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In the majority of fatal snow avalanches, skiers and snowmobilers trigger the avalanche by applying load to the
snow cover. The snow cover is often tested to learn information about its stability on surrounding slopes. This
testing is normally performed by digging down into the snow cover, isolating a column of snow, dynamically
loading the top of the column and observing fractures that occur in the columndue to the loading. Understanding
how stress from dynamic surface loads and from loading in common stability tests transmit through the snow
cover can help people avoid situations inwhich they can trigger avalanches. Capacitive sensorswere usedwithin
themountain snow cover tomeasure peak stress belowdynamic surface loads and in common stability tests. The
sensors were used on 21 field days to collect over 1,605 measurements. We present measured stress data
illustrating the effect of isolating a column in stability tests compared to skiing and snowmobiling over a largely
undisturbed snow cover. We observed that adjusting the depth of stability tests to account for the penetration
depth of snowmobiles loads the snow cover more similarly to the loading applied by snowmobiling. We found
that the stress profile in stability tests more closely matched skiing and snowmobiling when the snow cover
was softer compared towhen the snow coverwas harder. Similarly, the differences between the skier and snow-
mobile loading compared to the stability test loading were increased for a harder snow cover. Finally, in the
Extended Column Test, a modern stability test, stress was only measured directly below the loading and not
on the opposite side of the column.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-SA license
(http://creativecommons.org/licenses/by-nc-sa/3.0/).
1. Introduction

Most snow avalanche fatalities result from people triggering the
avalanches themselves (Harvey et al., 2012; Jamieson et al., 2010;
Tremper, 2008). Backcountry skiing, snowmobiling, snowboarding,
etc., result in localized dynamic loading (LDL) applied to the snow
cover, which can initiate failures in weak layers and possibly trigger
avalanches. Jamieson et al. (2010) showed that individuals on foot or
snowmobiles rarely initiate failures in layers deeper than 100 cm. The
transmission of stress below LDL through the mountain snow cover is
much more complicated than that in continuous materials as snow is
a porous layered material. Energy and momentum are transferred
away from the LDL in the formofwaves, or in the case of a single loading
event, a pulse. Various types of particlemotion develop beneath the LDL
as the pulse passes:

Primary motion—this is motion parallel to the propagation direction
causing stretching or compressing of the material (P-motion)
Secondary motion—this is motion perpendicular to the propagation
direction of the wavefront. Sometimes called the “shear wave”
(S-motion).
. This is an open access article under
Surface waves (Rayleigh and Love)—the interaction of P-motion and
S-motion with a free surface causes the formation of surface waves.

Biot (1956) developed a theory for stress wave propagation in po-
rous materials based on the coupling of stress waves in the skeleton
and air space. Johnson (1982) andAlbert (1993) have applied Biot's the-
ory to the mountain snow cover and their results imply that threemain
waves develop beneath LDL: a P-wave and an S-wave in the ice skeleton
and a slower P-wave in the air space. The complicated interaction be-
tween these waves in the air space and the ice skeleton leads to rapid
scattering and attenuation. The interaction of LDL and the snow cover
results in plastic deformation of the surface layers followed by an elastic
stress pulse consisting of P-wave andS-wavemotions in the ice skeleton
and a P-wave in the pore space. The mechanics are further complicated
by the non-homogeneous nature of a layered snow cover. Stress
pulses interact with layers of varying density, crystal shape, and
bonding regime. Thus, the complicated nature of stress transmission
through the mountain cover results in large uncertainty when ana-
lyzed theoretically.

Despite the challenges in understanding the interaction between
LDL on the snow cover, finite elementmodeling and buried load sensors
have been used to show some important concepts. Schweizer (1993)
used finite element modeling to show how stiffer layers concentrate
stress from localized loading and also form “sort of a bridge,” which
the CC BY-NC-SA license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
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Fig. 1. Skier performing an experiment loading the snow surface above the buried sensors.
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reduced how deep the stress would penetrate the snow cover. More re-
cently, Jones et al. (2006) and Habermann et al. (2008) used finite
element modeling to investigate the static stresses in a layered snow
cover. Their work showed that stiffer layers reduce stress at a given
depth in the snow cover and concentrate stress, specifically for soft-
over-hard interfaces (greater stiffness below).

