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1. PROBLEM STATEMENT

Progress in solving practical problems such as calculating the load-bearing capacity for vehicles, ,
calculating stresses imposed by snow on structures, and predicting avalanche release has been hampered
because of lack of knowledge of the mechanical properties of snow. The problem is particularly complex
because the properties of natural snowpacks vary both spatially and temporally and this often has a
controlling effect on the bulk behavior. For example it is thought that snow slope stability is controlled
by rather small-scale (~ 1 to 10m) flaws buried within the snowpack (McClung, 1979; Conway and
Abrahamson 1984; Schweizer, 1998). Further, the spatial pattern might evolve rapidly over time. For
example observations indicate slope stability often changes immediately following the onset of rain
(Conway and Raymond, 1993), probably in response to rapid changes in the mechanical properties that
occur when snow becomes wet (Conway, 1998; Marshall et al., 1998).

It is well known that the mechanical properties of snow depend on microstructure (e.g., Kry, 1 975;
Hansen and Brown, 1987; Edens and Brown, 1991; Mahajan and Brown, 1993) but the relevant
microstructural properties are generally not known nor measured. Here we have éxamined the

- mechanical behavior of snow using both theory and measurements with the idea of parameterizing

mechanical properties using commonly measured variables. 'We acknowledge that this semi-empirical - ;if

- approach has limitations, but our work is motivated by the nieed for soliitions to practical problems.

An important finding has been the importance of metémbrphic ‘processés which cause changes

- independently of gravitational stresses. These are particularly evident during wetting of new snow when -~~~ = ‘

metamorphic processes may cause properties to change several orders of magnitude within a few
minutes. We have also studied both the consequences of rain on snow slope stability, and the evolution

of slope stability during storms. Results, summarised below, are also gi en in manuscripts that are either’ .'-‘ B

published or submitted for publication. These are attached ‘as appendixes. -

2. SUMMARY OF IMPORTANT RESULTS

2.1 Snow densification during wetting

Experiments designed to examine the effects of wetting show that the densification rate of low density
snow typically increases by three orders of magnitude during first wetting. This is much faster than
previously thought. The initial burst of densification occurs independently of gravitational loading and is
probably a result of the rapid structural changes that occur during first wetting. 'We choose to model the
process by modifying a standard linear viscous constitutive relationship (eg. Kojima, 1967) often used for
snow, with a time-dependent metamorphic component. We assume the metamorphic component is
additive to the stress component and in this way retain the tractability of the constitutive approach.
Details are given in our manuscript Snow densification during rain. The model fits measurements very
well, although we caution that more experiments are need to determine the dependence of model
parameters on liquid water content. The validity of any empirical model becomes suspect when
extrapolating beyond the range of experimental conditions from which it was derived.

Nevertheless the experiments have quantified the rapid changes in deformational behavior when snow is
first wetted, and have yielded new insight into processes that might control snow slope stability at the
onset of rain. These are discussed in more detail below. .




L associated release of strain energy propagates rapidly to the weak layer.

2.2 Slope stability at the onset of rain

Slab avalanche activity is often immediate and widespread immediately after the onset of rain-on-snow
(Conway and Raymond, 1993). This realization has improved predictions of the release of this type of
avalanche; prediction relies on accurately forecasting the time snowfall will change to rain. Thisis -
possible using measurements telemetered from automatic weather stations that are located at remote sites
near the avalanche start zones. ' ‘ ‘

However the mechanism of release has been a puzzle for many years because the rate of infiltration of
liquid water and the associated thermal wave has been shown to be too slow to significantly affect the

- strength of the sliding layer by the time the avalanches release (Conway and Raymond, 1993). Our more

extensive measurements of temperature and creep profiles made at high spatial and temporal resolution in
natural snow confirm that the rain does not affect the sliding layer directly. We have used an elastic slip-
weakening model (McClung, 1979) to study conditions in a snowpack at the onset of rain. Details are

given in our manuscript The impact of surface pertubations on snow slope stability. Results show that

alteration of the surface properties can soften the slab (the effective slab modulus is reduced) and the -

This finding is particularly important because it indicates that snow slope stability depends on the

mechanical properties of both the weak layer and the overlying slab. Field practioners generally focus - o

attention on the weak layer but in some cases the the slab properties might control slope stability.

Because avalanching is so widespread, and the perturbation from the rain is relatively small, a further
implication is that the stability of freshly deposited snow must often-be close to critical. The analysis =~ -
reinforces the idea that freshly deposited snow on slopes should be treated with caution. '

23 Slope stability during storms

The goal of this work is to find a way to predict snow slope stability using commonly measured
meteorological and snowpack variables (accumulation rate, temperature and snow density). The work is
motivated by the need to improve operational avalanche forecasting during storms. This is particularly
relevant for ski area and highway operations which require rapid evaluations of slope stability over wide

We assume a slope will become unstable when the shear strength of a layer buried at depth is exceeded
by the shear stress imposed by the weight of the overburden. This assumption neglects any contribution
from longitudinal stresses in the slab (discussed in the previous section) and so is expected to provide a
conservative estimate of the onset of instability. The evolution of shear stress on a slope of given angle
can be calculated directly from measurements of precipitation. We parameterize the shear strength as a
power-law function of snow density (Gibson and Ashby, 1987). Although the parameterization is not
perfect, given other uncertainties it appears to be adequate for the range of densities and strengths that
control snow slope stability (low density, weak snow). The initial density of the new snow is estimated
from measurements of air temperature and wind speed, and the evolution of density is modeled using a
viscous constitutive law. The density (and hence the strength) of a snow layer generally increases both
with time, and as the load from the overburden increases. There is a competition between the rate of
loading from the new snow and the rate of strengthening of the buried layer.

Details of the model are given in our manuscript Evolution of snow slope stability during storms.
Analysis of the errors indicates that most of the model uncertainty stems from the estimate of the initial
snow density and we are hoping to improve this parameterization in the near future. Preliminary results
are very encouraging. We have tested the model using measurements from three storm cycles at
Snoqualmie Pass in the Washington Cascades. We have just installed the model for operational use by
Washington State avalanche technicians at Snoqualmie Pass on the 1-90 corridor. ' ‘
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The impact of surface perturbations on snow-slope stability

H. Conway
Department of Geophysics, University of Washington, Box 351650, Seattle, WA 98195, U.S.A.

ABSTRACT. Measurements and observations by others indicate that a potential slab
avalanche consists of a relatively cohesive slab of snow overlying a thin weak layer that
contains flaws where locally the shear stress from the overburden is not fully supported.
Under favorable conditions, snow will shear strain-soften, which provides the basis for
applying a slip-weakening model to examine the size of flaw needed to initiate sub-critical
crack propagation along the weak layer. Using typical values for snow properties, the
model predicts sub-critical crack growth can initiate from a relatively small flaw well
before the shear stress from the overburden approaches the peak shear strength at the
bed. The occurrence of small flaws or imperfections in the basal layer would explain field
measurements which usually indicate that avalanching occurs before the applied shear
stress exceeds the shear strength at the basal layer.

Widespread slab-avalanche activity often increases significantly soon after the onset of
rain on new snow. Measurements of temperature and mechanical properties show that
only the upper 0.15 m or less of the slab has been altered at the time of avalanching; altera-
tions at the sliding layer have not yet been detected. Results from the slip-weakening
model indicate that the rain-induced alterations would reduce the size of flaw needed to
initiate sub-critical crack growth by 10-20%. The observations and model results show
clearly the importance of the slab properties; it is evident that both the slab and the weak
layer act together to control slope stability. A further implication is that the stability of
freshly deposited snow is often close to critical, because a relatively small surface pertur-
bation is often sufficient to cause avalanching. This is not surprising, because it is well
known from field observations that new snow on slopes should be treated with caution.

BACKGROUND

Widespread avalanche activity often increases significantly
a few minutes after the onset of rain on freshly deposited
snow. These avalanches usually release as slabs several hours
before liquid water and the associated thermal wave has pe-
netrated to the sliding layer (Conway and Raymond, 1993).
The abrupt change in stability following relatively small al-
terations that are restricted to the surface has been a puzzle.
The failure layer is dry at the time of avalanching and it is
unlikely that the increased avalanche activity is caused sim-
ply by the additional gravitational loading associated with
the rainfall, because continued loading at the same rate but
from snowfall does not usually cause such widespread and
immediate avalanching. Apparently, snowpacks just prior
to rain often exist in a metastable condition and perturba-
tions caused by the rain are sufficient to alter slope stability.
Here, I present and discuss measured changes of mechanical
and thermal properties at the onset of rain in the context of
the observed rapid and widespread avalanche activity. I
make use of an existing model of dry snow-slab failure to
examine the impact of rain-induced alterations and use the
results to infer pre-failure conditions in the snowpack.

