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Abstract: Recent experimental evidence and theoretical modelling provides new insight into the 
propagation of fractures and failures leading to snow slab avalanches, which are the most deadly slope 
hazard affecting Canadians.  Currently, avalanche forecasters have difficulty predicting the occurrence of 
many large and destructive snow avalanches, partly because the processes that release them are not well 
understood.  We review recent progress, both theoretical and experimental, towards the development of a 
realistic model of fracture and failure propagation in weak snowpack layers, and present progress towards 
the development of a practical field test for fracture propagation propensity. 
 
 
1. Introduction 
 
Snow avalanches have been responsible for the death of an average of 16 Canadians per year since 
1999; this is more than any other natural slope hazard in Canada.  Avalanche accidents such as in 
Kangiqsualujjuaq village in northern Quebec in 1999 highlight the broader scope of the avalanche hazard 
to Canadians.  Greater than $10 million dollars are spent annually on avalanche control programs across 
the country. Increasing numbers of skiers and snowboarders are traveling in avalanche terrain, and 
access has never been easier to those on over-snow vehicles.  Many highway and rail lines, gas and oil 
pipelines, and electrical and communication transmission lines are located in avalanche paths and are 
therefore susceptible to damage and costly interruptions.  Both the human and financial costs of the threat 
and occurrence of avalanches in Canada could be reduced with a better understanding of the processes 
that lead to avalanches. This is required in order to effectively assess and model the avalanche hazard 
and risk to people, property, and transportation and utility corridors, and to enhance the ability of 
recreationists, practitioners, and forecasters to predict the occurrence of destructive avalanches. 
 
The release of snow slab avalanches is the result of failures and fractures within a mountain snowpack.  
The failure-fracture sequence that occurs in a weak layer of snow below a stronger ‘slab’ is the first and 
most important in the sequence of fractures that lead to a slab avalanche, which is the type responsible 
for most deaths and damage.  This weak layer fracture/failure process must first initiate, and then 
propagate. Numerous field methods and tests assess weak layer strength, and the initiation of fractures 
and failures. The results of these tests correlate better with human triggered dry slab avalanches 
(Jamieson, 1995), which cause most fatalities, than with natural avalanches that are the main concerns 
for transportation and utility corridors.  Many large, unexpected, and dangerous avalanches occur when 
common stability tests indicate high strength or low likelihood of fracture initiation. However, once 
initiated, fractures and failures in these layers propagate widely, often surprising avalanche workers. The 
highly publicized avalanche accidents in Canada in the winter of 2003 occurred under these conditions. In 
this paper we review recent theoretical and experimental developements towards a realistic model of 
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fracture and failure propagation in weak snowpack layers that lead to dry slab avalanches.  In addition, we 
report on the development of a practical field test for fracture propagation propensity. 
 
Until recently, the propagation of brittle fractures within a layered snowpack has only been examined 
theoretically. McClung (1979, 1981) proposed a slab release model based Palmer and Rice’s (1973) 
application of fracture mechanics to slope failure in over consolidated clays, and the initially non-linear 
failure process that leads to self-propagation of the tip of an existing flaw. McClung (1979, 1981) included 
the Mode II fracture toughness, KIIc in his model for snow slab release, which Bazant et al. (2003) refined.  
Kirchner et al. (2000, 2002a, 2002b), Failletez et al. (2002), and Schweizer et al. (2004) attempted to 
measure the fracture toughness of snow in the laboratory or in situ.  All found snow to have extremely low 
fracture toughness; however, toughness measurements and applications to natural layered snowpacks 
proved difficult.  Sigrist et al. (2005, 2006) confirmed a specimen size and shape effect in measurements 
of fracture toughness in snow, and showed that the corrected results relate to sample density. The 
fracture mechanics models are generally well-accepted, although the assumption of primary layer-parallel 
shear fracture has not been verified, and the only existing observations of the fracture-failure process 
question this assumption.  Furthermore, models based on layer-parallel shear require features of the 
snowpack, such as deficit zones, that have not been observed.  Schweizer and Kronholm (2006) describe 
a conceptual model supplemented with experimental evidence that includes components of both shear 
and compressive failure in the weak layer depending on slope angle; modelled fracture energies in these 
modes favour shear fracture on steeper slopes (Sigrist et al., 2006). The Weak Layer Collapse (WLC) 
model (Lackinger, 1989; Johnson, 2001; Heierli, 2005; van Herwijnen, 2005) predicts observed features of 
the fracture-failure process on low angle terrain, and does not include layer-parallel shear fracture or 
slope parallel displacement associated with the structural failure of the slab-weak layer system.  The WLC 
model does not describe the failure in a weak layer leading to avalanche in terms of mode I, II, or III 
fracture.  In fact, fracture in these modes may only apply to avalanche release where we consider a 
number of fractures occurring in the ice skeleton simultaneously or in succession, which leads to the 
progressive structural failure or collapse of the snowpack structure.   
 