Load cells buried in the snowhave been used tomeasure the dynamic
stresses induced by skiers (Camponovo and Schweizer, 1997; Schweizer
et al., 1995a,b; Thumlert et al., 2013). Results from these studies
confirmed that stress decreases with depth, hard layers caused a bridging
effect by distributing the stress over a larger area and that dynamic load-
ing imparts more stress than static loading. Schweizer and Camponovo
(2001) used the same load cells as in their 1997 (Camponovo and
Schweizer, 1997) study tomeasure the skier's zone of influence, defined
as the areawhere a skier is capable of initiating fractures inweak layers. It
was found to be relatively small, approximately 0.3–0.5 m2, for depths
relevant to skier triggering. These data supported, in accordance with
the earlier finite element calculations, the theory that skiers are able to
trigger slab avalanches by directly initiating a brittle fracture within a
weak layer or interface. Thumlert et al. (2013) compared the dynamic
stress induced into the snow cover by snowmobiles and skiers. They
found that the increased penetration of snowmobiles compared to skiers
was the main factor contributing to greater added stress by snowmobiles
at specific depths.

Modern snow slope stability tests are used to assess the semi-
quantitative stability of the snow cover on a given slope. Common
tests, such as the Compression Test (Jamieson, 1999; Jamieson and
Johnston, 1997), the Extended Column Test (Simenhois and Birkeland,
2006), and the Rutschblock test (Föhn, 1987), involve dynamic surface
loading of an isolated column of snow. These tests load the column
with hand-on-shovel tapping or with skis which results in variation in
the applied loading. To overcome someof this human induced variation,
the Drop Hammer Test (Stewart, 2002) and the Stuffblock Test
(Birekland and Johnson, 1999) were developed and used in scientific
studies. The Drop Hammer Test is very similar to the Compression
Test because both involve repeatedly loading an isolated column. The
difference is that the loading is applied by dropping a specific weight
from a fixed height as opposed to tappingwith one's hand. Column iso-
lation changes the configuration of the snow cover compared undis-
turbed snow that is loaded by skiing or snowmobiling. The stress from
surface loading above an isolated column focuses the stress to the isolat-
ed column and prevents lateral dispersion outside the column.

It is unknown how the stress beneath LDL, such as skiing and snow-
mobiling, relates to stress applied in isolated column stability tests. In
this paper, we present the first stressmeasurements from common sta-
bility tests and LDL performed on the same snow cover. We show stress
measurements from standard Compression Tests, adjusted depth
Compression Tests, Extended Column Tests, and Drop Hammer Tests.
These measurements are related to stress measurements from skiing
and snowmobiling.

2. Methods

2.1. General experimental procedure for field measurements

To investigate the additional stress applied to a mountain snow
cover in isolated column stability tests and by human-induced LDL,
we used single point capacitive sensors. Measurementswere performed
in the Columbiamountains near Blue River, British Columbia, Canada, in
the winters of 2012, 2013, and 2014. The data from the C-500 sensors
made by Pressure Profile Systemswere recordedwith a Campbell Scien-
tific CR5000 data logger at approximately 160 Hz for the skiing and
snowmobiling measurements and with a Campbell Scientific CR1000
data logger at approximately 105Hz for the stability testmeasurements.
The sensors can reliably measure to 0.1 kPa, which is limited by noise in
the signal and the signal processing methods.
The experimental procedure involved digging into the snow
cover and performing a manual snow profile, including density
measurements for layers thicker than 4 cm (Canadian Avalanche
Association, 2007). The snow profile was used to quantify the
snow cover stratigraphy for the area of the experiments. The exper-
iments were performed on sloped terrain ranging between 16° and
33°. The snow cover was mostly undisturbed soft snow on the sur-
face with harder layers composed of rounded grains below (Fierz
et al., 2009). The sensors were then inserted into the snow cover
through an exposed wall in the profile. Dynamic loading was ap-
plied to the surface of the snow cover while the sensors recorded
stress in the underlying snow.