FIELD MEASUREMENTS

The study site is in the Cascade mountains near Snoqualmie
Pass, Washington, U.S.A. where mid-winter rain on snow is
common. In collaboration with avalanche technicians from

) o

the Washington State Department of Transportation, we
have contiguous measurements of weather conditions
(winds, air temperature and precipitation) and snow prop-
erties (layer stratigraphy, temperature and creep profiles).
Some measurements are discussed below.

In-situ measurements of creep and temperature

Figure la shows the set-up used to measure creep and temp-
erature profiles on slopes. Shoes made from light-weight
aluminium screening were placed sequentially at the sur-
face after accumulations of 0.1-0.3 m of snow. The vertical
velocity profile was obtained by measuring the position of
shoes that were constrained to slide down a fixed pole. A
sliding contact mounted on each shoe made electrical con-
tact with a resistance wire attached to the pole and time var-
iations of the vertical position of each shoe were calculated
from this voltage-divider circuit. Calibrated thermistors at-
tached to the shoes were used to obtain temperature profiles.
The non-vertical component of motion was measured by
running a cord from a second shoe up-slope to a rotary
potentiometer mounted on the vertical velocity shoe. Initi-
ally, the distance between pairs of shoes was set at about I m.
Measurements were multiplexed and recorded at 5 minute
intervals using a data logger and storage module. Shoe posi-
tions could be resolved with an accuracy of about + 2 mmy;
temperatures were accurate to %+ 0.01°C. The measurements
were made near the middle of a 200 m long slope inclined at
an angle of 36°. No avalanches released on the study slope
while it was instrumented.
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Fig. 1 (a) Experimental set-up used to measure creep and temperature profiles on slopes. (b ) shows an example of creep profiles at
1 hour intervals starting at midday on 24 January 1993. Rain started at 15.00 h and many slab avalanches 0.55 m deep released on
surrounding slopes soon after the rain started. (¢) and (d) show shear strain-rate and temperature profiles 15 minutes after the

rain started.

Figure 1b shows a typical example of creep measure-
ments before and after a major rain-on-snow avalanche
cycle. The material lines are drawn at hourly intervals and
show the evolution of creep before and after rain which
started at the site at 1500 h on 24 January 1993. Rain, first
on 22 December 1992 and again on 3 January caused the
snow deeper than 0.55m to settle and become relatively
homogeneous. Snow, starting on 20 January, fell on a thin
layer of faceted crystals. On steeper slopes, several slab ava-
lanches released at the faceted layer early in the storm but
activity increased significantly and many slabs about
0.55m deep released on all slopes soon after the onset of
rain. Measurements show that most of the curvature in the
creep profile was caused by differences in the rate of (verti-
cal) settlement through the snowpack. The rate of motion
decreased rapidly with density and large gradients in the
velocity profile occurred because of contrasts in layer prop-
erties. Figure lc and 1d show respectively the shear strain-
rate and the temperature profile during the first 15 minutes
following the onset of rain. Field observations of avalanche
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activity indicated that most slopes had avalanched by this
time. During this first 15 minutes, the near-surface strain-
rate was more than three times higher than that at depth
(Fig. lc) and only the surface snow had warmed to 0°C
(Fig. 1d). The finite vertical spacing between the glide shoes
and thermistors made it difficult to resolve all details of the
profiles. It is likely that local strain rates were higher than
those averaged values and that liquid water and the asso-
ciated thermal wave had penetrated beneath the surface
(although less than 0.12 m) at the time of avalanching.

This response to the first warming or wetting of freshly
deposited snow is typical. On horizontal snowpacks, we
have measured similar rates of penetration of liquid water
and the thermal wave (Conway and Benedict, 1994), and
similar compactive strain-rate profiles (Conway and Ray-
mond, 1993). In addition, our stratigraphic measurements
from snow pits soon after the onset of rain almost always
show liquid water is contained within the upper 0.15m of
the snowpack. The degeneration of mechanical properties
such as elastic modulus and fracture toughness with the




introduction of liquid water is not surprising and the abrupt
change in stability at the onset of rain is likely a response to
both changes in the mechanical properties at the surface
and additional loading from the rain. Below, I use existing
models of snow properties and slope stability to evaluate the
impact of these alterations.

SNOW-SLOPE FAILURE

Stratigraphic observations and measurements at slab-ava-
lanche fracture lines generally show a relatively thick cohe-
sive layer of snow overlying a much thinner weak layer.
Experimental evidence from McClung (1977) shows that
snow will strain-soften under favorable conditions of rapid
shear deformation, which makes it appropriate to analyze
conditions in terms of slip-weakening models in which the
shear strength in a crack-like weak layer degrades with on-
going slip. Such models have been used successfully to des-
cribe instabilities along crustal faults caused by earthquakes
(e.g. L, 1987).

This approach was taken by McClung (1979, 1981), who
studied two extreme cases for dry-slab failure: (1) the case
where the applied shear stress was sufficient to cause a large
area of the weak basal layer to soften, resulting in a dynamic
propagating instability. These conditions might be expected
during continued natural loading by snowfall. Rapid failure
is expected as the applied shear stress approaches the peak
strength of a thin, strain-softening basal layer (McClung,
1979, 1981). (2) the case where slip within the basal layer
was non-uniform and stress concentrations acting at the
edges of a small locally failed zone caused it to expand
slowly until the limiting conditions for rapid shear failure
were met. In Nature, variations in both the driving stress
(from changes in the slab thickness and/or density) and the
resistance (from rather small changes in the structure and/
or stratigraphy at the basal layer) could initiate non-uni-
form slip at the bed (Conway and Abrahamson, 1984). Of
course, the temporal evolution of the strength of the basal
layer as a result of sintering or recrystallization of grains
also has important controls on slope stability but that is be-
yond the scope of this paper.

McClung’s (case 2) analysis was based on a slip-weaken-
ing model from Palmer and Rice (1973), who showed that
shear propagation of crack-like surfaces could be analyzed
using an energy criterion. Figure 2 shows a schematic view
of a slab overlying a zone of length 2L where the shear stress
from the overburden is not fully supported. Propagation
will occur if the energy released as the slab moves down-
slope exceeds the energy necessary for plastic yielding at
the crack tip. During deformation, under a gravitational
shear stress 7, the peak shear stress 7;, decreases to a resi-
dual 7; after a characteristic distance 6. The propagation
condition for a linear-elastic slab overlying a slip-weakening
layer is (McClung, 1979, 1981):

12
2|5 > (=3 (1)
where E is the average elastic (or viscoelastic modulus) of a
slab of thickness H. Laboratory-scale experiments by
McClung (1977) indicated § ~ 2mm, and 7/7, ~ 0.75,
although others have reported values for 7;/7as low as 0.1
(de Montmollin; 1982; Perla and others, 1982). Model
assumptions require L to be larger than the end-zone, where
the distribution of stresses through the slab is not linear.
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Physically, this length is expected to be several slab thick-
nesses. Following from case 1, immediate crack propagation

is expected if 7; exceeds 7.

A
P .
‘&%1506
Qey,
/e

Fig. 2. Schematic of a snow slab overlying a weak layer that
contains a flaw (where the gravitational shear stress T is not

Sully supported) of length 2L. The lower plot shows a weak
layer with a peak shear strength T, that slip-weakens to a
residual strength 7.

The mechanical properties of snow depend strongly on
microstructure (Kry, 1975), but the relevant microstructural
properties are not generally known nor measured. Although
not ideal, bulk density is more easily (and more often)
measured and offers a practical alternative. Both snow
strength and ductility increase rapidly with density and ex-
periments show a power-law relationship explains much of
the variability in measurements of shear strength (Perla
and others, 1982; Jamieson, 1995):

7 = Clps/ 1)’ 2)
where 75, is the peak shear strength (in Pa), p; is the snow
density and p; is the density of ice (917 kgm ™). The coeffi-
cient C' depends on grain structure and varies from
18 x10*Pa for open-grain structures (such as faceted
grains) to 2.2 x 10* Pa for partly metamorphosed new snow.

For dry low-density snow (<400kgm™®), the elastic
modulus E (in Pa) is also conveniently described by a
power-law relationship (Gibson and Ashby, 1987, Mellor,
1977):

E=22x10" (ps/p)*. (3)

The average modulus for a layered slab can be approxi-
mated as:

E1H1+E2H2+... (4)
H1 —+ H2 +...

where Ey, Es, etc. are the values of the modulus of layers of

thickness Hi, Hj, etc.

Eavg =

Numerical examples

Equation (1) implies sub-critical crack growth will occur
only when the flaw or imperfection exceeds a certain length.
For practical purposes, it is of interest to determine the mini-
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mum flaw size needed to initiate slow-failure propagation.
The size depends on the mechanical properties of the system
and it is convenient to study the length as a function of 7, /7
because rearrangement of Equation (1) shows this relation-
ship is relatively insensitive to changes in slope angle, slab
thickness and density of both the slab and the weak layer. I
restricted the analysis to flaws with a half-length less than
10 m, because rapid dynamic failure was expected if the
“flaw” extended over a large area.

