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ABSTRACT: There is a lack of measurements on the rapidly changing mechanical and physical
properties of non-persistent instabilities in storm snow. Given the importance of these weak layers in
creating snowpack instabilities on which natural avalanches can release, there is a need to better
understand and quantify the evolution of layer properties. After identifying unstable layers with a tilt-board
test, we measured changes in layer shear strength over time with a shear frame test. We performed up
to 13 sets of 12 shear frame test arrays for seven separate storm snow weak layers at the Mt. Fidelity
study plot in the Columbia Mountains of British Columbia, Canada. This resulted in over 430 shear frame
tests, with sampling up to twice daily, in the winter of 2006. Snowpack properties, including overlying
load, densities, temperature gradient and crystal types, of the weak layer and adjacent layers were
measured, along with ambient weather conditions. Observations show higher density layers with smaller
crystals above and below the weak layer, and weak layers tended to have a lower density and consist of
large, precipitation particles. We measured an average rate of strengthening in non-persistent layer of
143 Pa/d. Results indicate a strong correlation between strengthening in weak layers and the stress
induced by overlying load.
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1. INTRODUCTION The shear strength of a weak layer relates
to the stability of the overlying slab (McClung and
Natural (spontaneous) avalanches often Schaerer, 1993) and thus some forecasting
release on storm snow instabilities in the upper programs concerned with natural avalanche
portion of the snowpack. These instabilities are releases use this strength measurement along

non-persistent weak layers that can stabilize within ~ with a measure of the overburden stress, or
a few days of deposition and tend to not show any overlying load, as a predictive tool for slab stability

long-term avalanche activity. These layers are of in nearby avalanche start zones (e.g. Schleiss and
concern to avalanche forecasters primarily during Schleiss, 1970). A measure of shear strength

the storm cycle in which they were deposited. The  from a shear frame test may not be available to
rapid evolution of these storm snow weak layers forecasters, due to factors like availability of staff
may be due to factors such as initial snow crystal and access to start zones or representative study
type (precipitation particles) and density, and plots. Therefore a method of estimating the shear

pressure from additional loading by precipitated or strength from snowpack and weather conditions
wind-deposited snow. Natural avalanches tend to would be advantageous for daily avalanche
be of concern for avalanche forecasters protecting forecasting.

infrastructure, such as transportation corridors and Measurement of shear strength and
communities; human-triggered avalanches, often snowpack properties in non-persistent weak layers
releasing on non-persistent weak layers, are the requires a different approach to sampling than
main concern for backcountry recreationists methods applied in the past to persistent weak
(Jamieson and Geldsetzer, 1996). Persistent layers (Zeidler, 2004). In an attempt to develop a
weak layers of depth hoar, surface hoar and model to forecast storm snow avalanches, Zeidler
faceted crystals can take weeks to months to (2004) recognized that there is a need for a better
stabilize and in some cases layers formed in early data set to characterize the strength changes in
winter are of concern for the reminder of the these layers. Zeidler suggests observations that
avalanche season. capture the stabilization of the failure layer, which

in this study requires a sampling frequency of

multiple times daily during and following storm
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knowledge of storm snow slab and interface
properties.

During the winter of 2006 we performed
over 430 measurements of shear strength in
seven separate storm snow weak layers and
sampled snowpack properties, building a data set
that can be utilized to characterize the shear
strength changes. In this paper, we relate these
results to the characteristics of weak layers and
the adjacent snowpack, and report on the factors
correlated with the varying rates of shear strength
change.

2. METHODS

Shear strength of storm snow weak layers
was measured along with weather and snowpack
properties to define the characteristics relevant to
natural avalanching (Table 1.).

The Mt. Fidelity study plot (1905 m a.s.l.)
in Glacier National Park served as the study site
for our winter 2006 sampling. Glacier National
Park is located in the Columbia Mountains of
British Columbia (Fig. 1), where Hageli and
McClung (2003) define the snow climate as
transitional with a strong maritime influence. The
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Figure 1. Map showing Columbia Mountains
(lightly shaded area) and Mt. Fidelity Study Plot
in Glacier National Park (GNP, dark area),
British Columbia, Canada.
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Table 1. Winter 2006 time series of storm snow
weak layers measured at the Mt. Fidelity study
plot. With an average of 12 shear strength
measurements per interval, over 430 samples of
weak layer strength were obtained along with
other snowpack and weather observations.

