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ARTICLE INFO ABSTRACT
Keywords: Gravitational mass movements may erode and/or entrain a significant amount of bed material that can strongly
Gravitational mass flows affect the flow dynamics until the moving mass eventually deposits and comes to rest. Snow avalanches generally

Granular cohesive flows
Snow avalanches
Entrainment

erosion

Deposition

release on slopes covered by a metastable and thus potentially erodible snow cover that can have a wide range of
strength — or cohesion — depending on the type of snow and its physical properties. As the avalanche flows, the
snow cover is fully or partially entrained at the front and at the base of the flow, increasing the mass of the
avalanche. Conversely, at the tail, snow may be deposited along the track, reducing the overall flowing mass. The
balance between entrainment and deposition therefore determines the growing or decaying of the avalanche in
terms of mass. To date, it remains unclear how cohesion influences these processes and what consequences it has
for avalanche dynamics and run-out. Here, we perform simulations based on the Discrete Element Method (DEM)
to analyze the influence of cohesion and slope angle on the erosion, entrainment, mixing and deposition pro-
cesses. This method makes it possible to follow the dynamics of the particles within the flow very precisely,
something that cannot be done in real experiments. In the model, the cohesion is represented as the combined
effects of a fragmentation potential associated with the strength of the bonds, and an aggregation potential
associated with the stickiness of the particles. For various combinations of input parameters and material
properties, we release a heap of particles over an erodible bed and simulate the entrainment and deposition
mechanisms. Our results show on the one hand that a low strength (< 3 kPa) promotes a ploughing entrainment
mechanism and a large entrainment velocity, up to 3 m/s. On the other hand a high strength (> 3 kPa) favors
basal abrasion as the flow front is not able to destabilize the erodible bed at once. In this case, the entrainment
velocity decreases typically below 1 m/s. This has important consequences on mixing: the front in granular flows
with low strength and adhesion is typically made of freshly entrained material coming from the whole depth of
the bed, while remains of the released material can be found at the front of highly cohesive avalanches. Finally,
the deposition process is analyzed by evaluating the relationship between the deposit thickness h,p and slope
angle 0 which extends the framework of the model of hgop(0) from cohesionless to cohesive granular flows. We
find that a higher bond strength of the flowing material increases the deposition height. Our work improves our
understanding of the mechanics of cohesive granular flows and may contribute to improving parameterizations
in depth-averaged models used to simulate geophysical mass flows such as rock, ice, snow avalanches, debris
flows and landslides.

1. Introduction gered areas can be avoided or sufficiently strong structures can be
designed and dangerous zones secured when necessary. These pre-

Among the various natural hazards existing in mountainous areas, dictions are made with the help of numerical models, usually solving the
snow avalanches are one of the most frequent and have a strong damage conservation of mass and momentum in a depth-averaged manner using
potential. Their risk is mainly mitigated by efforts to map the avalanche St-Venant equations (Grigorian et al., 1967; Savage and Hutter, 1989).
speed, pressures and run-out distance, so that construction in endan- In such models, basal entrainment or deposition may be included in the
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mass balance, i.e. 9;H + ox(HUy) + 9, (HU,) = Q(x,y,t) where H(x,y,t)
is the flow height, U(x,y,t) the velocity vector and Q(x,y,t) the mass
flux across the avalanche boundaries. The latter term refers to snow
entrainment when its sign is positive and to deposition when its sign is
negative. Numerous mathematical models have been proposed to
describe the entrainment and deposition processes, with mass change
rates usually related to the flow velocity (Eglit and Demidov, 2005), the
flow height, the friction and/or the slope angle (Naaim et al., 2003;
Sovilla et al., 2010) or the thickness of the erodible bed (Bouchaud et al.,
1995; Takahashi, 2001). However, even though a mechanical threshold
can be included in such models (Grigorian et al., 1967; Grigorian and
Ostroumov, 1977), the question of how the material cohesion affects
erosion, entrainment and deposition remains unsolved. Yet, in a
warming climate, we expect changes in snow mechanical properties
(Steinkogler et al., 2015b) and a higher proportion of wet snow ava-
lanches (Giacona et al., 2021; Naaim et al., 2016; Pielmeier et al., 2013).
Thus, a better understanding of the effect of cohesion on the processes of
entrainment and deposition is highly needed.

Gauer and Issler (2004) break down the process of removal of bed
material by the flow into two conceptual phases. The first phase is called
erosion and expresses the breaking up of the snow cover into pieces of
various sizes depending on the snow type. The second phase, called
entrainment, is the acceleration of this eroded snow by the flow. Con-
ceptual mechanisms of erosion/entrainment of a snow cover are defined
for example by Gauer and Issler (2004), namely the particle impact
erosion, abrasion, fluidization - later coined as eruption (Louge et al.,
2011) - and ploughing. The latter refers to the entrainment of dense
snow at the avalanche front and is recognized to be an important mode
of mass intake in snow avalanches (Sovilla et al., 2006). Another process
called slab entrainment was hypothesized by Issler et al. (2000) and
observed by Kohler et al. (2018a). It corresponds to the sudden
detachment and entrainment of a metastable large snow slab located
along the avalanche path.

Beyond the fact that the entrained material increases the overall flow
mass, it is important to note that it can also change the mechanical
properties of the flow if the erodible bed has different properties than
the flow. For instance, it has been observed that a higher water content
in the bed increases the velocity of debris-flows and landslides (Iverson
et al., 2011; Mangeney, 2011), while in snow the formation of granules
of various sizes has been related to the snow temperature and liquid
water content (Steinkogler et al., 2015b). Therefore, it is also important
to study how the entrained material is mixed within the flow after is has
been entrained, as it can give precious information on the evolution of
the flow dynamics.

