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Snow slab avalanches are released following anticrack propagation in highly

porous weak snow layers buried below cohesive slabs. The volumetric collapse

of the weak layer leads to the closure of crack faces followed by the onset of

frictional contact. Here on the basis of snow fracture experiments, full-scale

avalanche measurements, and numerical simulations, we report the existence

of a transition from sub-Rayleigh anticrack to supershear crack propagation

involving the Burridge–Andrews mechanism. Remarkably, this transition oc-

curs even if the shear-to-normal stress ratio is lower than the static friction co-

efficient as a result of the loss of frictional resistance during collapse. This find-

ing represents a new paradigm in our understanding of snow slab avalanches

presenting fundamental similarities with strike-slip earthquakes.
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After half a century of research, a consensus has been reached regarding the sequence of

mechanical processes necessary for the release of snow slab avalanches1;2. A failure is initiated

in a highly porous weak snow layer buried beneath a cohesive snow slab leading to mixed-mode

and quasi-brittle crack propagation along the slope3. If the slope angle is larger than the weak

layer friction angle, the slab eventually slides and releases4.

For decades, a pure shear weak layer fracture was assumed1 but failed to explain field ob-

servations of crack propagation on flat terrain and remote avalanche triggering5;6;7. As a con-

sequence, Heierli et al.8 extended the concept of anticracks, which were originally introduced

to explain deep earthquakes9, to account for weak layer collapse and subsequent slab bend-

ing. Despite more recent advances reconciling these different approaches10, the slope-scale

dynamics of crack propagation prior to frictional sliding still remains largely unknown. In par-

ticular, very large crack speeds (> 150 m s−1) were evaluated based on real-scale avalanche

observations by Hamre et al.11. Although these findings only represent indirect measurements

and lack validation, these large reported values allowed us to infer the potential existence of

an intersonic propagation regime which contrasts with significantly lower sub-Rayleigh values

measured in small-scale snow fracture experiments12. These contradictory observations sug-

gest that there could be a transition during slope-scale fracture propagation. Transitions from

sub-Rayleigh to intersonic crack velocities have been reported in earthquake dynamics based

on seismological observations13;14;15, stick-slip16;17;18 and fracture experiments19;20, and numer-

ical simulations21;22;15. This complex process, at the frontier between fracture and friction, has

been conceptualized by Burridge–Andrews23;24, who showed that a daughter supershear crack

can nucleate ahead of the main fracture if the local shear stress exceeds a critical value. Al-

though snow slab avalanches have numerous mechanical features in common with earthquakes,

the snow anticrack mechanism, which allows for crack propagation without an external driving

shear force, further complicates analyses and prevents direct analogies.
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Here, based on numerical simulations, snow fracture experiments and full-scale avalanche

measurements, we show that the onset of frictional sliding during slab avalanche release in-

volves a transition from sub-Rayleigh anticrack to supershear crack propagation. This transition

implicates the Burridge–Andrews mechanism and can occur even for slope angles smaller than

the weak layer friction angle; we attribute this to the loss of frictional resistance during weak

layer collapse related to the anticrack. We quantify the so-called super critical crack length

associated with this supershear transition and propose a theoretical shear band model in which

the collapse amplitude is accounted for by a reduced effective friction.

Experimental Mismatch

Based on elastic modulus values reported in laboratory experiments at strain rates representative

of those typically involved in snow fracture tests25, the effective shear wave speed cs in snow is

less than 120 m s−1. Crack propagation speeds obtained based on numerous small-scale (< 2

m) snow fracture experiments vary typically between 10 m s−1 and 80 m s−1 (see Methods).

However, Hamre et al.11 reported crack propagation speeds larger than 200 m s−1, based on

slope-scale avalanche observations, suggesting supershear fracture. To explain these contrasting

observations, the dynamics of crack propagation in weak snow layers is analyzed via numerical

simulations, snow fracture experiments, and full-scale avalanche measurements.

Numerical Simulations

Numerical simulations of the so-called Propagation Saw Test (PST)6, were performed based

on the Material Point Method (MPM), finite strain elastoplasticity, and a constitutive snow

model accounting for weak layer volumetric collapse3 (see Methods). The PST consists of

creating a crack in a predefined weak layer using a saw until it reaches a critical crack length

ac (corresponding to a time tc), after which the crack propagates in a self-sustained manner.
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Figure 1: Crack tip morphology, dynamics, and stress state for ψ = 0◦ (left) and ψ = 30◦ (right).

a, b, t∗ = t− tc = 0.05 s (tc is the time corresponding to the onset of crack propagation). Top

panels: weak layer fracture (in red) and the slab vertical displacement scaled by weak layer

thickness Dwl. Bottom panels: shear (red) and normal (green) stress profiles. c, d, Same as

a, b, for t∗ = 0.2 s. e, f, Top panels: spatio-temporal evolution of h/Dwl and crack tip location.