Values for the mechanical properties were estimated
using Equations (2) and (3) for a range of conditions typi-
cally observed at avalanche-fracture lines (e.g. McClung
and Schaerer, 1993). The gravitational shear stress 7; was
assumed constant and failure initiated from a flaw (of half
length L), where the basal shear strength 7, was less than
Tg. For simplicity, I assumed the residual strength of the
basal layer (after shear-strain softening) was also 7; and used
the slip-weakening model (Equation (1)} to examine the sen-
sitivity of L to changes in properties of the slab and the weak
layer.

10

8-

64

‘Half length of flaw (m)

]
I
|
: Assumptions:
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|
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Fig. 3. Half-length of flaw needed to cause sub-critical crack
growth as a function of the stability index T, /7y and the
strain-softening ratio T; [ Tp. Results show sub-critical crack
growth can initiate from relatively small flaws well before
the average stability index decreases to 1.0. The example shows
(for 7o/ Ty = 1.25) a flaw of half-length 4.2 m will propa-
gate when T:/T, = 0.5 but the half-length necessary for
propagation increases (unrealistically) to more than 400 m
when T, /T, = 0.8.

Results, together with values used for model input, are
shown in Figure 3. 7;,/7, has been called “the stability in-
dex” by several authors; failure is expected to be immediate
(i.e. L = 0) when the stability index is 1.0. The model discre-
pancy (shown in Figure 3 when 7, /7, = 1) arises because of
end-zone effects discussed earlier. Nevertheless, results show
clearly that the length of the flaw needed to cause sub-criti-
cal crack growth decreases rapidly as 7, /7, decreases. In-
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deed, the length decreases by about 50% when 7,/7¢
decreases by only 10%. Changes of this magnitude could
arise if either the slope angle, slab density, slab thickness or
weak-layer density changed by just 5-10%, which is well
within the bounds of natural variability measured across
slopes. This sensitivity contributes to making accurate field
assessment of slope stability problematic.

Results shown in Figure 3 also indicate the flaw length is
highly sensitive to the residual strength. Reducing the resi-
dual strength allows initiation of sub-critical crack growth
from relatively small flaws well before the average stability
index for the slope becomes unity. Figure 3 shows (for
Tp/Tg = 1.25) a flaw with a half length of just 42 m will
result in sub-critical crack growth when 7/7, = 0.5, but
the length increases rapidly to more than 400 m when
Ty/T = 08. (Such a long length is unrealistic, because the
zone is no longer a “flaw”) The idea that widespread slope
failure can initiate from a relatively small flaw is supported
by measurements which show the average stability index for
avalanched slopes is usually greater than 1.0 (Jamieson,
1985).

Uncertainties in the spatial and temporal distribution of
snow properties and flaws make it difficult to predict snow-
slope stability accurately. However, the abrupt change in
stability at the onset of rain offers some clues about condi-
tions in the snowpack prior to rain and this is considered in
the next section.

Avalanching at the onset of rain

Observations suggest that new snow often exists in a meta-
stable condition and small perturbations at the onset of rain
cause abrupt and widespread avalanching. McClung (1996)
showed that the elastic modulus is highly temperature sensi-
tive and experimental evidence indicates it is often reduced
by an order of magnitude with the introduction of liquid
water. The elastic energy released by the slab following an
abrupt decrease in the slab modulus would would be avail-
able to drive crack propagation (Equation (1)). Assuming
the modulus prior to rain Ej is constant through the slab of
thickness Ho, using Equation (4) the average modulus after
rain E; can be written:

_ EsH; + EO(HO — Hs) (5)
, Hy _
where E is the modulus of the wetted surface layer of thick-

ness Hy. Generally, E,H, < Ey(Hy — H;) and a reasonable
approximation for the slab-averaged modulus is:

_ Ey(Hy — Hy)
_0_19]_[0_. (6)

Here, Hy — Hy can be considered to be the “effective” slab
thickness after wetting. Assuming 75, 7; and § do not change
in the first few minutes following the onset of rain but allow-
ing that additional loading from rain may increase the basal
shear stress to 741, re-arrangement of Equation (1) yields

Ly | Ho (Te1 — 7)
L g (Ho— H;) (T —7) (7)

Measurements of creep and temperature discussed above in-
dicate that liquid water and the associated alteration of the
mechanical properties are usually limited to the upper 0.1-
0.15 m during the first 15 minutes of rain. Typical rates of pre-
cipitation in the region (5-10 mmh™) would increase the
gravitational shear stress by about 30-60 Pah™* on a slope

E,

E,




of angle 38°. Figure 4 has been constructed to show the
length of flaw needed to cause sub-critical crack propaga-
tion before and after rain (using Hy = 012m and A7, =
10 Pa to simulate conditions 15 minutes after rain starts).
The separate effects of the additional loading and altera-
tions to the slab modulus are shown. The plot is truncated
at small values of 7,/7; (before rain), because the extra
loading from rain increases sufficiently so that 7, = 7, and
immediate failure is expected. For cases where the stability
index is higher, rain-induced alterations reduce the length of
flaw needed to initiate sub-critical crack growth by 10-20%.
Such changes (~2m or less) are small but the abrupt
increase in avalanche activity soon after the onset of rain
implies the changes are sufficient to initiate sub-critical
crack propagation and ultimately rapid dynamic failure.

10
before rain
- slab density = 220kg m 3
i - weak layer density = 180 kg m?
- %fp=0.6
/ ® SL after rain
~ 10-
8 after rain
- reduced elastic modulus in upper
0.12 m of the slab.
_ - basal shear stress increased by10 Pa
E |
£
&
8 sub-critical
g 61 crack growth
5 __________________ reduced elastic modulus
sa in upper 0.12 m of the slab
T
[
1 stable conditions
4 1
1
1
I
¥
- 1
1
|
:
2 T T T T { T T T T
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Fig. 4. Half-length of flaw needed to cause sub-critical crack
growth as a function of the stability index T,/ T, before and
after rain. The intermediate dashed curve shows the impact
when only the elastic modulus in the upper 0.12'm of the slab
is reduced. The envelope between the solid curves gives the
range of possible basal conditions before rain. For example
(for 7 /Tg = 125), a flaw of half-length smaller than
5.6 m could have existed without expanding before rain but it
must have been larger than 4.6 m for the slope to fail immedi-
ately after rain started.

The analysis supports observations that freshly depos-
ited snow is often unstable. For example, for conditions
given in Figure 4 and 73, /7, = 1.25, the model predicts that
before rain the slope must have contained a flaw of half-
length between 4.6 and 5.6 m, because rain-induced altera-
tions would not be sufficient to initiate sub-critical crack
propagation from a smaller flaw, and propagation would
have begun before rain started if the flaw were larger. This
rather narrow band of pre-failure conditions is more likely
to exist in freshly deposited snow, because sintering pro-
cesses usually act to increase the strength of snow with time.
Our observations indicate that abrupt and widespread ava-
lanche activity is rare when rain falls on older, well-bonded
snowpacks.

Conway: Impact of surface perturbations on snow-slope stability

Model results may also yield insight into skier-released
avalanches. A ski-cut about 0.lm deep would reduce the
“effective” slab thickness at least locally and have a similar
impact to that shown in Figure 4 (even without accounting
for all the additional stress imposed by the skier). Obser-
vations indicate that rain is a more effective trigger of new
snow avalanches than ski-cutting (personal communication
from C. Wilbour, 1996). The difference may be that rain-in-
duced alterations occur over a wide region and perturb all
existing imperfections in the snowpack. A skier might miss
cutting across a flawed zone. K

CONCLUSIONS

Measurements of snow properties and stratigraphic obser-
vations at slab-avalanche fracture lines provide the basis
for adapting a slip-weakening model in which slip at the
bed is non-uniform and the basal shear strength degrades
to a residual strength with ongoing slip. Non-uniform slip
implies the existence of crack-like flaws or imperfections in
the basal layer, where stresses from the overburden are not
fully supported. As the flaw-size increases, stress concentra-
tions at the edges will cause sub-critical crack growth and
subsequent rapid-failure propagation. Using values typical
for properties measured at avalanche fracture-line profiles,
the model predicts sub-critical crack growth can initiate
from a relatively small flaw, well before the gravitational
shear stress approaches the peak basal shear strength. This
result is consistent with field observations and measure-
ments at avalanche-fracture lines.

Measurements indicate that alterations induced by rain
on new snow are usually restricted to the upper 0.15 m of the
snowpack. The slip-weakening model predicts such surface
alterations will reduce the length of flaw needed to initiate
sub-critical crack growth by just 15-20%. Apparently, this
relatively small perturbation is sufficient to cause the abrupt
change in stability often observed at the onset of rain. Con-
ditions prior to rain must have been close to critical, which
is consistent with field observations that indicate freshly de-
posited snow is often very unstable.

The slip-weakening model shows that the slab modulus
can have a controlling influence on slope stability; it is evi-
dent that both the slab and the weak layer act together to
control slope stability. Most field practioners focus on the
basal layer, when searching for a stability index, but it may
also be useful to examine the properties of the slab for clues
about snow-slope stability.
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SNOW DENSIFICATION DURING RAIN

H.P. Marshall', H. Conway and L.A. Rasmussen
Geophysics Program, University of Washington, Seattle, WA 98195, U.S.A.