In geophysical gravitational flows, entrainment has been experi-
mentally analyzed for landslides and debris flows (Iverson et al., 2011)
and for snow avalanches (Sovilla et al., 2006) in terms of impacts on the
mass and velocity growth. Recent numerical developments using in
particular the Material Point Method allowed some researchers to
simulate entrainment in different types of gravitational mass move-
ments at a large scale (Cicoira et al., 2022; Gaume et al., 2018; Gaume
et al., 2019; Vicari et al., 2022). However, the mechanisms themselves
have been scarcely explored and the experiments have been limited
either to cohesionless particles (Barbolini et al., 2005; Edwards et al.,
2021; Viroulet et al., 2019) and/or to short erodible beds relative to the
flow size (Kang and Chan, 2018; Li et al., 2022), where no steady state
could be reached.

Deposition of snow occurs mainly at the tail of the avalanche (Sovilla
et al., 2010) but can also be observed on the sides of the flow where
levees may form and channel the avalanche (Bartelt et al., 2012; Gray
and Thornton, 2005). Sovilla et al. (2010) linked the deposition height
hgiop to the slope angle 6, following the work of Pouliquen (1999) with
dry cohesionless granular flows. However, the role of cohesion is also
acknowledged in the deposition mechanism of snow avalanches (Kohler
et al., 2018a) but no work has investigated the effect of cohesion on the
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hstop (0) curves.

In this article, we investigate the effect of granular cohesion on the
processes of erosion, entrainment, mixing and deposition. In the
following Section, we describe the methods used to study the processes.
Sections 3.1, 3.2 and 3.3 show the results of simulations for entrainment,
mixing and deposition, respectively. Finally, Section 4 discusses the
results in relation to existing knowledge.

2. Materials and methods

In this section, we describe the methods, setups, parameters and
procedures used to simulate and investigate the entrainment of an
erodible snow cover by an avalanche flow, as well as the snow deposi-
tion at its tail. First, we present the Discrete Element Method (DEM) and
the basic parameters used to simulate snow. Then, we introduce the
setups and procedures implemented in this work to study entrainment,
erosion and mixing, as well as the parameters of cohesion used to mimic
various types of snow. The last part is dedicated to the setup and pro-
cedure to model deposition using the theory proposed by Pouliquen
(1999) for dry granular flows.

2.1. Discrete element method

We model snow by the means of the Discrete Element Method
introduced by Cundall and Strack (1979), which consists of simulating
an assembly of discrete particles having mechanical parameters tailored
to resemble the granular properties of snow. We use the PFC software
developed by Itasca Consulting Group, which implements this method.
At every timestep of a simulation, Newton’s laws of motion are resolved
over each particle, and individual positions and velocities can be
extracted. A detailed description of the model can be found in Ligneau
et al. (2022). Here, we choose to use the 2D configuration of the model
in order to reduce the computational time, because of the large number
of particles required in simulations. Particles are therefore cylinders
with a mean diameter d,, unit length, and symmetry axes perpendicular
to the computational plane.

The way particles interact with each other is set through a contact
model and mechanical properties that fit the material behavior. The
contact model used in this study is based on the parallel-bond model
(PBM) (Potyondy and Cundall, 2004), modified to include the possibility
for particles to naturally aggregate. Similar models have been previously
proposed to simulate avalanche impact pressures (Kyburz et al., 2022a,
2022b; Kyburz et al., 2020) and snow granulation (Steinkogler et al.,
2015b). With this model, the contact between two particles can take two
states: unbonded or bonded. The unbonded case consists of a simple
visco-elastic frictional contact with a Young’s modulus E, a damping
coefficient # and a friction coefficient y,. The bonded state model
comprises the unbonded state model and adds a solid elastic bond be-
tween the two particles, which works in parallel with the visco-elastic
contact of the unbonded state model. The bond has the same Young’s
modulus E as the particles and a cross-sectional area equal to the
smallest diameter of the two particles in contact. The bond can break if
the shear or tensile stress exceeds the bond’s shear strength or tensile
strength, respectively. In this case and if the particles are still in contact
after the breakage, the contact is again treated with the unbonded state
model until a new bond is formed or until the two particles move away
from each other. The formation of a bond can happen in two ways. First,
bonds can be created between touching particles while making the
initial state of the simulation, e.g. for the snow cover particles to provide
an initial strength (Section 2.2). Second, a bond can be created at any
moment during the simulation if the compressive stress pushing two
particles together passes over a given threshold ,,.

The basic set of parameters used in the simulation is taken from
Ligneau et al. (2022) and is listed in Table 1. As explained above, snow
cohesion results from brittle bonds between particles. The propensity of



C. Ligneau et al.

Table 1
Main properties of the particles.

Parameters Symbol Value / range
Particle diameters d, 80 mm =+ 20%
Particle density Py 350 kg/m?

Bulk density Py 260-280 kg/m®
Young modulus E 10° Pa
Friction coefficient Hp 0.5
Damping ratio p 0.5

bond formation is set by the value of 6,,,. On the other hand, the pro-
pensity of bond breakage is set by the value of op,,q Which is the stress
threshold above which a bond will break. We make these quantities
dimensionless by scaling them with the maximum hydrostatic pressure
in the erodible bed on a flat slope P, = ppgh,;,, with hep the depth of the
erodible bed. Thus, the aggregation number 7,,, and fragmentation
number 7¢,, jointly characterize the cohesion and are defined as:

Pmax sz\x
and T, = (€8]

Nage =
ee gagg Obond

It should be noted that a comparison of ,,, and 75, with the works of
Steinkogler et al. (2015b) and Ligneau et al. (2022) should be carefully
made, as they adimensionalize the stress thresholds with the kinetic
stress of the particles and the depth-averaged stress, respectively.

