unaffected; hence G is far more sensitive to rotation than E.

4.2. Experimental Data: Effective Elastic Properties

Estimating effective elastic parameters proved challenging and produced substantial scatter because the data set is
relatively small and only a subset of tests yielded usable signals. Under predominantly compressive loading, the
shear modulus could not always be extracted, and vice versa. Nevertheless, approximate values of the effective
elastic modulus E and the effective shear modulus G were obtained, allowing us to estimate Poisson's ratios o
under the assumption of isotropy. The inferred Poisson's ratios (0.26, 0.12, and 0.817) indicate pronounced
mechanical heterogeneity across weak layers. The first value falls within typical ranges reported or estimated for
snow weak layers (e.g., Adam et al., 2024; Mellor, 1975; Weifigraeber and Rosendahl, 2023); the second is rather
small, and the third exceeds the isotropic upper bound (v <0.5), inconsistent with a homogeneous, linear-elastic
continuum. This suggests that some weak layers may not be well represented by a single bulk parameter set;
instead, their macroscopic elastic response might be governed by microstructural architecture (akin to meta-
materials) where microstructure governs the mechanical behavior. Given the limited number of elastic data sets
and the noise sensitivity of modulus identification, these values should be interpreted as indicative rather than
definitive.

The measured E values were of the same order of magnitude as in Schottner, Zeller-Plumhoff, et al. (2026) but
tended to be on the higher side at comparable bulk densities. We attribute this to microstructural differences: the
present samples exhibited higher minimal densities and distinct microstructural metrics relative to the earlier data
set. For G, experimental benchmarks for surface hoar weak layers are scarce; to our knowledge, only Fohn
et al. (1998) reported shear moduli of about 0.3 MPa for weak layers with shear strength around 1.5 kPa, at much
higher strain rates on the order of 10~! s~!. This is about one order of magnitude lower than the values we found,
though a direct comparison is difficult. We also tested whether the parameterization of Sundu et al. (2024) for
snow elasticity applies to buried surface hoar microstructures. It predicted low Poisson's ratios (v ~ 0.10-0.15),
while the corresponding E and G differed from our measurements by up to about a factor of five, without a clear
systematic trend.

4.3. Experimental Data: Strength and Failure Envelopes

Our data support conic-section-like representations of the failure surfaces for buried surface hoar weak layers. We
found no evidence for Mohr-Coulomb-cap behavior, such as a frictional cut-off or a systematic increase of shear
strength with added compression. We fitted elliptical envelopes because they provide a compact, physically
motivated description that captures the overall trend of the data and is consistent with prior work. We emphasis
that this choice is not intended to imply an optimal solution, but rather to provide a concise representation of the
central tendency in our measurements. The reduced y? values (;(f €[4.8, 7.3]) exceed unity, indicating scatter
beyond measurement uncertainty and pointing to experimental variability and/or sample heterogeneity.

To ground the discussion, we first compare strength magnitudes via the axis intercepts o, and z,. obtained from the
fits. Our data were in the range of 6. = 3.8-7.8 kPa and 7, = 2.2-2.7 kPa, broadly consistent with published
ranges for buried surface hoar yet slightly higher than previously reported values (Chandel et al., 2023; Fohn
et al., 1998; Jamieson & Johnston, 2001; Nakamura et al., 2010; Reiweger & Schweizer, 2010; Schottner, Zeller-
Plumbhoff, et al., 2026). The difference (. > 7.) confirms comparatively low shear strength, though not as low as
often assumed (e.g., Perla et al., 1983).