To obtain a stress measurement for each LDL over the individual
sensor, the difference between the baseline quasi-static stress mea-
surement per sensor (before arrival of the dynamic load) and the
peak stress recorded for the dynamic load was extracted. This en-
sured that only the additional stress due to the LDL was measured
and not the initial compression on the sensors from insertion into
the snow cover.
2.2. Skiing and snowmobiling measurements

For the skiing and snowmobiling measurements, the sensors
were mounted on narrow aluminum sheets and inserted 1 m into
one of the sidewalls of the snow pit. We used between six and ten
sensors per pass of the LDL, depending on equipment functionality.
The sensors were angled so that they recorded slope normal
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(compressive) stress. The loading was performed on the snow
surface by either of the following:

1) skier sliding straight downhill pushing downwith their legs over the
sensors to simulate the increase in loading during a typical ski turn
(Fig. 1)

2) snowmobile driving uphill over the sensors

2.3. Drop hammer measurements

The drop hammer instrument used was similar to the Rammrutsch
device used by Schweizer et al. (1995a) except with a smaller base
plate (Stewart, 2002). The drop hammer equipment consisted of a
30 cm × 30 cm × 1 cm stiff base plate with a 15 cm diameter × 1 cm
thick stainless steel striking plate bolted to the base plate. A 60 cm
guide rod was fixed perpendicular to the centre of the striking plate,
which directed a 3 kg brass weight to impact the striking plate.
The drop hammer was used as reference for loading because of its
repeatability.

Two types of experiments were performed with the drop hammer
device; isolated column and not isolated. The first involved loading
(10 hammer drops from 60 cm) the top of a 30 cm × 30 cm × 120 cm
deep column of snow with stress sensors inserted at two different
depths in the column. One sensor was always inserted at 40 cm deep
and the other sensor was inserted at 60 cm, 80 cm, or 100 cm. The sen-
sors were inserted 15 cm laterally into the column wall but offset along
the slope so that any interference on the stress pulse from the higher
sensor was reduced for the lower sensor. The experiment was repeated
three times until stress measurements were recorded at all four depths.

The second experiment involved loading a less disturbed snow cover
(not isolated). Only the front wall of the snow profile was exposedwith
undisturbed sides and back around the drop hammer. The sensors were
Fig. 2. The drop hammer test experiments being performed. The top shows the test
configuration where the column is isolated, whereas the bottom shows the less disturbed
snow cover test configuration.
inserted at similar depths to the isolated column experiments andmea-
surements were acquired for all four depths (40 cm, 60 cm, 80 cm, and
100 cm). In both experiment types, the sensorswere oriented parallel to
the slope so that they recorded slope normal (compressive) stress. Fig. 2
shows the two different drop hammer experiments being performed.

2.4. Compression Test and adjusted Compression Test measurements

The stress measurements from Compression Tests were done simi-
larly to theDropHammer Tests. The Compression Testswere performed
according to Canadian Avalanche Association (2007) with a sensor
inserted at 40 cm below the surface and either 60 cm, 80 cm or
100 cm below the surface. The loading in the Compression Tests was
performed by manual hand-on-shovel tapping on top of the isolated
column. Thirty taps were performed in increasing force: 10 “easy” taps
using the finger tips, then 10 “moderate” taps initiated from the elbow
and finally 10 “hard” taps initiated from the shoulder. The data present-
ed in this paper aremeasurements from the “hard” taps. Compression of
the soft upper layers of the snow cover occurred during the tapping.

The adjusted depth Compression Test measurements were per-
formed in a manner analogous to the Compression Test, except that
the average penetration depth of the snowmobile, as measured in the
field, was removed from the top of the 30 cm × 30 cm column. The col-
umnwas isolated deeper into the snow cover by this same distance. For
example, if the average penetration of the snowmobile into the snow
cover was 40 cm, then 40 cm would be removed from the top of the
30 cm × 30 cm column, and the column would be dug 40 cm deeper.
Sensors were again inserted at depths 40 cm, 60 cm, 80 cm, and
100 cm from the original surface of the snow unless the penetration
depth was more than 40 cm in which case the 40 cm stress measure-
ments were not recorded. The adjusted depth Compression Test mea-
surements presented in this study were performed on days where
skiing, snowmobiling and regular Compression Test measurements
were also performed.