Black solid lines: crack tip position; empty circles: critical crack length ac; filled circles: super

critical crack length asc. Bottom panels: crack propagation speed.
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The main differences between snow fracture experiments and real avalanches are the scale and

slope angle, which are generally low in experiments for practical and safety reasons. Accord-

ingly, simulations were performed for very long PSTs, up to 140 m, and for representative slope

angles between 0◦ and 50◦. Figures 1a to 1d show weak layer fracture and the vertical displace-

ment of the slab for flat and 30◦ slopes, respectively (see also Supplementary Movie 1) at two

different times t∗ = t − tc. Based on the spatio-temporal evolution of the crack tip, the crack

propagation speed can be evaluated (Figs. 1e and 1f). On a flat surface, slab bending induced

by weak layer collapse drives anticrack propagation. After reaching the critical crack length,

the propagation speed increases until it reaches a sub-Rayleigh plateau value. Conversely, on

an inclined slope, the slow increase in the crack speed is followed by a sharp transition leading

to different crack propagation dynamics than observed on flat terrain. This transition occurs

a

b

Figure 2: Illustration of the Burridge-Andrews mechanism leading to the onset of supershear

crack propagation regime in the simulation shown in Fig. 1 for a 30◦ slope. a, Visualisation of

the instant of the supershear transition showing the birth of a daughter crack in front of the main

crack. Cracks are shown in red and the system is additionally colored by the normal stress τyy.

b, Evolution of the shear stress τxy normalized by the nominal stress τ0 as a function of x− am
(x: longitudinal position; t: time; am: position of the main crack).
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for a “super critical crack length” asc, which is significantly larger than ac, and starts with the

nucleation of a daughter crack in front of the main fracture (Fig. 2a). This topological change

results in an apparent jerk in the crack length followed by a sharp increase in the crack speed

to an intersonic regime that then converges to a speed of 1.6 cs ≈ (1 + 2ν)1/2 cs =
√

E/ρ,

where E, ν and ρ are the slab elastic modulus, Poisson’s ratio and density, respectively. Note

that, in the analysis of our simulations and the evaluation of the crack speed, the hypothesis of

crack uniqueness is made. Accordingly, the crack tip is defined as the location of the furthest

plasticized particle. Based on our single crack tip definition, the Burridge–Andrews mechanism

necessarily implies an infinite propagation speed after reaching asc, which explains the reported

sudden jerk. In principle and as described by Liu and Lapusta26, the daughter crack (Fig. 2)

spontaneously propagates as a supershear crack in both directions and then merges with the

main crack. Once supershear propagation occurs, the crack spontaneously branches leading to

complex micro-cracks patterns as reported by Sharon et al.27.

Onset of Supershear Fracture

Crucial insights with respect to the mechanical origin of this transition are found by examining

the stress state in the weak layer (Figs. 1a to 1d). On flat terrain, bending of the slab induces

stress concentrations at the crack tip and a negative shear stress (directed up-slope). At the

crack tip, the normal stress, higher than the shear stress, drives anticrack propagation. The

stress profile in the vicinity of the crack tip remains approximately self-similar throughout the

entire simulation (Figs. 1a and 1c). Behind the crack, the normal stress fluctuates around

the far field value, corresponding to the new contacts between the crack faces. On the slope,

slab tension induced by the slope-parallel component of the gravitational force overcomes the

stresses induced by slab bending, leading to a positive shear stress peak at the crack tip (directed

down-slope). Shear and normal stress are initially of the same order of magnitude, and both
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drive mixed-mode anticrack propagation. After reaching the super critical crack length, a clear

and sharp transition of the stress profile in the vicinity of the crack tip is observed (see Figs. 1b,

1d and 2b). The normal stress becomes very low, and the crack is driven by shear. Therefore, the

transition from sub-Rayleigh to intersonic crack speeds is always accompanied by a transition

from mixed-mode anticrack to pure mode II crack propagation. Under these conditions, the

super critical crack length can be described by a modified shear band propagation model under

the effect of strain softening28;29 and weak layer collapse (see Methods):

asc = Λ
τp − τg
τg − τ ∗r

, (1)

where Λ is a characteristic elastic length related to the elasticity and height of the two layers, τp

is the weak layer shear strength, τg = τ0 sinψ is the shear stress induced by the slab nominal

load τ0, and τ ∗r = τ0 cosψ tanφ∗ is the shear band effective residual stress and is a function of

both the slab load and the effective friction angle φ∗, which depends on the weak layer friction

angle and the collapse height (Fig. 3). It should be noted that our super critical crack length

asc presents similarities with the length proposed in previous studies on slip instabilities (same

trend with slope angle and divergence close to friction angle as in Andrews24 and Kammer

et al.21). Yet, the bi-layer configuration studied here prevents a direct analogy between these

different formulations.

