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ABSTRACT: Dry-snow slab avalanches release due to crack propagation in a weak snow layer under
a cohesive snow slab. Crack propagation speeds along the weak layer provide insights into the potential
size of avalanches, information on the fracture regime, and affirm avalanche release models. Despite
their importance, slope-scale crack speed measurements from real avalanches are limited. Further, most
existing slope-scale measurements rely on the appearance of slab fractures on the snow surface, which
occur following weak layer fracture. Here, we present a novel method to estimate crack propagation
speed from snow surface movements in avalanche videos. Our technique uses changes in pixel intensity,
allowing us to detect the location of the crack in the weak layer well before slab fractures appear on the
snow surface. We used field experiments and numerical simulations to validate our method before
applying it to videos of real avalanches. Our results show that cracks propagate faster up and down the
slope than in the cross-slope direction, suggesting that different regimes govern crack growth depending
on propagation direction.
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1. INTRODUCTION

Dry-snow slab avalanches result from a
sequence of fracture processes. First, weak
layer failure initiates under a cohesive slab,
resulting in a localized crack. Second, once that
crack expands to a critical size, crack
propagation begins. Third, the crack extends
across the slope, a process called dynamic
crack propagation. Finally, avalanche release
occurs if the tangential component of the
gravitational load due to the slab overcomes
frictional resistance to sliding. Eventually, cracks
initiate at the avalanche’s crown, flanks, and
stauchwall (Schweizer et al., 2003; Schweizer et
al., 2016).

Spatial variations in slab and weak layer
properties play a crucial role in determining the
behavior of cracks during the dynamic crack

propagation phase. Specifically, these variations
can lead to fracture arrest in certain localized
areas with stronger weak layers. This occurs
when the energy required to extend the crack
surpasses the energy released during crack
extension (Jamieson and Johnston, 1992;
Gaume et al., 2015). However, if these local
variations are not significant enough, the kinetic
energy of the propagating crack can overcome
the energy deficit, enabling continued crack
propagation (Broberg, 1996). Consequently, the
crack propagation speed becomes a critical
factor influencing the crack propagation
distance.

Observations from video analyses of
Propagation Saw Tests (PSTs) (Gauthier and
Jamieson, 2006) indicate that faster propagating
cracks tend to travel longer distances (van
Herwijnen et al., 2016). Nevertheless, the
underlying reason for the correlation between
crack speed and propagation distance remains
incompletely understood.



Despite the significance of crack speed (Gross
and Seelig, 2017), relatively few direct
measurements exist over distances exceeding a
few meters or in actual avalanche start zones.
Johnson and others (2004) made one of the first
direct measurements of crack speed, using
geophones in flat terrain to measure a crack
speed of 20 +/-2 m/s over 8 meters. van
Herwijnen and Jamieson (2005) reported similar
speeds on isolated beams, with values ranging
between 17 and 26 m/s. Crack propagation
speed measurements made with high-speed
videos of PSTs combined with particle tracking
velocimetry (PTV) range from 10 to 50 m/s (van
Herwijnen and Birkeland, 2014; van Herwijnen
and Jamieson, 2005; van Herwijnen et al., 2016;
Bair et al., 2014.). van Herwijnen and Schweizer
(2011) used a seismic sensor array to estimate a
crack speed of 42 +/- 4 m/s for an avalanche
that was 60 meters wide in Switzerland, and van
Herwijnen (2005) analyzed 11 avalanche videos
to calculate speeds ranging from 15 to 32 m/s.
Similar speed values were also reported based
on numerical simulations of the PST (Gaume et
al., 2015). More recently, Bergfeld et al. (2022)
used synchronized accelerometers to measure a
crack propagation speed of 49 +/-5 m/s over 25
meters of flat terrain. Bergfeld et al. (2021) and
Bergfeld et al. (2018) used Digital Image
Correlation (DIC) to measure crack speeds
between 20 and 30 m/s and between 37 and 45
m/s, respectively, in 3.3 m PSTs. Bergfeld et al.
(2023) used DIC again to measure crack
propagation speeds on long PST experiments
(up to 9 m long) over the entire life cycle of a
weak layer. They measured speeds as fast as
55 +/-8 m/s. Hamre et al. (2014) analyzed
videos of avalanches to estimate crack speeds
that were much faster. Some of their crack
speeds approached 200 m/s, with an average
speed of 80 m/s for 27 videos.