Abstract: Observations and measurements indicate rain often has a major impact on
snow slope stability. Measurements to investigate the effects of wetting of low density,
alpine snow were made at Snoqualmie Pass, Washington, U.S.A. Results indicate that
on first wetting the densification rate can increase by three orders of magnitude. This
initial burst of densification occurs independently of the gravitational load and is probably
a result of rapid structural changes and grain rearrangement that occurs when liquid
water is first introduced. The rate decreases rapidly with time, although it remains about
two orders of magnitude higher than that for dry snow of the same density. The rate of
densification decreases as density increases. We assume snow behaves as a linear viscous
fluid and that the metamorphic and gravitational components of compaction are additive.
A simple model of compaction is derived empirically using the measurements. The model
fits the measurements very well, although more experiments are needed to determine the

dependence of the model parameters on liquid water content.

Keywords

Snow, snow compaction, rain on snow

~ 1. Introduction

Wldespread avalanche act1v1ty is often observed
immediately following -the onset of rain.. Previous
work has shown that the avalanching occurs both be-
" fore the rain has reached the sliding layer, and before
the increase in overburden stress due to the addi-

tional weight of water would have caused the slope -

to fail [Conway and Raymond, 1993]. The failure

_layer is dry at the time of avalanching, and .appar-. -
ently surface perturbations caused by the rain are
sufficient to alter slope stability. 'Here we present -
.and discuss measurements of compaction of natu- -

ral snowpacks. during rain and also experiments in
which water was introduced artificially.

_ Compaction of dry snow at low strain rates has .

been the subject of numerous studies, many of which
have been discussed in reviews such as [Bader, 1962],
[Mellor, 1975), [Salm, 1982], [Shapiro et al., 1997).

Accurate descriptions of micro-structural properties
are needed to formulate a realistic physical model of
snow densification [e.g., Keeler, 1969; Hansen and
Brown, 1987)] but application of this type of model
is difficult because micro-structural properties are
not easily measured. Empirical models are easier to
apply and often provide a better fit to measurements

1Corresponding author address: H.P. Marshall, Geo-
physics Program, Box 351650, University of Washing-
ton, Seattle, WA 98195-1650; tel: 206-616-5393; email:
hpm®@geophys.washington.edu

than do physical models [Colbeck et al., 1978; Her-
ron and Langway, 1980], although caution is needed
when applying these models outside the range of the
experimental data used to formulate them. Empiri-

cal models continue to be used in practical applica-
tions [e.g., Schweizer, 1993; Bader and Salm, 1990]

~ and it is likely that they will remain in use until an

easily measured mlcro-structural parameter is 1den-

’ tlﬁed

The vertical ra.te of compaction €2z (for posmve

'z m the downward d1rectxon), or densification rate -

—5 dt , of natural snow in response to stress from the

overburden o, (t) = [ p(t)gdz is often described by

-.aone dlmensmnal constitutive relationship for a lin-
ear viscous fluid [e.g., Kojima; 1967]. Metamorphic
© processes also cause snow density to change inde-
- pendently of gravity and it is convenient to think of

the metamorphic component o, (t) as a stress that
is additive to the gravxta,tlonal stress:

1 dp
= — 1 2z (T
= = asenteu@) O
Experiments show the compactlve viscosity 7, (t)
varies exponentially with density [Kojima, 1967],
temperature T and liquid water content w of the

€2z

~ snow [ Yamazaki et al., 1993] and can be written:

nzz(t) = Al(w) A2 eAa é?eE/RT (2)

where A;(w) decreases exponentially from 1.0 for
dry snow to 10~F at 14% water content [Yamazaki
et al., 1993], A2 = 1.1 x 1078Pa - min, A3 = 19.3,
the dens1ty of ice pi = 917 kgm~3, the activation
energy E = 67.3kJmol~!, and the gas constant
R =0.00831 kJ mol~! K—1.




2. Observations and measurements
during rain on snow

We have made high resolution measurements of
compaction of natural snow at the Washington State
Department of Transportation snow study site (915
m as.l) at Snoqualmie Pass, Washington U.S.A.
Mid-winter storms often deposit up to 1 m of new
snow which may then be followed by rain. Wide-
spread avalanching is often observed immediately
following the onset of rain [Conway and Raymond,
1993]. -

:F igure 1. , App:i-xra‘tus'for‘ineasurir‘xg settlement w1thm

"7 ‘snowpacks.

8 BT be apparatus used to medsure set-" " period (5.4 < Tynw < ~3.5°C). Fig. 2B -

tlement within snowpacks. Velocity shoes made

from light-weight aluminum scréening were placed -

- sequentially at the surface after ‘10 to 30cm of in-
" cremental snow accumulation.” A’sliding contact
“mounted on each shoe made electrical contact with
a resistance wire strung between a support above
‘the surface and the ground. We configured this as a
voltage divider circuit to calculate the shoe position
with an accuracy of 2 mm. Thermistors attached
to the shoes measured the temperature in the snow
‘at each shoe position. Measurements, usually made
at 15 minute intervals, were recorded using a data-
logger and storage module. The evolution of layer

density was calculated from measurements of the ini-

tial snow density and changes in layer thickness.

- Other things being equal, the increased stress
from the overburden should cause layers at depth
to densify more rapidly than layers near the surface
(Eqn. 1). However in reality the snow at depth is

500

dry snow modet

Domnyu(kvm’)
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Figure 2. Densification of two layers of natural snow using
the apparatus shown in Fig. 1. Fig. 2A shows a layer which
was dry throughout the measurement period, while figure 2B
shows a layer which became wet after rain started. The error
bars for Fig. 2A are within the symbols. For comparison, in
both cases the dashed lines show results from the dry snow
model (Eqn. 1). The solid line (Fig. 2B) shows results from
the wet snow model (Eqns. 4 and 5).

= . likely to be more dense (aﬁd hence more viscous -

Eqn. 2), and/or 'duri‘ng rain, the surface layers will
be wetted first (because of the time lag-of infiltra-

.. tion). Both effects. complicate intérpljei_:ation of mea-
. surements of settlement in natural conditions. '

Fig. 2 shows measured compaction rates in nat-

. ural snow for two layers in 1993. . Both layers
.. were near the surface during measurements; Fig. 2A

shows a layer which was dry throughout the mea-

shows a layer that was wetted by rain which started
at 1500hr on day 24. The uncertainty in the es-

- timate of density was calculated using propagation -

of errors [Bevington and Robinson, 1992], assuming

* the error in velocity shoe position was +2mm, the

error in the measurement of water equivalent was
+0.25 mm, and that the two errors were uncorre-
lated. For comparison, model predictions for dry
snow (Eqn. 1) are also shown. We expect values
of o (t) will range from being positive (equilibrium
metamorphism) to negative under large temperature
gradients (kinetic growth metamorphism). Here for
dry snow we use a constant value evaluated by fit-
ting measurements of density of dry snow near the
surface (0,, ~ 0) to Eqn. 1. Results from four such
experiments yielded an average o, (t) = 75 + 35 Pa
which is equivalent to about 7.5mm (water equiv-
alent) overburden. The solid line (Fig. 2B) shows




. results from the wet snow model discussed later.

Results show the dry-snow layer (Fig. 2A) densi-

fied slightly faster than the model prediction (assum-
ing o,; = 0). However the difference is well within
the model uncertainty (uncertainties in p(0), o (2)
and temperature) and further, some snow accumu-
lated during the experiment making o;; > 0. In con-
trast, the wet layer densified more than 100x faster
than the model prediction for dry snow (Fig. 2B).
Introduction of liquid water has a major impact on
the rate of densification and below we discuss exper-
iments to investigate this effect.

3. Experiments to investigate the first
wetting of dry snow

Experiments were done during the 1996-97 win-
ter at Snoqualmie Pass. Undisturbed samples of
freshly deposited snow were collected by pressing
a cylindrical container into the new snow, sliding
a sheet of plywood underneath and then inverting
it. The average initial density p(0) was obtained by
subtracting the weight of the empty container from
the weight when filled with snow, and dividing by
the sample volume. A known volume of water at

0°C was sprayed evenly over the surface. Changes )
in height of snow in the container were measured as

a function of time for up to ﬁve hotrs and used to

calculate changes in densu;y The change in helght at ‘
- a given time was taken to be the average of five mea-
. ‘surements across the center of the sample (Flg 3)..

* A'large can (h = 160mm, diam. = 155mm) was
~used for four of the experiments, a,nd plastic con-
tainers (h = 70 mm, diam. = 167 mm) were used
for the others.  In each experiment-about 14% (by
volume) of water was distributed evenly over the sur-
face within ~ 30 seconds.