Collapse-Dependent Friction Weakening

Numerous numerical simulations were performed for different slope angles and mechanical

properties of both slab and weak layer (see Methods), to evaluate the condition for the onset

of anticrack (ac) and supershear (asc) propagation. The critical crack length decreases with

increasing slope angle ψ and is of the order of 0.1 Λ (Fig. 3). The super critical crack length

only exists if the slope angle ψ is larger than the effective friction angle φ∗. It also decreases

with increasing slope angle and varies between 0.5 Λ and 15 Λ in the simulations. The effective
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Figure 3: Simulation of critical (green squares) and super critical (red circles) crack lengths

normalized by the elastic length Λ as a function of the normalized slope angle (ψ− φ∗)/φ. The

solid and dashed lines correspond to theoretical curves for apparent friction angles of φ∗ = φ
and φ∗ = 0.4, respectively. The inset shows φ∗/φ as a function of the collapse amplitude h
normalized by weak layer thickness Dwl.

friction coefficient controls the onset of the supershear transition and significantly depends on

the collapse amplitude h of the weak layer (inset of Fig. 3). Without volumetric collapse,

the effective friction angle is exactly equal to the friction angle. However, increasing collapse

heights reduce the apparent frictional resistance of the shear band as reported by van Herwijnen

and Heierli4. This local friction reduction enables a supershear transition for slope angles lower

than the weak layer friction angle. In effect, once the crack reaches its super critical crack

length, its sharp acceleration is associated with a significant increase of the slab section non

supported by the weak layer, leading to unstable propagation even below the friction angle. The

simulation data are well reproduced by Eq. (1) for an effective friction angle between 0.4 φ and

φ.
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Figure 4: a, Asymptotic crack speeds obtained in numerical simulations. Points are colored

according to the peak shear-to-normal stress ratio µp. The background color represents differ-

ent propagation regimes limited by the Rayleigh wave speed cR, the shear wave speed cs, the

Eshelby wave speed cE =
√
2cs and the p-wave speed cp. b, Crack speeds obtained in field

experiments (PST, triangles) and full-scale avalanche measurements (squares and circles). The

inset represents the normalized slope angle versus the azimuthal angle θ, characterizing crack

direction (down-slope or cross-slope). c, Location of the measurement points on the slope prior

to the avalanche.

Propagation Speed Regimes and Validation

The asymptotic crack propagation speeds obtained in all simulations are shown in Fig. 4a. For

slope angles lower than the effective friction coefficient, the asymptotic propagation speed is

sub-Rayleigh and varies between 0.25 cs and 0.6 cs. In this regime, the peak shear-to normal

stress ratio µp is low due to large normal stresses at the peak (Fig. 1c) and change in sign

according to the shear stress nature (i.e., negative when slab bending is dominant and positive

when slab tension is dominant). For larger slope angles, the propagation speed switches to

intersonic and approaches a value of 1.6 cs ∼
√

E/ρ, similar to the longitudinal elastic wave

speed in a beam. In this case, the large values of µp indicate that this regime is driven by large

shear stress and low normal stress values (Figs. 1d and 2) resulting from slab tension.
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Crack propagation speeds obtained in two representative snow fracture experiments (see

Methods) performed on flat terrain and on a 30◦ slope indicate sub-Rayleigh propagation with

speeds (Fig. 4b) in line with those obtained in the numerical simulations in this regime. The

slightly higher sub-Rayleigh speed obtained in the high-angle experiment highlights that this

transition requires both a steep slope and a crack length that reaches asc. In this tilted exper-

iment, based on Eq. (1) and the reported relative collapse amplitude of 6%, asc is larger than

the beam length typically used in this test (∼1.5 m). As a consequence, classical snow fracture

experiments (i.e. propagation saw tests30;31) are not well suited to characterize this transition,

which requires slope-scale dimensions. An analysis of a full-scale deep slab avalanche triggered

in 2019 in Wallis, Switzerland, on a 42◦ slope allows us to experimentally confirm the existence

of an intersonic propagation regime and to further characterize crucial spatial characteristics.

Based on an analysis of the change in frame pixel intensity (see Methods and Supplementary

Movies 2 and 3), the crack propagation speeds can be measured at different key points (Figs.

4b and 4c) in directions varying between down-slope and cross-slope (characterized by the

azimuthal angle θ). Crack speeds in the down-slope direction (mode II) are intersonic with val-

ues in good agreement with the asymptotic values obtained in steep and long numerical PSTs.

Conversely, cross-slope (mode III) and sub-Rayleigh speeds are in good agreement with the

asymptotic values obtained in low-angle numerical simulations, as well as experimental PSTs.