2.5. Extended Column Test measurements

The Extended Column Test (Simenhois and Birkeland, 2009;
Simenhois and Birkeland, 2006) experiments were performed similarly
to the above experiments. The Extended Column Test involves the isola-
tion of a 90 cm across slope × 30 cm upslope × 120 cm deep column of
snow, which is then loaded on one end of the rectangular surface by the
same hand-on-shovel tapping as the Compression Test (Fig. 3). Stress
measurements were recorded at depths of 40 cm, 60 cm, and 80 cm di-
rectly under the side of the column being loaded and at 60 cm depth on
the side opposite to the loading.
Fig. 3. The preparation of the ECT involves isolating a column 90 cm across the slope by
30 cm upslope. The column is then loaded from one side using the same technique as
the compression test. Adapted from Simenhois and Birkeland (2006) and Simenhois and
Birkeland (2009).

image of Fig.�2
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2.6. Visualization of field stress measurements

To visualize the impact from skiing, snowmobiling and stability test
loading, the dynamic stress measurements were coupled with calculat-
ed static stress. The data displayed in the stress contour plots (Figs. 5
through 11) start with calculated stress values (σz). for any point
below the LDL calculated from the well-known Boussinesq equations
(Das, 1985) with the LDL approximated by an infinite strip load on the
surface of a semi-infinite elastic mass:

σ z ¼
qnor
π

tan−1 z
x−b

− tan−1 z
xþ b

−
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� �
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where qnor was the component of load normal to snow surface defined
for a 38° slope, qpar was the component of load parallel to snow surface
defined for a 38° slope, bwas half the width of the surface loading strip,
x was the slope parallel coordinate and z was the slope normal coordi-
nate as defined in Fig. 4.

We extracted the median stress values for each depth in which
measurements were made for each type of loading experiment. The
calculated values from Eq. (1) were scaled so that they approximated
the median measured stress values. A power law smoothing function
was applied to the scaling factors to create smooth transitions between
the medians. Note that the data displayed in Figs. 5–11 are based on cal-
culations that assume a homogeneous, elastic, and isotropic snow cover.

3. Data

We analyzed 1,605 measured localized loading events by skiing,
snowmobiling, or from stability tests on 21 different field days. The
data presented include 121 measurements of peak compressive stress
from Extended Column Tests, 582 from Drop Hammer Tests, 330 from
standard Compression Tests, 273 from adjusted depth Compression
Tests, 128 from skiing, and 164 from snowmobiling. We measured
and analyzed the vertical depth of each sensor below the undisturbed
surface of snow, type of LDL (e.g., skier, snowmobile, stability test), pen-
etration depth of trigger into the snow cover, effective depth (defined as
penetration depth subtracted from depth of sensor), snow cover densi-
ty, and snow cover hand hardness (Fierz et al., 2009). Table 1 describes
the characteristics of the data set.
Fig. 4. Definition of stress components.
4. Results

4.1. Effect of isolating column

Isolating a column in the snow cover confined the stress from the
loading to the column and the stress reached deeper into the snow
cover compared to skier or snowmobile loading (Figs. 5–10). At 40 cm
depth, Fig. 5 shows no significant difference between a median value
of 2.34 kPa for 60 data in the Compression Test measurements
(a) compared to the median value of 2.38 kPa for 32 data for the skier
measurements (b) (Mann–Whitney p = 0.67). However, deeper into
the snow cover at 80 cm depth, Fig. 5 shows a median value 0.82 kPa
for 26 data from the Compression Test measurements (a) compared to
the median of 0.45 kPa for 143 data from the skier measurements
(b) (Mann–Whitney p b 10−4). The similar stress levels measured at
40 cm have attenuated more in the undisturbed snow cover beneath
the skier compared to the isolated column in the Compression Test.
This result is also shown when observing similar applied stress at
40 cm attenuating more by 80 cm in the undisturbed snow in
Fig. 5(c) and (d) as well as in Figs. 6 and 7. This result of similar applied
stress attenuating more in undisturbed snow compared to the isolated
columns is also observed in the drop hammer experiment data displayed
in Figs. 8, 9 and 10.