2.2. Setups and procedures

2.2.1. Flow over an erodible bed

The setup to investigate entrainment (Fig. 1) consists of two zones
having a constant slope 6. In the upstream zone, a granular mass (in
purple) is released on a frictionless surface. These particles hit the
downstream zone made of an erodible bed of particles (in yellow),
framed with particles fixed in translation and rotation (in green). In a
given simulation, all particles have exactly the same properties so we
assume that the released and erodible particles are made of the same
material. The released particles are initially packed in a column of 5 x
5m?, containing about 4000 particles. The length of the release zone is
20 m and was chosen so that the flow reaches approximately 15 m/s
when it hits the erodible bed. The thickness of the erodible bed is 1.2 m
(= 15 particles) and the length is 100 m, chosen to be long enough to
reach and maintain a steady propagating flow for at least a few tens of
meters. The erodible bed is prepared on a horizontal slope (8 = 0°) by
ballistic deposition of particles. During this preparation step, the parti-
cles are not allowed to bond in order to avoid the formation of loose,
fragile and unstable structures within the erodible bed (Kadau and
Herrmann, 2011). A volume fraction of approximately 0.75 is attained.
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Then, all the contacts are changed from the unbonded state to the bonded
state (i.e. a bond of strength op,nq is added to each contact between
particles), regardless of the value of ¢,,, and of the compressive stress
between the two particles in contact. This provides an initial strength
and stability to the erodible bed. Finally, the gravity is gradually tilted to
reach the desired slope angle. For our set of particle properties given in
Table 1 and for each couple [nfrag; flage)» @ range of slope angles
[Ostop,Ostart] exists where the flow can develop to a steady state. If the
slope angle is below 6y.p, the flow decelerates and eventually stops. At
the other end, if the slope angle is greater than O, the bed is unstable
and starts to flow only under the gravitational force (GDR MiDi, 2004).
Because the present work aims to study steady propagating flows, is it
therefore important that the slope angle is comprised between 0y, and
Ostart- The Section 2.2.2 explains how these ranges are determined.

When the released particles hit the erodible bed, a transition phase is
observed before a steady state is established (Fig. 2). During this phase,
the flow properties, such as the velocity and flow height, adapt to the
newly encountered ground conditions. In this study, we leave this phase
aside to focus only on the steady state regime. In all simulations, steady
state is reached after the flow front exceeds the distance x = 80 m,
regardless of the slope and cohesion used. Therefore, all results pre-
sented in this article are computed for the range 80 m < x < 115 m,
where the upper value is chosen to be 5 m before the end of the domain
to avoid border effects.

We explore the effect of cohesion through four cases (Table 2), which
correspond to low and high values for ,,, and 7, A high value for 77,,,
denotes a high rate of bond formation, i.e. the particles become very
sticky, or adhesive. Therefore, we name high adhesion the cases with a
high 7,,,. Conversely, we use low adhesion for the cases with a low 7.,
which means that bonds are not likely to form during the simulation.
Furthermore, we name low or high strength the cases with a high and low
Nfrag»> T€SPectively (a low strength means a high fragmentation potential
and vice versa). Combinations of the two parameters will then define
different snow property scenarios. Specifically, the low adhesion-low
strength case is representative of a dry loose snow inducing a cold dense
regime (Kohler et al., 2018a; Ligneau et al., 2022). The low adhesion—high
strength case depicts a stronger snow in its initial state but the low 7,,,
prevents the formation of new bonds, making the simulated material
comparable to a brittle snow slab. The high adhesion-low strength case
models a moist or wet snow, where the presence of liquid water favors
the formation of weak capillary bonds between snow grains. Finally, the
high adhesion-high strength case gives the most intense cohesion to the
particles and illustrates a heavy compacted snow found e.g. in avalanche
deposits. A mechanical analysis of the bulk properties (failure envelope
and u(I) rheology) of each case is given in Appendix A.

6 ® Released particles
== Original packing of released particles
4 O Erodible bed particles
— @ Fixed particles
£ > —— Frictionless wall
2]
%
?
> 0 |
—2
—4 // I[
0 5 10 15 20 25 30 110 115 120
X-axis [m]

Fig. 1. Setup used in the simulations to investigate entrainment, mixing and deposition. An initial avalanche is generated by releasing a heap of particles (purple) on
a frictionless wall (red solid line). It then runs into an erodible bed (yellow) which is framed by particles fixed in rotation and translation (green). Here, the state of
the system is shown just before the first particle from the release hits the erodible bed. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 2. Simulation of the low adhesion—low strength (left) and a high adhesion-high strength (right) scenarios. Colors represent particle velocities for t =1, 3, 5, 8 and 12
s after the first flowing particles hits the erodible bed. The parameters used in the simulations are listed in Table 2.

Table 2
Cohesion properties and slope angle 6 for the four representative cases.

Portrayed snow state Comparable to Nfrag Nagg Obond [KPa] Oage [kPa] Slope angle 6 in simulations [°]
low adhesion-low strength Loose new snow 3 0.1 1.1 21.2 20
low adhesion—high strength Brittle slab 0.75 0.1 4.2 21.2 26
high adhesion-low strength Moist or wet snow 3 7.5 1.1 0.4 32
high adhesion-high strength Avalanche deposit 0.75 7.5 4.2 0.4 30

2.2.2. hstop (9, O'bond) and hmm(é), O'bond)

As explained in Section 2.2.1, the inclination of the erodible bed
must be within the range [0siop,0start] to be in a metastable state. This
range depends on the height of the erodible bed h,, and also on the
cohesion, as we will show in Section 3.3. Previously, we have defined
cohesion as a combination of potentials of aggregation and fragmenta-
tion. In contrast here we analyze only the potential for aggregation to
better understand the effect of the strength 61,004 Therefore, we need to
describe the relations hgiop (6, obond) and Astart (6, 6pond). Moreover, the
curve of Agp (6, 0bond) is important to characterize the deposition pro-
cesses at the avalanche tail, as it provides the height of deposition and
thus can be correlated with mass loss. The numerical setup to obtain hgep
and hgre consists of a layer of particles of dimensionless height h/d,
deposited on a rough plane made of the same, but fixed, particles. Pe-
riodic boundary conditions are applied on the lateral sides to allow the
particles to flow continuously. The slope angle 0 is varied by changing
the direction of gravity.