 
2. Recent Experimental Developments 
 
Schweizer et al. (1995) and van Herwijnen and Jamieson (2005) used digital video to record propagating 
failures in the vertical sidewall of a stability test or a trench excavated into a skier tested slope.  
Contrasting colour markers placed above and below the weak layer allowed for digital particle-tracking 
analysis, which yielded precise displacement measurements (Schweizer et al., 1995; van Herwijnen and 
Jamieson, 2005) and approximate propagation speeds (van Herwijnen and Jamieson, 2005).  Johnson et 
al. (2004) used a series of geophones to track the progress of a weak layer failure propagating on low-
angle terrain (called a “whumpf” because of the associated sound; Figure 1)  The geophones were 
sensitive to approximately vertical displacement, and the arrival time of the displacement at each 
geophone enabled calculation of the propagation speed.   
 
Schweizer et al. (1995) only report the results of a single measurement, with the slab markers showing a 
vertical drop of 5.5 mm prior to the onset of slope parallel displacement.  Using a similar method, but with 
a much faster camera and therefore better resolution in the time domain, van Herwijnen and Jamieson 
(2005) found that slope normal displacements in the slab most often occurred simultaneously with slope 
parallel displacements, indicating vertical motion in advance of large scale slope parallel movement in the 
slab.  Slope normal displacement was independent of slope angle, and ranged from 1.5 mm to 17 mm.  
These results are similar to those that Johnson (2001) reported for whumpfs sites, as well as the 5.5 mm 
that Schweizer et al. (1995) reported.   
 
Assuming that the first detectable slab motion, which was generally vertical, was associated with the 
passage of failure in the weak layer, both Johnson et al. (2004) and  van Herwijnen and Jamieson (2005) 
calculated  the propagation speeds of weak layer failures.  Johnson et al.’s (2004) single measurement 
gave a speed of 20 ± 2 m/s, while van Herwijnen and Jamieson (2005) calculated speeds between 17 m/s 
and 26 m/s, with a mean of 21 m/s, in several stability tests and skier-controlled triggering events.  They 
found no dependence of propagation speed on test method, and the similarity to Johnson et al.’s (2004) 
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result, which was over a distance of approximately 8 m, implied that crushing of the weak layer plays 
some role in the fracture-failure process on slopes and low-angle terrain.  Johnson (2001) proposed that a 
flexural wave in the slab develops because of weak layer collapse or crushing.  In this model, the 
gravitational energy liberated during the vertical motion of the slab drives the collapse forward, making 
flexural stiffness of the slab an important parameter for propagation of weak layer failures.  Van Herwijnen 
and Jamieson (2005) extend this model from low-angle terrain and whumpfs to avalanches on slopes. 
Johnson (2001) made the connection between whumpfs and remote triggering of avalanches, and the 
rare observation of the occurrence of avalanches remotely triggered from low angle terrain fits nicely 
within a model that does not differentiate between the fracture-failure process on slopes and horizontal 
terrain.  
 

  
Figure 1. Photograph of collapsed weak layer following propagation of a failure on low-
angle terrain. To the right of the fractures, the weak layer is approximately 2 cm thick.  
Applied Snow and Avalanche Research at the University of Calgary (ASARC) photo. 

