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ABSTRACT: Dry snow slab avalanches release after failure has occurred in a weak layer below a
cohesive snow slab. Typically, weak layers either consist of precipitation particles or persistent grain
types. In view of forecasting, active times of such weak layers are significantly shorter for precipitation
particles. Hence, studying the characteristics of storm snow instabilities in the field requires good tim-
ing and are challenging since the peak of these instabilities occurs most likely during or toward the
end of a storm — when weather conditions hinder traditional field measurements.

To overcome these difficulties, we investigated storm snow instabilities based on cold-laboratory ex-
periments. Demonstrated techniques allow layers of nature representative snow to be artificially creat-
ed in the laboratory. We created different artificial snowpack made of a base layer, a weak layer, and
a slab layer by either growing crystals or depositing sifted disaggregated particles. Weak layers of
decomposing fragmented particles were created to mimic storm snow snowpack; persistent weak
layers of surface hoar and facets were also created to allow comparisons. After some defined time lag
we loaded snow samples in a mechanical testing apparatus in shear to measure displacement, strain
and failure using an image correlation technique. Micro computed snow tomography and snow micro-
penetrometry captured the microstructural properties at and around the interface where failure oc-
curred.

Our results show that the shear strain was concentrated in the weak layer. Failure occurred after plas-
tic deformation. Measured values of shear strength and shear modulus were similar for the different
the weak layers, and tended to increase after burial. This observation is most likely due to the growth
of grain bonds occurring during isothermal metamorphism.
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1. INTRODUCTION occur during or toward the end of a storm, when
weather conditions likely hinder field observa-

During dry avalanche release, a failure in a weak tions

layer initiates underneath a cohesive slab, form-

ing a crack that propagates across a slope to Another approach, also amenable for forecast-
finally detach a large snow slab (Schweizer et ing, uses snow instability modelling and requires
al., 2016). These processes of failure initiation =~ snow mechanical data resolving the structural
and crack propagation take place in weak layers and mechanical differences between slab and
of precipitation particles or persistent grain types weak layers. Despite the anticipated influence of
mainly. snow microstructure (e.g. Walters & Adams,
2012), current parameterizations of snow me-
chanical properties still mainly rely on density
only.

Avalanche forecasts are rather short-term fore-
casts aiming at estimating the evolution of snow
instability for the following hours, often based on
observation data. Depending on the weak layer ~ To investigate how storm snow layers fail and
type, active times vary and are significantly  what role microstructural differences between
shorter for precipitation particles than for persis-  weak layers play, we tested small layered snow
tent grain types. Hence, observing the character-  samples in the cold laboratory in shear. The
istics of storm snow instabilities in the field re-  samples had a weak layer of decomposing frag-
quires good timing. Also, we often miss the peak =~ mented particles (DF) topped by a slab of sifted
of these instabilities because they most likely  disaggregated grains. To compare with, we also

made weak layers consisting of surface hoar

(SF) and faceted crystals (FC). Using 2-D strain

* Corresponding author address: measurements we derived the fracture mechani-
Benjamin Reuter, Dept. of Civil Engineering, cal properties of the weak layers. Snow micro-
Montana State University, Bozeman MT, U.S.A. penetration was used to ascertain the snow mi-
email: reuter@slf.ch crostructural properties of the weak stratigraphy.
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2. METHODS

In a cold laboratory at -5°C, we prepared 26
layered samples containing a weak layer. We
tested the layered samples in shear, recorded
the fracture for analysis with digital image corre-
lation (DIC) and measured the snow microstruc-
ture with the snow micro-penetrometer (SMP).

2.1 Procedure

Instead of natural snow we used artificially pro-
duced snow that resembles typical snow types
found in nature. At the surface of a snow filled
box representing a well-sintered base, we pre-
pared a weak layer of 5 to 10 mm thickness.
Then we sifted snow on top — simulating a slab
which had four shear frames inserted. After let-
ting the layers sinter for at least 30 min, up to 6
SMP measurements were taken around the first
shear frame. Then, snow was removed from the
around the shear frame perimeter to a depth
below the frame of about 2 cm. One vertical
sidewall was sprayed with a stochastic speckle
pattern for digital image correlation (DIC) analy-
sis. One measurement series consists of four
such mechanical tests. These are associated
with SMP measurements obtained from the re-
gion between the planar area outlined by the
shear frames.