Date ID Number of Range of
(day weak measurement  measurements
layer was intervals (days)
deposited)

8 Jan 2006 3 3
10 Jan 2006 2 2
16 Jan 2006 9 9
19 Jan 2006 2 2
22 Jan 2006 5 3
1 Feb 2006 8 13
21 Feb 2006 7 6

treeline study plot, maintained by the Avalanche
Control Section (ACS) of Parks Canada, was
chosen for its sheltered location, planar and
uniform snowpack, and availability of automated
atmospheric and snow measuring instruments and
convenient access for intense sampling. The Mt.
Fidelity study plot is used by the ACS to collect
data on storm snow weak layers; these
observations are applied when forecasting the
stability of avalanche paths affecting the
transportation corridors through Rogers Pass.

We attempted to identify weak layers in
the storm snow immediately after formation in
order to obtain measurements that would
characterize the complete evolution of the storm
snow from unstable to stable. In the study plot we

Figure 2. Photograph illustrating a shear frame
test being used in a level study plot. A pull gauge,
attached to a 250 cm® frame, records the
maximum force required to produce a fracture in a
weak layer when pulled rapidly, parallel to the
weak layer.



determined if a critical shear plane was present in
the upper portion of the snowpack using a tilt-
board table, which induces a slope of
approximately 15° on an isolated column of storm
snow, 30 x 30 cm with a height up to 40 cm (CAA,
2002; Green et al., 2004). Some weak layers
produced a failure when the table was tilted
suggesting a very weak layer or a combination of
slab and weak layer properties that result in an
unstable upper snowpack. Most layers required a
dynamic load to be applied to the underside of the
table in order to produce a fracture. We
photographed the weak layer and adjacent layers
and located the weak layer found during the tilt
board test on the snow pit wall.

We used the shear frame test to obtain a
measure of shear strength of the weak layers in
the snowpack (Fig. 2). We removed the overlying
snow, leaving enough to place the shear frame
(250 or 100 cm?) parallel with the weak layer and a
few millimetres above it (Sommerfeld, 1984).
Once in place, the shear frame was immediately
pulled with an attached force gauge to produce a
brittle fracture within one second. We recorded
the maximum force required to produce a fracture
with the force gauge, and then calculated the
shear strength by dividing the force by the shear
frame area and adjusting for the size effect
(Sommerfeld, 1980; F6hn, 1987). For this to be a
valid measure of shear strength, we assumed that
the layer is failing only in shear.

We performed approximately 12 shear
frame tests per layer at each observation to obtain
an average measure of shear strength. Shear
strength and other snowpack characteristics were
measured up to two times per day starting
immediately after deposition and continuing until
clean shears (shear frame test produced a planar
shear only in the weak layer) were no longer
measurable and the layer was no longer of
concern for natural avalanching.

We sampled overlying load with a coring
tube (cross-sectional area of 28.3 cm?) inserted
vertically from the surface to the depth of the weak
layer. We calculated a measure of shear stress or
load applied to the weak layer using Eq. (1),

(1)

where 0, is the shear stress in the weak layer, p is
the average density of the overlying snow slab, g
is the acceleration due to gravity, and H is the
thickness of the slab measured vertically.

We completed a standard snow profile
(CAA, 2002) from the snow surface to one layer
below the weak layer of interest. In addition to

Oy, = pgH
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standard profile observations of hand hardness
and crystal form of each layer, temperatures 5 cm
above and 5 cm below the weak layer were
measured to characterize the temperature
gradient across the weak layer. Custom built
samplers enabled density measurements for
layers as thin as 1 cm. We also performed two
sets of compression tests with each profile.