 
Van Herwijnen and Jamieson (In Press) improved the interpretation of compression test results by 
analyzing the relationship between the style or character of weak layer fracture in the test and skier 
triggering of nearby slopes.  Johnson and Birkeland (2002) had previously suggested a similar approach.  
The ‘fracture character’ scheme differentiates between sudden fractures and those that appear more 
resistant.  The sudden fractures were far more likely to be found on skier triggered slopes than the other 
types with the same score, which implies that the observed ‘suddenness’ of a fracture is related to 
propagation propensity.  Fractures with visible collapse (e.g. > 5-10 mm) occur where weak layers are 
thicker, and are more commonly associated with whumpfs (van Herwijnen and Jamieson, In Press).  In 
addition, they found that both types of sudden fractures were associated with thicker and stiffer slabs, and 
with larger grain size and hardness differences from the weak layer, implying that these properties are 
important for propagation.   
 
Without the benefit of fracture character data, several studies have come to similar conclusions regarding 
snowpack properties and propagation propensity. Schweizer et al. (In Press), building on the work of 
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McCammon and Schweizer (2002), found critical ranges for three layer properties and three interface 
properties which, taken together, had predictive power for slope stability.  Important weak layer properties 
are large grain size (>1 mm), low hardness, and persistent grain form. For interfaces, a difference in grain 
size greater than 0.5 mm and a large difference in hardness indicate instability, as does a depth to the 
interface between 20 cm and 85 cm. Johnson (2001) documented similar snowpack properties associated 
with whumpfs and remote triggering. Some of these properties are associated with a relatively weak layer, 
and others seem to enhance the ability of the slab-weak layer system to propagate failures once they start. 

 
Figure 2.  Diagram of Heierli’s (2005) model showing stages of a propagating transverse 
collapse of a weak layer composed of faceted crystals (a), and surface hoar crystals (b). After 
van Herwijnen (2005). 

 
 
3. Recent Theoretical Developments 
 
Lackinger (1989) proposed that where collapse of a weak layer was associated with the propagating 
failures, bending in the slab would occur, and suggested that the bending stiffness or strength of the slab 
would be important.  Johnson (2001) modeled this WLC process on low angle terrain as a propagating 
flexural wave in the slab, a process that requires two main observations:  collapse or crushing of the weak 
layer and bending in the slab.  In addition, the snowpack properties associated with whumpfs were similar 
to those found at remotely triggered avalanches, hinting that a similar failure and propagation process 
links the two scenarios.  Van Herwijnen and Jamieson’s (2005) observations of vertical weak layer 
collapse in all cases, including those in skier-triggered avalanches, further this link between the failure 
propagation process in whumpfs, remote triggering, and avalanche release, and suggest that a single 
model could explain all weak layer fractures and failures.  Both Johnson (2001) and van Herwijnen (2005) 
showed that the gravitational energy released during vertical drop in the slab could easily overcome the 
resistance in the weak layer to slope parallel shear fracture; however, the notion of shear fracture here 
may be unnecessary.  The resistance to collapse or compressive structural failure in the weak layer may 
be the more significant parameter.  
 
Heierli (2005) modeled a solitary ‘fracture’ wave in the slab and was able to predict accurately the 
outcome of Johnson et al.’s (2004) experiment.  His model requires a three-layer snowpack, with a 
collapsible middle (weak) layer.  He provided a quantitative analysis of a kink-shaped disturbance in the 
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slab propagating at constant velocity coupled to the collapsing weak layer.  This model describes 
propagation on horizontal terrain, and was not extended to slopes.  The disturbance is described by a 
“stationary equation for propagation of a transverse collapse” (Figure 2):  
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where λ is the characteristic length of the disturbance, c is the propagation speed, u3 is the vertical 
displacement of the slab, and g is the acceleration due to gravity, in a coordinate system with z vertical 
and x horizontal and layer parallel. 
 
