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eyewitness account was provided by Browne (1913) in the
area of Mount Brooks during an earthquake on 7 July 1912
(M=7.2): ‘the whole extent of the mountain wall that
formed its western flank was avalanching ... The avalanche
seemed to stretch along the range for a distance of several
miles, like a huge wave’ (the description ‘several miles’ may
correspond to 3–8 km). Another account was given by a
party of mountaineers on Mount Saint Elias during an
earthquake on 9 July 1958 (M=7.8): ‘The avalanching
altered radically the snow and ice surfaces on the steeper
slopes ... Some snowfields were carried away, and many
crevasses were opened’ (Field, 1968). On 17 June 1963, a
smaller earthquake (M=5.5) was experienced by a party
camping on Columbus Glacier, near Mount Saint Elias
(Field, 1968). Everett (1965) stated that ‘The entire North
Face of Saint Elias was avalanching. In addition, the North

Faces of Mts. Newton and Jeannette were also avalanching.
What probably started as a hundred smaller avalanches
quickly joined together as one huge avalanche wall, about
seven miles long [!11.3 km] and 2000 to 3000 feet high
[!600–900m]’.

4.3.2. Western Himalaya
Another region with extremely high seismic and avalanche
activity, the Western Himalaya, India, has only been
investigated in one study that documented and assessed
avalanches likely to have been triggered by earthquakes.
Singh and Ganju (2002) performed a statistical analysis of
the relationship between seismic activity and avalanche
releases in the Western Himalaya, and found a direct
contribution of seismic tremors to avalanche release in the
area. They mention that some of the analysed cases involved

Fig. 10. (a) Map showing the distribution and movement direction of post-earthquake slides and avalanches (arrows) around the epicentre
(‘+’ symbol in the left-centre part of the map) of the 27 March 1964 Great Alaska Earthquake (95% of the failures were snow avalanches).
Reprinted with permission from Hackman (1968) # US National Academy of Sciences, courtesy of the National Academies Press,
Washington, DC. (b) Slab avalanche fracture line at the Alyeska ski area (about 70 km from the epicentre) after the Great Alaska Earthquake
(photograph by B. Sandahl). Reprinted with permission from LaChapelle (1968) # US National Academy of Sciences, courtesy of the
National Academies Press, Washington, DC. (c) Thickness of the slab shown in (b) (3.0–3.6m) compared with the frequency distribution of
200 dry slab thickness reported from fracture-line studies; note that skier-triggered dry-snow slab avalanches deeper than 1m are rare events
(adapted from McClung and Schaerer, 2006).
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sufficient condition for avalanche formation (Figure 10).
The properties of the overlying slab also have to be
considered [McClung and Schweizer, 1999; Schweizer,
1993; Schweizer et al., 1998], particularly for fracture
propagation. There are several studies on weak layer
properties. Föhn [2001] and Hachikubo [2001] measured
and modeled the development of surface hoar. Two
other types of weaknesses are near-surface faceting
[Fierz, 1998; Fukuzawa and Akitaya, 1993] and a poor
bond to Sun-generated crusts [Ozeki et al., 1995]. The
formation of near-surface faceted crystals is due to large
temperature gradients near the snow surface resulting
from the heat loss by outgoing long-wavelength radia-
tion. At measured temperature gradients of 150 K m!1,
growth rates were of the order of 0.1 mm d!1. Birkeland
[1998] has comprehensively summarized the processes
that lead to near-surface faceted crystals: radiation re-
crystallization, faceting adjacent to a wet layer, and
diurnal recrystallization. Near-surface faceting is the
most active process, besides surface hoar growth, that
leads to weak layer formation. Faceting processes above
crusts and wet layers, and to a lesser degree below, are
the only efficient ways to form weak layers within the
snowpack [Colbeck and Jamieson, 2001]. Although the
large majority of avalanches during storms are probably
released by nonpersistent weak layers, 70% of 186 skier-
triggered avalanches were released by weak layers of
persistent grain types (i.e., surface hoar, faceted crystals,
and depth hoar) [Schweizer and Jamieson, 2001]. Analy-
sis of fracture line profiles showed that the weak layer
differs distinctly in grain size and hardness from the
adjacent layers. These snowpack properties together
with snowpack test results are the basis of five stability
classes of snow profiles [Schweizer and Wiesinger, 2001].
When comparing stable with unstable profiles, the dif-
ferences in grain size and hardness between the weak

layer and the adjacent layer for the unstable profiles
were significantly larger than for the stable profiles (Fig-
ure 11) [Schweizer and Jamieson, 2003b].

