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ABSTRACT: The Material Point Method (MPM) is an Eulerian-Lagrangian numerical technique used
to solve partial differential equations in continuum mechanics. It was initially introduced by Sulsky and
co-authors in 1994 (Sulsky et al., 1994) as an extension of the Particle-In-Cell method, and has since
then mainly been used and further developed in the geomechanics and graphics communities. MPM
can deal with problems involving large deformations, collisions, fractures and can naturally handle free-
surface flows, concepts which require specific treatments in mesh-based methods like the finite volume
or finite element method. In recent years, MPM has received a growing attention in snow and avalanche
science. On the one hand, it was used to animate snow in a mesmerizing manner in the Disney movie
Frozen, and on the other hand it has been used to simulate avalanche release and flow at the slope
scale, in 3D with unprecedented physical details. Since then, the model has been continuously im-
proved and used to simulate and better understand various important processes related to snow and
avalanche mechanics and we review here these applications and discuss practical implications. These
processes include 1) snow microstructure deformation and failure; 2) avalanche release; 3) avalanche
dynamics over complex topography; 4) interaction between avalanches and obstacles, forests or lakes;
5) erosion and entrainment. Although it has mostly been used in research so far, we believe that MPM
has a strong potential for engineering applications, especially related to impact problems and the design
of sustainable artificial or natural mitigation measures. Finally, because capturing specific physical pro-
cesses such as snow entrainment require significant computational resources, we developed a novel
approach based on a depth-averaged version of MPM (DAMPM) for efficient avalanche release and
flow simulations.
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dynamics.
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In 2013, Disney engineers collaborated with the ~ purposes, would have been challenging to pa-
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(mass and momentum) were solved.along3|de a model based on critical state soil mechanics. Val-
simple Show mechanlcal model. This model al- idation was carried out using Propagation Saw
lowed for artistic control over results through me- Tests, and the model was successfully applied to
chanical properties like elastic modulus, critical simuléte snow slab avalanches. Remarkably, the
model managed to simulate, within a unified
framework, avalanche initiation, encompassing
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Figure 1: Snapshots of the plastic shear strain rate in a three-dimensional microstructure-based MPM

simulation (Blatny et al. 2023).

avalanches, aiming for a deeper comprehension.
This encompasses snow microstructure defor-
mation and failure, crack propagation mecha-
nisms, avalanche dynamics, erosion, and impact.
Lastly, we delve into future tools planned for de-
velopment and provision to engineers and practi-
tioners. We do not assert conducting a compre-
hensive overview of MPM-based snow avalanche
modeling. Our main emphasis lies in the recent
endeavors carried out within our group.

2. SNOW MICRO-MECHANICS

Driven by the objective of better understanding
the mechanical behavior of snow, different ap-
proaches to simulate snow microstructures under
loading have been proposed by various research-
ers (e.g. Hagenmuller et al. 2015; Schneebeli et
al. 2004; Gaume et al. 2017). In order to study the
large deformation of non-particulate snow micro-
structures whose solid ice phase is (partially) con-
tinuous skeleton, the Material Point Method ap-
pears as an appealing continuum tool capable of
treating the topological changes that the micro-
structures undergo. Blatny et al. (2021, 2022,
2023), showed that MPM is an excellent numeri-
cal scheme for this purpose, capable of handling
both small and large deformations. In particular,
the effective elastic modulus and strength of the
snow could be evaluated as a function of density.
In addition, a closed failure envelope was re-
ported in line with previous experimental and nu-
merical work. Furthermore, the plastic consolida-
tion regime was investigated with a particular em-
phasis on its dependence on material and struc-
tural properties. Finally, propagating and reflect-
ing compaction bands observed in snow experi-
ments (Barraclough et al. 2017) were success-
fully simulated and their microstructural origin at-
tributed to a universal process of pore collapse.
This work did not only allow us to gain a better
understanding of snow micro-mechanics but also
serves as a microstructure-based framework to
design improved constitutive models that can be
implemented in large-scale avalanche release
and flow models.
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3. AVALANCHE RELEASE

3.1 Supershear avalanches

During the 2014 ISSW in Banff, Canada, Dave
Hamre presented findings regarding fracture
speeds derived from video analysis of triggered
snow slab avalanches (Hamre et al. 2014). He
documented speeds primarily ranging between
50 to 125 m/s, occasionally surpassing 200 m/s.
In contrast, measurements of crack propagation
speeds via Propagation Saw Tests (PST) (e.g.
van Herwijnen and Birkeland 2014 and Gaume et
al. 2015) seldom exceeded 50 m/s. During that
period, Gaume maintained skepticism toward the
substantial speed values reported by Hamre et al.
(2014), challenging the speed measurement pro-
tocol linked to slab fracture locations. Nearly a
decade later, he acknowledges his initial skepti-
cism was misplaced.