Crack speed estimates from PSTs, collapsing
weak layers on flat terrain, and cross-slope
propagation in avalanches and numerical
models are limited by the flexural wave speed of
the slab (Bergfeld et al., 2021) and align with
theoretical predictions of incipient shear cracks
of 29–41 m/s (McClung, 2005) and asymptotic
flexural speeds of 21 - 26 m/s (Heierli et al.,
2008). However, the much higher speeds in
some avalanches estimated by Hamre et al.
(2014) contradict those theoretical predictions.
Recent modeling by Gaume et al. (2018; 2019),
Trottet et al. (2022), and Bobillier et al. (2022)
suggested that the processes governing crack

propagation vary between flat terrain and in
different directions on slopes. Their speed
estimates on low-angle terrain align with those
from theoretical models and experimental
measurements. However, on slopes steeper
than the snow friction angle, they report a
transition from relatively slower anticrack
propagation to much faster supershear crack
propagation with supersonic speed regarding
the slab’s Rayleigh wave speed but subsonic
regarding the slab’s p-wave speeds. Thus far,
few crack speed measurements on real
slope-scale avalanches exist to verify these
model predictions. There have been many weak
layer crack speed measurements, but most are
on low-angle terrain or at scales smaller than a
typical avalanche starting zone (<5 m).

Except for the avalanche measured by van
Herwijnen and Schweizer (2011), all
experimental crack speeds measured at a larger
scale on steep slopes are indirect crack speed
measurements relying on video frame
measurements of visible surface cracks (van
Herwijnen and Jamieson, 2005; Hamre et al.,
2014; Bergfeld et al., 2021). Bergfeld et al.
(2021) suggest the error associated with this
method becomes negligible for large avalanches
(≤5% crack propagation speed for crack
propagation over 200 m). However, this
technique is limited because videos of such
large crack propagations are rare and are
typically in the cross-slope direction.

Recently, Simenhois and others (2023)
presented the Elurian Video Detection (EVD) - a
new method that allows tracking snow surface
movements resulting from weak layer crack
propagation before visible cracks appear on the
snow surface (Figure 1). Here, we summarize
their results with an additional estimate of an
explosive-triggered avalanche from Southeast
Alaska and the theoretical implications as well
as practical developments for avalanche risk
management.

2. METHODS

2.1 Video processing

Our method follows those used by Simenhois et
al. (2023). In short, we assume that the most
significant changes in pixel intensity within the
start zone and between the time of initiation to
just before the appearance of cracks on the
snow surface are due to snow surface



movement associated with weak layer fracture.
We then follow a four-step process where, in the
first step, we stabilize the video to where each
point in the video sequence points to the(𝑥,  𝑦)
same location in the slope. In the second step,

Figure 1: Comparison of enhanced (left) and
original (right) frames extracted from a video of
an avalanche from Alaska. We estimate that the
crack in the weak layer was initiated at frame
number 38. At frame number 37 (row A, 0.04 s.
before crack initiation), snow surface movement
from the snowboarder pushing the snow surface
is visible up to 1.5 m downslope from the
snowboarder. Frame number 47 (row B, 0.18 s.
after crack initiation), snow surface movement is
visible downslope from the snowboarder in the
enhanced images (B1). Cracks on the snow
surface below the snowboarder appear on frame
52 (C2, 0.28 s. after crack initiation), and snow
surface movement becomes visible where the
crown wall eventually develops to the left of the
snowboarder (C1). In frame 56 (row D, 0.36 s.
after crack initiation), the crown wall starts to
appear on the snow surface in the original video
(D2) (Figure from Simenhois et al., 2023).

we use principles of the Eulerian Video
Magnification (Wu et al., 2012), where we first
applied a spatial decomposition Gaussian
pyramid (Burt and Adelson, 1983) to each video
frame. Second, we use a temporal filter for the
frame sequence. Third, we apply the reversed
spatial decomposition of step one, and finally,
we detect spatial and temporal changes in
intensity for each pixel in the up-sampled frame
sequence (Figure 2).

2.2 Crack speed estimates and analysis

We had the exact location of the avalanche for
two of our avalanche videos. We geo-located the
avalanche slope to derive the distances from the
crack initiation to the detected locations of slab
motion. We estimated the skier/snowboarder
height for the other four videos to be 1.75 m. We
calculated the distances between different
locations on the slope by comparing these
distances in pixels to the size of the
snowboarder in pixel units. We estimated our
distance measurement error to be +/ – 10 pixels
and our time error to be +/- two video frames. In
addition, we assumed that the crack tips travel
away from the initiation point; thus, we omitted
the detected location that appeared in the same
direction as the initiation point after another
detected location further away.

