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Abstract

In avalanche engineering and hazard mapping, computing impact pressures ex-
erted by avalanches on rigid structures has long been a difficult task that requires
combining empirical equations, rules of thumb, engineering judgment and ex-
perience. Until the 1990s, well-documented avalanches were seldom, and the
main source of information included back-analysis of damage to structures and
scarce field measurements. By the 1990s, several field sites were equipped across
Europe, and have since then they have provided new insights into the physics
of impact. The main problem has been the difficulty in interpreting and gen-
eralizing the results to propose sound methods for estimating impact pressure.
Testing a wide range of flow conditions has also been difficult in the field. To
go a step forward in the elaboration of new guidelines for computing avalanche
forces, we developed a numerical code based on the Discrete Element Method
(DEM), which made it possible to simulate how an avalanche interacts with
a rigid obstacle and to study how impact pressure depends on obstacle shape
and size, as well as the avalanche flow regime. We extracted pressure and ve-
locity data from the Vallée de la Sionne database to validate the DEM code,
calibrate the model parameters, and elaborate avalanche scenarios. We stud-
ied four avalanches scenarios related to distinct flow regimes of the avalanche’s
dense core. In these scenarios, snow cohesion and velocity were imposed at the
upstream boundary of the computational domain. Building on earlier work, we
generalized an empirical equation for computing impact pressure as a function
of snow cohesion, velocity, flow regime, and structure shape and size. Various
coefficients were defined and calibrated from our DEM data. Within the range
of tested values, we found good agreement between estimated pressure and field
data.
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Obstacle’s projected area facing the flow direction
Bond number

Empirical gliding factor [T}, 2], see Appendix D in [3]
Coefficient for Cp in the phenomenological model of Faug [4]
Fitting parameters for f..,

Empirical coefficient for Cp [3] [0]

Drag coefficient

Geometry-dependent coefficient of Cp
Shape-dependent coefficient of Ce,
Flow-regime-dependent coefficient of C'p
Width-dependent coefficient of Cgc,

Diameter of cylindrical obstacle in Haefeli [I, 2]

Width increment of the obstacle cross section

DEM particle Young’s modulus

Empirical coefficient for Cp from [5, [6]

Impact pressure increase factor due to cohesion

Drag force on obstacle

Froude number

Gravitational acceleration

Avalanche flow height

“Pure earth coefficient” from [4] and [7]

Empirical exponent for weighting Fr in [8]

Impact pressure

Impact pressure projected on the plane normal to the streamwise
direction

Calculated impact pressure of a cohesionless avalanche flow
Calculated impact pressure of a cohesive avalanche flow
Bond to Froude number ratio ¢, pr = Bo/F'r
Curvature radius of ground contour

DEM particle radius

Avalanche flow velocity

Impact velocity

Obstacle width

Streamwise direction in DEM

Transverse direction to the flow in DEM

Vertical direction in DEM

Wedge apex half-angle

Incidence angle

Empirical coefficient for the gravitational pressure contribution [9]
Efficiency factor [10]

Ground slope
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0 Angle between impact surface increment and transverse direction to

the flow
K Active/passive earth coefficient
I DEM Coulomb friction coeflicient
p Snow bulk density
Ob DEM bulk density
Pm Snow bulk density upon impact
Pp DEM particle density
Ocoh DEM cohesive bond tensile and shear strength

1. Introduction

Mountainous areas face various hazards involving the rapid mass movement of
a finite volume of material. Typical examples include snow avalanches, debris
flows, and rock avalanches. Building structures in this environment involves
ensuring that they are placed in a safe area or, if this is not the case, reinforcing
them. To that end, computational methods have been developed for estimating
runout distances and forces exerted by the flowing mass on fixed obstacles [11]
12], 13, [14].

Faced with the thorny problem of estimating impact pressures exerted by com-
plex natural materials, engineers have used analogies between avalanches and
related issues in hydrodynamics or geotechnical engineering. Today, a routinely
used definition of avalanche impact pressure is copied from the definition of drag
force in fluid dynamics when computing the force exerted by a Newtonian fluid
on an immersed body [e.g., Chap. 1 in[15]:

Pp = —— = CDgUZ (1)

where Fp is the drag force on the obstacle, A is the projected area facing
upstream, Cp is the drag coefficient, p is the snow density, and v is the flow
velocity [12 16, [I'7, 18, 19]. The main difficulty of the problem lies in the
determination of the drag coefficient Cp if we assume that we can determine or
measure avalanche velocity and density independently. This problem has long
seen only partial answers, owing to the scarcity of relevant avalanche data and
the complexity of the avalanche behavior.