Recently, Gaume et al. (2019) reported speeds
obtained based on MPM simulation above 100
m/s. As this speed appeared to be above the slab
shear wave speed, the authors initially ques-
tioned their code. However, after careful and in-
depth verifications, extensive literature review in
the field of earthquake science where similar phe-
nomena had been previously reported, and fresh
experimental analysis (also detailed in Simenhois
et al. 2023), the authors subsequently proposed
(Trottet et al. 2022) the occurrence of a transition
from sub-Rayleigh anticrack to supershear crack
propagation in snow slab avalanches. Interest-
ingly, this theory would also reconcile the seminal
shear model of McClung (1979) and the more
contemporary anticrack concept of Heierli et al.
(2008). On low-angle terrains, propagation stems
from weak layer collapse and consequent slab
bending (anticrack), resulting in propagation
speeds below the Rayleigh wave speed. These
speeds are typically on par with those reported
from PST experiments. However, when the slope
angle surpasses the friction angle of the weak
layer, a transition is reported: for short propaga-
tion distances, the anticrack mechanism prevails.
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Figure 2: MPM simulation of a large-scale Propagation Saw Test (length 50m) showing two regimes of
crack propagation on steep slopes: 1) sub-Rayleigh anticrack propagation between a. and a,. and 2)
a supershear (intersonic) crack propagation regime for distances of propagation above the super-critical
crack length a,.. The anticrack concept of Heierli et al. (2008) thus seems valid on low angle and terrain
and on stepper terrain for short propagation distance. On the hand the concept of shear failure (McClung
1979) appears valid at a larger scale on steep slopes.

Nevertheless, if the propagation distance ex-
ceeds the so-called supercritical crack length as,,
slab tension becomes the driving factor, leading
to weak layer failure primarily under shear. In this
scenario, the propagation speed aligns closely
with the longitudinal wave speed ./E/p~1.6 c,
which exceeds the shear wave speed c,. This
outcome was demonstrated to remain applicable
even when considering slab fractures, for rela-
tively dense snow slabs (Trottet et al. 2022). In-
terestingly, slab fractures in the anticrack regime
start from the surface, because of slab bending,
while for the supershear regime slab fracture gen-
erally occur from the bottom of the slab, in line
with field observations (Gaume et al. 2019).

3.2 DAMPM

Despite the promise of our 3D MPM model for the
simulation of avalanche formation, simulations at
the slope scale still require several hours or days,
because of the fine discretization needed for the
weak layer. Hence, it remains challenging to eval-
uate avalanche release sizes. This quantity is im-
portant for avalanche forecasting and is also a
crucial input for hazard mapping model chains. To
tackle this challenge, we developed in Guillet et
al. (2023) a numerical method based on shallow
water equations that simulates efficiently the re-
lease of slab avalanches over complex topogra-
phy based on snow properties and terrain char-
acteristics. Motivated by the findings presented
above, we modeled the weak layer as an external
shear force acting at the base of an elastic-brittle
slab. The model was verified based on theoretical
and numerical analysis of the PST. Then large-
scale simulations were conducted to evaluate the
shape and size of avalanche release zones over
different topographies. Given its low computa-
tional cost, we expect our model to have opera-
tional applications in hazard assessment.
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Figure 3: Simulation outputs with variation of the
topography. The color scale represents the height
distribution in the slab. From Guillet et al., 2023.

4. AVALANCHE DYNAMICS

4.1 Modeling different flow regimes

Three-dimensional MPM simulations were con-
ducted to explore snow avalanches in different re-
gimes on a complex real terrain (Li et al. 2020,
2021, Cicoira et al. 2022). Flow features of the
snow avalanches from release to deposition were
comprehensively characterized for identification
of the different regimes. In particular, brittle and
ductile fractures are identified in the different
modeled avalanches shortly after their release.
During the flow, the analysis of local snow density
variation reveals that snow granulation requires
an appropriate combination of snow fracture and
compaction. In contrast, cohesionless granular
flows and plug flows are mainly governed by ex-
pansion and compaction hardening, respectively.
Distinct textures of avalanche deposits are char-
acterized, including a smooth surface, rough sur-
faces with snow granules (Fig. 4), as well as a



Proceedings, International Snow Science Workshop, Bend, Oregon, 2023

Figure 4: Rendered MPM avalanche simulation
over 3D topography (Vallée de la Sionne) show-
ing naturally emerging processes such as snow
granulation and compacting shear bands.

surface showing compacting shear planes often
reported in wet snow avalanche deposits. Finally,
MPM simulations were compared to a real snow
avalanche that occurred at Vallée de la Sionne,
Switzerland. The comparison showed an excel-
lent agreement between simulated and experi-
mental results in terms of the avalanche front ve-
locity, the avalanche extent and run-out-distance
but also the avalanche density which almost dou-
bled from the release zone to the deposition area
(Li et al. 2021). Currently, the model is being ex-
tended to include rate-dependency through the
u(I) rheology model initially introduced for granu-
lar flows (GDR MiDi 2004).
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4.2 Interaction with obstacles