He emphasizes that this disturbance is not a wave in the usual sense, but a state transition.  Activation 
energy of the transition is carried with the disturbance, but is neglected and assumed insignificant in the 
model.  The model predicts that the disturbance can travel infinitely in an appropriate meta-stable 
snowpack, even where zones of stability are encountered that are smaller than λ.  In this case, meta-
stable refers to a snowpack with upper layers storing gravitational potential energy that is available for 
sudden release via transverse collapse of a weak layer.   
 
The solutions to equation 1 are: 
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where D is the slab flexural stiffness, ρ is the mean slab density, h is the total vertical collapse, and H is 
the vertical thickness of the slab.  The flexural stiffness is found using: 
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where E is the Young’s modulus of the slab, and ν its Poisson’s ratio. 
 
Heierli (2005) used Johnson et al.’s (2004) values for h, H, and ρ, and calculated D, to evaluate the 
model.  Depending on a range of values for ν,  his model predicts propagation velocities between 21.9±4 
m/s and 22.9±4 m/s, close to Johnson et al.’s (2004) measured speed of 20.0±2 m/s.  While only applied 
to a single experimental result, this agreement between theory and experiment is promising.  This model 
should be extended to sloping terrain, and then tested against the results of van Herwijnen (2005).  
 
 
4. Overpressure of Air Associated with Collapse 
 
Johnson’s (2001) and van Herwijnen’s (2005) conceptual models and Heierli’s (2005) mathematical model 
for fracture propagation involving weak layer collapse imply that weak layer crystals undergo some 
reorganization associated with collapse to a more tightly packed configuration (Figure 2).  Where a weak 
layer may be composed of more than 80% pore-space air by volume prior to collapse, the collapsed and 
reorganized layer must contain significantly less pore space.  Van Herwijnen (2005) observed a greater 
than 50% reduction in weak layer thickness following collapse in some cases.  The effect of this drastic 
reduction in pore volume on the air in pore space is not addressed in recent models.  Certainly the 
immediate overpressure caused by the collapse must dissipate, and there are rare observations of loose 
snow being ejected from the perimeter cracks around whumpfs. We do not know if the overpressure plays 
a role in breaking crystals or bonds in the weak layer, and hence in fracture propagation, but are currently 
investigating this.  
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5. Prototype Propagation Test 
 
While performing in-situ cantilever-beam tests on slab layers, Johnson (2001) and van Herwijnen (2005) 
reported weak layer failure propagating ahead of the saw cut. In the winter of 2005, we modified the 
cantilever beam test to enable us to observe propagating weak layer failure in isolated columns of similar 
dimensions to those used in other prototype propagation tests (Gauthier and Jamieson, In press). To 
perform this test, we isolated a 30 cm across slope by 30 cm to 4 m down slope column, to a depth below 
a weak layer of interest. Weak layers were cut quickly from the upslope end with a 2 mm thick snow saw 
(Figure 3). The saw was longer than the 30 cm width of the columns, and was approximately 5 cm wide. 
 

Figure 3.  Schematic of the propagation test design, showing (a) perspective view of the isolated column 
for the propagation test; (b) profile view of test column in which Ψ is the slope angle. ((a) After Gauthier 
and Jamieson, In Press) 
 