3. RESULTS

3.1 Layer density

Density measurements showed that the adjacent
layers are usually measurably denser than the
weak layer (Fig. 3). The median difference
between the density of the weak layer and layer
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Figure 3. Box and whisker plot showing the
measured density difference between the weak
layer (WL) and layer above (LA) and below (LB).
WL-LA = Density difference between the weak
layer and the layer immediately above. WL-LB =
Density difference between the weak layer and the
layer below.
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Figure 4. Two photographs of non-persistent weak layers comprised of stellar crystals, with black lines
marking the weak layer’s top and bottom boundaries and transition to adjacent, higher density layers.
Lower density weak layers (WL) in the upper portion of the snowpack appear less opaque than the layer
above (LA) and layer below (LB). Layer grain type and form are labelled in each picture: decomposing
fragments (/ ), stellar crystals (# ), precipitation particles ( + ), and rounded grains ( e ).

above was 43 kg/m®, and 45 kg/m® between the is 143 Pa/d. The maximum and minimum shear

weak layer and layer below. The greatest strength change was 327 and 16 Pa/d,

measured density difference was 130 kg/m3. The respectively. These increases in strength are

average measured initial weak layer density was consistent with the increase in compression test

46 kg/m®. Photographs of weak layers illustrate taps required to fracture the weak layer (Fig. 6).

the visible difference between the weak layer and The average score of two compression tests

the surrounding layers (Fig. 4). Weak layers were performed on the weak layer is positively

comprised of precipitation particles, correlated with time (R2 =0.77, n = 30). Based on

usually stellar crystals (1- 6 mm), and ranged from 64 compression tests, fracture character of the

< 1to 10 cm thick. The weak layers failed in non-persistent failure layers was usually either

various locations, including the middle of the layer progressive compression (PC) or resistant planar

or at the interface between adjacent layers. The (RP). PC fractures dominated in early stages after

failure location often changed over time as the deposition and in thicker layers and RP fractures

layer metamorphosed and the snowpack settled. were more common after some settling and
metamorphism of snowpack layers. This is

3.2 Evolution of shear strength over time consistent with observations made by van

Herwijnen and Jamieson (2005) in over 1000
Figure 5 shows the measured increase of
shear strength over time of seven weak layers.
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Figure 5. Time series graph of measured shear
strength for several layers. Legend depicts the
date the layer was deposited, i.e. 0116 = 16
January 2006. Markers represent measured
values of shear strength adjusted for the size of
shear frame.

Figure 6. Scatter plot of average compression
test scores against time since deposition for all
weak layers listed in Table 1. Two
compression tests were performed at each
observation with test scores and fracture
character recorded. A score of 50 represents
no failure in the compression test; these points
are excluded from the regression analysis.
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Figure 7. Time series graphs of weak layer shear strength and overlying load for two separate weak
layers: (A) layer deposited on 16 January 2006 was 10 mm thick, consisting of stellar crystals (1-2
mm) and decomposing fragments (1-2 mm), and had an initial (measured) and final (estimated)
density of 56 and 188 kg/m’ respectively, (B) layer deposited on 21 February 2006, with an initial and
final measured density of 38 and 135 kg/m® respectively, was 45 mm thick at time of deposition and
consisted of stellar crystals (1-3 mm). Markers represent an average of 12 measurements made at

each observation.

compression tests performed in the
Columbia Mountains. They reported that 77% of
PC fractures and 89% of RP fractures occurred in
storm snow. Precipitation particles, decomposing
fragments, and rounded grains make up the storm
snow classification.

3.3 Shear strength and load

Figure 7 illustrates the response of weak
layer shear strength to increasing overlying load
due to continued snowfall. The weak layer
deposited on 16 January had an initial shear
strength of 195 Pa and strengthened over 9 days
to 1532 Pa (Fig. 7a). Overlying load increased by
196 Pa during the same interval. For the layer
deposited on 21 February, Figure 7b shows shear
strength and load increasing by 403 and 216 Pa,
respectively over 5 days.

For three separate time series measured
shear strength is plotted against the overlying load
(Fig. 8). At each observation snowfall had
increased the load and strengthening in the weak
layer was measured. In all three cases strength is
positively correlated with load (Fig. 8; Table 2).
The average loading rate and average
strengthening rate varied for each time series
resulting in different slopes of linear trend lines fit
to the data.