To differentiate between slope and cross-slope
direction crack propagation, we use the direction
of the avalanche flow in the starting zone as the
downslope direction. We considered propagation
in direction to detected points within 45° of the
slope direction (up or down) as slope direction
and the rest as cross-slope direction.

In our analysis, we also differentiated between
hard and soft slab avalanches. As a rough
measure, we considered an avalanche a hard
slab when avalanche debris blocks remained
larger than a third of a person while traveling
through the avalanche starting zone. We
classified the rest of the avalanches as soft
slabs.

2.2 Method verification

We verified the accuracy of our method by
comparing speed estimates to measurements



Figure 2: A) A video frame of a 10 m by 10 m avalanche release. B) The pixel intensity (in blue) and the
filtered signal (in red) of the pixels in the red rectangle. C) The first temporal derivative of the filtered pixel
intensity signal. The derivative minima (red dot) at frame 828 represented when the weak layer's crack
passed below the area marked with the red rectangle. Both (B) and (C) share the same x-axis. (Figure
from Simenhois et al., 2023).

from Particle Tracking Velocimetry (PTV)
(Crocker and Grier, 1996;, van Herwijnen et al.,
2016), Digital Image Correlation (DIC), and
Material Point Method (MPM) simulation of
physically-based render (PBR) with Houdini
software (See Simenhois et al., 2023 for more
verification methods and results). In addition, we
compare time and space detection of snow
surface movements between the snow surface
and weak layer fracture on an exposed wall in a
small avalanche experiment.

3. RESULTS

3.1 Method verification

Our detection of snow surface movement and
the crack tip in the small avalanche experiment
shows that both detected snow surface
movements and crack tip are tracking closely in
time and space (Figure 3).

3.2 Slope-scale crack speed estimates

We analyzed five skier or snowboarder-triggered
avalanches and one explosive-triggered
avalanche. We classified four of the avalanches
as hard slab avalanches and two as soft slab
avalanches. In these videos, the slab hardness
and the direction of crack propagation with
respect to the slope affected weak layer crack

speeds. We observed snow surface movement
rapidly advancing in the up- and down-slope
directions (Figure 4) with slower snow surface
movement in the cross-slope direction. Crack
speeds in the slope direction averaged 138 m/s,
while cross-slope crack speeds were
considerably lower, averaging 34 m/s. Thus,
slope-direction crack speeds averaged nearly
four times faster than cross-slope crack speeds
(Figure 5). Mean estimated crack speeds in hard
slab avalanches were 1.6 and 1.7 times faster
than soft slab avalanches in cross-slope and
slope directions, respectively (Figure 5). We did
have two notable outliers in our down-slope
crack speeds, with estimates of 26 and 29
m/sec. However, these estimates were less than
15 m from the crack initiation point. Our
measurements suggest that down-slope crack
speeds close to the initiation point (within about
15 m) and cross-slope crack speeds align
reasonably well with previous speed estimates
measured for PSTs and whumpfs (van
Herwijnen and Birkeland, 2014; van Herwijnen,
2005; Bair et al., 2014; Bergfeld et al., 2021;
Bergfeld et al., 2023), and cross-slope speeds
estimated for larger avalanches (Bergfeld et al.,
2022). Please see Simenhois et al. (2023) for
more comprehensive results.



Figure 3: A sequence of video frames where both snow surface movements (marked in blue arrow) and
weak layer cracks have been detected (marked in red arrow) after 0.1 seconds (A), 0.18 seconds (B), and
0.3 seconds (C). D: Distance and time from the initiation point and time for both detected snow surface
motion (blue) and detected weak layer crack tip (red). The gray vertical lines in D show the time of frames
A, B, and C (Figure from Simenhois et al., 2023).

Figure 4: A sequence of video frames of avalanche release. In red are the locations where we detected
snow surface movement up to the time of the frame. Initially (A and B), weak layer crack propagation can
only be detected advancing downslope from the snowboarder. As larger areas of the weak layer fractured
downslope from the snowboarder, crack propagation advances in the cross-slope direction. (Figure from
Simenhois et al., 2023)



Table 1: Mean speed estimates from the six videos (from Simehois et al., 2023).