Discussion

The findings we report have important consequences for the size of the release zone and there-

fore hazard evaluation. By accounting for slab tensile failure, we show (see Extended Data

Fig. 8) that soft slabs with low tensile strengths prevent the transition from occurring. This

leads to slab fracture that starts from the snowpack surface, where the tensile stress is the high-

est, and occasionally to the so-called “en-echelon” characteristic. In this case, the propagation
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is substantially affected by slab fracture, leading to crack arrest (see Fig. S3) and therefore

to small release areas. For denser slabs with higher tensile strength, slab fractures do no sig-

nificantly affect crack propagation, and the occurrence of the supershear transition. Release

areas can therefore be much larger, and likely mostly constrained by topography (e.g. changes

in slope angle). Hence, the local stress perturbation caused by the crack progression induces

the slab fracture to starts from the weak layer interface. These implications of our results are

consistent with observations of (i) slab fractures initiated at the surface in small-scale fracture

experiments32 and indirect observations of slab fracture initiated at the bottom of snowpacks in

real avalanches33 and (ii) soft slab avalanches typically being smaller than hard ones34;7.

Hazard management procedures in mountainous regions still rely on empirical evaluations

of the avalanche release size. The new paradigm reported here suggests that a pure shear model

is sufficient to predict the sizes of large slab avalanches. Therefore, considering depth-averaged

pure shear release models would allow the present work to be brought to an operational level,

improving avalanche risk assessment and forecasting.

Furthermore, our findings indicate that the crack propagation speed measured in small-scale

experiments is not necessarily representative of crack speeds on real avalanche terrain in the

down/up-slope direction (mode II). In fact, despite the different propagation mechanisms, the

experimentally measured values are in good agreement with the avalanche cross-slope propa-

gation speeds (mode III, Fig. 4b) which is theoretically limited by the Rayleigh wave speed23.

Here, we provide a two-dimensional theoretical framework that allows the conditions for the

onset of this transition to be evaluated, as well as the crack propagation speed, which depends

on slab elastic waves. Future work should include slope-scale experiments and simulations to

study three-dimensional propagation patterns35, as well as the complex interplay between the

weak layer and slab fracture during the release process.

Our findings shed light on a previously unreported stage of the avalanche release process
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with key implications for predictions of avalanche danger. More generally, our results reinforce

the analogy between snow slab avalanches and earthquakes. While the mechanism of supers-

hear propagation has been rarely reported in large strike-slip earthquakes15, it requires a very

common combination of topographical and mechanical ingredients in slab avalanche release.

Materials and Methods

Snow fracture experiments

Two hundred twenty two snow fracture experiments (so-called Propagation Saw Tests or PSTs)

were conducted in Davos, Switzerland during Winter 2015-2016 (Fig. 5). These experiments

followed the standards defined in Greene et al.31. Each experiment was recorded with a high

speed camera allowing to compute, the displacement of black markers inserted in the pit wall

using Particle Tracking Velocimetry (PTV)12 with an accuracy of about 0.1 mm. Crack propa-

gation velocity was measured based on the temporal delay between the onset of vertical motion

of the markers based on the average speed computed from 6 vertical displacement threshold

of 0.07, 0.08, 0.09, 1, 1.1, and 1.2 mm. Two PSTs from this large dataset were selected for

in-depth analysis. Both experiments have similar mechanical and geometrical properties pre-

sented in Table 1. The standard deviations of PSTs presented in Fig. 4 were computed from

the mean speed deviation based on all thresholds. The main difference is the slope angle as one

experiment was performed on flat terrain while the other was conducted on a 37◦ slope. Crack

propagation speeds obtained in these two experiments (ȧ/cs ∼ 0.2 in PST 1 and ȧ/cs ∼ 0.4 in

PST 2) are representative of that obtained in the 222 PSTs, as shown in Fig. 5.

Full scale avalanche measurements

On January 31, 2019, a professional snowboarder triggered a dry-snow slab avalanche (Fig. 1a)

in a location nearby of “Col du Cou” in Wallis, Switzerland (Fig. 2a). A few minutes before, the

group checked the snowpack stability on a slope right behind and did not trigger an avalanche
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Figure 5: a, Schematic of the Propagation Saw Test. b, Histogram of the normalized crack prop-

agation speeds obtained from 222 PSTs following a beta law probability density distribution.

The dashed line corresponds to the median of the distribution.

PST 1 PST 2

Slab thickness D (cm) 70 75

Weak layer thickness Dwl (cm) 7.5 15

Length L (cm) 110 160

Slope angle ψ (◦) 0 37

Mean slab density ρinit. (kg ·m−3) 279 255

Table 1: Geometrical and mechanical properties of the Propagation Saw Test experiments.

(see ski tracks in Fig. 1B). The snowboarder triggered this slab avalanche, very likely because

of the large impact force induced by a jump from the ridge (see Supplementary Movie 3), which

in turn led to failure initiation and crack propagation in the buried weak snow layer close to the

ground.

