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The failure of a weak layer which lies underneath a 
more cohesive planar slab, is responsible for slab ava-
lanche initiation. The weak layer may fail under com-
bined effect of shear and compressive loading. 
Therefore, a preliminary study was carried out to un-
derstand the effect of combined compressive and 
shear loading on a weak snow layer. Since it is diffi-
cult to transport snow samples containing a weak 
layer into an environmental chamber, the mechanical 
measurements were carried out in situ. A digital force 
gauge attached to shear frame of area 0.01 m2, was 
used to measure the shear strength. The compressive 
pressure was applied on the weak layer with the help 
of dead weights. The dynamic shear force at high 
loading rate (average around 25 N s–1) was applied for 
less than 1 sec and it was observed that the samples 
failed in a brittle manner. Experiments were carried 
out on round grain snow layer (RGsr), faceted snow 
(FCso) and near-surface faceted particles (FCsf) weak 
layer. Multi-axial stress response for FCsf snow layer 
was found to be entirely different from RGsr and 
FCso weak snow layers. Positive correlation between 
shear strength and compressive pressure was obser-
ved for RGsr and FCso snow layers. The experimental 
study revealed that there exists an elliptical envelope 
of instability for FCsf snow layer. The elliptical enve-
lope for FCsf indicates that if the state of stress in the 
weak layer lies on the boundary or out of the elliptical 
envelope, the snowpack is unstable. 
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AVALANCHE occurrence in mountainous terrain causes a 
huge loss to humans and property, and is one of the main 
concerns for the inhabitants as well as the visitors to the 
snowbound mountains in winter. An avalanche occurs 
due to failure of weakness present in the snowpack. This 
weakness in the snowpack may be in the form of cohe-
sion-less fresh snow, the buried near-surface facets layer, 
the buried surface hoar layer or the depth hoar layer pre-
sent in the snowpack. The avalanches which occur due to 
failure of the depth hoar layer, the buried near-surface 
facets layer or buried surface hoar layer are mainly slab 

avalanches. These are the most dangerous and occur 
when a weak layer or interface underlying a strong slab 
fractures1. The compressive and shear stresses in a snow-
pack lying on a slope are due to self weight and  
additional loads resulting from the weight of a skier, 
fresh snow precipitation, etc. The resultant of the com-
bined load is responsible for failure of the snow slab. 
 In the past different researchers have utilized various 
methods to evaluate the stability of snowpack. To get a 
qualitative idea about the weakness present in the snow-
pack, different stability tests such as Rutschblock2, Stuff-
block3, compression test4 and shovel shear test5 are being 
used. Quantitative estimation of the snowpack stability 
was also attempted by Perla and Beck6 with the help of 
shear frame tests to measure the shear strength. The fail-
ure of snowpack is not only expected due to shear load-
ing, but also due to compressive loading. Therefore, for 
quantitative estimation of snowpack stability, McClung 
and Schaerer1, and Tremper5 suggested loaded column 
test to measure the compressive strength of the weak 
layer. Landry et al.7 suggested quantified loaded column 
stability (QLCS) test and its mechanics. The shear frame 
test is the only one that is rigorously used to measure the 
shear strength and is widely accepted. Perla and Beck6 
measured the effect of transverse compressive pressure 
on the shear strength of partially metamorphosed snow 
with density of 200 kg m–3 and observed an increase in 
the shear strength with the compressive load. McClung8  
studied the effect of shear deformation rate keeping  
transverse compressive load constant and observed  
the strain softening behaviour at deformation rate 1.5  
10–4 m/min. These results were also used to explain why 
slab avalanches do not usually initiate on slopes below 
25. For low-density snow, McClung9 found that the set-
tlement effect and shearing effect are comparable for low 
slope angles. In such cases, the strain softening behaviour 
is more difficult and slopes at low angles are generally 
stable. Zeidler and Jamieson10 studied the effect of nor-
mal load on the shear strength of persistent weak layers 
using a shear frame in a level study site on horizontal 
layers. The tests were performed on decomposed and 
fragmented crystals, surface hoar and rounded facets. 
Their data showed an increase in shear strength with 
compression and on fitting Roch’s equation, predicted a 
slope of change in shear strength with respect to normal 
load as 0.21. Earlier, Jamieson11 had found that for per-
sistent weak layers the adjustment factor  reflecting the 
effect the normal stress on shear strength was so small 
that its effect was negated by experimental scatter. The 
relation between compression and shear strength provides 
failure surface in stress space and helps in predicting  
avalanche initiation. Zeidler and Jamieson12 forecasted 
the increase in shear strength of buried surface hoar with 
known compressive pressure over a period of time with 
the assumption that buried surface hoar layer follows the 
same dependence on the normal load. Recently, Reiweger 
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et al.13 developed a loading apparatus in which shear and 
compression loading can be applied simultaneously under 
laboratory conditions. Nakamura et al.14 used a dynamic 
method to measure the shear strength of different types of 
snow under the effect of varying compressive loads. For 
rounded polycrystals and small rounded particles, they 
found a linear dependence between compressive pressure 
and shear strength. 
 Here, we have studied the effect of compressive pre-
ssure on the shear strength of different snow layers. The 
experiments were performed on round-grained snow 
(RGsr), faceted snow (FCso) and near-surface facets 
(FCsf)15. The main emphasis in this study is on the res-
ponse of FCsf snow layer under combined compressive 
and shear loading.  
 The study was carried out in the research station Patseo 
of Snow and Avalanche Study Establishment (SASE) in 
the Great Himalayan range at an altitude of 3800 m amsl 
on three different types of layers, namely RGsr, FCsf and 
FCso. Initially in February 2010, combined compressive 
and shear loading tests on FCsf snow layer and homo-
genous RGsr snow were conducted. The responses of 
both the layers were found to be entirely different. Hence 
we repeated the same experiments on FCso snow layer in 
January 2011 and on FCsf snow layer in February 2014. 
Details of the experiments conducted are given in Table 1.  
 FCsf layers of 0.4 cm thickness during the period from 
15 to 20 January 2010 and 1.5 cm thickness from 25 to 30 
January 2014 were formed all over the Patseo bowl. The 
densities of these thin, weak layers were measured after 
they were buried. Density measurement of such a thin 
layer was a challenge; therefore we made some modifica-
tions in the conventional snow density measurement 
technique. For example, the shape of the snow sampler 
was modified from cylindrical to cuboidal, as shown in 
Figure 1 a with dimensions as show in Figure 1 b. 
 The density of sandwiched thin layer was measured in 
three steps. In the first step, the densities of both the  
homogeneous layers (superstratum and substratum) were 
measured, between which the thin layer was sandwiched. 
In the second step, the snow sample of composite snow 
with sandwiched thin layer was extracted such that  
the centre of the thin layer and the central plane of the  
sampler are coplanar (Figure 1 c). In the third step, the  
 