The data in Fig. 5were fitwith a power lawusing the non-linear least
squaresmethod (Bates and Chambers, 1992) according to the following
equation:

σ ¼ a � Depthð Þb ð2Þ

with σ=measured normal stress, and the constants a and b evaluated
by the function. The fitted equations were as follows:

- CT data: σ = (−0.012 * Depth)−1.4, R2 = 0.34, n = 330.
- skier data: σ = (−0.012 * Depth)−1.2, R2 = 0.22, n = 128.
- adjusted depth CT: σ = (−0.007 * Depth)−1.4, R2 = 0.33, n = 273.
- snowmobile: σ = (−0.009 * Depth)−1.7, R2 = 0.30, n = 168.

A more subtle effect from column isolation is observed in the drop
hammer experiment data when comparing a harder snow cover
(Fig. 9) to a softer one (Fig. 10). The harder snow cover (Fig. 9) attenu-
ates the applied stress more than the softer snow cover (Fig. 10) shown
in the not isolated tests. At a depth of 40 cm, we see amedianmeasured
stress of 0.56 kPa for 30 data (Fig. 9b) compared to amedian of 2.35 kPa
for 18 data (Fig. 10b) (Mann–Whitney p b 10−7). This result was consis-
tent for the deeper measurements at 60 cm. The opposite effect is ob-
served in the isolated column data. The harder snow cover (Fig. 9a) is
more effective at transmitting the applied stress deeper into the snow
cover compared to the softer snow cover (Fig. 10a). At 40 cm into the
harder snow cover, the median stress is 2.99 kPa for 27 data (Fig. 9a)
compared to a median of 1.44 kPa for 5 data (Fig. 10a) (Mann–Whitney
p = 0.025). This result was also observed in the deeper measurements
at 60 cm and 80 cm. Thus, we observe a greater difference between iso-
lated and not isolated loading on a harder snow cover compared to a
softer snow cover. At 40 cm, the harder snow cover had amedian isolat-
ed column stress of 2.99 kPa, and a median not isolated stress of only
0.56 kPa, a difference of 2.43 kPa. However, at 40 cm, the softer snow
cover had amedian isolated stress of 1.44 kPa, and amedian not isolated
stress of 2.35 kPa, a difference of−0.91 kPa. This exaggerated difference
of applied stress at specific depths between hard and soft snow covers is
also shown in the grouped drop hammer data frommany days of exper-
iments (Fig. 8).

The exaggerated difference of applied stress between hard and soft
snow referenced above was also observed in Compression Test and ski-
ing measurements (Figs. 6 and 7). The data in Fig. 6 were measured
from an earlier season day in January with a softer profile, and Fig. 7
shows data fromamore settled snow cover inMarchwith a hard thicker
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Fig. 5. Visualizations and box plots of (a) the loading of the isolated column in compression tests (CT), (b) skiing, (c) the loading of the isolated column in the adjusted depth compression
tests (ADCT), and (d) snowmobiling. Boxes span the interquartile range. Whiskers extend to the data point closest to 1.5 times the interquartile range. Open circles indicate outliers. The
stress bulbs observed are calculated normal stress values for the loading of an elastic homogeneous snow cover. The values were calibrated tomatchmeasured displayed in the box plots.
The data presented are from multiple days of experiments. The curved lines indicate the fitted models.
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crust layer near the surface. Fig. 6 (softer snow) at 60 cm shows similar
median stress of 1.44 kPa for 6 skier data compared to themedian stress
of 1.15 kPa from 7 Compression Test data, a difference of 0.29 kPa
(Mann–Whitney p = 1). However, Fig. 7 (harder snow) at 60 cm
shows a median stress of 0.69 kPa for 3 skier data compared to median
stress of 2.1 kPa for 2 Compression Test data, a difference of 1.41 kPa
(Mann–Whitney p= 0.2). Thus, these differences between median ap-
plied stress from the Compression Test and skiermeasurements suggest
that there is a greater difference on the daywith the harder snow cover
(Fig. 6) compared to the daywith the softer snow cover (Fig. 7). This re-
sult is not statistically significant due to the small sample sizes but is
presented to support the results from the drop hammer experiments
Fig. 6. Visualizations and box plots of (a) the loading of the isolated column in compression
hardness profile is shown on the right of the visualizations and box plots.
and because it is expected due to the increased attenuation of stress
from harder snow.
4.2. Effect of deeper stability tests