[36] Jamieson and Johnston [1999, 2001] made exten-
sive measurements of weak layer strength and calculated
a stability index, which related to skier-triggered ava-
lanches. They provided shear strength for weak layers by
density and grain type. Together with the data on tensile
strength [Jamieson and Johnston, 1990], these are the
most consistent set of brittle strength data for natural
snow. Jamieson and Schweizer [2000] proposed a concep-
tual model to explain strength changes based on bonding
and texture of buried surface hoar layers. Jamieson and
Johnston [1999] reported that on average buried weak
surface hoar layers gained strength at about 100 Pa d!1

(Figure 12). Jamieson et al. [2001] showed that in con-
ditions characterized by a deep snowpack, the shear
strength was best correlated with the overlaying load.
They suggested loading was the main factor promoting
increased strength through a pressure-sintering process
[Gubler, 1982] by which the number and/or size of bonds
progressively increases with time under load. Rapid
loading produces instability more often than gradual
loading, indicating that during rapid loading the strength
of weak layers tends to lag behind the load on the order
of days [Chalmers, 2001]. Such effects need to be in-
cluded in models of weak layer strength and slab stability
over time.

[37] The cantilever test of unnotched snow beams can
be used to assess the slab properties in combination with
a stability test of the weak layer [Mears, 1998; Perla,
1969]. Johnson [2000] improved the cantilever beam test
and studied remotely triggered avalanches. Compared to
avalanches triggered in steep starting zones, avalanches
remotely triggered from low-angle terrain tended to
have thicker, denser, and harder slabs.

Figure 10. Snow stratigraphy. Weakness below the slab is required for dry snow slab avalanche formation.
(a) A thin weak layer of buried surface hoar crystals that partly fractured (left) and that is still intact (right)
[from Jamieson and Schweizer, 2000] (reprinted from the Journal of Glaciology with permission of the
International Glaciological Society). Layer thickness of unfractured surface hoar is approximately 19 mm. (b)
Weak interface between (below) a depth hoar layer and (above) the new snow layer. Scale of grid is 3 mm.
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Objectives of this work:

!
1) develop and test a new 
instrument

!
2) study strength dynamics 
of snow interfaces

Sub-critical weak layer fractures & slab 
avalanche release 

McClung, 1979, 2011; Fyffe and Zaiser, 
2004; Birkeland et al., 2006
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Our objective: develop and test a new apparatus for in situ measurements of mechanical behavior of weak layers. 

If we want to understand mechanics of dry 
snow slab avalanche release, we need to 
know mechanical behavior of snow weak lay-
ers and differences between them. Several in 
situ measurement methods exist, but none is 
perfect and none provides a full record of 
weak  layers’  constitutive  behavior  in  the  field. 

Shear frame –  “a useful tool for 
gathering statistical data on 
strength   distributions   …   until   a  
more fundamental technique is de-
veloped”        [Perla and Beck, 1983] 

Problems of existing 
vanes/frames: 
x� Manual loading rate 
x� Manual normal load 
x� Manual loading angle 
x� Operator - variability  

Sample cutting (by saw & spe-
cial cutters) and preparation. 

Snow was harvested at 
Col du Lautaret (2,000 m 
a.s.l.), Massif du Connex 
(1,200 m a.s.l.) and St.-
Martin-d’Heres   / Stored 
in cold storage room 
(−20°C;  10-100 days). 

Fitting the speci-
men into the cell.  

Operator’s  PC  
(with LabView).   

New load-controlled shear 
apparatus (1st prototype) 

Main reference: Barbero, M., F. Barpi, M. Borri-Brunetto, and O. Pallara (2013),  
An apparatus for in-situ direct shear tests on snow, Experim. Techniq., 37(4). 

Specimens and the instrument 
in the cold lab (CEN). 

Snow physical properties (by other meth-
ods): density, shear vane resistance 
[Domine et al., 2011], DIFUSSS derived op-
tic grain diameter [Gallet et al. 2009]. 