The avalanche was recorded using a high-speed video camera (frame rate: 120 frames per

second) allowing analysis of slab motion induced by crack propagation within the buried weak

snow layer. Our crack propagation speed measurements rely on four stages: i) video stabiliza-

tion using Optical Flow, ii) Eulerian Magnification to enhance small changes in snow reflection

due to slab deformation, and detection of iii) time and iv) location of slab deformation between

video frames. After determining the location and timing of slab deformation, we calculated the

deformation distances and time difference from the crack initiation point (impact of the snow-
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boarder) and time and accounted spatial and temporal uncertainties. This allow us to drive an

estimation of the average crack propagation speed in the determined direction.

We used Lucas and Kanade Optical flow algorithms36 to stabilize camera movements during

the video clip to generate motion vectors of pixels around static terrain features like rocks and

snow roughness around the avalanche release area between video frames. We used the inverse

optical flow motion to move the video frames and stabilize the scene where every point on the

slope remains at the same pixel location throughout the video clip.

Eulerian Video Magnification is a method to enhance small color changes in videos that

otherwise are invisible to the naked eye37. This method has two main steps; it applies spatial

decomposition on the video frames and applies a temporal filter to the frame sequence. Sub-

sequently, the filtered band for the targeted frequency range is amplified by a predetermined

factor. Finally, the amplified down-sampled bands are added to the original signal, and then the

pyramid is collapsed to create the magnified signal. We compared the frequency bands in areas

where the avalanche was released to areas where it was not released to filter out frequencies

associated with noise. We used frequencies between 1.5 and 4.3 Hz, and the amplifying color

magnification factor of 50.

We used the difference in pixel intensity between two consecutive frames to detect slab

deformation’s start time and location during the avalanche release. To filter out noise, we con-

sidered only areas where the pixel intensity changes between frames exceeded the changes in

areas where the avalanche did not release. The coordinates of the video’s points of interest were

obtained using a Digital Elevation Model with a 0.25 m resolution and matching key points of

the slope (ridge and rocks, Fig. 1). We estimate the error of crack initiation time and the onset

of slab deformations within one frame with a mean error of 0.02 sec and a standard deviation

of 0.01 sec. We estimate distance measurements error due to the spatial decomposition in the

Eulerian magnification processing and the conversion from video frames to lat/long coordinates
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to be on average of 0.46 m with a standard deviation of 0.07 m (ridge and rocks, Fig. 1).

The density of the slab was estimated separately using two techniques: i) based on the

hand hardness and grain size obtained from a manual snow profile performed one day after the

avalanche at Hohsaas station in Saas Grund (VS) distant of 10 km from the avalanche event;

ii) based on a snow cover simulation (SNOWPACK38) and meteorological data available at the

Orzival IMIS meteorological station, around 3 km from the avalanche. The manual snow profile

is given in Fig. 2. Based on Geldetzer and Jamieson39, an average slab density of 250 kg m−3

(+/- 40 kg m−3) was evaluated. The SNOWPACK simulation gives an average slab density for

the lowest depth hoar weak layers of about 250 kg m−3, in good agreement with the estimation

based on the manual snow profile. For the sake of computing the slab elastic modulus and

elastic wave speeds, a slab density of 250 kg m−3 was thus chosen.

Elastic wave speeds in snow

The mechanical properties of snow are time dependent, and with increasing strain rates the

strength decreases while the elastic modulus increases (e.g. Schweizer and Camponovo40). In

addition, the ice matrix in snow has a highly disordered, cohesive-granular microstructure. As

such, snow microstructure plays a crucial role in the rich, rate- and temperature-dependent be-

havior observed in snow (e.g. Narita41; Schweizer and Camponovo40). It is known that density

alone is not sufficient to describe snow mechanical properties, as for a given density, values

scatter by orders of magnitude due to differences in snow microstructure (e.g. Mellor42). Fur-

thermore, in slab avalanche release, the snow slab is usually composed of multiple layers with

different snow types. To model the complete physics of snow slab avalanche release would thus

require accounting for temperature, strain rate, snow density and microstructure. As many of the

processes in snow mechanics are still poorly understood, the slab is therefore usually modelled

as a homogeneous layer with a bulk density and an effective elastic modulus30. Therefore, to
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compute the speed of the elastic waves in snow, we used an approximation for the effective elas-

tic modulus of the slab based on density according to the laboratory experiments of Sigrist25,

performed at high strain rates which are typically involved in snow fracture experiments. The

following power-law relationship was used:

E = 9.68 · 108
(

ρ

ρice

)2.94

(2)

with ρice = 917 kg.m−3. In addition, we used a representative Poisson’s ratio43 of ν = 0.3.