The experiments were done outdoors and were

therefore subject to changing environmental condi-

“tions.” When the air temperature was lower than
~ —5°C the water froze at the surface and infil-
tration was impeded. At temperatures higher than
~ 41°C the snow melted, and measured changes in
height were the combined effects of loss of ice mass
and densification. To reduce melting during warm
conditions we buried the container (with the top
level with the surface) within the natural snow. A
total of 20 experiments were successfully completed
within the range —5° < Ty, < 1°C.

We are not certain how the container size affects
the measurements. In most experiments the change
in volume was caused by changes in height with little
shrinkage from the sides and we suspect that edge
effects were minor. However it would be useful to

add 0°C water .
with spray bottle

h{t)

Flgure 3. Densification experiments. Water was sprayed
uniformly onto a volume of snow with initial height 1(0) and
density p(0). The height at time ¢ after first wetting h(t) was
calculated by measuring Ah(t) at 1 minute intervals for the
first 10 minutes, and every 10-30 minutes thereafter for up to
5 hours. Ah(t) was the average of 5 measurements across the
center of the sample.

do more experiments with containers of varying di-
ameter to determine when edge effects become im-
portant.

The standard deviation of each mea.surement of
density S,(;) was calculated from the uncertainty
in the measurement of mass (Sy = %1g), radius

~ of the sample cylinder (S, = 0.5mm) and height

(St = Sﬁ + 5} ha Where the accuracy of height mea-

- surement Sha = 0.5mm and the precision of height

measurement S;.,, is the standard, deviation of the

 five measurements). Assummg the errors are uncor-
- related, the uncertainty in densu'.y is [Bevmgton and

Robinson, 1992]:

= (h(t))2 Gireir @

- where M= the total mass of the sample, ris 1ts ra-
- dius, and h(t) is its height. Because the surface be-
_comes more irregular with time, and h(t) decreases,

the standard deviation increases with time.

Fig. 4 shows results from two experiments. One
(p(0) = 125kgm~3) is typical of fourteen experi-
ments in which the initial density ranged from 100
to 190 kgm~3. Low-density snow always densified
rapidly in the first few minutes after wetting, and
the rate decreased as denmsification proceeded. On
the other hand, changes were too small to be de-
tected over the period of measurements when the
initial density was high such as in the other experi-
ment (p(0) = 360 kg m~2). The rate of densification
for snow of low initial density was much faster than
that predicted by the dry snow model. This is not
surprising since we expect rapid structural changes
and grain rearrangement when liquid water is first
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Figure 4. Evolution of snow density p(t) calculated from
measurements of p(0) and h(t) for p(0) = 120kgm—3, and
p(0) = 360kgm=3. In both cases 14% (by volume) of water
was added at ¢ = 0. The densities plotted are dry density -
that is without the liquid water. The dashed lines show the
dry snow model for comparison. . o

introduced to low density snow, and at higher den-
sities we expect the presence of liquid water would

lubricate grain boundaries and enhance densification - : : : :
) .~ .- . is'the modeled density (from Eqn. 4), and Ny is the

[Colbeck et al., 1978]). ‘

3.1 Model developm_ent. ‘ R
We use a similar fbfmﬁlation to that used for dry

snow (Eqns. 1 and 2) but with different values for

the model parameters. * For a first approximation
© We assume 15 (wet) = A1 X fzz(ary). T = 273°K for
- wet snow and o, is small (ranging from 0 at the =

surface to ~ 140 Pa at the bottom of the container)
compared with other effects during wet snow com-
paction and here we ignore it. For the experimental
conditions we rewrite Eqn.1:

1 dp 1 -

p(t) dt — Ay Nzz(dry) (o'm (t) + 0) . (4)

Eqn.4 is not easily integrated and instead we solve

for p,(t) iteratively using 1 minute time steps. A

constant value for op,(t)/A; does not capture the

rapid densification when water is first added to dry
snow and we use a time dependent function:

A, -1 +32 (5)

The term B/t captures the rapid initial change.
Bi/t - 0 as t —+ oo, and so B, models the long
term impact of wetting.

- number of measurements.

95 1 105 1
x10*

Figure 5. Optimization of model parameters B; and B,.

" The optimum values (B; = 8.0 x 10*Pamin, B, = 1.65 x

10*Pa) gave § < 4.6 kgm ™3,

The root mean square error Sy for each experi-
ment is calculated from: -

S=xZh0-ror @

‘where py (%) is the measured density at time Z, p* (¢)

We choose By and B to minimize the average
root mean square error S for all 20 experiments: :

F:}/%Z(sk)z o

Fig. 5 shows res‘ﬁlts’ of the optimizafioxi which in-
dicate (for ¢ in minutes) B; = 8.0 x 10* Pamin,

" By = 1.65 x 10* Pa. The average rms (4.59 kgm=3)

is small considering that the density of a natural
snow layer can vary by up to 10%. Fig. 6 shows
measured and modeled results for five experiments.
For most experiments, the model was within the
measurement error. In the few places where the
model did not match the measurements it is possible
that densification was affected by a change in con-
ditions. For example in the experiment shown with
p(0) = 100 kgm=3 the rate of densification slowed
between 50 and 125 minutes, probably because the
air temperature decreased during that time.

4. Discussion

The model developed for wet snow densification
from the experiments fits the measurements made
in the natural snowpack during rain on January 24,
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Figure 6. Measurements and model results during first
wetting of low density snow. The plot shows five experiments
with snow of different initial densities. The rate of densifi-
cation increased with introduction of liquid water, and de-
creased as the density increased. The increase was especially
fast during the first 10 minutes.

t

1993 (solid line in Fig. 2B) remarkably well. Pre-
cipitation rates at Snoqualmie Pass are typically
~ 10mmhr~1. Observations indicate liquid water
is usually contained within the upper 7-10 ¢m of the
snowpack during the first hour, which implies a wa-

ter content of 10 to 15% (by volume) after one hour. - -

" In our experiments the snow samples reached a sim-
ilar water content much more quickly, and this dif-
ference in application rate is most likely the reason
the measurement immediately after the onset of rain
deviates slightly from the model (Fig. 2B).

We expect both the v1scosxty a.nd the metamor— }
phic components will change when liquid water is

- introduced to. dry snow. We are unable to resolve
the separate contributions from our data (Eqn. 5)
but we can compare the increase in compaction rate
during wetting (no load conditions) from the ratio.
- Ezz(wet) * €2z(ary) Which reduces to %(Bl/t + By)..
Hence the addition of water increases the com-

paction rate more than 1000x in the first minute,

and even as t — oo (> 100 minutes) the rate is still
~ 200x faster than for dry snow. We note that in
our experiments the amount of liquid water (~ 14%
by volume) was not varied. We suspect the model
parameters depend strongly on both the water con-
tent [ Yamazaki et al., 1993] and the application rate.
It would be useful to do more experiments to deter-
mine the dependence of the model parameters on
both the rate of application and the liquid water
content.

We note that our results suggest the rate of den-
sification in wet snow is much faster than that com-

monly used in the literature [e.g. Anderson, 1976;
Jordan, 1991]. Even the long-term rate is about two
orders of magnitude faster than the more commonly
used value. It is possible that the difference arises

-because the liquid water content in a natural snow-

pack consisting of well rounded grains is likely to be
somewhat less than 14% and the viscosity is strongly
dependent on water content [ Yamazaki et al., 1993].
It is dangerous to extrapolate (because the model
was formulated using measurements over less than
a day) but the model predicts the snow density

will be 550 kg m~3 (the density of equal-sized, close-

packed spheres of ice) after about 35 days and
about 600 kg m~3 after 90 days. We are not cer-
tain whether our model is applicable over this time
scale but it is interesting to note that end of season
measurements at Blue Glacier in the Olympic moun-
tains (typically after about 90 days of melt) indicate
the residual snow density is similar (~ 580 kgm~3).
It is likely that the burst in densification at the
onset of rain is a result of grain rearrangemént and
structural changes. It has been suggested that this
rapid alteration in mechanical properties at the sur-
face has a controlling influence on snow slope sta-
bility at the onset of rain [Conway, 1998]. It would
be useful to investigate this further, and in partic-
ular, measure the evolution of the vertlca.l distribu-
tion of liquid water together with densification rates
through natural snowpacks after the onset of rain.