Table 1. Details of the shear frame experiments 

Date Snow Density Layer Number of  
 type (kg m–3) thickness (cm) experiments 
 

10 February 2010 RGsr 230 11 25 
10 February 2010 FCsf 150 0.4 25 
14 February 2010 FCsf 150 0.4 30 
19 February 2010 FCsf 200 0.3 40 
25 January 2011 FCso 260 32 25 
1 February 2011 FCso 260 30 25 
2 February 2014 FCsf 100 1.0 25 
9 February 2014 FCsf 100 1.0 25 

density (th) of thin snow layer was calculated using the 
following expression 
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where m is the mass of the sandwiched snow sample, u 
the density of upper layer, l the density of lower layer, x 
the height of the sampler and A is the cross-sectional area 
of the snow sample. To ensure the correct density meas-
urement, it is important that the centre of the thin layer 
and the central plane of the snow sample collector are be 
coplanar. Also, thickness of the snow layer must be meas-
ured accurately.  
 Weak layer or stratum is always sandwiched between 
the stiff superstratum and substratum. A snowpack on a 
slope with sandwiched stratum, at a state of stress due to 
self-weight, exists in equilibrium and remains so until  
external disturbance is induced. The external disturbance 
may be due to any additional static or dynamic load re-
sulting from fresh snow precipitation, weight of a skier, 
etc. which in turn sets up additional compressive and 
shear stresses in the snowpack. As both of these forces 
act simultaneously, the combined effect of the loading 
needs to be understood. An experimental set-up was de-
signed such that the weak layer is loaded simultaneously 
(Figure 2). A shear frame having length and breadth 
0.1 m each and height 0.025 m was used to measure the 
shear strength. The thickness of the stainless-steel sheet 
from which the shear frame is made is 0.001 m. The shear 
frame was placed on the upper layer such that the bottom 
of the shear frame was 0.002–0.005 m above the top of 
the weak layer or interface under consideration (Figure 
2 b). The shear frame was placed above the top of the 
weak layer to have a more uniform stress distribution 
while measuring the strength of the weak layer16. Cutting 
blade was used to isolate the snow from the rest of  
the surrounding snow and to make space for the shear 
frame so that while inserting it the weak layer is not dis-
turbed.  
 