The stressmeasurements shown in Fig. 5 showmore stress at specif-
ic depths for the adjusted depth Compression Tests compared to the
standard Compression Tests. The data observed in Fig. 5 frommany dif-
ferent experiment days shows amedian stress of 2.34 kPa for 60 data at
40 cm for the Compression Testmeasurements (a) compared tomedian
stress of 5.54 kPa for 17 data from the adjusted depth Compression Test
tests and (b) skiing. Data presented are only from January 4, 2012, are shown. The hand
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Fig. 7. Same as Fig. 6, but with data from March 26, 2012.
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(c) (Mann–Whitney p b 10−7). This result is consistent for deeper
depths into the snow cover where we performed measurements.

Snowmobiles applied more stress down to depths of 60 cm into
the snow cover than the Compression Test, but the measured stress
was more similar at depths of 80 cm and 100 cm (Fig. 5). At 40 cm
depth in Fig. 5, we observe median stress of 3.92 kPa for 17 snow-
mobiling data (d) compared to 2.34 kPa for 60 Compression Test data
(a) (Mann–Whitney p = 0.001). This result is consistent at 60 cm into
the snow cover (Mann–Whitney p = 0.003), but at 80 cm and 100 cm,
the stress levels are more similar. At 80 cm into the snow cover, we
observe a median stress of 0.89 kPa for snowmobiling compared to
0.82 kPa for the Compression Test (Mann–Whitney p = 0.72).
Fig. 8. Similar to Fig. 5, but grouped data from the drop hammer experiments onmultiple days a
as having a softer snow cover are shown. (b) Data from the same softer snow cover profile day
from the isolated column configuration for days classified as having a harder snow cover are sho
cover test configuration are shown.
Adjusting the depth of the Compression Test to account for snow-
mobile penetration resulted in more stress applied to the snow cover
than snowmobiling at depths deeper than 60 cm and similar stress at
shallower depths (Figs. 5–7). At 40 cm into the snow cover, we observe
a median stress of 3.92 kPa for 17 snowmobiling data (Fig. 5d) com-
pared to 5.54 kPa for 17 adjusted depth Compression Test data
(Fig. 5c) (Mann–Whitney p=0.54). Similarly, at 60 cm,we observeme-
dian stress of 3.12 kPa for 46 snowmobiling data compared to 3.70 kPa
for 97 adjusted depth Compression Test data (Mann–Whitney p =
0.33). At 80 cm into the snow cover, we observe median stress of
0.89 kPa (Fig. 5d) for 38 snowmobiling data compared to 1.63 kPa
(Fig. 5c) for 113 adjusted depth Compression Test data (Mann–Whitney
re shown. (a) Data from the isolated column configuration (4 sidewalls) for days classified
s, but from the unisolated snow cover test configuration (1 side wall) are shown. (c) Data
wn. (d) Data from the same harder snow cover profile days, but from the unisolated snow
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Fig. 9. Same as Fig. 8, but with data from February 3, 2014.

Fig. 11. Similar to Fig. 5, but measured stress data from the extended column test are
shown.
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p b 10−7). Finally, at 100 cm, we see median stress of 0.41 kPa for 46
snowmobiling data compared to 1.22 kPa for 46 adjusted depth Com-
pression Test data (Mann–Whitney p b 10−7).