5 Conclusmns

The simple model for compa,ctlon of wet snow fits

- our measurements very well but more experiments

_are needed to determine the dependence of model

- parameters on liquid water content. The model cap-

_tures the essential features observed on first wettmg '

of dry snow. These are:

e on first wetting the densification rate increases
by three orders of magnitude. We suspect
this initial burst of densification is caused by
rapid structural changes and grain rearrange-
ment when liquid water is first introduced.

e the rate decreases rapidly with time although
it remains about two orders of magnitude
higher than for dry snow of the same density.
We suspect the presence of liquid water re-
duces friction at grain boundaries which would
increase the rate of densification.

e as with dry snow, the rate of densification de-
creases as density increases.
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- EVOLUTION OF SNOW SLOPE STABILITY
DURING STORMS

H. Conway and C. Wilbour

Geophysics Program, University of Washington and Washmgton State Department of
Transportation, Snoqualmie Pass

Abstract: The evolution of snow slope stability during storms is investigated using
simple models to calculate the shear strength of a buried layer (from its density) and the
imposed shear stress (from the weight of the overburden). There is a competition between
the rate of loading from new snowfall and the rate of strengthening of buried layers. In
theory, unstable conditions will occur when the stability index X, (t) (the ratio of the shear
strength of a buried weak layer at depth 2z to the shear stress imposed by the overburden)
approaches 1.0. A related index of practical interest is the expected time to failure (the
time when X, (¢) will become critical if the current conditions continue). The model is
tested using measurements and observations of avalanche activity during three storm cycles
at Snoqualmie Pass in the Washington Cascades. In two cases the avalanche activity was
high while in the other, few avalanches released. Ty (t) proved to be a better discriminator
between stable and unstable conditions than X,(t). This is because it contains information
about both the magnitude and the expected changes of X;(t) in response to the current
conditions. Even if X, (t) is close to critical, if it is not decreasing then slopes will remain
stable. Results indicate the model may prove useful for forecasting avalanches during -
storms. The required input (hourly measurements of precipitation, air temperature and
new snow density) is routinely measured at many study SItes and -the tracta.blhty of the -
model makes it a.ttra»ctwe for opera.tlona.l use.’ '
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Introduction

Observations indicate that most natural dry snow
slab avalanches release as a result of rapid loading
from snowfall [McClung and Schaerer, 1993]. Here
we examine the evolution of snow slope stability dur-
ing storms. Of particular interest is to determine the
conditions that cause these direct-action avalanches.

Models of dry snow slope failure show two condi-
tions must be satisfied before slab avalanches will re-
lease: (i) the downslope component of the weight of
the slab must be close to the average shear strength
of a.buried weak layer; (ii) the rate of deformation
within the buried weak layer must be sufficiently
high to cause failure [McClung, 1981; Gubler and
Bader, 1989; Bader and Salm, 1990]. The proba-
bility of failure increases when the stability index
I, (the ratio of the shear strength of a buried weak
layer at depth z to the shear stress imposed by the
overburden) approaches 1.0 [Perla and LaChapelle,
1970]. -

In contrast, shear frame measurements at fracture

lines on failed slopes typically yield average values -
.of ¥, greater than 1.0 [Roch, 1966; Sommerfeld and -

King, 1979; Jamieson, 1995]. In addition, measure-

" ments show high variability which led Perla [1977] -
to doubt the usefulness of such measurements. How-

ever an index of stability has continued to be pop-

ular among field practitoners and tests such as the
- Rutschblock [e.g., Fohn, 1987; Jamieson and John- ..

-s0n, 1993a] or the shovel shear test [e.g., Schaerer,

. 1989; Jamieson and Johnson, 199.3b] are désigned Py
to examine the relationship between strength of the : -

weak layer and the stress from the overburden.

There is a strong motivation to improve predic-

tions of snow slope stability. Here we do not at-
tempt a rigorous analysis of the coupled thermal-
"mechanical conditions expected in snow slabs, but
rather we investigate the evolution of the strength
of buried weak layers and the applied static stress
from the overburden during storms. Our goal is to
find an inder that can be used as a tool in opera-
tional avalanche forecasting.

Figure 1. Coordinate convention used for planar snow slab
inclined at angle 6.

Evolution of the stability index
Basal shear stress

Neglecting longitudinal stresses, the average static
shear stress o,,(t) at depth z and time ¢ in a pla-
nar slab inclined at angle 6 (Fig.1) during times of
precipitation is:

0arlt) = g / Py cosfsing dt 1)

where the gravitational constant ¢ = 9.8 ms~2 and
P, is the rate of accumulation (measured in the
earth vertical direction). In theory, gauge mea-
surements of precipitation from a representative site
could be used in Eqn.1, but in practice, interactions

_between winds and complex topography make it dif-

ficult to accurately predict the spatial and temporal
pattern of accumulation. -

- Basal shear strength

Estimating the shear strength of a buried weak
layer is also problematic. The mechanical properties

~of snow depend strongly on microstructure [Keeler,
- 1969; Hansen and Brown, 1987] but the relevant -
microstructural properties are generally not known -

nor measured.  Although not ideal, bulk density is

- . more easily (and more often) measured and mechan-
. ical properties undergo significant impr’oVement with .
densification. ‘We follow an approach used by Gib- =

son and Ashby [1987] who modeled cellular solids as

rods of length I and thickness d. For this geometry,
‘snow density p, is approximately: ’ : :

P )

where p;, the density of ice is 917 kgm=3, and 4, is
a shape factor that depends on the grain structure.
Further analysis makes use of beam theory, and as-
suming failure after a critical displacement (elastic
behavior), the shear fracture strength oy is:

or = Ax(1)" 3)

The model parameter A; includes the Youngs’s
modulus of ice as well as A;. Although this model
is deficient, experiments show such a power law re-
lationship explains much of the variability in mea-
surements Perla et al., 1982; Jamieson, 1995]. Fig.2
shows Jamieson’s measurements which indicate A,
varies from about 1.8 x 10* Pa for open grain struc-
tures (such as faceted grains) to 2.2 x 10% Pa for
partly metamorphosed new snow. We expect val-
ues to be log-normally distributed (the strength can




not be negative) and the best fit to all measure-
ments (A2 = 1.95 x 10* Pa) has r* = 0.66 and
rms = 0.61 o4 Pa. Structural differences that cause
variations in strength of snow of the same density are
not accounted for in this simple model and proba-
bly cause much of the uncertainty. Errors associated

with measurements of density (particularly in thin

layers where accurate measurements are difficult to
obtain) may also contribute.
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. Figure 2. Measurements of shear strength o; and snow :

density ps by Jamieson [1995]. The solid line is the best
fitting power law relationship (r?
and the dashed lines are + the standard deviation.

Both metamorphic processes and the stress from

the overburden ¢, (t) contribute to cause the den- "
sity of a dry snow layer to change during a storm -

cycle. It is convenient to think of the metamorphic

component as a stress o, (t) that simply adds to the -

gravitational stress and assume a viscous densifica-
tion law for dry snow of density p;(t) at depth z of
the form: -

1_dps
p-(t) dt

Eqn.4 applies to a horizontal snowpack but here we
neglect the effect of shear on densification and ap-
ply the same expression for inclined snowpacks using
022(t) = g [ Pycos?0 dt. This assumption is not too
restrictive because the Poisson ratio v — 0 for low
density snow. The kinetic term 7,,(t) is the com-
pactive viscosity often used to represent a viscous
constitutive relationship for dry snow [e.g., Kojima,
1967] modified with an Arrhenius type temperature
term: '

= T (t) [Um(t) + 02 (t)] (4)

Maa(t) = ByeP2 (S5 B/ (AT (5)

When B; = 6.5 x 10~7 Pas, B; = 19.3, the acti-
vation energy E = 67.3kJ mol™!, the gas constant

R = 0.0083kJmol~1°K~1, the layer temperature -

T, is in °K, then 7, is in units of Pas.

= 0.68,rms = 0.610; Pa)

We expect values of o, (¢) will range from beiné
positive (equilibrium metamorphism) to negative
under large temperature gradients (kinetic growth
metamorphism). During storms we expect condi-
tions are more conducive for equilibrium metamor-
phism and use a constant value (75 Pa) which is the
average found from compaction measurements near
the surface where o;;(t) ~ 0 [Marshall et al., sub-
mitted]. Using o,, = 75 Pa implies that densifica-
tion is dominated by metamorphic processes near
the surface, but the gravitational component con-
trols in layers more than 5 to 10cm below the sur-
face.

Stability index and time to failure

The average stability index T, (t) at depth z and
time £ is:

S =22 fg (6)

024 (t) comes from Eqn.1 and we solve for p, () it-

_eratively (Eqns 4 and 5) and use these in Eqn.3 to

calculate o, (t).
Of special interest for 'operational purposes is the

'expected time to failure Ty (¢) which is:

(=, (t) = 1.0) ;
T (t) _Fﬁz_/dt_ (7)

“Ty(t) contains information about how the current
" conditions are aﬂ'ectmg PO (t) and when it will reach
its cntlcal value

Model uncertamtles -

- There are two contributions to the uncertainty
in strength. The first comes from the inexact-
ness of the strength-density relationship (0.61 ¢ -
see Fig.2) and the other comes from the uncer-
tainty in density. We assume the measurements
of density have an error =+ 10% so its contribution
to the uncertainty in strength (a power law func-
tion of density) is 2 x 0.10;. If the two compo-
nents are not correlated the total uncertainty is
V/(0.61)2+ (0.2)2 x o; or 0.640; [Bevington and
Robinson, 1992]. If measurements of precipitation
are also subject to 10% error, the uncertainty in
shear stress is +10%. The total uncertainty in the

stability index is 1/(0.64)2 + (0,1)2 x X, or 0.65 %,

[Bevington and Robinson, 1992)].