4. DISCUSSION

The layers that fractured in the storm
snow were usually sandwiched between denser
layers. In addition, the weak layers were typically
less stiff than the adjacent layers. In order for a
failure to occur, within a weak layer, there must be
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stiffer snow above. Our observations of low
density weak layers suggests that fractures
preferentially occur in these layers, in part, due to
the stiffness difference, which Jamieson and
Schweizer (2005) suggest is a layer property
(quantified by grain type, size, and density) that
can be used to identify weaknesses in a
snowpack.

Non-persistent weak layers showed an
increase of shear strength with time (average =
143 Pal/d). This average is greater than that
measured for persistent weak layers such as
surface hoar which, based on observation by
Jamieson and Schweizer (2000) has an average
daily increase in strength of approximately 80 Pa.
In the profiles alongside strength measurements,
we noticed parallel changes in snow crystal form
and size, layer thickness, and density.

Weak layers tended to consist of large
crystals with high dendricity, like precipitation
particles and decomposing fragments, which
metamorphose rapidly once deposited.
Observations of initial rapid changes in crystals
form and size coinciding with layer strengthening
supports Colbeck’s (1997) conclusions that bonds
grow rapidly at first, and then growth rate
decreases with time.

The strong correlation found between the
weak layer shear strength and overlying load
suggests that strengthening is an effect of
pressure applied to the weak layer due to
continued snowfall after the layer is deposited
(Fig. 8). This is consistent with the findings of
Jamieson et al. (2006) which, indicated that
overburden pressure correlated more strongly
than age with shear strength in persistent weak
layers in the Columbia Mountains.
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Figure 8. Three time series of weak layer shear
strength are plotted against load, with linear trend
lines and the correlation coefficients displayed for
each layer. Markers represent an interval
measurement of the overlying load and shear
strength of the weak layer. Legend depicts day
layer was deposited, i.e. 0116 = 16 January
2006.

Pressure sintering is the growth of bonds
between ice particles caused by forcing them
together (Gubler, 1982; Szabo and Schneebeli,
2006). As overburden stress increases, bonds
continue to grow bigger, strengthening the weak
layer. Pressure sintering could be one of the
processes causing the measured increase in
shear strength, which in our data is highly
correlated with increases in overlying load.

Increasing load can cause densification in
the weak layer and densification can also cause
strengthening (Mellor, 1975; Abe, 2001). These
two responses to increasing overburden stress
(pressure sintering and densification) both cause
strengthening in the weak layer and support the
positive correlation between shear strength and
overlying load that we observed during the winter
2006.

Initial snow layer properties, such as grain
type and size, or temperature, could be important
in the evolution of strength in the layer and the
response to load. Where we found differing rates
of strengthening the cause could be different initial
snowpack and weather conditions.

5. CONCLUSIONS

We presented the results of over 430
measurements of shear strength and snowpack

Table 2. Summary of results from weak layers
plotted in Figure 8. ALR = Average loading rate

(Pa/d). ASR = Average strengthening rate (Pa/d).
Date ID n R® ALR ASR

0116 9 0.93 25 161
0201 8 0.92 37 111
0221 7 0.94 59 117
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properties in non-persistent weak layers in the
Columbia Mountains from the winter of 2006.
These data allowed for the characterization of
weak layers, calculations of an average daily
strength increase, and are indicative of the
response of shear strength to overburden stress.

Layers above and below weak snow
layers are often denser than the weak layer.
Weak layers tended to have larger crystal sizes of
unbroken forms. Daily increases in shear strength
were measured with an average value of 143
Pa/d. The positive correlation found between
increasing overlying load and strengthening in
non-persistent weak layers supports the theory
that the adjustment of shear strength to load is the
result of increasing pressure due to the overlying
snow layers.

Further analysis of results presented in
this paper and further sampling planned for the
winter of 2007 will allow for the determination of
the snowpack and atmospheric properties that
have the greatest control on shear strength in non-
persistent weak layers. This will aid in the
development of an empirical strength change
model that requires the input of field measurable
parameters in order to forecast the stability of non-
persistent weak layers.
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