Specimen 
loading inside 

the box. 

Some concluding remarks: 
1) The instrument is still in develop-
ment and we are open for ideas and 
collaboration! 
2) Modifications, experiments and field 
studies are planned for 2013/2014. 

For technical details see Barbero et al. [2013] 

x� Large variability between tests / no clear differ-
ence between snow types. 

x� Rapid non-linear healing of interfaces (0.71 kPa h
-1 within 4 hours, 0.14 kPa h-1 within the next 12 
hours), global mean to 16 hours =0.26 kPa h-1; 
Comparable to tests by Birkeland et al. [2006]. 

x� Higher strength under normal pressure 
x� Snow sample installment inside the box is not 

trivial. 
x� Interpretation of displacements without PIV is 

not feasible. 

Examples of instrument 
signals (input/output 
pressures, force, x-
displacement), recorded 
at ~200 Hz with accu-
racy  0.1-0.2 %. 

Temporal 
strengthening 
of the new in-

terface 

Marker shape corresponds to different specimens (blue –
lower density, ~250 kg m-3; red –higher density, ~400kg m-3). 

Examples of previous instruments 
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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 Hägeli and 
McClung (2003) define the snow climate as 
transitional with a strong maritime influence.  The 
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 
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 
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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. 
 

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 
(day weak 
layer was 
deposited) 

Number of 
measurement 

intervals 

Range of 
measurements 

(days) 

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 

   

Figure 2.  Photograph illustrating a shear frame 
test being used in a level study plot.  A pull gauge, 
attached to a 250 cm2 frame, records the 
maximum force required to produce a fracture in a 
weak layer when pulled rapidly, parallel to the 
weak layer.  
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 Force-controlled shear box
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Barbero et al. [2013] 

Pneumatic piston 
pushes against 
the stress sensor 
on the opposite 
side of the main 
frame
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• Instrument signals 
(input/output 
pressures, force, 
normal pressure, x-
displacement), at 
~200 Hz with 
accuracy 0.1-0.2 %.

!

• Properties of snow 
samples

Snow density

Weights

Microphotographs

Specific Surface Area 
[Gallet et al., 2009]

Shear vane resistance 
[Domine et al., 2011]

�6

   Measurements Tested in cold laboratory 

of CEN (Meteo-France) 

air temperature = −9°C, RH = 70%
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Snow material

• Snow was harvested at Col du Lautaret (2,000 m 
a.s.l.), Massif du Connex (1,200 m a.s.l.) and St.-
Martin-d’Heres


• Stored in cold storage room (−20°C; 10-100 days) 
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F

σn =

∆x
∂F/∂t = 
19 N s-1

0.0
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1.0

kPa[  ]
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m

0 h +4 h +16 h(+23 h)

σn = 
0.0 kPa 

σn = 
0.5 and 
1.0 kPa   

0 h +4 h +16 h

+ weights 
equiv. to 
σc=0.5 kPa

0 h

Sintering time

+4 h +16 h

m
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Results

Examples 
of records
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Sintering time: 0 h

External normal 
pressure:

σn = 0.0, 0.5, 1.0 
kPa
only self-weight 
(≈ 0.1 kPa)

*marker shape corresponds to 
different specimens (blue – lower 
density; red – higher density)
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σn = 0.0 kPa
Sintering time: 0, 4, 16, 23 h
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σn=0.5 kPa

mSintering without or 
with constant 

norm. pressure 

σc= 0.5 kPa

σn=1.0 kPa
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X - 18 PODOLSKIY ET AL.: HEALING OF SNOW INTERFACES
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Figure 4. a) Global mean τf evolution with sintering time compared to other studies, which

assumed linear strengthening rates. b) Influence of σi on τf (0) (dashed line - 1:1); c) Scaling

factors and exponents of the general function f(t) = atb for τf (t) at each set of loading conditions

(black filled markers - global means; marker shapes indicate sensitivity of power fit parameters

for a ’basis’ of each fit: circles - the full population of tests; diamonds - the filtered population;

triangles only for the first 4 hours); d) Exponents for full population of tests (blue circles; the

black circle - the global mean) and from other publications (black crosses: Hobbs and Mason