Sensitivity studies

The rate of densification (and hence strengthen-
ing) of a buried layer increases with load from the
overburden (Eqn.4). Although the snow is weakest
immediately after deposition, the overburden stress




is small which makes T, (t) large. There is a com-
petion between the rate of loading from new snow-
fall and the rate of strengthening of the basal layer.
The basal layer strengthens more slowly at low rates
of precipitation (because o, is smaller) but if too
low, the rate of loading will not exceed the rate of
strengthening. '
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Figure 3. Evolution of stress, strength, stability index and
expected time to failure calculated for constant precipitation
of 1.5mmhr—!. Other initial conditions are given in the
figure. In this case the model predicts stable conditions.

Fig. 3 shows the evolution of basal shear strength
(initial density is 70kgm=23 and T, is 270°K or
—3°C) and shear stress calculated for (constant)
precipitation of 1.5 mm hr—1. Also shown is the sta-
bility index X, (¢) (Fig. 3b) which decreases slowly
to a minimum of ~ 1.3, but then increases after 35
hours (not shown). The figure also shows a graph-
ical representation of the expected time to failure
after 5 hours (T}(5) = 3.3 hrs) and after 15 hours

(Ty(15) = 10.5hrs). - 4

A continuous plot of T}(¢) is shown in Fig. 3c -
note the log scale. Initially T} (t) is short (Fig. 3c)
but we do not expect hazardous avalanches then be-
cause the slab thickness is only ~ 3¢m. Ty(t) in-
creases with time (T7(30) > 100). The model pre-
dicts 40° slopes will remain stable.
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Figure 4. Evolution of stress, strength, stability index and
expected time to failure calculated for (constant) precipita-
tion of 2.5 mm hr~!, Other initial conditions are given in the
figure. In this case the model predicts failure after 21 hours.

Fig. 4 is a plot for constant precipitation of
2.5mmhr=! but otherwise the same conditions as
Fig. 3. X,(t) decreases rapidly in the first 5 hours
and then more slowly to a minimum value less than
1.0 after 21 hours. The expected time to failure is

- about 2-3 hours for the first 15 hours, but 7} (t) de-

creases rapidly in the last 2 hours as ¥,(t) — 1.0.
Failure of 40° slopes is predicted after 21 hours.
To further investigate the relationship between
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precipitatioh rate, slope .angle,r initial d‘ensity and
temperature, we calculate the critical (constant)
rate of precipitation Py, needed to cause X; < 1.0.

Fig.5a shows the sensitivity to slope angle and initial
density (constant temperature T; = 270 °K). Fig.5b :

- shows the sensitivity to slope angle and temperature
of the basal layer (initial density po(0) =
P, is a minimum when the slope angle is somewhere
between 45 and 60° (the angle depends on the ini-
tial density of the new snow). This is because for
a given accumulation (measured in the earth verti-
cal direction) the applied shear stress is a mazimum
on slopes of 45° (because cosfsiné is a maximum
when 8 = 45° - Eqn.1), but the applied normal stress
which directly impacts the evolving strength of the
weak layer (Eqn.4) decreases with slope angle (be-
cause cos?8 — 0 as 6 — 90°).

The implication is that slopes of moderate angle
(45 — 60°) are more likely to avalanche than very
steep slopes or very shallow slopes. The model also
predicts avalanches are more likely when the initial
snow density is low (i.e. the initial strength of the
basal layer is low) and the snow temperature is cold
(i.e. densification and hence strengthening of the
basal layer proceeds more slowly). We note that the
effective modulus E of snow increases as tempera-

T0kgm=3)."

ture decreases which would act to in the .opposité
sense to that discussed here [McClung, 1996].
In summary, the results indicate the probability

-of direct-action avalanches increases when

o the rate of precipitation is high

o the slope angle is greater than 45° but less
than ~ 60°

o the density of the new snow is low
o the snow temperature is low

The results are no surprise to avalanche practi-
tioners who often use such observations to estimate
slope stability, but the model offers a means to quan-
tify stability and predict when a particular slope'
might become unstable. .

Model application - case studies

Observations of prec1p1tatxon, new snow density,
air temperature and avalanche activity from the

. Washington Cascades near Snoqualmie Pass, U.S.A.
-are used to test the model. The terrain near Sno- -

qualmie Pass lies between 900 m and 1700 m. The

" region has a mantlme climate and storms often
‘deposit up to 1 m of new snow. Direct action

avalanches are common and have a major impact .

~ on winter travellers along the Interstate 90 highway.

-~ Measurements of new snow density at the Depart-

- ment of Transportation study plot (915m a.s.l.) are
“used to calculate the initial strength of the new snow
-{Eqn. 3). A full energy balance is beyond the scope

of this work and instead we assume the layer tem-

‘perature is the same as the air temperature at the

time of deposition. This approximation breaks down
during times of rapid warming or rain when heat can
be advected rapidly into the snowpack but is reason-
able over short time-scales during times of snowfall.
Hourly measurements of precipitation from a heated
gauge either at the study plot or at a local ski area
were used to calculate 0,,(t) and o5 (t) for slopes
of 40° and then used in Eqns. 4 and 5 to calculate
the evolution of shear strength, shear stress, stabil-
ity index, and expected time to failure.

Storm cycle of March 1, 1997

An avalanche cycle at Snoqualmie Pass on March
1, 1997 closed the I-90 highway for about 24 hours.
Small slides consisting of just the recent storm snow
first released early in the morning when the high-
way was still open. A car and a road grader were
caught in a natural avalanche at the East Snowshed.
No people were injured. Although the grader was
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Figure 6. Measurements of cumulative precipitation at

975 m starting at 1500 hrs on February 28, 1997 (day 59.625).

Also shown is the strength of the basal layer and the shear

stress from the overburden for a 40° slope (b), the average

stability index X;(t) at the basal layer (c), and the expected
time to failure T(t) (d).

able to drive out of the debris, the car could not
be extracted safely and it was subsequently buried
by controlled avalanches. At another location a car
ran into a natural avalanche crossing the highway.
The vehicle was rear-ended by a following car, which

was rear ended by a plow truck. A second truck

veered to the side to miss the cars and ran into the
avalanche. Two State Patrolmen were caught and
partly buried, and 3 more cars that were backed
up by the incidents were partially buried by a sec-
ond avalanche. At about 1030 hrs an avalanche hit
a house in the Alpental village and buried it above
the third floor window. The same house and another
about 100m away was hit again at about 1500 hrs.
The avalanches released from slopes above that had
been recently logged. An 11 year old out of bounds
skier was caught in an avalanche that swept him
through trees and over a cliff. He stopped about
15m from the highway, alive but without his equip-
ment. o

Fig. 6a shows measurements of cumulative pre-
cipitation at 975 m starting at 1500 hrs on February
28, 1997 (day 59.625). Measurements at 600 hrs on
March 1 indicated 20cm of new, low density snow
(Po(0) = 70k gm=3, T, = —~2.8°C). High intensity
snowfall (up to 17 mmhr~!) and natural avalanche

- activity continued through the afternoon. Fig. 6b
- shows the strength of the basal layer and the shear
. stress from the overburden (for a 40° slope), and
“ Fig. 6c shows the evolution of the stability index.
 "L;(t) = 1.3 when avalanche activity first started

- and X,(f) < 1.0 at 1500hrs when the basal layer
- was ~ 60 cm below the surface. We are not certain

that the measurements in' the study plot are repre- -
sentative of conditions in the starting zones and ad-

ditional calculations indicate that if po(0) was 10%
lower and the local precipitation was 20% higher
* than measured at the study site, 3;(¢) < 1.0 at
1100 hrs. . S ' ' i

- Fig. 6d shows the ekpected time to failure varied
from ~ 2t03 hours for most of the storm. Ty (t)
decreased rapidly to zero at 1500 hrs when X, (t) <
1.0. o

Storm cycle of February 5, 1996

A major avalanche cycle at Snoqualmie Pass on
February 5, 1996 closed the I-90 highway for 44
hours. Cars and people were caught and buried
by several direct action avalanches prior to a clas-
sic warm-up and rain. One traveller who was out
of his car was buried about 2m below the surface
for 29 minutes before being found by probing and
dug out alive. Avalanches hit and partially buried a
snow blower and a vehicle occupied by two avalanche
technicians who were spotting for the blower. In
all, 11 vehicles and at least 20 people were hit by
avalanches; more were dusted.

Fig. 7a shows measurements of precipitation start-
ing at noon on day 34 (February 3). By next
morning 12cm of new snow (po(0) = 120 kgm=3,
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Figure 7. Measurements of cumulative precipitation at 915
m (a) startmg at midday on February 3, 1996 (day 34.5). Also
shown is the strength of the basal layer and the shear stress
from the overburden for a 40° slope (b) the average stability
index £ .(t) at two depths (c), and and the expected time to
failure T (t) at those two depths (d). Natural avalanches first
ran naturally at 1730hrs on February 5.