Location Slab Hardness Trigger Direction Mean Speed (m/s)
Alaska1 Soft Slab Snowboarding Downslope 56

Cross slope 17
Alaska2 Soft Slab Snowboarding Downslope 138

Cross slope 29
Alaska3 Hard Slab Explosive Downslope 163

Cross slope 38
France Hard Slab Skiing Downslope 141

Cross slope 37
Switzerland1 Hard Slab Landing Downslope 194

Cross slope 52
Switzerland2 Hard Slab Landing Upslope 132

Cross slope 29

Figure 5. Representation of the mean values for each avalanche. The arrows represent the direction of
propagation (slope and cross slope), and the colors represent slab hardness (hard slab in black, and soft
slab in gray). The dashed lines' steepness represents the mean speed for the direction of propagation.
The box plot in the upper right side shows the crack speeds by propagation direction and slab hardness.
We see faster propagating cracks in the slope direction compared to the cross-slope direction and
faster-propagating cracks under harder slabs. (Figure modified from Simenhois et al., 2023)



4. DISCUSSION

Our results comparing up- and down-slope crack
speed estimates to cross-slope estimates
support the idea that different crack propagation
regimes drive propagation on flat, up- and
down-slope, and cross-slope directions. Further
evidence is provided by comparing up- and
down-slope crack speeds close to the initiation
point to crack speeds farther from the initiation
point. Our crack speed estimates within about
15 m of the initiation point – regardless of slope
orientation – are about 27 +/- 2 m/s, aligning
closely with previous crack speed estimates of
PSTs and whumps, which range from 17 to 42
m/s (Jamieson and Johnston, 1992; van
Herwijnen and Birkeland, 2014; van Herwijnen
and Jamieson, 2005; van Herwijnen et al., 2016;
Bair et al., 2014; Bergfeld et al., 2022, 2023). At
distances farther than 15 m from the initiation
point, speeds up- and down-slope greatly
exceed cross-slope speeds. Here, our up- and
down-slope crack speeds averaged 150 +/- 11
m/s, nearly four times faster than the mean
cross-slope speeds. These higher estimates are
consistent with the upper end of previous slope
scale estimates by Hamre et al. (2014), which
were based on surface cracks and could,
therefore, only assess speeds well away from
trigger points. Our results thus support the
recent work by Trottet et al. (2022) and Bobillier
et al. (2023), who proposed that cracks
propagate as sub-Rayleigh anticracks close to
initiation points before transitioning to a much
faster supershear mode in the up- and
down-slope directions. Cross-slope cracks are
mode III fractures, which, in theory, have their
speeds limited by the slab’s flexural wave speed
(Burridge, 1973; Bergfeld et al., 2022).

Our results also suggest faster slope-scale crack
speeds with harder – and presumably denser –
slabs (Figure 5; Table 1). This finding is
consistent with previous field measurements
with PSTs (van Herwijnen and Birkeland, 2014;
van Herwijnen et al., 2016; Birkeland et al.,
2019), and it also provides field verification for
numerical simulations of Trottet et al. (2022) and
Bobillier et al. (2023).

Since we estimated crack speeds from videos,
our methods have limitations. First, our speeds
are not direct estimates. Rather, we use snow
surface movement as a proxy for crack tip
location. Second, crack distances for four of our
six avalanche videos are estimated from the

snowboarder/skier’s height and not from direct
measurements. Third, our method does not
always detect the crack tip location; as a result,
most of our estimates are bulk estimates and not
point estimates. Fourth, we estimated speed
from only six avalanches; though, we did ensure
an even contribution of all the avalanches when
comparing crack speed trends between hard
and soft slabs and between slope-parallel and
cross-slope directions. Finally, we found that our
method did not work on videos taken on cloudy
days, so we could not adequately analyze
videos taken in cloudy conditions.

Apart from the limitations already highlighted,
further research is necessary to gain a more
comprehensive understanding of the lighting
prerequisites of our method.

Despite the limitations, our technique aligned
well with previous techniques for measuring
crack speeds. This gives us confidence that our
methods will enable researchers to better
investigate and understand weak layer crack
propagation under actual slope-scale
avalanches. Combining our novel video analysis
technique with additional field measurements of
snowpack properties may help us predict
slope-scale crack speeds. That information
might allow us to better predict propagation
distance and the size of expected avalanches. In
addition, a better understanding of avalanche
release and crack speeds can help us develop
new approaches for designing cost-effective
avalanche mitigation and avalanche defense
systems.

5. CONCLUSIONS

We present a novel method for tracking snow
surface movement in the early stages of dry slab
avalanche release. Unlike previous video
analyses of slope scale crack propagation, our
method tracks snow surface movement over
time and space before surface cracks are
visible. It relies on the change in frame pixel
intensity to infer the position of the crack tip in
the weak layer. The method has been validated
based on field experiments and numerical
simulations. Our measurements show that crack
speeds vary with the direction of propagation
with respect to the slope and slab hardness. Our
work is an important step towards a better
understanding of fracture processes involved in



dry-snow slab avalanche release at the slope
scale.
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