Numerical model and simulation setup

The Material Point Method is a hybrid Lagrangian-Eulerian numerical technique, where the

Lagrangian particles track history dependent variables such as position, velocity, and defor-

mation gradient, while the Eulerian grid enables the computation of spatial gradients of these

quantities. The transfer of information between the grid and the particles is then handled by

an interpolation scheme. The time is discretized using a symplectic Euler time integrator. The

details of the algorithm applied can be found in Stomakhin et al.44, and Gaume et al.10. This

algorithm is particularly suitable to handle large topological changes and allows to resolve the

governing equations of continuum mechanics 3, 4, where ρ is density, t is time, v is velocity, σ

is the Cauchy stress tensor and g is the gravitational acceleration.

Dρ

Dt
+ ρ∇ · v = 0 (3)

ρ
Dv

Dt
= ∇ · σ + ρg (4)

In the scope of finite strain elastoplasticity, the Cauchy stress σ can be related to the strain

through an elastoplastic constitutive law, where FE denotes the elastic part of the deformation

gradient F.

σ =
1

detF

∂Ψ

∂FE
FE (5)
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where Ψ is the elastoplastic potential energy density related to the Lamé coefficients based on

the St-Venant-Kirchhoff hyperelastic model. A similar constitutive model to the one proposed

by10 is used in this study to simulate the behavior of both the slab and the weak layer. It is

based on an associative Cohesive Cam Clay (CCC) yield surface and a softening-hardening law

which depends of the material type (i.e. weak layer, slab). The yield surface is expressed as

y(p, q) = q2(1 + 2β) +M2(p+ βp0)(p− p0) (6)

where p is the pressure defined as p = tr (τ )/d, q is the von Mises equivalent stress defined as

q =
√

3/2s : s, and s = τ + pI is the deviatoric stress tensor and I is the identity matrix, p0

is the compressive strength, βp0 the tensile strength, and M is the slope of the material critical

state line without cohesion. For the slab, p0 = pslab
0 may increase (hardening) of decrease

(softening) depending on the amount of plastic deformation according to Eq. 7:

pslab
0 = k1 sinh (max (−ǫPv , 0)) (7)

with k1, the bulk modulus associated to a Young’s modulus of 1 MPa (kept constant in this

study), and ǫPv is the volumetric plastic deformation. For the weak layer, p0 = pwl
0 is defined

according to

pwl
0 = k1 sinh (max (−η, 0)) (8)

where η is the anticrack plastic strain defined in Gaume et al.10 according to

η̇ =

{

α |ǫ̇Pv |, if t ≤ tc
ξ ǫ̇Pv , if t > tc

(9)

for the weak layer. In the above equations, tc is the time corresponding to complete softening

i.e. p0 = 0, time at which β is set to zero making the behavior of the weak layer cohesionless. α

is a softening coefficient, ξ is a hardening coefficient, . The main difference with the weak layer

model developed by Gaume et al.10 lies in the fact that the softening and the hardening behavior
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are now independent of each other. In addition, the constant pre-factor k1 allows to control the

amount of volumetric collapse based on ξ only, independently of the elastic parameters. Hence,

the collapse height of the weak layer can be analytically predicted based on Eqs. (10) and (9)

as a unique function of ξ as follows:

h

Dwl

= 1− exp
(

ǫPv
)

= 1− exp

(

1

ξ
sinh−1

(

p0
k1

))

(10)

Simulation results for different values of ξ are shown in Fig. S8 together with its analytical

counterpart.

The numerical setup consists of a Propagation Saw Test with a bilayer system composed of

a cohesive elastic slab and an elastoplastic weak layer of respectively 50 and 12.5 cm thick. A

crack of length a is created in the weak layer by a virtual saw (which sets the elastic modulus

of particles in its neighborhood to zero) until it propagates spontaneously once a critical crack

length ac is reached. The saw advances at a velocity of 1 m s−1, speed which was verified to

be sufficiently low not to affect the presented results. We used the material point method to

perform 2D simulations of PSTs of length ranging from 25 to 140 m. This length was varied to

ensure a steady crack propagation regime amongst all our simulations. The constitutive models

previously described were used for the slab and the weak layer. The position of the particles at

the bottom of the weak layer are fixed. Table 2 shows a synthesis of the parameter values used

in this study. To evaluate the shear strength of the material for given nominal load state (see

below), we performed additional simulations for loading angles from 0 to 180◦. This allowed

to obtain the weak layer shear strength as a function of the normal stress. Based on the Critical

State Line concept, the friction angle φ of the damaged weak layer can be directly related to

the yield surface parameters following Eq. 11 and equal to 21◦ which is lightly lower in the

exposed simulations than the one reported by Herwijnen et al.4.