The adjusted depth Compression Test resulted in more stress ap-
plied to the snow cover at all measured depths compared to skiing
(Fig. 5). At 40 cm into the snow cover, we observe median stress of
2.38 kPa for 32 skier data compared to 5.54 kPa for 17 adjusted
depth Compression Test data (Mann–Whitney p b 10−7). This result
Fig. 10. Same as Fig. 8, but with data from January 24, 2013.
is consistent for all measured depths shown in Fig. 5 as well as in the
data shown in Figs. 6 and 7.

4.3. Extended Column Test

Fig. 11 shows stress measurements from within the 30 cm × 90 cm
column of an Extended Column Test. Median stress values from directly
below the hard tappingwere 1.95 kPa, 1.30 kPa, and 1.02 kPa for depths
40 cm, 60 cm, and 80 cm, respectively. The sensors placed at the oppo-
site end of the column from the loading did not record measurable
stress (depth 60 cm).

5. Discussion

5.1. Column isolation

Correlating the results from stability tests to natural and human trig-
gered avalanche activity has receivedmuch attention frompractitioners
and researchers (e.g., Schweizer and Jamieson, 2010; Simenhois and
Birkeland, 2009; van Herwijnen and Jamieson, 2007a; Winkler and
Schweizer, 2008). The importance of accurate interpretation and appro-
priate application of the information provided from point slope stability
testing is critical for reducing the risk associated with snow avalanches.
The effect of isolated columns on stress transmission in slope stability
testing focused the stress and generally allowed it penetrate deeper in
the snow cover (Figs. 5 through 10).

The unmodified Boussinesq equations used to create Figs. 5–11
show a decrease of stress proportional to 1/depth based on assumptions
Table 1
Descriptive statistics of stress measurements. “Effective depth” is the depth of the
sensor from the surface of the snow minus the penetration of the skier/snowmobile.
Penetration depth shows data from both skiers and snowmobiles. “ECT” stands for
Extended Column Test. “DH” stands for Drop Hammer Test. “Deep Compression Test”
is the compression test that was adjusted for depth of snowmobile penetration.
n indicates the sample size of the data.

Median Min 1st quartile 3rd quartile Max n

Depth (cm) 60 20 40 80 120 1605
Effective depth (cm) 40 0 20 60 111 1605
Penetration depth (cm) 20 0 0 30 60 1605
Slope angle (°) 24 16 21 26 33 1605
Hand hardness above
sensors

1F F- 4F 1F+ P+ 21

Density above sensors
(kg/m3)

172 80 151 192 300 21

ECT stress (kPa) 1.1 0.1 0.6 1.6 5.8 121
DH stress (kPa) 0.7 0.1 0.3 1.2 3.8 338
Isolated DH stress (kPa) 1.5 0.3 1.0 2.6 10.8 244
Compression Test stress
(kPa)

1.2 0.1 0.8 1.9 8.9 330

Deep compression test
(kPa)

2.2 0.5 1.3 3.7 12.0 273

Skier stress (kPa) 0.7 0.1 0.4 1.5 11.2 128
Snowmobile stress (kPa) 0.9 0.1 0.4 2.5 12.7 164
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of an elastic semi-infinite mass. The calibrated Boussinesq stress fields
that show the field measurements (Fig. 5) show the decrease of stress
proportional to approximately 1/depth−1.5. We postulate that the
reason for this increased dissipation of stress compared to the model to
be the viscoelastic response of the snow cover to the loading and due to
snow being a porousmaterial. The fittedmodels from Fig. 5 are in the ex-
pected range compared to previous experimental results (Schweizer and
Camponovo, 2001; Thumlert and Jamieson, 2014; Thumlert et al., 2013).

