


and B were performed on a layer of large buried 
surface hoar crystals (30 to 40 mm) and with two 
rows of markers inserted in the slab. Preliminary 
beam tests on this layer, which was buried 20 cm 
below the surface, did not result in full propagation 
of the fracture through the weak layer even though 
we had whumpf on this layer the day before. 
Therefore, we increased the load above the weak 
layer by shovelling additional snow on top of the 
existing slab. We waited a few hours for the snow 
to settle before performing more beam tests. With 
the additional load, the fracture propagated 
through the whole length of the beam. In both tests 
we observed vertical fractures through the slab 
roughly halfway through the beam. Test C was 
performed on a layer of facetted crystals (1.5 to 2.5 
mm) underlying a thin crust. The fracture 
propagated through the entire beam and no 

vertical fractures were observed through the slab.  
 
3.1 Displacement of markers 
 

The total displacement of the markers, in 
both the slope parallel and slope normal direction, 
was not the same for all markers (range given in 
Table 1). The slope normal displacement generally 
decreased with increasing distance from the down-
slope edge of the beam, where the fracture was 
initiated, in all three tests. Such a trend was not 
observed in the slope parallel displacement. 
Furthermore, for each marker the total slope 
normal displacement was always larger than the 
total slope parallel displacement (Table 1).  

In Figure 3 the displacements of all the 
markers in Test C are shown at the onset of 
fracture propagation, during fracture propagation, 

Figure 3: Slope parallel (Δx, left) and slope normal (Δy, right) displacement for a fracture propagating
through a weak layer composed of faceted crystals (test C). Displacements are shown at the onset of
fracture propagation (t = 0.2505 s), during fracture propagation (t = 0.3026 s), when the fracture reached
the end of the beam (t = 0.3286 s) and at the end of the recording (t = 0.5532 s). The dashed white line
indicates the weak layer and the red dots indicate the initial position of the markers. 
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when the fracture reached the end of the beam 
and at the end of the video recording. There was a 
clear difference in the behaviour of the slope 
parallel and slope normal displacement.  

At the start of propagation (t = 0.2505 s) 
the slope normal displacement was largest in the 
first 50 cm of the beam, where the fracture was 
initiated, decreasing to zero at approximately 
110 cm. As the fracture advanced through the 
beam and up to the end of the experiment, Δy 
remained largest at the edge of the beam gradually 
decreasing further away (right side Figure 3). 
Furthermore, there was no clear difference in Δy 
for markers close to the weak layer and those 
higher up in the slab, closer to the snow surface.  

The slope parallel displacement was 
concentrated in the upper half of the beam, i.e. 
close to the snow surface. At the onset of fracture 
propagation (t = 0.2505 s) and during fracture 
propagation (t = 0.3026 s) Δx was largest in the 
row of markers closest to the snow surface, 
peaking at 100 to 150 cm from the edge of the 
beam while the row of markers closest to the weak 
layer was not displaced. At t = 0.3286 s, when the 

fracture reached the end of the beam, and at the 
end of the experiment (t = 0.5532 s), the same 
picture emerged. However, the row of markers 
closest to the weak layer was also displaced and 
the largest Δx  was observed closest to the snow 
surface between 50 and 150 cm from the edge of 
the beam. Finally, during the entire test there was 
no discernable displacement of the markers below 
the weak layer. 

 
3.2 Velocity of markers 

In Figure 4 the velocity of all markers in 
test C at three different times, corresponding to the 
first three images in Figure 3, is shown. Again 
there was a clear distinction in the behaviour of the 
slope parallel and slope normal velocity of the 
markers.  

At the onset of fracture propagation 
(t = 0.2505 s) vy was largest at the edge of the 
beam, decreasing to zero at approximately 150 cm 
(top right in Figure 4), similar to the slope normal 
displacement (top right in Figure 3). As the fracture 
propagated through the beam (t = 0.3026 s) vy 
became very small at the edge of the beam, 

Figure 4: Slope parallel (vx, left) and slope normal (vy, right) velocity of the markers for a fracture
propagating through a weak layer composed of faceted crystals (test C). Speeds are shown at the onset
of fracture propagation (t = 0.2505 s), during fracture propagation (t = 0.3026 s) and when the fracture
reached the end of the beam (t = 0.3286 s). The dashed white line indicates the weak layer and the red
dots indicate the initial position of the markers. 
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increased to a maximum at around 170 cm and 
dropped sharply to zero again at the end of the 
beam. At t = 0.3286 s, vy gradually increased 
through the beam to reach a maximum at the end 
of the beam. The slope parallel velocity (left in 
Figure 4) was mostly zero at the onset of fracture, 
except in the upper half of the beam up to roughly 
140 cm from the edge of the beam. On the 
contrary, during fracture propagation vx was 
positive throughout the beam, except for an area 
close to the snow surface between 100 and 
150 cm from the edge of the beam. Finally, when 
the fracture reached the end of the beam, vx was 
roughly equal for all markers throughout the slab 
and much larger than before.  