φ = arcsin
3M

6 +M
(11)
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Slab Weak Layer

Geometry Thickness D (cm) 50 12.5

Length1 L (m) 25−140 25−140

Slope angle2 ψ (◦) 0−50 0−50

Material Initial density ρinit. (kg ·m−3) 250 100

Young’s modulus3 E (MPa) 5−30 0.5−2

Poisson’s ratio ν 0.3 0.3

Initial consolidation pressure pinit.0 (kPa) 13.9−47.5 13

Tension/compression ratio β 0.8 0.2

Friction coefficient M 0.8 0.8

Hardening factor4 ξ 10 0.0025−0.1

Softening factor α - 500

Simulation control Element size dx (cm) 1

CFL 0.5

Frame rate FPS (s−1) 240
1 L values includes 25, 30, 40, 50, 60, 80, 100, 120 and 140.
2 ψ values includes 0, 5, 10, 15, 20, 25, 30, 35, 40, 45 and 50.
3 Eslab values includes 5, 10, 15, 20, 25, and 30. Ewl values includes 0.5, 1 and 2.
4 ξ values includes 0.0025, 0.005, 0.01, 0.05 and 0.1.

Table 2: Parameters values employed in the MPM simulations.

Quantities of interest such as the positions (x), the Kirchoff stress tensor (τ ), and the volumetric

plastic strain (ǫPv ) of each particles are outputted. We can then track the crack length (a) defined

as the x-position of the furthest plasticised particle. In parallel, the longitudinal evolution of the

collapse height (h) and of the Kirchhoff stress tensor components (τij) of both slab and weak

layer are computed by averaging them on slices of dl = 5 dx width. The crack tip if defined

as the location of the furthest plasticized particle (i.e. the furthest particle presenting a plastic

deformation). The computation of the crack propagation speed (ȧ) is directly obtained from the

longitudinal evolution of the crack tip position. The critical crack length (ac) is computed as the

position of the saw for which the crack starts to self-propagate over a length larger than 10 cm

ahead of the saw. The supercritical crack length (asc) is evaluated from the crack propagation

speed profile as a three step approach. First, we search the location of the maximum local
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variation of the crack speed over a moving average of 4 frames according to a rolling median

algorithm, this allow us to detect the acceleration of the propagation following the first peak.

Based on this detection, the domain is resized and the algorithm is applied a second time to

detect the ascending side of the peak which allows a second resize of the domain. This enables

us to evaluate a suitable temporal window for the search of the super critical crack length asc.

Third, asc is estimated as the position corresponding to the maximum jerk (time derivative of

the acceleration) within this window. The asymptotic crack propagation speed is computed

from the average speed at the end of the propagation over a distance of 5 Λ, ensuring that the

propagation reaches a permanent regime.

Analytical model for the onset of supershear fracture

After the supershear transition, the crack propagates in mode II (Fig. 1). Hence, we describe

the onset of supershear transition based on a shear band propagation model to predict the super

critical crack length. The approach used is similar to that of McClung45, Chiaia et al.46 and

Gaume et al.29 but introduces the effect of the collapse height on the residual shear friction.

As first approximation, we neglect inertia. We neglect the size of the process zone and the

effect of slab bending. We assume continuity of displacements at slab-weak layer interface and

homogeneous shear of the weak layer in y-direction. In addition, once failed, the weak layer

has a constant residual shear strength τ ∗r which depends on the collapse height. For a crack of

length a with a tip located in x = 0 (Extended Data Figure 5), it is possible to relate the stress

field τ(x) to the displacement field u(x) as

τ(x) =

{

τ ∗r ∀ x < 0

−Gwl
u(x)
D

wl

∀ x ≥ 0
(12)

where Gwl and Dwl are the weak layer shear modulus and thickness, respectively. Considering

the force balance in the x-direction of an elementary volume of length dx, it is possible to derive

20



the local force balance acting on this local slab section as

dN

dx
+ τ(x)− τg = 0 (13)

in which τg = ρgD sinψ and N is the slab tensile force given by the plain strain elastic rela-

tionship N(x) = E ′D du
dx

, with E ′ = E/(1− ν2) leading to the following second order equation

d2u

dx2
− u(x)

Λ2
− τg
E ′D

= 0 ∀ x ≥ 0 (14)

with Λ =
√

E′DDwl

Gwl

and which has the well-know general solution

u(x) = c1e
x/Λ + c2e

−x/Λ − τg
E ′D

Λ2 (15)

The two constants c1 and c2 can be evaluated from boundary conditions. First, tension in the

slab far from the crack vanishes which leads to c1 = 0. Second, we assume a constant and

homogeneous effective residual stress which allows us to compute slab tension at the crack tip,

i.e., N(x = 0) = (τg − τ ∗r )a leading to c2 = −Λ (τg−τ∗
r
)a

E′D
. As a consequence, one can obtain the

profile of the weak layer shear stress as follows:

τ(x) =

{

τg

(

1 + a
Λ

(

1− τ∗
r

τg

)

e−
x

Λ

)

∀ x ≥ 0

τ ∗r ∀ x < 0
(16)

One can thus determine the super critical crack length asc based on the shear stress at the crack

tip (x = 0) and the shear strength of the weak layer in mode II τp as:

asc = Λ
τp − τg
τg − τ ∗r

, τg = ρgD sinψ, τ ∗r = ρgD cosψ tanφ∗ (17)