While elliptical envelopes are supported by a broad literature, particularly numerical studies, it is difficult to
assess our results against experimental multiaxial data for buried surface hoar because such data sets are scarce.
We provide a detailed overview comparing our envelope shapes to experimental and numerical literature data in
Figure 4, but for the discussion focus on Reiweger et al. (2015), Chandel et al. (2023), and Jamieson and
Johnston (1998), to our knowledge the only experimental studies that investigated surface hoar strength under
combined loading. Reiweger et al. (2015) and Chandel et al. (2023) report low nominal strain rates; however,
compliance at the machine—snow interface can make the in-specimen rate lower than reported (Schottner
et al., 2025). For Jamieson and Johnston (1998), compression was applied quasi-statically by placing dead
weights on the shear frame (effectively load-controlled), and no explicit strain rates are reported for shear.
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Our data (£, = 1x1073/s, T= —5°C)
[ SH24 - 177 (+23) kg/m?
= SH25.1 - 166 (+34) kg/m?
SH25.2 - 102 (+9) kg/m*
Experimental literature data
Reiweger et al. (2015) - Load-controlled experiments,
Erast = 107° to 107%/s, T= - 6°C,
(SH 60 kg/m3, FC 190 kg/m?)
Chandel et al. (2014) - Shear frame & dead weights,
(FCsf 150 kg/m?)
Chandel et al. (2014) - Shear frame & dead weights,
(FCsf 200 kg/m?)
Chandel et al. (2014) - Shear frame & dead weights,
(RGsr 230 kg/m3)
Nakamura et al. (2010) - Vibration apparatus & dead weights,
Eshear = 1073/s, T= — 10°C, (RG 175 kg/m?, MF 280 kg/m?)
Jamieson and Johnston (1998) - Shear frame & dead weights,
(SH, FCxr, DF)
Perla & Beck (1983) - Shear frame & dead weights,
(DF 200 kg/m?)
McClung (1977) - Direct simple shear test & dead weigts,
£shear = 1079/s, T= —8°C, (RG 390 kg/m?)
Numerical literature data
Blatny et al. (2021) - MPM (¢=0.20)
— Ritter et al. (2020) - DEM (¢=0.35, z.=2.9)
i Ritter et al. (2020) - DEM (¢=0.35, z.=3.2)
Bobillier et al. (2020) - DEM
s Mulak & Gaume (2019) - DEM
Mede et al. (2018) - DEM (RG 250 kg/m?)
""" Mede et al. (2018) - DEM (RG 180 kg/m?)
Mede et al. (2018) - DEM (FCDH 180 kg/m3)
== Chandel et al. (2015) - FEM (FCso 412 kg/m?)
= Chandel et al. (2015) - FEM (FCsf 251 kg/m?)

Gaume et al. (2014) - DEM
T

Shear stress T [kPa]

Compressive stress o [kPal

Figure 4. Comparison of our failure envelopes with a non-exhaustive selection of experimental and numerical results from
the literature, including snow types (according to Fierz et al. [2009]) and experimental conditions. Literature envelopes are
reproduced as reported and were not rescaled (e.g., to account for density differences); the comparison is therefore intended
to highlight envelope shape rather than absolute values.

For Chandel et al. (2023), the reported strengths (0.6-2.2 kPa) are lower than ours, consistent with their lower
weak layer density (z 45 kg m‘3). The precise locations of these data points in the o—7 plane are uncertain; our
FEM analysis (Figure 1) indicates that a 45° weak layer orientation under uniaxial compression generates only a
small shear stress component (loading angle ¢,, ~ 10-20°), that is, a predominantly normal loading state.

Overall, their results are consistent with our envelopes.

By contrast, we cannot reconcile the trend reported by Reiweger et al. (2015) and Jamieson and Johnston (1998)
with our results. We did not observe a comparable increase of shear strength with compression and do not have a
robust hypothesis for this discrepancy. In particular, Reiweger et al. (2015) combined a broad range of densities
and crystal types into a single curve; our data and our earlier study (Schéttner, Zeller-Plumhoff, et al., 2026) did
not show a comparable collapse for brittle weak layers. Because multiaxial testing of snow is inherently difficult,
the stress state and boundary conditions may have been imperfectly constrained despite best efforts, potentially
affecting the inferred envelopes (ASTM International, 2019). Even with our displacement-controlled apparatus,
designed to limit such effects, we observed small rigid-body rotations, underscoring the sensitivity of results to
experimental control. The extreme increase in shear strength with compressive loading reported by Nakamura
et al. (2010) may not reflect brittle weak layer behavior and may involve additional processes; McClung (1977)
did not probe the brittle regime and is therefore not directly comparable. We refrain from attributing discrepancies
to specific setups and instead emphasize the need for careful stress-state control and video analysis in future work.

4.4. Influence of Snow Microstructure

Microstructural analyses served both to establish accurate densities and to probe microstructural controls on
strength. For our fits, density was not a reliable predictor of either absolute strength or failure envelope shape.
SH25.1 and SH25.2 displayed nearly identical envelopes despite a mean density difference of ~ 65 kgm™3,
whereas SH24 and SH25.1 had comparable densities but clearly different envelopes, with SH24 showing roughly
twice the compressive strength. Taken together, these contrasts suggest that, in addition to bulk density, other
microstructural attributes are likely important for the mechanical response.
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Within the set of bulk microstructural metrics we measured, no single parameter emerged as a definitive predictor
of envelope shape; nevertheless, several consistent patterns are evident. Minimum density (a proxy for the
weakest portion of the layer) separated the series more clearly than bulk density (Figure 3d). Local thickness
metrics also differentiated the layers: ice- and pore-thickness distributions varied in distinct ways across the series
(Figure 3g). Topology metrics showed no trend; we suspect that strong vertical heterogeneity, evident in the gap
between minimum and bulk density, masks potential signals when metrics are averaged over the layer. Interfacial
curvature distributions differed as well, but irregular crystal morphologies hindered a direct mapping to bond-
scale geometry. Overall, these patterns indicate that microstructure exerts first-order control on strength and
envelope shape, whereas the present data set is not yet sufficient to derive robust quantitative structure—property
relations.