Figure 5: Fracture speed measurements as
function of distance to the edge of the beam where
the fracture was initiated. (a) results for test A (+
sign and solid line) and B (* sign and dashed line).
(b) results for test C. 

 
3.3 Fracture speed 

The propagation speeds shown in Table 1 
were calculated using the onset time of the slope 
normal displacement of rows of markers spanning 
the entire width of the beam. As such, these can 
be considered an average fracture speed through 
the beam. The calculated fracture speed for test A 
and B, in which there was a relatively large slope 
normal displacement, was somewhat higher than 
that in test C (Table 1). 

In order to determine whether the 
propagation was stationary or accelerated, fracture 
speeds were determined for sections of the beams 
by only considering five subsequent markers for 
the calculation, corresponding to 50 to 75 cm long 
sections of the beam. In this way we essentially 
determined a moving average of the fracture 
speed throughout the beam. In test A, a vertical 
fracture through the slab divided the beam in two 
parts, a section of 160 cm (15 markers) and a 
section of 130 cm (13 markers). In test B the beam 
was split up in three sections, due to two vertical 
fractures, with a length of 180 cm (17 markers), 
85 cm (8 markers) and 35 cm (3 markers), 
respectively. Since these vertical fractures through 
the slab disrupted the displacement of the 
markers, it is likely that these fractures also 
influenced the propagation of the fracture. 
Therefore, each section of the beam in test A and 
B, separated by the vertical fractures through the 
slab, where considered separately. The last 
section of the slab in test B only comprised three 
markers and was therefore not included. 

In Figure 5 the calculated propagation 
speed  for all three tests is shown as function of 
the distance to the edge of the beam where the 
fracture in the weak layer was initiated. The 
propagation speeds in both tests A and B, which 
were performed on the same weak layer and on 

the same day, showed good accordance (Figure 
5a). The propagation speed in the first section of 
the beam was larger than in the second section of 
the beam. It decreased from around 60 ms-1 at the 
edge of the beam to 32 ms-1 at 200 cm in the first 
section. In the second section, c initially decreased 
to a minimum of roughly 20 ms-1 at 280 cm after 
which it increased again.  

c

In test C the propagation speed decreased 
from 33 ms-1 at the edge of the beam to a relatively 
constant value of around 20 ms-1 between 60 and 
130 cm. Thereafter the propagation speed 
increased and reached a maximum of 41 ms-1 at 
the end of the beam.  

 
4. DISCUSSION 

 
Beam tests were performed on low angle 

slopes to study fracture propagation through weak 
snowpack layers. On steeper slopes, the snow 
beam generally slides down-slope after the 
fracture has propagated through the weak layer. 
This results in additional slope parallel 
displacement which obscures the part of the 
displacement caused by weak layer fracturing. 
Therefore we decided to perform these tests on 
low angle slopes, where the beam did not slide 
down-slope after fracture propagation.   

High-speed photography of fractures in 
weak snowpack showed experimentally that there 
is a compressive component associated with the 
fracture. Schweizer et al. (1995) reported slope 
normal displacement of 0.47 cm. Field 
measurements at whumpf sites, i.e. fracture 
propagation on low angle terrain, showed vertical 
displacements ranging from 0.08 to 1.0 cm 
(Johnson, 2000). Van Herwijnen and Jamieson 
(2005) measured slope normal displacements 
which ranged from 0.15 to 1.7 cm. These 
published values are comparable to the measured 
values in test C (Table 1). On the other hand, test 
A and B had larger slope normal displacements 
due to an unusually thick layer of buried surface 
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hoar crystals which was artificially loaded to 
achieve fracture propagation. Nevertheless, 
crushing of the weak layer has so far always been 
observed in all documented fractures through 
weak snowpack layers. It is a rule rather than an 
exception, which is not surprising given the highly 
porous nature of snow layers. 

The total amount of slope normal 
displacement decreased with increasing distance 
from the edge of the beam where the fracture was 
initiated (Figure 3). One could argue that this is 
caused by the influence of the initial saw cut 
through the weak layer, which creates an artificial 
gap. However, results from test A and B showed 
that that the slope normal displacement was also 
larger behind vertical fractures through the slab 
(not shown). This suggests that the additional 
slope normal displacement is a boundary effect 
due to an unsupported edge of the beam and not 
caused by the saw cut. The edge of the beam 
where the fracture is initiated is unsupported. This 
allows the slab to move more freely resulting in 
more slope normal displacement. On the other 
hand, the slope normal displacement at the end of 
the beam, which is also an unsupported edge of 
the beam, was usually the smallest. This is likely 
due to the fact that the propagating collapsing 
fracture through the weak layer is abruptly stopped 
as it reaches the end of the beam, thereby 
disrupting the fracture process. Additionally, the 
velocity of the markers was also largest at both 
unsupported edges of the beam (Figure 4), 
highlighting the boundary effects due to the test 
geometry. In order to achieve stationary fracture 
propagation which is not influenced by boundary 
effects the beam should therefore be made longer 
than in our experiments. 