The data showed that harder snow covers increased the difference
between the stress profiles from skiing and isolated column tests
(Figs. 6, 7). This exaggerated stress profile difference between isolated
columns and undisturbed snow cover was also observed in the drop
hammer experiments (Figs. 8–10). Avalanche practitioners in Canada
have observed situations where sudden fractures, often associated
with avalanching (vanHerwijnen and Jamieson, 2007b), occur in stabil-
ity tests below hard layers, but no avalanches occur nearby on the same
layer (S. Davis, 2013, personal communication). This observation is
supported by the greater stress differences for harder snow between
the isolated column tests and the less disturbed snow (Figs. 6–10). The
harder not isolated snow cover was more effective at spreading out the
stress under LDL, thus reducing the depths to which it penetrated. How-
ever, the harder snow cover was also more effective at transmitting
stress deeper into the snow cover in the isolated column stability tests
(Figs. 6–10).

5.2. Deeper stability tests

The importance of penetration depth into the snow cover by the
skier on applied stress, and thus slope stability, has been recognized
(Camponovo and Schweizer, 1997; Jamieson and Johnston, 1998). Fur-
ther, Thumlert et al. (2013) showed that the penetration depth while
snowmobiling was the main factor for increased stress being added to
the snow cover comparedwith skiing. The data presented here showed
that adjusting the isolated column stability tests for deeper triggers (i.e.,
snowmobiling) applied more stress to the snow cover than the simpli-
fied skier and snowmobile loading performed in the experiments. We
must clearly understand the limitations of the loading experiments. In
the experiments, the skier loadingwas performed by a single skier slid-
ing downhill in a straight linewith a knee push over the buried sensors,
and the snowmobile loadingwas performed by driving the snowmobile
straight uphill over the buried sensors. Clearly much more stress is ap-
plied to the snow cover in a typical day of skiing or snowmobiling. Fur-
ther, the spatial variations of the snow cover across the mountainous
terrain results in areas of thin and thick slab above a weak layer. Thus,
performing an isolated column stability test in a thick areamay yield re-
sults implying a more stable snow cover compared to a test performed
where the slab is thin. Therefore, the greater stress applied at given
depths in stability tests adjusted for penetration depth may favor
more cautious interpretation of snow stability testing.

5.3. Extended Column Test

The results from the Extended Column Test showed no measurable
stress down 60 cm on the end of the 90 cm column away from the tap-
ping (Fig. 11). This is in agreement with van Herwijnen and Birkeland
(2014), who used particle tracking to measure snow displacement dur-
ing Extended Column Tests. They showed no observable displacement
from tapping on the opposite end of the column. These results support
the theory that fractures initiated in the Extended Column Test result
from a sudden fracture and not from progressive accumulation of dam-
age in the weak layer.

6. Conclusions

Measurements of stress beneath localized dynamic loads (skiers and
snowmobiles) and from common isolated column stability tests were
performedwithin a variety of mountain snow covers. The effect of load-
ing isolated columns when performing common stability tests com-
pared to the dynamic loading of an undisturbed snow cover by skiing
and snowmobilingwas shown to concentrate stress and allow it to pen-
etrate deeper into the snow cover. Adjusting the depth of the Compres-
sion Test to account for the penetration depth of snowmobiles stressed
the snow cover similarly to the loading applied by snowmobiling. A
more similar stress profile occurred in stability tests for skiing and
snowmobiling when the snow cover was softer compared to when
the snow cover was harder. The differences in stress under skiers and
snowmobiles compared to stability tests were exaggerated when the
snow cover was harder. Stress was only measurable directly below the
loading (tapping) in the Extended Column Test and not on the opposite
side of the column.

How can an avalanche practitioner use and interpret the results pre-
sented in this paper? Penetration depth has been proven to be very im-
portant for how deep specific stress levels penetrate into the snow
cover. Therefore, adjusting the depth of stability tests to account for
ski or snowmobile penetration should produce more accurate results
when forecasting slope stability specifically for skier/snowmobile load-
ing. The results in Fig. 5 support this. Further, harder snow covers exag-
gerated the difference in applied stress at specific depths for isolated
column tests and skiing or snowmobiling on an undisturbed snow
cover (Figs. 6, 7, 9, and 10). Therefore, theremay be situationswhere re-
sults from isolated column stability test indicate slopes are prime for
triggering, but in fact, the stress from skiing does not affect the weak
layer. Accounting for these concepts when interpreting the results
from stability tests can improve the application of the data provided
from the testing.
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