Our MPM framework allows us to easily introduce
obstacles and to compute impact pressures for a
vast variety of obstacle geometies. Such obsta-
cles can be houses (Fig. 5a), dams, avalanche
galleries or a forest (Fig. 5b). In particular, moun-
tain forests provide natural protection against av-
alanches. They can both prevent avalanche for-
mation in release zones and reduce avalanche
mobility in runout areas. Although the braking ef-
fect of forests has been previously explored
through global statistical analyses on docu-
mented avalanches, little is known about the
mechanism of snow detrainment in forests for
small and medium avalanches (Feistl et al.,
2014). Hence, we investigated the detrainment
and braking of snow avalanches in forested ter-
rain, by performing three-dimensional MPM sim-
ulations (Vedrine et al. 2022). Our results suggest
that for both the cold and warm snow parameter-
ized in our simulations, the detrainment mass de-
creases with the square of the avalanche front ve-
locity before it reaches a plateau value. Further-
more, the detrainment mass significantly de-
pends on snow properties. It can be as much as
10 times larger for warm snow compared to cold
snow. By examining the effect of forest configura-
tions, it is found that forest density and tree diam-
eter have cubic and square relations with the de-
trainment mass, respectively. The outcomes of
this study may contribute to the development of
improved formulations of avalanche—forest inter-
action models in popular operational simulation
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Figure 6: MPM simulations of snow avalanches
over an erodible bed in a) 2D showing the natural
emergence of rollwaves and erosion deposition
waves and b) 3D on complex topography for the
2019 Salezer avalanche (Kyburz et al., 2023).

tools and thus improve hazard assessment for al-
pine geophysical mass flows in forested terrain.
In order to propose new practical guidelines, the
model is currently used to evaluate the effect of
avalanche flow regimes as well as snow compac-
tion on the avalanche impact pressure and run-up
height. The basis for this work are previous inves-
tigations based on the Discrete Element Method
carried by Kyburz et al. (2020, 2022). The inter-
action between snow avalanches and mountain
lakes is also of current interest.
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4.3 Erosion and entrainment

Erosion significantly affects the dynamics of grav-
ity-driven mass flows. In snow avalanches, the
snow cover can be substantially eroded but only
partially entrained, however, there are very lim-
ited investigations to substantiate this difference.
We performed MPM simulations in which we ex-
plicitly simulated the bed material (Li et al. 2022).
With varied snow properties, distinct erosion pat-
terns were obtained and the mass change rate
could be analyzed. Both enhanced and inhibited
avalanche mobilities due to erosion and entrain-
ment were captured under different conditions of
snow properties and lengths of release and erod-
ible zones.

The model also naturally simulate roll-waves, ero-
sion-deposition waves, and their transitions in
large-scale snow avalanche on real terrain (Fig.
6a). It appears that the wave mechanics is not
only controlled by the Froude number and local
topography but also by the mass of the wave
which impacts the entrainment propensity. These
new results may stimulate the development of ad-
vanced erosion and entrainment models for
large-scale avalanches (Fig. 6b). In addition, it of-
fers new insights to wave mechanisms of snow
avalanches and provides a novel and promising
pathway for exploring transient waves in granular
mass movements.

5. DISCUSSION: TOWARDS PRACTICE
ORIENTED TOOLS

We contend that the work presented herein is
poised for practical applicability. For instance, the
DAMPM model stands out as an efficient instru-
ment with the potential for slope-scale applica-
tion, automating the assessment of snow ava-
lanche release zones. Additionally, its utility ex-
tends to evaluating the effectiveness of diverse
mitigation strategies within the initiation zone to
limit the avalanche size (Meloche et al., 2023).
Furthermore, the model can simulate snow ava-
lanche dynamics at the slope scale, offering spa-
tial resolution finer than 0.5 meter and unprece-
dented physical detail.

Our 3D MPM model is ready to be used for exter-
nal projects upon interest; Such projects encom-
pass:

e Simulation of avalanche dynamics across in-
tricate topography, including steep land-
scapes and substantial topographical varia-

tions.

Computation of avalanche impact pressures
for specific case studies.
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e Oversight of avalanche protective forest man-
agement: we possess the capacity to simu-
late individual trees and thus scenarios within
forested terrain, optimizing reforestation
strategies by evaluating the impact of tar-

geted tree removal on protective efficacy.

To enhance accessibility for practitioners, plans
are underway for the development of a Graphical
User Interface (GUI) and a GPU version of the
code. However, it is reasonable to anticipate a
timeframe of approximately 5 years before its
availability.
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