 

 
 
Figure 1. a, Photograph of snow sample collector. b, Schematic dia-
gram of homogeneous snow sample with dimensions. c, Schematic of 
composite snow. 
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 Initially the shear strength was measured without any 
compressive load. The same shear frame test was repea-
ted with compressive load of 1.96 N, and compressive 
load was increased in steps of 0.98 N for successive shear 
tests until the weak layer collapsed under the compressive 
load only. The compressive step load of 1.96 N was applied 
using a wooden block cut in such a way that load is 
transmitted to snow without touching the frame. The pro-
cedure adopted here is similar to that used by Landry et 
al.7, Zeidler and Jamieson10. Application of compressive 
load was instantaneous via dead weights. Shear force was 
applied within 2 sec after application of the compressive 
load. The shear force was applied quickly and smoothly 
in less than 1 sec with the help of a digital force gauge16. 
The time lag between application of the compressive load 
and shear force was kept less than 2 sec so as to minimize 
the effect of sintering due to compressive pressure17,18. de 
Montmollin18 reported that if the deformation rate is slow 
enough, the evolution of snow structure or bond system 
(i.e. the growth of existing bonds, creation of new bonds, 
etc.) occurs to avoid microscopic stress accumulation. 
For fast deformation rates, the metamorphism of the bond 
system remains active, but there is no relaxation of high 
stresses which cause failure. Keeping all these factors in 
mind the loads were applied quickly for a short time. The 
shear frame tests were conducted either on FCsf, FCso or 
RGsr snow layers; all these tests on a single layer were 
conducted on a single day. During conduction of the 
shear frame tests, the compressive pressure was applied 
instantaneously by putting dead weights as shown in  
Figure 2. Therefore, compressive pressure versus time  
response could not be measured. The stress application in 
shear mode was through digital force gauge and there-
fore, the rate of loading was measurable. It was found 
that the average rate of shear force application was 
around 25 N s–1. One of the shear stress versus time 
curves is shown in Figure 3.  
 It can be seen that for shear loading, the time period of 
the loading to failure is less than 1 sec and during loading 
the shear stress is increasing rapidly up to peak stress. At 
peak stress there is a sudden drop in stress value to zero 
in all the shear frame tests, which indicates complete fail-
ure of the layer under consideration. In this way shear 
strength values corresponding to the applied compressive 
stresses for all the snow layers considered in the present 
study, were recorded. 
 In the present study, a total of 220 shear frame tests 
were conducted on all the three types of snow layers con-
sidered. Details of the snow layers and number of shear 
frame tests on each layer are given in Table 1. Initially 
the shear frame tests were conducted on homogeneous 
RGsr snow layer with snow density of 230 kg m–3. The 
shear strength of RGsr snow layer was found to be  
increasing linearly with increase in the applied compres-
sive pressure. These experiments were similar to those of 
Perla and Beck6, who reported a gradual shear strength 

increase with applied compressive pressure (Figure 4). 
The shear strength values in the present study were found 
to be on a higher side, probably due to a higher density of 
230 kg m–3 in the present study compared to 200 kg m–3 in 
the study by Perla and Beck6. The slopes in both the stud-
ies are comparable, with a good coefficient of correlation 
higher than 0.9.  
 Recently, dynamic loading technique14 has been used 
to study the effect of applied compressive pressure on the 
shear strength of refrozen rounded grain snow. The results 
of the study14, which are also included in Figure 4, indi-
cate that the shear strength increases linearly with the  
applied compressive pressure. For refrozen rounded parti-
cles, Nakamura et al.14 showed that there is a much 
stronger dependence of the shear strength on the applied 
compressive pressure compared to the present study and 
that of Perla and Beck6. The difference in the values  
(Table 2 and Figure 4) is due to the difference in the 
snow type under consideration as well as the testing pro-
cedure.  
 
 

 
 
Figure 2. a, Procedure to load snow pack in multi-axial direction.  
b, Schematic diagram of experimental set-up. 
 
 

 
 
Figure 3. Application of shear stress up to failure via digital force 
gauge in less than 1 sec. 
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Figure 4. Cohesive snow under multi-axial loading conditions. 
 