Figure 6: Schematic representation of bending of
the slab associated with a propagating collapsing
fracture through a weak snowpack layer. 

The results depicted in Figure 3 show that 
the slope normal displacement preceded the slope 
parallel displacement, especially closer to the 
weak layer. This shows that when a weak layer 
fractures it collapses, likely due to rearrangement 
of the crystals in the weak layer, causing slope 
normal displacement. The slope parallel 
displacement is merely a secondary effect of the 
fracture process caused by the bending of the 
slab. When the weak layer collapses the slab 
undoubtedly bends, causing slope parallel 
displacement which increases closer to the snow 
surface (Figure 6). This is consistent with the 
results shown in Figure 3. During fracture 
propagation the onset of the slope normal 
displacement occurred simultaneously for markers 
close to the weak layer and those close to the 
snow surface. On the other hand, the slope parallel 
displacement was larger closer to the snow 

surface and preceded the slope parallel 
displacement closer to the weak layer (Figure 3).  

The present results indicate that a recent 
new theory considering the collapse of the weak 
layer during fracture (Heierli et al., 2008) is more 
realistic to describe fracture propagation through 
weak snowpack layers than theories that only 
consider the slope parallel component of gravity as 
driving force for fracture propagation. The 
measured velocity of the markers during fracture 
propagation (Figure 4) showed that there was a 
wave propagating through the slab associated with 
the slope normal displacement, while this was not 
the case for the slope parallel displacement. This 
is in good qualitative agreement with the new 
theory. 

 The measured propagation speed values 
shown in Table 1 are slightly higher but in good 
agreement with other measured values which 
ranged from 17 to 26 ms-1 (Johnson et al., 2004; 
van Herwijnen and Jamieson, 2005). Furthermore, 
we were able to determine that the fractures in the 
beam tests were not stationary. In general, the 
propagation speed decreased from the edge of the 
beam where the fracture was initiated and 
increased again towards the end of the beam 
(Figure 5). Once again, this shows the influence of 
the unsupported edges of the beam on the fracture 
process. While the fracture in tests A and B 
propagated through the entire beam, the vertical 
fractures through the slab disturbed the fracture 
process. The propagation speed in these tests was 
rather high in the first section of the beam, 
decreasing to a minimum of  around 20 ms-1 in the 
middle of the second section of the beam (Figure 
5). Since these beams were artificially loaded, 
these measurements should be considered 
cautiously. On the other hand, in test C the fracture 
speed quickly attained a relatively stationary value 
of 20 ms-1 in the middle section of the beam. Since 
this is the part of the beam which is the least 
influenced by the boundaries of the beam we 
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consider these measurements most reliable. The 
theoretical prediction for the propagation speed in 
this experiment is 21 ms-1 (Heierli et al., 2008), in 
agreement with the measured values in the middle 
of the beam.   

 
5. CONCLUSIONS 

 
A portable digital high-speed camera was 

used to observe in-situ fractures in weak snowpack 
layers. Particle tracking software was used to track 
the displacement of multiple markers in the snow 
above the weak layer and an efficient signal 
processing method was developed to remove the 
effects of pixel clipping which was present in some 
trajectories. This resulted in a detailed visualization 
of the deformation of the slab associated with the 
propagation of a fracture through a weak layer and 
provided new insight into fracture propagation 
through a weak snowpack layer. Slope normal 
displacement, which ranged from 0.52 to 4.07 cm, 
was observed in all fractures and comparable to 
previously published measurements. Thus far, 
crushing of the weak layer has always been 
observed in all documented fractures through 
weak snowpack layers showing that this is inherent 
to the fracture process. 

High accuracy displacement 
measurements showed the propagation of a wave 
through the slab associated with the collapse of 
the weak layer. The initial displacement of the slab 
was in the slope normal direction, due to crushing 
of the weak layer, and the slope parallel 
displacement was a result of the bending of the 
slab. This is in good qualitative agreement with a 
new theory for fracture propagation in weak 
snowpack layers (Heierli et al., 2008). 

The results also showed the influence of 
the test geometry on the displacement and the 
propagation of the collapse wave. The 
displacement was influenced by the free 
boundaries of the beam in that it was largest at the 
edge of the beam where the fracture was initiated 
and smallest at the end of the beam where the 
propagation abruptly stopped. Furthermore, 
marker velocity was highest at both unsupported 
edges of the beam. In order to achieve stationary 
propagation, the beam tests should therefore be 
several meters long. 

Propagation speed measurements using 
all markers throughout the slab ranged from 27 to 
35 ms-1, somewhat higher than previously 
published values. However, the results from two 
tests in which the weak layer was artificially loaded 
to achieve fracture propagation should be 
considered cautiously. Furthermore, it was shown 

that the propagating wave through the slab was 
not stationary throughout the beam. In one beam 
test the fracture speed quickly attained a relatively 
stationary value of 20 ms-1 in the middle section of 
the beam. This value corresponded very well to 
theoretical predictions as well as previously 
published results. 
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