The initial state is made by depositing particles on the rough plane
with @ = 0°, until the desired height is reached. Like for the preparation
of the erodible bed explained in Section 2.2.1, particles are not allowed
to bond during this phase but all the particles in contact are bonded once
the arrangement is finished. We choose to simulate 15 different values of
h/d, in the range 2-30, which corresponds in our case to heights in the
range 0.08-2.4 m. This extent is sufficient to observe the effect of
cohesion on htop and hgare, and to propose an empirical equation fitting
the results.

First, 6 is increased incrementally until the particles begin to flow.
The value of 6.« matches the slope for which the average particle ve-
locity u reaches the arbitrary threshold # > 0.2 m/s. This velocity also
represents the threshold that we use to separate entrained particles and
static ones in all our simulations. We choose to limit the angle at a
maximum value of 6, = 50°. From Oy, the angle is then gradually
decreased. The value of ., matches the slope for which the average
particle velocity u reaches the value # < 0.01 m/s. In the case where 6,
is reached before the flow starts (which happens for high values of
Obond), @ lightly sheared velocity profile is imposed on the particles,
simply to trigger the flow. The angle increments/decrements consist of
slow steps of + 0.1° every 0.5 s, which gives a satisfactory balance be-
tween the resolution on 6 and the computational time. Additional in-
dividual decrements of 5° to 15° were sometimes used during the search
for 6s0p in order to decrease the computational time and avoid a overly
large momentum of the particles.

3. Results
3.1. Entrainment

In the simulations presented in Fig. 2, we can distinguish two pri-
mary mechanisms of entrainment, depending on slope angle and cohe-
sion: ploughing (left panels) and abrasion (right panels). Ploughing is
characterized by the fact that static particles are set in motion down-
stream of the flow front (Fig. 3a,c). On the other hand, abrasion is
characterized by the entrainment of particles below the avalanche front
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Fig. 3. Detail of the particles at the flow front during the steady state. The panels depict the four snow scenarios defined in Table 2. The gradient of greens indicates
the velocity values (up to 2 m/s). The red dashed line shows the limit where u=0.05 m/s and the black dashed line indicates the entrainment limit u=0.2 m/s. The
orange squares and triangles display the positions of the flow front and the position where the whole depth of the erodible bed is entrained, respectively. Two
entrainment processes can be observed: ploughing and abrasion. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

and body (Fig. 3b,d). In our simulations, the whole depth of the erodible
bed is always entrained at some point. To determine which process is
occurring and its intensity, we define the distance d = x, — x, taken
along x (i.e. parallel to the ground), corresponding to the distance be-
tween the flow front and the position where the entire bed depth is
eroded. We estimate the position of the flow front x; (orange squares in
Fig. 3) by computing the center of mass of the 30 fastest particles of the
flow. This arbitrary criterion proved to be reliable for all simulations, as
the maximum velocity of the flow is always situated at the front. The
position x,, where all the bed’s depth is entrained, is assessed by
measuring where the velocity of the deepest layer grows above the
threshold u=0.2 m/s. It is represented by the orange triangle in Fig. 3. If
d > 0, the entrainment front is located downstream of the avalanche
front, therefore ploughing occurs, while if d < 0 the entrainment front is
located upstream of the avalanche front and particles are mostly
entrained by abrasion.

The computed values of d are shown in Fig. 4 for several bond

strengths op0ng and slope angles 6. The left graph shows values of d for a
low aggregation potential 7,,, (low adhesion), while the right graph gives
values for a high 7., (high adhesion). With an increasing bond strength,
we observe a non-linear decrease in d. For the low adhesion cases, d takes
positive values for 6,5 4.0, 5.0 and 7.5 kPa, for = 28°, 32° and 36°,
respectively, the maximum values being d = 3.5 m for 6, = 4 kPa and 6 =
36°. The distance decreases to approximately —10 m for o, = 10 kPa. For
the high adhesion cases, d is positive for 6, < 2.0, 3.5 and 4.5 kPa, for the
three slope angles. The minimum value in this case is d = —28 m for ¢, =
7 kPa and 6 = 36°. Considering the standard deviation of d displayed by
the error bars in Fig. 4, the slope angle does not seem to have an
important effect compared to the bonds’ strength.

A good indicator for quantifying the effect of cohesion on the mass
influx of particles into the flow is the entrainment velocity u,, which is
defined as the velocity at which the entrainment front descends in the
depth of the erodible bed. We define the entrainment front h.(x, t) based
on the threshold u(x,y,t) = 0.2 m/s. This front is illustrated for a given
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Fig. 4. Horizontal distance d between the flow front and the position where the whole depth of the erodible bed is entrained (orange squares and triangles in Fig. 3)
as a function of bond strength oyong, fragmentation potential 7¢,, and slope angle ¢. Values of d are given for a low (left) and high 7,,, (right).

time step t in Figs. 3 and 7 (black dashed line), and for a given position x
in Fig. 5 (black solid line). For each simulation, we estimate an average
entrainment velocity . while the flow is in a steady state. To do so, we
first compute the entrainment front h, (t) at regular intervals AX = 1 m in
the range x = 80-115 m where we consider the flow to be in a steady
state (Section 2.2.1). t is the relative time from which the first upper
layer of particles is entrained. Then, a linear approximation h, (t) of h, ()
is made from t = 0 to the full-depth entrainment time (blue dashed line
in Fig. 5). The slope of h,(f) gives the local time-averaged entrainment
velocity. Thus, for one simulation, the entrainment velocity i, is given