Table 2. Coefficients of linear model with errors and coefficient of correlation 

Date Type of snow Intercept (o) Intercept error ( E0
) Slope value Slope error R2 

 

10 February 2010 RGsr  1619.39 111.28 0.78 0.14 0.99 
25 January 2011 FCso  956.85 247.41 1.96 0.32 0.99 
1 February 2011 FCso  1459.19 177.84 2.55 0.27 0.96 
Data from previous studies      
 Zeidler and Jamieson10  2826.65 2.99 0.23 0.0016 0.99 
 Cohesive Snow (Perla and Beck6)  1053.04 114.16 0.64 0.092 0.90 
 Refrozen rounded polycrystals (Nakamura et al.14)  1021.96 1329.84 3.55 2.03 0.26 

 
 
 The shear frame tests on FCso snow layer that were 
performed on 25 January 2011 and 1 February 2011 
showed an increase in the shear strength with the applied 
compressive pressure. The dependence of shear strength 
on the applied compressive pressure, as seen in Figure 5, 
is higher (slope  2–2.5) than that reported by Zeidler and 
Jamieson10 (slope  0.2). This may be because the grain 
types involved in the present study are solid faceted parti-
cles, while those considered by Zeidler and Jamieson10 
are faceted, but there might be a difference in grain type, 
grain size and stage of facets present in both the studies. 
A total of 50 shear frame tests with different values of 
compressive pressure were conducted on these two days 
on the same layer. The positive effect of pressure sinter-
ing on the shear strength over a period of time between 
two experimental days (i.e. 25 January 2011 to 1 Febru-
ary 2011) was observed. Each data point in Figures 4 to 7 
represents an average of five shear strength measure-
ments corresponding to each compressive load and the  
error bars depicted in the figures reflect  2 standard de-
viation. The increase in the shear strength with applied 

compressive pressure was modelled with a linear equa-
tion. The values of the coefficients of the linear model 
with errors and their coefficient of correlation for RGsr, 
FCso snow layers and those calculated from other stu-
dies6,10,14 are shown in Table 2. 
 In 2009–10 and 2013–14 winters and on different  
experimental days (dates mentioned in Table 1), the shear 
frame tests were also conducted on FCsf snow layers by 
applying multi-axial loading conditions in a similar way 
as tests on RGsr and FCso were conducted. During these 
shear frame tests, the FCsf snow layer showed a decreas-
ing trend in shear strength values with increase in the  
applied compressive pressure. Therefore, the shear frame 
tests were conducted mainly in three stages: (a) shear 
strength was measured without any compressive pressure; 
(b) compressive pressure as applied until failure, i.e. 
compressive strength measurement without shear loading, 
and (c) both compressive pressure and shear loading were 
applied.  
 The experimental site for all the tests was the same, but 
the location of successive tests was adjacent to the previous 
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Figure 5. Faceted snow under multi-axial loading conditions. 
 
 
one. In all 95 and 50 experiments were performed in 
2009–10 and 2013–14 winters respectively, on FCsf snow 
layer. The observed behaviour of the FCsf snow layer is 
shown in Figures 6 and 7. The plotted shear strength data 
showed nonlinear response to the applied compressive 
pressure. Therefore an elliptical curve, described by  
eq. (2), was fitted through the data 
 

 
2 2

0 0
1, 
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where  and  are the shear and compressive stresses act-
ing on the FCsf weak layer and 0 (y-axis intercept) and 
0 (x-axis intercept) are the shear and compressive 
strengths of the FCsf weak layer. 
 The snowpack is stable till the state of stress in the 
weak layer remains inside the elliptical curve; and the 
state of stress beyond the elliptical curve represents in-
stability or failure. The fitted curve for each experimental 
day is shown in Figures 6 and 7 with values and errors 
involved for each x-axis and y-axis intercept along with 
the overall coefficient of correlation. These values and  
errors are also separately shown in Table 3. 
 Figures 6 and 7 indicate that as long as the state of 
stress in the weak layer remains inside the elliptical 
curve, the snowpack remains stable. As the state of stress 
approaches the curve, the snowpack approaches instabil-
ity. The state of stress on or outside the elliptical curve 
represents instability or failure. The elliptical curve is ob-
tained based on the average values of the shear strengths. 
If two more curves are constructed by considering the  
extreme values on either side (Figure 6 a) of the fitted 
curve, the zone lying between these two extreme values 
may be considered as the transition zone from stable to 