In all tests (n=101) failure propagated ahead of the saw cut. In several cases propagating failures were 
arrested at slope normal breaks through the slab, while the remainder propagated to the down slope end 
of the isolated column (n=76).  In total, we tested five weak layers on three different days. In addition, we 
tested an arbitrary location within a homogenous layer with a slope parallel cut. Results from this test 
enable us to evaluate the relationship between the down slope length that must be cut to initiate 
propagation and the total (isolated) length of the column. Figure 4 shows hypothetical relationships 
between cut length and isolated length, based on two possible physical models. A constant proportion cut 
model predicts that a fixed proportion of the isolated column length must be undercut in order to initiate 
propagation of the failure to the end of the column. Cut length versus isolated length plots would look 
similar to Figure 4(a), with a simple linear relationship, where the slope of the linear trend equals the 
constant proportion. Physically, this result would imply that loss of a certain amount of shear support was 
required to initiate propagation. Alternatively, we may find that, as fracture mechanics models predict (i.e. 
McClung 1979, 1981; Bazant et al., 2003), a specific and constant absolute length of cut is required, 
regardless of column size. Ideally, this type of result would plot like figure 4(b), with no propagation where 
the column length is smaller than some critical length, and propagation to the end of the column where 
column length is greater than the critical length and cut length equals the critical length. Note that these 
theories represent only two possibilities, and end-members at that. It is likely that some sample size-effect 
may cause a departure of the results from either of the simple patterns in figure 4(a,b), producing a plot 
more like figure 4(c). For example, Sigrist et al. (2005) found size and shape effects in their fracture 
toughness measurements of snow, where they attempted to determine the critical fracture length. 
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Unfortunately, determination of some critical length in the results of this type of test would not necessarily 
prove that we have determined the critical length that fracture mechanics theories predict, as we could not 
exclude other causes for such a feature.  For example, the added shear stress at the tip of the cut causes 
increased vertical load there as well (where ψ > 0°), which could initiate a propagating vertical collapse of 
the weak layer. 
 

 
Figure 4.  Hypothetical scatter plots showing possible outcomes of propagation test based on constant 
proportion (a), critical length (b), and combined theory including size-effects (c).  Note that in (b) there is 
no propagation until αc is reached; however, propagation is always possible in (a) and (c). 

 
 

Data collected in 2005 shows that the most consistent (linear fit decaying to the origin) and highest 
proportional cuts (>90% with no critical length) are found where either a stiff slab or compressible weak 
layer are absent.  These results imply that propagation of failures similar to those that occur in slab 
avalanches are difficult or impossible in snowpacks without both a stiff slab and a weak layer, which is 
consistent with other field observations (e.g. Schweizer et al., 2005).  Data collected where both a stiff 
slab and compressible weak layer are present do not consistently imply that the cut proportion or critical 
cut length is independent of column size, nor do they point to one of two idealizations in figure 4(a,b); 
however, most of our current data sets are inadequate to delineate these relationships clearly.  
 
 
6. Summary of Recent Developments 
 
Prior to McClung’s (1979, 1981) landmark work applying Palmer and Rice’s (1973) fracture mechanics 
model to avalanche release, there was some dispute over the nature of the weak layer fracture or failure.  
Bucher (1948) described both slope parallel shear and vertical collapse or compressive weak layer failure 
as plausible mechanisms.  Roch (1956) only considered shear fracture, whereas Bradley (1969) regarded 
compressive failure in thick weak layers as the most important failure for ‘deep slab’ avalanches.  
Following the lead of Perla (1975), McClung (1981) differentiated between thin and thick weak layers, 
considering thick basal layers such as depth hoar susceptible to collapse, and thinner layers such as 
surface hoar more likely to fail in layer-parallel shear. More recently, Lackinger (1989) described two 
distinct fracture-failure processes for layers of different thickness, one in collapse and the other in shear.  
Recent experimental results (i.e. Johnson et al., 2004; van Herwijinen and Jamieson, 2005) are difficult to 
rectify with the layer-parallel shear models.  Heierli (2005) presented a model involving structural failure 
and collapse in the weak layer, coupled with slab bending.  This WLC model accounts for the 
compression of a porous material, which Mellor (1975) found to be a dominant property of snow, whereas 
the layer-parallel shear model is based on Mode II fracture in a solid material. The WLC model is able to 
predict with high precision the results of Johnson et al.’s (2004) fracture speed measurement, and 
qualitatively includes the observations and conceptual models of Johnson (2001) and van Herwijnen 
(2005).  This agreement between theory and experiment is a promising step towards a consistent 
description of fracture propagation in weak snowpack layers.  Based on these insights, we present a new 
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prototype field test that enables observation of propagation and arrest of weak layer fractures.  Further 
evaluation of this and other similar field tests (e.g. Gauthier and Jamieson, In press), and improved 
understanding of the role or importance of pore-space air in collapsing weak layers are priorities of our 
current research. 
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