0.4+

by:

= SN

= 2
Xmax — Xmin X=Xmin

where x;,;, = 80 m and X;,;,x = 115 m. The values of u, are shown in Fig. 6
for low (left) and high (right) Nage- The entrainment velocity tends to
Zero as opong increases. Typical entrainment velocities vary between
approximately —3 m/s and —0.5 m/s for the low adhesion cases, and
between roughly —2.2 m/s and 0 m/s for the high adhesion case. We note
that when d > 0, i.e. when ploughing occurs, then u, > —2 m/s.
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Fig. 5. Location of the entrainment front h, (E) (black line) in time, separating the entrained particles from the static particles, for the low adhesion-low strength (left)
and the high adhesion-high strength cases (right). The x-axis t corresponds to the time after the first layer of particles is entrained. Two velocity profiles are shown for ¢
=0.2sand 1.0 s, and their maximum velocity in the visible range is annotated. The approximation h, (%) of the height of the entrainment front, used to compute u,, is
shown with the dashed blue line. This figure is inspired by a figure in Issler and Pastor Pérez (2011). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 6. Entrainment velocity u, for Nage = 0.1 (left) and Nage = 5:0 (right).
3.2. Mixing the erodible bed and the avalanche are not necessarily the same.

In natural gravity flows, the properties of the materials composing

Therefore, it is important to understand how particles that were origi-
nally static are mixed inside the avalanche, as this may affect the me-
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Fig. 7. Panels (a,b.1) display screenshots of the low adhesion-low strength scenario and panels (c,d.1) of the high adhesion-high strength scenario. The particle colors are
a function of their initial depth in the erodible bed (yellow, green and purple), and the red particles are those from the original release. The dashed black line
indicates the position of the entrainment front corresponding to a velocity threshold of u = 0.2 m/s. Panels (a-d.2) show the particle ratio P} for each layer i along the
length of the flow, for the corresponding (a-d.1) panels. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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chanical properties of the avalanche. In our simulations, the bed and the
avalanche are made of the same material, but we can still qualitatively
observe the mixing processes between the entrained snow and the
avalanche by using particle colors as tracers, for the low adhesion-low
strength and high adhesion-high strength cases. Fig. 7 shows how the
particles are distributed in the avalanche, depending on their initial
depth in the snow cover. In panels (a-d.1) of Fig. 7, three layers of
thickness 0.4 m are displayed in different colors over the initial depth of
1.2 m: the surface layer (yellow), the middle layer (green) and the deep
layer (purple). The particles coming from the release are shown in red.
Panels (a-d.2) show the particle ratios Pk (x) = Ni(x)/Nyw(x) of each
initial layer i along the flow length with a resolution Ax = 1 m. In the
following, i takes the labels S, M, D and R, for the surface, middle, deep
layers and the released particles, respectively. To compute the ratio,
only the particles with a velocity higher than 0.2 m/s are counted. The
entrainment front threshold is shown with the black dashed line in
(a—d.1). Panels (a,b) correspond to the low adhesion-low strength case and
(c,d) to the high adhesion-high strength case (Table 2). Both cases are
shown at two different timesteps in order to visualise the evolution of
the flow.

In the low adhesion-low strength case, the surficial part of the flow at
t =6 s is essentially composed of particles coming from the release
(Fig. 7a.1), but they are slowly replaced by particles from the erodible
bed (Fig. 7b.1). For example, at the front (i.e roughly the 10 first meters
of the avalanche), PR diminishes from about 0.2 to 0.1, while P§ in-
creases from about 0.4 to 0.5 (Fig. 7a.2, b.2). We note that sz is
maximum at the front and decreases towards the tail to reach almost a
null value. In contrast, P? grows towards the tail, just like the proportion
of particles from the release PX. In between, P¥ is maximum a few dozen
meters behind the front and then fades at the tail. Previously, we have
seen that the entrainment occurs as ploughing in this case, with a very
high entrainment velocity. After the entrainment, the layering structure
of the original snow cover can still be recognized in the avalanche,
indicating that the vertical mixing is not so strong.

For the high adhesion-high strength case, the trend of the surface layer
is similar to that of the low adhesion-low strength case: P is maximum at
the front and then decays towards the tail. The trends of the interme-
diate and deep layers are also similar, but show a faster change along x
because the total length of the flow is much shorter (about 60 m versus
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more than 80 m). The main difference lies in the higher proportion of
released particles PX that stay at the front in the high adhesion-high
strength case (c,d.2). In addition, at the front, the flow is composed only
of particles from the surface layer and the release. This is because the
low entrainment velocity of abrasion prevents the flow front from
entraining particles from the intermediate and deep layers. This process
increases vertical mixing within the flow, as observed by the difference
in the preservation of the original bed stratification between panels (b.1)
and (d.1).

To get a better idea of the specific areas where mixing occurs within
the flow, we compute the granular temperature Ty, which is a measure of
the velocity fluctuations and illustrates the random motion of the par-
ticles. This quantity is estimated as:

_w(ailry))

3
2p(x,y) ®

Ty(x,y)

where ox(x,y) and p(x,y) are respectively the kinetic contribution to the
stress tensor and the mass density field as they are defined by Weinhart
et al. (2013). Appendix B details the computation of T,. For the low
adhesion-low strength conditions (Fig. 8, top), we observe two zones
where mixing is maximum. The first is located at the avalanche front,
with a length of a few meters and situated above the height of the
erodible bed. The second is close to the ground along most part of the
flow, but only starting from a few meters behind the front. Milder mixing
occurs in the rest of the flow, but no zone is left out. For the high
adhesion-high strength conditions (Fig. 8, bottom), the contrast between
agitated and stagnant areas is more pronounced. We find again the same
agitated areas as in the previous case, with the frontal mixing being
more intense and spreading over a larger distance behind the front
(about a dozen meters). On the other hand, we also identify two zones
where T, drops to low values, even though the particles are flowing. One
is close to the ground at the front and is made of the recently-entrained
particles. The other is located at the back of the wave, in the range x =
75-90 m and above the height of the erodible bed.