unstable state. The tests shown listed in Table 3 were 
conducted on two similar layers in two different winters. 
The data indicate increase in both shear and compressive 
strength over a period of time for both sets of experiment. 
The rate of increase might be dependent on different  
environmental and overburden conditions, which we have 
not studied in the present work.  
 During deformation, the damage and sintering continu-
ously take place at the bond-scale in snowpack. The state 
of sintering and damage varies in the snow depending 
upon the 3D microstructure and boundary conditions19. 
For higher load application damage dominates and for 
low load application sintering dominates. A qualitative 
explanation for the micro-mechanisms which result in 
curves seen in Figures 6 and 7 is as follows. The density 
of FCsf snow layer is extremely low and hence porosity 
of the snow layer is very high. Therefore, the percentage of 
ice volume fraction which resists deformation is very 
small. During these combined compressive and shear 
loading tests, the FCsf snow layer is tested mainly in 
three stages as described above. When the FCsf snow layer 
is loaded only in shear mode, it gives shear strength; 
when it is loaded in compression, it gives compressive 
strength and when it is loaded in mixed mode such that 
compressive pressure is lower than its compressive 
strength, it gives locus of state of stress joining shear and 
compressive strengths of FCsf layer, beyond which fail-
ure occurs. During mixed-mode loading, the compressive 
pressure is applied instantaneously, which causes extre-
mely high stresses at constrictions and produces substan-
tial amount of damage in the 3D micro-structure of FCsf 
snow layer. The reason for these extremely high stresses 
in the constrictions is smaller ice volume fraction and 
sharp stress concentration regions present due to faceted 
particles of the FCsf snow layer. Therefore higher 
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Figure 6. Shear frame test data for FCsf weak snow layer for tests conducted on (a) 10 February 2010, (b) 14 February 
2010 and (c) 19 February 2010 with fitted elliptical curves and their respective statistical data. 

 

 
 

Figure 7. Shear frame test data for FCsf weak snow layer for tests conducted on 2 February 2014 and 9 Febru-
ary 2014 with fitted elliptical curves and their respective statistical data. 

 
compressive pressure leads to higher damage and subse-
quently lower shear strength. It can be seen in Figures 6 
and 7 that as we increase compressive pressure, the shear 
strength reduces.  
 While in case of FCso snow layer, though the stress 
concentration regions due to facets are present, the ice 

volume fraction is relatively high. For RGsr, the stress 
concentration due to facet is either not present at all or is 
negligibly small and the ice volume fraction is also high, 
which might be favourable for less damage and higher 
rate of sintering. The increased shear force in Figures 4 
and 5 with compression is a reflection of this 
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Table 3. Parameters with errors and coefficient of correlation for nonlinear model 

 Type of X-axis intercept X-axis intercept  Y-axis intercept Y-axis intercept 

Date snow (0) error ( E0
) (0) error ( E0

) R2 
 

10 February 2010 FCsf 438.66 11.04 393.6 8.44 0.99 
14 February 2010 FCsf  611.50 20.92 308.28 4.33 0.91 
19 February 2010 FCsf 1345.72 0.094 1655.81 26.92 0.99 
2 February 2014 FCsf 351.90 0.94 328.33 15.10 0.98 
9 February 2014 FCsf 393.13 30.02 344.37 22.42 0.99 

 
 
micromechanical effect. Studies reported an increase in 
strength of snow with compression for large rounded 
grains, facets, depth hoar, fine-grained snow and even 
fresh snow6,7,10,20. Experiments on FCsf have not been re-
ported earlier. In the present study, failure envelope for 
the snow layer is explained by eq. (1) which fits experi-
mental data with high coefficient of correlation as in  
Table 3. 
 Multi-axial loading experiments were conducted on the 
RGsr, FCso and FCsf snow layers. The results of RGsr 
snow layer indicate that with an increase in compressive 
pressure, the shear strength of the layer increases. Faceted 
snow also showed an increase in shear strength with 
compressive pressure. Also, there was a positive effect on 
shear strength of compressive pressure over a period of 
time. 
 When the same experiments were conducted on the 
FCsf snow layer, an elliptical stress envelope was obser-
ved. The elliptical envelope indicates that as the instanta-
neously applied compressive load (compressive pressure) 
increases the shear strength decreases. This reduction in 
the shear strength is due to substantial amount of damage 
at bond scale due to smaller ice volume fraction and 
sharp stress concentration regions being present because 
of faceted particles of FCsf snow. By knowing only two 
values, i.e. shear strength and compressive strength of 
FCsf snow layer, locus of state of stress beyond which 
snowpack is unstable can be plotted using failure equa-
tion thus obtained for the FCsf snow layer.  
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