1.1. A preliminary note on flow regime

Avalanches involve a wide variety of flow features depending on snow, weather
and topography, which in turn generate a diversity of flow behavior [20] [21].
Since the earliest developments in avalanche science [22] 23] [24] 25], there has
been tension between providing a comprehensive classification of avalanches
and outlining the overall flow behavior. In engineering, it has been common
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to distinguish between flow avalanches (dense flows of snow, which follows the
ground’s contours closely) and powder avalanches (dilute clouds of snow parti-
cles maintained in suspension by air turbulence and moving at a velocity higher
than 50 m/s) [26].

Here we are concerned with flow avalanches. Let us provide key characteris-
tics, which will assist us later in quantifying the physical processes at hand:
the flow depth h generally does not exceed a few meters, and its mean ve-
locity v ranges from 5 to 25 m/s, although velocities as high as 50 m/s have
been observed. On average, the density of snow mobilized by flow avalanches
ranges from 150 to 500 kg/m3. Dry snow tends to be light, whereas wet snow
has the highest density. Flow avalanches exhibit varied flow regimes depending
on snow consistency (cohesion, moisture and density), velocity and topogra-
phy. A simple dichotomy used in engineering distinguishes between the inertia-
and gravity-dominated regimes (or more concisely, inertial and gravitational
regimes). Inertia-dominated avalanches reach high velocities (v > 10 m/s) and
may overrun low-terrain obstacles. Because of their high velocities, they often
entrain ambient air during their descent, and thus a density stratification ex-
ists across their flow depth: a dilute layer covers a dense core. Gravity-driven
avalanches have low velocities (v < 10 m/s) and closely follow ground contours.
They take the appearance of a granular or viscous flow.

Flow regime and snow consistency are often correlated: cold dry snow tends
to form inertial avalanches, whereas wet cohesive snow is more prone to form-
ing gravitational flows. Recently, field observations and laboratory experiments
have suggested that snow temperature is the key parameter that affects snow
cohesion and thus controls flow dynamics [27, 28], 29 B0]: when snow tempera-
ture in the flow is lower than —1 °C the regime is dominated by inertial effects,
whereas gravitational effects dominate at temperatures higher than this thresh-
old. To highlight the influence of snow temperature, we speak of cold or warm
snow avalanches. Snow texture changes radically as a function of snow temper-
ature and moisture. Dry snow takes the form of a cohesionless powder, whereas
wet snow can take the form of pasty material (like mud) or granular matter.
This wealth of texture has marked consequences on bulk behavior, and we have
taken this point into account in our study.

1.2. Computing impact pressure: a brief state of the art

For a body immersed in a Newtonian fluid, the drag coefficient Cp in Eq.
is usually entirely determined by the body’s Reynolds number [I5]. For non-
Newtonian fluids, the mere existence of the drag coefficient is not ensured, and
in many cases little is known about its dependence on flow variables or dimen-
sionless numbers. For snow (as a flowing material), the approach has long been
speculative and based on sparse observations and measurements. Avalanche
forces started to be measured as early as the 1930s in the former Soviet Union
[31, B2, B3] and from the 1950s on in Western countries. At that time and
in the subsequent decades until the 1990s, the measurement techniques were
rudimentary. The earliest avalanche-dynamics models were also crude [23] [34];
among other things, they were unable to relate avalanche force to flow variables.
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Just after the devastating winters that struck the Alps in 1951 and 1954, the
Swiss structural engineer Adolf Voellmy was commissioned to quantify avalanche
forces. Based on field observations of damage to constructions, he published a
series of four papers, in which he set out the first complete theory for computing
avalanche velocities and forces depending on the flow regime [35] 36] 37, [38]. He
ended up with a pressure distribution in the form:

1
P=pPm (gh + CDZUQ) , (2)

where p,,, denotes the snow bulk density upon impact, g is the gravitation accel-
eration, h is the avalanche flow depth, v its velocity, and Cp = 1 — (v, /v)?(1 —
sin 3) is the drag coefficient, v, is the impact velocity, and S is the angle of in-
cidence between the flow direction and impacted surface. The impact pressure
involves two contributions: a hydrostatic-like contribution p,,gh, and Bernoulli-
like contribution %pmv2 weighted by the drag coefficient C'p. A decade later,
considering that snow behaves as a cohesionless granular material, whose crit-
ical states can be described using Rankine’s theory, Salm [39] obtained this
expression for the mean flow pressure far from any obstacle

h
D =kp <gh cosf + sz) (3)

where p denotes snow density, R is the ground’s radius of curvature, 6 is the
ground slope, and k is the active/passive earth coefficient. In that case, the
quadratic term in the pressure reflects centrifugal effects. Comparing Eqs. ([2))
and shows that, for a flow past an obstacle, the pressure distribution is
altered due to snow compaction and momentum transfer from the flow to the
obstacle.

For subsequent developments, it is instructive to rearrange Eq. by using the
Froude number Fr = v/\/gh:

p= CDpﬂv2 (1 + 21) (4)
2 D

In analogy to hydraulics, where the Froude number is used to distinguish be-
tween supercritical (Fr > 1) and subcritical (Fr < 1) flows, authors have sug-
gested that this number can also be used to partition the avalanche flow regimes
[37, B9 [40] [41] 42} [B]: the inertia-dominated regime—initially called shooting
flow (schiessender Abfluss) by Voellmy [37]—refers to fast-moving avalanches,
while the gravity-dominated regime—also called streaming flow (strémender
Abfluss—refers to slow-moving avalanches. Whereas in hydraulics there is a
neat separation between supercritical and subcritical flows at Fr = 1, the sit-
uation is less clear for avalanches. Salm [39] suggested that the transition be-
tween the inertia- and gravity-dominated regimes occurs at a Froude number
Fr = \/kcos 8. Other authors have assumed that the critical Froude number is
unity.
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For many scientists and practitioners, fast-moving avalanches were long per-
ceived as the most dangerous ones, and this is why emphasis was mainly placed
on this flow regime in developing guidelines for computing avalanche features
[17, 18, 19, 43, 44]. For high-speed flow avalanches, we typically have v =
0O(10 — 30) m/s and h = O(1 — 5) m, which leads to Froude numbers in the
1.5-10 range. Authors have thus considered that the Bernoulli-like contribution
in Eq. is dominant. Field data have led to drag coeflicients in the 1-10 range
[1°7, 43} [45] [46] B]. On rarer occasions, guidelines provide empirical equations
for computing avalanche pressure depending on flow regime [3, 47]. Since the
studies undertaken by Haefeli [I0] on snow plasticity, it has been observed that
the snow pressure on an obstacle depends on the obstacle’s size, a feature not
predicted by Eq. or Eq. . For creeping snow on a cylindrical obstacle of
diameter d, Haefeli [I 2] found that the hydrostatic-like pressure should be
weighted by an empirical factor he called the efficiency factor ng = 1 + ch/d,
with ¢ ~ 0.6 (see Appendix D in [3]). The extension of Haefeli’s theory to flow
avalanches has long been debated.

With the equipment at several field sites across Europe [48], high-accuracy pres-
sure data have been acquired and have shed new light on how avalanche impact
pressure is related to the flow variables v and h. From the Col du Lautaret Pass
(France) data, Thibert et al. [§] deduced that the drag coefficient varied as a
power law of the Froude number:

Cp =2(1 —cosa)AFr™" (5)

for a wedge-shaped obstacle whose apex angle is 2o, A = 10.8 and n = 1.3.
Later, Thibert et al. [7] used the analogy between snow avalanches and granular
flows to propose an extended version

Cp=C+KFr—2 (6)

where C' and K are functions of the obstacle geometry, as well as avalanche flow
depth and material properties that were calibrated from laboratory experiments
[4]. Analyzing data from the Ryggfonn site (Norway), Gauer et al. [49] suggested
that the drag coefficient could be written as