3.3. Deposition

This section explores the effect of cohesion on the height of the
deposition at the tail of the avalanche. In past studies on granular flows,
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Fig. 8. Granular temperature Tg(x,y) for the low adhesion-low strength (top) and high adhesion-high strength (bottom) cases. The dashed black line indicates the
position of the entrainment front corresponding to a velocity threshold of u = 0.2 m/s.
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this height hg,p, has been related to the inclination of the slope # and the
flow height. Here, we run simulations inspired by the experiments of
Pouliquen (1999), described in Section 2.2.2, with cohesion between the
particles. A sensitivity analysis is performed with regard to the bond
strength oy,4n4, Which is varied between 10~ kPa and 10 kPa. The effect
of the aggregation potential 7,,, is not explored here, but we choose a
fixed value of 6,5, ~ 10 Pa (i.e. a high aggregation potential) so that
bonds are always formed when two particles come in contact. Fig. 9a
shows the curves of hgqp(6)/d, for eight values of openg. It can be seen
that for increasing opond, the curve of hsop(6) shifts to higher angles.
Therefore, the deposition height increases with cohesion for a given
slope angle. Yet, the shifting magnitude seems to diminish towards high
bonds’ strength. For instance, for h/d, = 10, the span of 0y, is 11° for
1073 < 6pona < 5 kPa, whereas it is only 4° for 5 kPa< 6ponq < 10 kPa.

In Fig. 9(a,b), each curve is fitted with the relation of GDR MiDi
(2004):

h(®) _ tanf, — tanf

= 4
d tanf — tan6, @

where the parameters 60;, 0, and L depend on the properties of the
particles and the ground. The diamond markers in Fig. 9(c—e) show the
values of these fitting parameters for hgp. They all increase with 6pong
and seem to tend towards a maximum value, confirming the previous
observation that increased cohesion leads to greater deposition depths.
For example, for a slope angle of 30°, the thickness of the deposit of
cohesionless flows is about 0.4 m, while it is around 1.6 m for cohesive
flows. We also observe that the fitting parameters for the case where o,
= 1072 kPa do not properly match with the trend of higher strength
values. It may indicate different deposition mechanisms for very low

Obpond [kpa]
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cohesion values, but this aspect was not investigated further. Finally,
note that our simulation procedure allows us to obtain hgyt(0) (Fig. 9b),
although it is not of primary interest here. We note a similar shape and
trend of the Ay (0) and hgop(0) curves with a difference for a given
angle, which increases significantly with increasing cohesion.

4. Discussion
4.1. Modelling approach and relation to snow properties

The method presented allows to naturally reproduce the interactions
between the erodible bed and the flow with a high level of detail and
accuracy, which is difficult to achieve in field or laboratory experiments.
However, caution must be used when comparing the simulated particles,
either static or flowing, with real snow. Indeed, some simplifications had
to be made, given the high variability of snow properties from one
avalanche to another and also often within a single avalanche.

A first issue concerns the size of the particles in the simulations
compared with the actual size of snow granules found in dense ava-
lanches, which can differ considerably between cold dry-snow and warm
wet-snow avalanches. Ideally, the size of the simulated particles would
have to be about two orders of magnitude smaller, so bigger granules
made of particle aggregates would naturally form in the flow because of
the cohesive contact model, like in Steinkogler et al. (2015b). However,
the computational effort required to simulate the corresponding signif-
icant number of particles with DEM is too high, so a balance had to be
found between an acceptable computational time and realistic simula-
tions. We chose the mean particle diameter d, = 80 mm in accordance
with Bartelt and McArdell (2009) who found median granule sizes of
59-92 mm and 82-162 mm in the deposits of dry and wet avalanches,
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respectively. The resulting description of the avalanche therefore con-
sisted of a discretisation of the flow, where each discrete element rep-
resented a snow aggregate. The validity of this simplification is
supported by previous simulations of dense snow flows with DEM
(Kyburz, 2021; Ligneau et al., 2022), and by studies that managed to
reproduce the run-out area of experimental and natural events of
granular mass movements, mostly landslides, with oversized particles
(Li et al., 2012; Lo et al., 2011; Thompson et al., 2009). Also, some
studies point out that a proper calibration of the DEM parameters (e.g.
Young’s modulus, friction) leads to realistic results despite the oversiz-
ing of the particles (Obermayr et al., 2014; Ucgul et al., 2014). However,
it is important to mention that the discretization assumption with large
particles is only applicable to the dense parts of the flow. Indeed, the
volumetric particle concentrations in the dilute parts of the simulated
flow do not match real observations (e.g. the dilute front of the low
adhesion-high strength and high adhesion-high strength scenarios in Fig. 3).
In particular, the particle size and volumetric particle concentration
could have an important effect on the force chains and would have to be
investigated in any future work involving a study of the stress distri-
bution in the erodible bed.