The shear strength (which depends of the nominal load) in mode II of the simulated weak layer

is shown in Extended Data Fig. 4 as a function of slope angle. The loss of contact during

weak layer collapse results in an effective weak layer friction angle φ∗ ≤ φ. The value of φ∗ is

obtained by fitting Eq. 17 to simulation results for different collapse heights h which leads to

the relation between φ∗ and h shown in Fig. 2.
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a b

Extended Data Figure 1: a, Snowboarder successfully escaping the release zone after triggering

the avalanche. b, Situation of the slope after the avalanche.
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100 m

50 m

a b

Extended Data Figure 2: a, Location of the avalanche site on the geo.admin.ch portal and

position of key-points determined based on the video analysis method. b, Manual snow profile

(left) and SNOWPACK simulation (right) showing density and grain size of the different layers.
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Extended Data Figure 3: Relationship between relative collapse height and hardening coeffi-

cient
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Extended Data Figure 4: Shear strength τp of the simulated weak layers as a function of slope

angle ψ (black dots), fitted value (black line) and static shear stress τg (dashed red line).
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Extended Data Figure 5: Illustration of the system and force balance related to the analytic

model for the onset of supershear propagation.
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a b

Extended Data Figure 6: Results of PST numerical simulations obtained for slope angles be-

tween 0 and 50◦.a, temporal evolution of the crack tip location. Blue squares and red circles

corresponds respectively to critical and super critical crack lengths. b, normalized crack prop-

agation speed as a function of slope angle. The transition to the supershear regime requires a

smaller super critical crack length for larger slope angles. A steeper slopes induces a shorter

transient regime.
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a b

Extended Data Figure 7: Effect of slope angle on the propagation dynamics in Centered Prop-

agation Saw Tests (CPSTs), i.e. with a crack initiated in the middle of the slope within the

weak layer. a, temporal evolution of the crack tip location, b, normalized crack propagation

speed as a function of the crack length for different values of slope angle. This setup induces

propagation in both upslope and downslope directions. While the complex interplay between

slab bending induced by weak layer collapse and slab tension (upslope) or slab compression

(downslope) breaks the propagation symmetry, the asymptotic speeds are essentially the same

in both directions.
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Extended Data Figure 8: Outcome of the simulation shown in Fig. 1b, (supershear transition

for a 30◦ slope) in which we account for slab tensile failure for a relatively soft (σt = 6 kPa,

left) and hard (σt = 11 kPa, right) slab. a, b: PST colored by normalised vertical displacement

(slab) and weak layer fracture (in red) at two different times. c, d: spatio-temporal evolution

of h/Dwl and crack tip location. Black solid lines: crack tip position; empty circles: critical

crack length ac; filled circles: super critical crack length asc. Red lines: slab fracture. e, f:

normalized propagation speed. This figure shows that the tensile failure of soft slab can prevent

the supershear transition (panels a and c). In this case, the volumetric collapse of the weak

layer drives anticrack propagation because the slab cannot accumulate the necessary amount of

strain energy required for supershear fracture. This leads to the so-called ‘en-echelon’ type of

fracture33;47. The crack propagation speed in this case is varying within a sub-Rayleigh range

(panel e). The propagation speed decreases locally after the onset of slab tensile failure. Even-

tually, crack propagation is stopped after an ultimate slab fracture. In contrast, for harder slabs,

slab tensile failure may occur but does not perturb crack propagation dynamics and supershear

fracture (Panels b and d). In that case, the crack propagation speed is almost identical to that

obtain for an elastic slab (Fig. 1b).
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Captions for Movies S1 to S5

Supplementary Movie S1 – Effect of slope angle on crack propagation dynamics

Crack tip morphology and dynamics for two MPM simulations (Top: ψ = 0◦; Bottom: ψ =

30◦). The colormap of the slab represents the relative collapse height. Weak layer fracture is

indicated in red.

Supplementary Movie S2 – Video of the accidentally triggered snow slab avalanche

Complete video of the release and flow of the snow slab avalanche analyzed in this study.

Supplementary Movie S3 – Analysis of the avalanche video

Frame by frame analysis of the change in pixel intensity from the avalanche video.

Supplementary Movie S4 – Effect of slab fractures on crack propagation dynamics

Crack tip morphology and dynamics for two MPM simulations (Top: σt = 6 kPa; Bottom: σt =

11 kPa). The colormap of the slab represents the relative collapse height. Weak layer and slab

fracture are indicated in red.

Supplementary Movie S5 – Centered Propagation Saw Test simulations

Crack tip morphology and dynamics for two MPM simulations of a Centered Propagation Saw

Test (Top: ψ = 0◦; Bottom: ψ = 30◦). The colormap of the slab represents the relative collapse

height. Weak layer fracture is indicated in red.
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