[1964]; black diamonds: Blackford [2007]; red downward-pointing triangles: van Herwijnen and

Miller [2013]; empty triangles - marginal values, red filled triangle - mean).
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Figure 4. a) Global mean τf evolution with sintering time compared to other studies, which

assumed linear strengthening rates. b) Influence of σi on τf (0) (dashed line - 1:1); c) Scaling

factors and exponents of the general function f(t) = atb for τf (t) at each set of loading conditions

(black filled markers - global means; marker shapes indicate sensitivity of power fit parameters

for a ’basis’ of each fit: circles - the full population of tests; diamonds - the filtered population;

triangles only for the first 4 hours); d) Exponents for full population of tests (blue circles; the

black circle - the global mean) and from other publications (black crosses: Hobbs and Mason

[1964]; black diamonds: Blackford [2007]; red downward-pointing triangles: van Herwijnen and

Miller [2013]; empty triangles - marginal values, red filled triangle - mean).
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o - all our loading conditions

• - our global mean

    -  van Herwijnen and Miller [2013] – from SMP - homogeneous snow

x  - Hobbs and Mason [1964] – from sintering between ice spheres


 - Blackford [2007] – from sintering between multiple small ice particles

∆

Comparing with other studies - power?
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Figure 4. a) Global mean τf evolution with sintering time compared to other studies, which

assumed linear strengthening rates. b) Influence of σi on τf (0) (dashed line - 1:1); c) Scaling

factors and exponents of the general function f(t) = atb for τf (t) at each set of loading conditions

(black filled markers - global means; marker shapes indicate sensitivity of power fit parameters

for a ’basis’ of each fit: circles - the full population of tests; diamonds - the filtered population;

triangles only for the first 4 hours); d) Exponents for full population of tests (blue circles; the

black circle - the global mean) and from other publications (black crosses: Hobbs and Mason

[1964]; black diamonds: Blackford [2007]; red downward-pointing triangles: van Herwijnen and

Miller [2013]; empty triangles - marginal values, red filled triangle - mean).
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corresponds to various 
sensitivity validations
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Concluding remarks

• Large variability between tests / no clear difference 
between snow types.

!

• Rapid non-linear healing of interfaces (0.71 kPa h-1 
within 4 hours, 0.14 kPa h-1 within the next 12 hours; 
global mean to 16 hours = 0.26 kPa h-1) 

!

• Power law strengthening, f(t) (exponent = 0.21±0.08)

!

• Higher strength under normal pressure / need 
further tests for clarifications.
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Follow-up work

• Instrument modifications (side wall, gap, strain-
control, preparations for field version, new sensors)

!

• Particle Image Velocimetry (PIV) of deformations - cold 
room, CEN

!

• In situ field campaigns (winter 2013/2014)

!

• Tests with wet-snow - cold room, Japan (?)

!

• CT-scans for some tested samples (?)
�17
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Merci!
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Back up slides
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Overview of all tests

Median = 2.8 kPa 3 s
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*marker shape corresponds 
to different specimens; color 
– to different loading 
conditions
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 First attempts to use fins

�22

with 1 fin→

with 3 fins→
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Strains / 
strength / normal 
pressure

*marker shape 
corresponds to 
different specimens; 
color – to different 
loading conditions
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In situ?
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Why focus on snow sintering?
1. A way to provide valuable data while testing / calibrating the instrument.


!
2. Key process of snowpack evolution [Blackford, 2006]


!
3. Very poorly studied [McClung and Schaerer, 2006]


!
4. Has the fastest rates in geology [Szabo and Schneebeli, 2007]


!
5. Sub-critical weak layer fractures & slab avalanche release [McClung, 1979, 

2011; Fyffe and Zaiser, 2004; Birkeland et al., 2006]

!

6. Post-fracture healing of snow weak layers [Birkeland et al., 2006; Reiweger, 
2011]

!

7. Snow engineering (igloo, snow shelters, etc.) [USAP Field Manual, 2001]

!

8. Astrophysics & planetary science [Sirono, 2011]
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Figure 3. Mean shear strength (a) and cohesion (b) evolutions with sintering time for each

set of loading conditions (thick lines indicate all tests; dashed lines - filtered tests).
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