A second point is the ability of the contact model to reproduce
various types of snow. Steinkogler et al. (2015b) calibrated the present
granular model by linking 7,,, and 7,,, to the mechanical and physical
properties of actual snow granules formed in a rotating tumbler where
the temperature and water content were measured. Furthermore, Lig-
neau et al. (2022) linked the fragmentation and aggregation potentials
to typical flow regimes of snow avalanches by comparing velocity pro-
files. The two potentials are dependant only on the forces acting at the
contact point but not on the contact time, which is an important
parameter for dry contacts (Bahaloo et al., 2022). This emphasizes even
more that our model is not valid for dilute or semi-dilute flows where
particles are in contact for a very short period. Even though the present
definition of 7¢,, and 7,,, varies slightly from that of Ligneau et al.
(2022) (6pong is compared here to the basal hydrostatic pressure instead
of the depth-averaged pressure), the order of magnitude is conserved
and a direct comparison is still reasonable. Accordingly, our scenarios
low adhesion-low strength and low adhesion—high strength correspond to a
cold dense regime (Kohler et al., 2018a; Ligneau et al., 2022). The high
adhesion-low strength and high adhesion-high strength scenarios both
relate to a warm shear regime but with different cohesions.

Finally, it is important to note that 7¢,,, and 7,,, are constant in space
and time during one simulation, thus the strength of the bonds and the
adhesion of particles are the same in the erodible bed and the released
mass. This constrains the validity of our simulations only to cases where
the cohesion is the same from release to runout, and thus could be a
limiting factor when simulating transitional avalanches that change flow
regimes along the path due to different snowpack characteristics at low
elevations (Kohler et al., 2018b). Also, the cohesion parameters in a
simulation are targeted to reach a certain flow regime. For example,
Opond in the low adhesion-low strength case is targeted at a cold dense
regime. Thus, the cohesion of the erodible bed is aligned with the
desired flow regime.

4.2. Entrainment mechanisms

Our computational scenarios reproduce the interaction between
dense granular flows and an erodible bed, where the granules are mainly
characterized by different values of cohesion. The simulations clearly
show the erosion /entrainment mechanisms of ploughing and abrasion.
Ploughing is the dominant erosion mechanism for conditions of low
strength. In these cases, the force exerted by the avalanche at the front
easily breaks particle contacts in the bed ahead of the flow, even before
the avalanche arrives (Fig. 3a,c). Almost all the mobilized (eroded)
particles are also entrained in the flow with i, > 2 m/s, in agreement
with the high entrainment rates from the experimental measurements of

10
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Sovilla et al. (2006). Nevertheless, the velocity of our granular flows is
lower than the typical real dry-snow avalanche, and since &, should drop
as the flow velocity increases, we expect that in real dry avalanches the
typical . could be smaller than in our simulations. The avalanche head
is composed mainly of particles from the bed surface or original release.
However, as the avalanche propagates, the released particles are
deposited and their ratio in the flow decreases. These results confirm the
observations of Viroulet et al. (2019), who noted the same behavior in
laboratory experiments with granular flows. This implies that frontal
avalanche dynamics are dominated over time by the mechanical char-
acteristics of the particles that were initially in the upper layers of the
bed. This is particularly important for snow avalanches because the
properties of the snowpack can change strongly along the avalanche
path as air temperature and thus snow temperature increase at lower
elevations (Kohler et al., 2018b; Steinkogler et al., 2015a). Therefore,
the mechanical properties of an avalanche can change over time,
affecting its mobility and destructive potential.

As the strength of the bonds increases, the dominant entrainment
mechanism gradually shifts from ploughing to abrasion. Stronger bonds
offer greater resistance to erosion/entrainment, with entrainment
occurring mainly in layers that are overridden by the avalanche (Fig. 3b,
d). Entrainment velocities u, are below 1 m/s in agreement with values
postulated by Issler and Pastor Pérez (2011) and Gauer and Issler (2004)
for snow avalanches. In this case, the frontal dynamic of the avalanche is
still controlled by the properties of the surface layer of the bed. How-
ever, we also observe that particles from the initial release are still
widely present at the front of the avalanche, but they are strongly mixed
with the entrained material so it is not likely that they kept their initial
properties.

Our simulations show that cohesion and subsequent entrainment
processes also have an important effect on the distribution of flow depth.
In fact, in the case of low cohesive flows and thus entrainment processes
dominated by ploughing, the maximum flow depth is located immedi-
ately at the avalanche front. In contrast, in the case of more cohesive
flows, and therefore the dominance of abrasive entrainment processes,
the maximum avalanche depth is located within the avalanche body.

The current literature suggests that three additional entrainment
mechanisms may be at play in natural gravitational flows, in particular
in snow avalanches: eruption, impact erosion, and secondary slab
release (Gauer and Issler, 2004; Iverson et al., 2011; Kohler et al., 2018a;
Sovilla et al., 2006). Although we believe that these mechanisms are
very plausible in snow avalanches, our modelling approach does not yet
include some key physical processes necessary for their modelling. In
particular, our model does not include an interstitial fluid, which is the
essential ingredient to be able to model eruption (Gauer and Issler, 2004;
Iverson, 2012; Louge et al., 2011). In addition, we only model the dense
part of the flow and therefore cannot reproduce entrainment processes
such as impact erosion, which are known to be associated with the
turbulent intermittent flow regime encountered in the suspended layers
of powder snow avalanches (Kohler et al., 2018a; Sovilla et al., 2015).
Finally, the release of secondary slabs along the path can also be a source
of large localized entrainment rates. In the future, simulations of this
mechanism could be achieved by discretizing the snowpack with layers
of different cohesions and/or by simulating a weak snow layer (Bobillier
et al., 2020). Note that here we do not distinguish between erosion and
entrainment as is sometimes done, e.g. by (Li et al., 2022), because the
entire depth of the bed is eventually mobilized within the flow at some
point in our simulations. Thus, all the eroded particles are also
entrained, which makes this distinction trivial.