2.2 Weak layer preparation

The weak layer was either a surface hoar layer
(SH) that was grown on the base layer or snow
that was deposited by sifting disaggregated par-
ticles on that base. Surface hoar growth condi-
tions were similar to Stanton et al. (2012). The
particles we sifted on the base to form a weak
layer were either decomposing fragmented den-
dritic particles (DF) artificially produced in a snow
maker or rounding faceted crystals (FCxr). The
faceted crystals were similar in morphology to
surface hoar grown from vapor onto the cold
chamber ceiling that we had swept prior to the
experiment.

2.3 Show micro-penetrometry

The snow micro-penetrometer (SMP) measures
vertical signals of penetration resistance. Follow-
ing the approach for signal interpretation sug-
gested by Léwe and van Herwijnen (2012), snow
microstructural parameters, namely element
length, deflection at rupture and rupture force,
are obtained. Based on these three microstruc-
tural properties, snow density can be derived
with a parameterization as previously done by
Proksch et al. (2014). Instead of using their coef-
ficients, we derived a calibration specific to our
SMP device based on density values obtained
by micro-computed tomography.
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2.4 Digital image correlation

A digital image correlation (DIC) technique pro-
vides a means to derive strain during defor-
mation of the sample until failure. We obtained
values of shear strain by averaging across the
region concentrating the shear strain. We com-
pared this area with near-infrared pictures (Fig-
ure 1) of the samples’ sidewall clearly depicting
the weak layer below the slab. Overlapping the
DIC strain result and the near-infrared images
we could see where the deformation and the
failure occurred.

Values of shear strain obtained for every image
frame allow us to calculate the shear strain rate
and the shear modulus of the weak layer. A fit of
shear strain and time provided the shear strain
rate. Similarly, we obtained the shear modulus
from a regression of the shear stress based on
the force signal at the load cell and the shear
strain.

3. RESULTS

We start by discussing one experiment in more
detail before we present results of different weak
layer types.

3.1 Shear strain concentrations

Figure 1 shows the sidewall of sample 2, that we
tested on 1 July 2018. The near-infrared picture
highlights the weak stratigraphy of a layer of
decomposing fragmented particles which is em-
bedded between stiffer layers above and below.
This stratigraphy led to a concentration of high
shear strain during the stress build up. Overlap-
ping the DIC strain analysis and the near-
infrared picture confirmed that the deformation
and eventually the failure occurred in the weak
layer.
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Figure 1: Near-infrared picture of shear experiment
overlain with SMP signal (red) and DIC shear strain
analysis (color scheme). Two dashed lines embrace
the weak layer.

To estimate the concentration of the shear strain
in the weak layer we calculated a ratio compar-
ing the shear strains in the slab and the weak
layer. In this case the shear strain in the slab
reached, at most, 6% of the shear strain ob-
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served in the weak layer. In other words, before
failure the shear strain in the weak layer was at
least 16 times higher than in the slab layer
above.

3.2 Failure

Brittle failure is marked by an abrupt drop of
stress. In Figure 2 we observe such a sharp
transition suggesting the failure is brittle. Howev-
er, the measurements of stress and displace-
ment shown in Figure 2 refer to the entire sam-
ple, i.e. the measurement of displacement sum-
marizes the deformation of the entire sample,
including the slab and the weak layer. On the
contrary, the DIC technique allows focusing on
the weak layer.
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Figure 2: Shear stress and small shear strain meas-
ured on the entire sample. The slope of the blue re-
gression illustrates stiffness (0.3 MPa).

Figure 3 shows that, contrary to Figure 2, plastic
deformation occurred in the weak layer. Failure
occurred at a shear strain of about 0.0015, but
the stress did not increase above a shear strain
of 0.001.

We describe this failure characteristic with the
amount of non-recoverable strain energy per unit
volume. In this case, the amount of elastic strain

energy per unit volume that is not recoverable
(orange area) was 26% of the total strain energy
per unit volume (strain energy intensity). Hence,
failure was not purely brittle but occurred after
some plastic deformation, indicating ductility.
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Figure 3: Stress and strain measured in the weak
layer with digital image correlation. The slope of the
blue regression line illustrates the shear modulus Gyy.
The blue area represents the theoretical recoverable
portion of the strain energy intensity, while the orange
portion is non-recoverable.