T, = —15.3°C) had accumulated but avalanche ac-
tivity was minor. The weather cleared in the after-
noon but precipitation started again in the morning

‘tion which started as snow (po(0) =

of day 36 (February 5). Avalanches first ran natu-
rally at 1730 hrs, releasing as slabs about 20 cm deep.
Precipitation changed to rain at 1900 hrs.

Fig. 7Tb shows the strength of the basal layer
and the shear stress from the overburden (for a
40° slope), and Fig. 7c shaws the stability index
at the basal layer and at a layer deposited early
in the morning of February 5 (day 36.04 - po(0) =
110kgm™=3, T, = —9.8°C). T, (t) = 1.6 at the basal
layer ~ 20 em below the surface when avalanching
first started. The index was higher (Z,(t) = 1.8)
13cm below the surface. However the index de-
creased rapidly during the evening and just prior to
rain 3; () = 1.4 both at the basal layer (then about
32cm below the surface) and at the layer 25 cm be-
low the surface. The measurements of snow density
are surprisingly high given the cold air temperatures
at the time of deposition. Other things being equal
we expect new snow densities more in the range 50 to
80 kgm™3 at these temperatures LaChapelle [1969]
Itis llkely that winds contributed to densify the new
snow, but it is also possible that some of the new
snow fell under conditions of little or no wind re-

- sulting in a buried thin, low density (weak) layer.

Model calculations indicate that an initial density of

v - 80kg m~3 (rather than 110 kg m-3 measured) would
" . cause 2,( ) < 1.0 at 1700 hrs - about the time of the
* onset of avalanching.

- Fig. 7d shows the expected time to fallure de- L
creased rapidly to less than 2 hours shortly before
the onset. of avalanchmg Ty (t) remained low until
rain started: -

Storm cycle of January 8-15, 1989

More than 1.25m of snow accumulated during

. the week of January 8-15, 1989, but no natural

avalanches were observed until rain started late on
January 15. Avalanche control with explosives dur-
ing the storm released a few small avalanches but
despite the large accumulation of snow, activity was
minor. Fig. 8a shows measurements of precipita-
90 kgm™3,
T, = —0.8°C) on January 13 and changed to rain
at 1600 hrs on January 15.

Fig. 8b shows the basal shear strength and stress
for a 40° slope, and Fig. 8c shows the evolution
of the stability index at the basal layer and at a
layer deposited early in the morning of day 14.0
(po(0) = 95kgm=3, T, = —4.7°C). The minimum
stability index at the basal layer (about 40 cm be-
low the surface when rain started) was 1.7, but the
minimum for the snowpack (T, (t) = 1. 5) occurred
~ 25 cmn below the surface just prior to rain. In this
case it turns out that the stability index would in-
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Figure 8. Measurements of cumulative precipitation at
915 m (a) starting on January 13, 1989. Also shown is the
strength of the basal layer and the shear stress from the  over-
burden for a 40° slope (b), the average stability index & 2(t)
calculated at two depths (c), and the expected time to fail-
ure Ty(t) at those two depths (d). Few natural avalanches
released during this storm

crease for steeper slopes (Z:(t) = 1.6 on slopes of
50°) but X (t) — 1.0 if the local precipitation was
1.75x higher than the gauge measurement or if the

initial density was 65 kg m~—3 (rather than 95 kg m—8
measured). However we do not expect such a large
enhancement of precipitation, nor such a low initial
density.

Fig. 8d shows the expected time to failure of both
layers was generally high and increasing during the
storm. Even when the stability index was a mini-
mum just prior to rain, 7; was more than 30 hours.
Both the magnitude and the increasing trend distin-
guish the T} curve from those observed in the other
two storms.

Discussion

We discussed earlier that measured values of the
stability index on failed slopes are typically greater
than 1.0. Several reasons might contribute to cause

these apparently anomalous values of 3.

¢ sintering processes after failure and before test-
ing generally act to increase the shear strength
and hence measured values of ‘X, could be
larger than those at the time of failure

3 -» ashear frame test might not provide a reliable

indication of strength. For example strength
depends on both sample size and strain rate
[Narita, 1983; McClung, ‘1977] and natural
conditions are likely to be different from those
during tests [Sommerfeld, 1980]

" 'stresses concentrate in weak or flawed regions
~ and so the minimum X, rather than the av-
- erage might be more appropriate for assess- -
_ ing slope stability [Conway, 1998: Conway and
Abrahamson, 1988]. © ' :

If slope stability is controlled by the presence of
small flaws (where X, < 0) we expect instability
only when the flaw exceeds some critical size [Me-
Clung, 1981]. That is a small flaw will not necessar-
ily cause slope failure. Our error analysis (Sec. 2.4)
does not examine flaw size explicitly, but the prob-
ability that a stability index distribution with mean
¥, and uncertainty 0.65 X, will contain a value less ,
than 1.0 can be calculated using standard methods
for a single sided normal distribution. The proba-
bility Pg, <10 decreases from 50% (when &, = 1.0)
to 256% (when ¥, = 1.8).

Does the model predict instability?

- __ Stability index We are not certain what value

Lzc is critical for slope stability. Although encourag-
ing that the stability index was lower during storms
when avalanche activity was intense (f, = 1.4 com-
pared to 1.5), analysis of the uncertainties and a
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standard t-test indicates the two values are not sig-
nificantly different.

Expected time to failure Our results suggest
T} (t) discriminates much more clearly between sta-
ble and unstable conditions than X, (). T%(t) in-
creased by more than an order of magnitude (from
~ 2hrs to > 20 hrs) when comparing stable and
unstable conditions. This is because T}y (t) contains
information about both the magnitude and the ex-
pected changes of X,(t) under the current condi-
tions. Even if ¥,(t) is close to critical, slopes are
expected to remain stable if it is not converging to
its critical value.

1

Time to failure hours

Time hours

Expecfed time of failure recalculated for

Figure 9.

the three storms dlscussed previously assuming instability if

Y =14,

'Results suggest Ty(t) discriminates much more

clearly between stable and unstable conditions than "
¥, (t). Ty(t) was more than an order of magmtude
“lower during storms when avalanche activity was in-

‘tense (Ty(t) = 2¢f.20hrs). This is because Ty(t)
contains information about both the magnitude and
the expected changes of X, (t) under the current con-
ditions. Even if ,(t) is close to critical, slopes are
expected to remain stable if it is not converging to
its critical value.

More case histories are needed to further develop
and refine the model. For example results above
suggest slope stability may be critical if T,. < 1.4
(rather than 1.0). Fig. 9 shows Ty(t) for the three
storms recalculated with ¥,. = 1.4. Using this cri-
terion we might expect instability when T (t) is less
than ~ 1.0 hour.

Model limitations

We emphasise that the model is a tool that may
prove useful for evaluating snow slope stability dur-
ing storms. Values derived from the model should
be treated with caution. For example o; is an in-
dex of the elastic fracture strength - higher values

R R R I R R EIIIIIIIIIIII—————,— Y ,/rr/7/m/m/m7m7/m/m/m ¥/

are expected at lower strain rates or warmer tem-
peratures [McClung, 1977, 1996]. Here we do not
consider the critical strain rate condition that must
also be met before failure will occur [e.g., McClung,
1981; Narita, 1983; Gubler and Bader, 1989; Bader
and Salm, 1990].

We caution that the model is sensitive to the ini-
tial density of the new snow. More measurements
are needed to improve the strength/density param-
eterization and also to improve the densification law.
Although a full energy balance to model snow tem-
perature may improve the densification law, for the
short time scales of interest here, we suspect that
changes in layer temperature has a small effect com-
pared to other uncertainties. We also emphasise that
the analysis is not rigorous in that we do not account
for effects such as stress concentrations that would
cause local stresses to be higher than the average
used here, or longitudinal stresses which would act
in the opposite sense providing support for the slab.
Inclusion of these effects would undoubtedly improve
the model but would reduce its tractability.

_ Model application

The simple model can be easily incorporated into
a forecastmg system usmg standard measurements
of air temperature and preclpltatlon for input. Cur-
rently the model also requires the new snow density

" as input but we are mvestlgatmg parameterizations
" “of new snow. density using standard meteorologlcal w

measurements .

: Conclusmns

Relatively simple parameterizations of the shear
strength of buried layers and the imposeéd loading
from the weight of the overburden offer a means to
examine the evolution of snow slope stability during
storms. In particular, unstable conditions are ex-
pected when the stability index X,(t) (the ratio of
the shear strength of a buried weak layer at depth
z to the shear stress imposed by the overburden)
approaches 1.0. A related index Ty(t) is the time
expected to failure which takes into account both
the magnitude and the expected changes of X,(t) in
response to the current conditions.

Comparison of model results with measurements
and observations during three storm cycles indicates
T} (t) provides a particularly. useful discriminator be-
tween stable and unstable conditions. Given the
mode] assumptions and associated large uncertain-
ties, the model does surprisingly well at predicting
slope stability using standard measurements of new
snow density, precipitation and air temperature.
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