4.3. Deposition

Our simulations show that the cohesive properties of snow also in-
fluence the deposition processes. Fig. 7 shows that the avalanche tail
consists mostly of a mixture of particles from the initial released mass
and the deeper layers within the bed, the latter being warmer and
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therefore more cohesive snow (Steinkogler et al., 2015a; Steinkogler could be improved in the future to study additional avalanche processes.
et al., 2015b). It is thus very probable that the material being deposited For instance, an extension to three dimensions would allow to study
is characterized by high cohesion values. A sensitivity analysis per- lateral effects, such as levee formation and fingering. In addition, the
formed on the hgp(0) curves in Fig. 9 shows an increase of the deposi- inclusion of a interstitial fluid (Li and Zhao, 2018) would provide a
tion height hgo, with increasing cohesion, suggesting that a cohesive better understanding of the entrainment of water-saturated material
material would enhance the detrainment at the avalanche tail. For (Iverson et al., 2011) or eruption mechanisms at the front of dry-snow
example, for a slope angle of around 30°, the deposit thickness of avalanches.
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Appendix A. Bulk mechanical properties of the granular material

The parameters given in Table 2 define the cohesion between particles. However, the macroscopic mechanical properties of the bulk material still
need to be characterized for a proper comparison with the properties of real snow. Therefore, we characterized the four types of snow scenarios using
two numerical mechanical tests: a shear cell to get the failure envelope, and a planar Couette cell to investigate the rheology.

The shear cell test (Fig. A.1a) is similar to the one in Richefeu et al. (2006) used to investigate the shear strength properties of wet granular
materials. The material is confined between a static container (in black), a mobile lid (in red) that can move horizontally, and a plate that pushes the
material downwards (in green). A gradually increasing shear force T is applied on the mobile lid while a compressive force N is applied on the top
plate. The resulting shear plane (dotted line) is then subjected to a normal stress ¢ = N/S + p,gH/2 and a tangential stress ¢ = T/S, where S is the
horizontal cross-section of the container and H is the height of the sample. When 7 reaches the material’s shear strength 7, the stress drastically drops
and the displacement of the mobile lid increases. For various N/S values in the range 0.5-10 kPa, we extract the values of 7. and find the failure
envelope 7. = ¢ + otang for each set of cohesion (Fig. A.2a).

The planar Couette cell (Fig. A.1b) is a common setup to investigate the u(I) rheology of a granular material (da Cruz et al., 2005). Here, the
material is confined between a static wall (in black) and a mobile wall (in red) allowed to move vertically and horizontally. Periodic boundary
conditions are applied along the horizontal axis. Both walls are made of particles identical to the bulk particles. A confining pressure ¢ = 10 kPa and a
horizontal velocity V,, are assigned to the moving wall, leading to the shearing of the material. The u(I) rheology suggests, in this case, that the shear
stress 7 is proportional to the confining pressure ¢ as:

T = pey(I)o A1)

where i is an effective bulk friction of the material, which depends on a dimensionless quantity, the so-called inertial number I, defined as:
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7dp

Jeln, (A.2)

with y = V,, /L the mean shear rate. In the present work, we apply a constant pressure ¢ and vary the wall velocity V,, until a steady state is reached. The
shear stress 7 is then measured to obtain the effective friction u... for a given I (Fig. A.2b).

1=

g Vi

T (v T

(a) Shear cell (b) Planar Couette cell

Fig. A.1. Setups of the mechanical tests: a shear cell (a) and a planar Couette cell (b).

The present paragraph presents a simple macroscopic characterisation of the simulated cohesive particles, for each of the four cases in Table 2. The
failure envelope (Fig. A.2a) describes the maximum shear stress that the bulk material can sustain in a static state as a function of the normal stress.
The shape of the failure envelope is almost linear, with an effective cohesion ¢ for ¢ = 0 and an effective static friction tan¢$. We observe that the low
adhesion-low strength condition gives the weakest strength, with an effective cohesion of 500 Pa and an effective static friction angle of 28.6°. The
strongest case is the high adhesion-high strength, with ¢ = 5 kPa and ¢ = 48.4°. The two other situations seem to have a relatively similar failure
envelope, considering the scattering of the data. They exhibit an effective cohesion of 3.5 kPa and 4.5 kPa, which is between the other two cases.
However, their effective friction is similar to the one of the low adhesion-low strength case. Fig. A.2b displays the friction law u(I), which characterises
the effective friction y. of the flowing material under shear. In general, we find that y is relatively stable for I < 1072 and increases with higher I
values. The p(I) curves for the two low adhesion cases are overlapping, considering the error bars. This makes sense as no bonds are supposed to be
present between particles after a sufficiently long time of shearing, given that the low 7,,, prevents new bonds from forming. The high adhesion-low

strength case shows the same trend but has overall a greater effective friction. Finally, the high adhesion-high strength case exhibits an even higher
effective friction, but seems to be less impacted by the increasing of I.
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Fig. A.2. Mechanical tests. For the four cases of cohesion, the left panel shows the failure envelope and the right panel shows the friction law.

Appendix B. Computation of the granular temperature
For more details about the equations and notations provided below, the reader can refer to (Weinhart et al., 2013). The granular temperature T,
displayed in Fig. 8 is computed at a point r and time t as:
tr(oy(r, 1))
T,(r,t) = —F—F—— B.1
g(ra ) 2 p(l‘, t) (B.1)

where p is the mass density field:

12
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p(r,1) = Z meW(r —r,(1))
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(B.2)

with m, the mass of the particle @, N the total number of particles, r, the position of particle « and W the 2D Lucy function:

2 3 4

5 r r r
W(r < h) :ﬁ[l_6ﬁ+8ﬁ_3h_4 W(r>h)=0
with h = 0.6d.

The kinetic stress oy (r,t) is computed as:

N
oy(r,1) = Z maV,V,W(r—r,)
a=1

with v, (r,£) = v4(t) — V(r,t). The velocity field V is calculated as follows:

i(r,1)
p(r,1)

V(r,7) =

with the momentum density vector:

N
j(r,1) = Z MV W(r —rq)
a=1
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