A notable observation is a possible decoupling between strength trends in the ¢ — 7 plane and the elastic
properties. Across weak layers, the ratio 6./7, did not show a clear systematic relationship with E or G within the
scatter of our elastic estimates. For example, SH24 exhibited substantially higher o, yet did not display clearly
distinct values in E and, in particular, in v. This tendency is consistent with our earlier findings on the role of snow
microstructure (Schoéttner, Zeller-Plumhoff, et al., 2026), suggesting that elastic properties and strength may be
governed by different microstructural attributes. Further data are needed to test this hypothesis and to assess
potential implications for the shape of the failure envelope.

A final consideration is material history. The SH24 weak layer was stored for more than 1 year at —20°C, allowing
isothermal metamorphism and gravitational settling that could, in principle, modify its structure and strength.
However, the same weak layer was already tested in compression in our previous study (Schéttner, Zeller-
Plumhoft, et al., 2026, parent sample ID 577), at the time when the present specimens were harvested and put
into storage. Comparing those earlier tests (N = 8) with the current SH24 measurements shows very
similar compressive properties: Eperore = 10.53(£6.6) MPa versus Euper = 9.16(£5.6) MPa, and opepore =
7.3(£1.6) kPa versus o, ~ 6. = 7.8 kPa. Within the experimental scatter, long-term storage at —20°C
therefore does not appear to have altered the compressive response. At the same time, pCT-derived metrics
(e.g., SSA) showed differences, indicating that the microstructure did evolve during storage. Notably, SH24
exhibited the highest compressive strength without a corresponding increase in shear strength relative to the 2025
layers. In light of reported time-dependent changes in shear strength of buried surface hoar layers (Jamieson &
Schweizer, 2000), we cannot attribute this behavior unambiguously to either storage effects or initial
microstructure.

4.5. Limitations

Several limitations should be considered when interpreting our findings: (a) Sample state: Short warm episodes in
January 2024 and January 2025 caused brief isothermal conditions in all weak layers, so the tested samples may
not span the full range of surface hoar microstructures. In SH24, flow channels were observed; samples visibly
affected by liquid water were excluded. SH24 was also stored for over a year at —20°C, which may have altered its
microstructure and contributed to its higher compressive strength. (b) Sample size and trimming: Sample di-
mensions varied by a few percent, and the cutting process may have damaged the outermost crystals. Both effects
could lead to a slight underestimation of the true stresses, but this bias is expected to be small compared to the
scatter in the data. (c) Preload offsets: Mechanical mounting introduced small preloads; true zero-force instal-
lation was not achievable. Offsets were estimated from empty control runs and are small relative to the overall
scatter, but they remain a source of uncertainty, reflected in the error bars in Figure 2b. (d) Elastic data set: The
number of usable elastic data is limited, and the identification of the moduli is noise-sensitive; larger sample sizes
would improve the statistical robustness. In addition, we report effective elastic parameters under a isotropic
approximation, although surface hoar is most likely anisotropic (e) Microstructure representativeness: pCT
analysis relied on representative scans at the parent-sample level, preventing a sample-by-sample correlation
between local structure and mechanical response. (f) Sample rotation: Small rigid-body rotations occurred despite
careful alignment. Although we corrected for them in the DIC-based strain evaluation, they may still have slightly
affected the measured forces. This highlights that accurate force measurements combined with in-sample
displacement tracking using DIC are essential in mechanical snow experiments.
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5. Conclusions and Outlook

We conducted displacement-controlled multiaxial tests on natural weak layers of buried surface hoar and derived
failure envelopes spanning shear to compression. The data supports an elliptical formulation of failure envelopes,
showing that normal and shear stresses interact to trigger failure, unlike most prior experimental reports. In our
data set, bulk density did not show a clear relationship with strength or envelope shape. Instead, the mechanical
response appears to depend on microstructure; yet, among the bulk microstructural descriptors we evaluated, no
single dominant factor emerged. Our elastic estimates further suggest that, for some microstructures, a continuum
description may be invalid.

Future work should expand multiaxial testing to other weak layer types while systematically varying key
microstructural variables, so that robust structure-property relations can be established from a larger data set.
Pairing each mechanical test with specimen-resolved pCT would then allow direct, sample-specific links between
microstructure and mechanical response. Embedding these relationships in constitutive models should yield more
reliable simulations of weak layer failure under realistic multiaxial loading and, ultimately could help to improve
avalanche forecasting.
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