3.3 Different weak layers

Table 1 compiles the results we obtained for the
three different weak layers (DF, SH, and FC(xr)).
Shear strength values were on the order of
1 kPa, shear moduli were around 1 MPa and
strain rates around 10 s™. Decomposing frag-
mented particles had the lowest average values
of shear strength and shear modulus, but gener-
ally speaking, variations between different weak
layer types were not very pronounced. In all ex-
periments we observed a concentration of the
shear strain in the weak layer ultimately leading
to failure after plastic deformation and strain
softening.

Table 1: Summary of the results for different weak layer types.
Average values for every weak layer type and the standard deviation are provided.

Weak| Shear Shear Strain in |Non-recoverable
layer| Strength | Modulus| Strain rate | weak layer | strain energy
(kPa) (MPa) (10°s™) (%) intensity (%)

1.2+06| 23138

FC(xr)| 1.310.3

906

23+17
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Figure 4: Temporal evolution of shear modulus for
surface hoar (top), decomposing fragmented particles
(center) and (rounding) facets (bottom). Values asso-
ciated with each of the data points indicate weak layer
density (kg m™).

3.4 Temporal trends

Whereas variations across weak layer types
were rather small, we observed trends between
the samples of a certain weak layer type over
time. Figure 4 shows time series of weak layers
of surface hoar (SH), decomposing fragmented
particles (DF), and (rounding) faceted crystals
(FC(xr)). In our experiments we observed that
the shear modulus increased with time. This
increase was strongest for decomposing parti-
cles and weakest for rounding facets.

869

While the shear strength also increased with
time in decomposing fragmented particles, sur-
face hoar and (rounding) facets did not show a
significant change with time.

The reasons for these trends seem rather inde-
pendent of weak layer densification as values of
weak layer densities remained mostly un-
changed. The trends are rather due to sintering.

4. DISCUSSION

To understand changes in mechanical properties
and snow microstructure in weak layers after
burial we sheared small layered snow samples,
similar to the experiments of Walters and Adams
(2012). In accordance with their experiments we
found the shear strain to concentrate in a band
which we identified as the weak layer in near-
infrared pictures. We obtained this result across
all tested weak layer types.

The samples were sheared at a strain rate of 10
% s, which would be in the brittle range accord-
ing to former studies on samples in shear (Joshi
et al.,, 2006; Schweizer, 1998). Although all of
our measurements using the entire sample indi-
cated brittle failure, we determined considerable
plastic deformation in the weak layer before fail-
ure, indicating ductility. Based on the DIC analy-
sis non-recoverable strain energy per unit vol-
ume was around 20% and slightly lower in fac-
ets.

With regards to the different weak layer types,
we found that just after burial shear modulus and
strength of decomposing fragmented particles
are similar to the properties of persistent grain
types, but they stiffen and strengthen faster.

Overall, shear modulus increased over time for
all types of weak layers. A less pronounced in-
crease was also observed for shear strength but
only for the decomposing fragmented particles
similar to the results of Podolskiy et al. (2014).
These trends indicate that decomposing frag-
mented particles strengthen and stiffen in the
hours after burial.

Densification alone cannot explain the increase
in modulus and strength we observed. This sug-
gests that parameterizations of mechanical
properties based on density only are not always
sufficient, confirming earlier results (e.g.
Srivastava et al., 2016).

As the samples were exposed to a constant
snow temperature of -5°C isothermal metamor-
phism occurred and the snow microstructure
developed towards more rounded structures and
larger bonds (sintering) without changing its
density (e.g. Kaempfer & Schneebeli, 2007).
Such developments of the microstructure likely
form stronger and stiffer snow.
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5. CONCLUSIONS

We performed shear experiments on small snow
samples containing weak layers of surface hoar,
decomposing fragmented and faceted crystals at
shear strain rates of about 10°. Across all weak
layer types, we observed a pronounced strain
concentration in the weak layer and undeniable
plastic deformation before failure.

Values of shear strength and shear modulus did
not vary much between weak layer types. In fact,
in our samples shear strength was around 1 kPa
and shear modulus around 1 MPa.

However, within one weak layer type variations
of shear strength and shear modulus increased
partly related to the lag times between sample
preparation and testing. While increasing trends
of modulus and strength were not related to den-
sification, sintering is likely the force behind the
observed trends as samples were kept at -5°C
causing isothermal metamorphism.
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