Cp =Cao + FLTQ (7)
where Cyp is a constant and f ~ 4.84/h/d [5, [6]. At the Vallée de la Sionne
field site (Switzerland), Sovilla et al. [50] observed that the assumption of a
constant drag coefficient was not realistic, especially for subcritical avalanches
for which the drag coefficient varies as Cp o< Fr~" and thus becomes much
larger than unity when Fr — 0. Sovilla et al. [9] observed a linear pressure
distribution across the flow depth p = (pg(h — z), where z is the height relative
to the ground and ( is a fitted coefficient in the 7.2-8.1 range, but further
measurements showed a strong dependence of { on the obstacle size and snow
consistency [511, 52].
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In an earlier paper [53], we studied how cohesive avalanches interacted with the
instrumented pylon in Vallée de la Sionne. To that end, we used the numerical
code described in Sec. [2.1] We found that the impact pressure on the pylon
could be broken down into three contributions:

e The inertial contribution, which is proportional to the velocity squared.
This contribution is predominant for fast avalanches in the inertial regime.
The p o pv? scaling confirms that a Bernoulli approximation can be used
to estimate this term.

e The frictional contribution, which originates from force chains between
the particles of the granular avalanche [54]. This contribution is dominant
in the gravitational regime.

e The cohesive contribution, which originates from the tensile and shear
strengths related to the connection between neighbouring particles.

The frictional and cohesive impact pressure contributions can be quantitatively
linked to the jamming of the particles in the flow’s domain of influence (called
the “mobilized domain” by a number of authors) in the vicinity of the obstacle
[55] [56].

We also found that the impact pressure exerted by a cohesive flow can be deter-
mined from a factor reflecting the relative importance of cohesive and inertial
forces and the impact pressure of a cohesionless flow (see Sec.|6.2)).

1.8. Scientific problem and study objectives

In recent decades, growing evidence has accumulated indicating that Voellmy’s
physical intuition was correct. Field measurements have confirmed that when
an avalanche impacts a rigid structure, it exerts a force that can be decomposed
into hydrostatic-like and Bernoulli-like contributions, as shown by Voellmy’s
equation . Although this overall pattern seems robust, there is no consensus
on the Cp values in Eq. , and more specifically the dependence of the drag
coefficient C'p on flow regime, snow consistency, and obstacle size and shape.
Filling this knowledge gap would be difficult if we only used field data and
laboratory experiments on similar materials, but bridging this gap is now possi-
ble using numerical codes based on the Discrete Element Method (DEM). This
approach has been applied, for instance, in studying impact forces exerted by
granular flows on rigid barriers on the laboratory scale [57), 68, [59]. The orig-
inality here is that we used real-world avalanches (data recorded in Vallée de
la Sionne) to calibrate the model parameters and elaborate avalanche scenarios
for our simulations. Once calibrated, the DEM code was applied to flows past
obstacles of varied size and shape for four distinct avalanche scenarios that were
typical of the flow regimes outlined in Sec.[I.1} Based on our results and earlier
work, we propose a physics-based practical method for estimating the drag co-
efficient Cp depending on flow regime and obstacle geometry. The method was
tested using data from Vallée de la Sionne.
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2. Simulation of avalanche impact pressure on obstacles with DEM

2.1. Awvalanche modeling setup and parameters

Flow avalanches have often been considered to behave like dry granular flows
[60, [61), T3], and this analogy has thus been used to model them on the lab-
oratory scale or numerically. In this study, we applied the Discrete Element
Method (DEM) to simulate avalanches moving past rigid obstacles using the
PFC software from Itasca (Minneapolis, MN, USA). This software is based on
the soft-contact algorithm [62] [63] to model the interaction between cohesive
particles. In this numerical framework, no fluid—solid coupling is considered,
and thus the bulk dynamics is entirely ruled by particle contact. This means
that in our study we simulated only the avalanche’s dense flow part, assuming
that the interaction between the solid phase and the interstitial air is negligibly
small.

To simulate how avalanches interact with fixed obstacles, we used the numerical
setup implemented in an earlier paper [56]. This setup extended the procedure
in our first paper on this topic[53] and made it possible to study obstacles wider
than 0.6 m, which corresponds to the Vallée de la Sionne’s pylon considered ini-
tially (Sec.2.2.1)). In [53], we showed that our numerical code could reproduce

impact pressure measurements on the pylon.

In order to minimize the computational cost of simulations, we considered an
isolated volume of granular material flowing past the obstacle. The flowing gran-
ular material mimicked a snow avalanche in an area of 11-22x28 m? around the
obstacle (the exact size depended on the obstacle width). The particle flux was
imposed at the up- and downstream boundary. We chose the boundary velocity
such that it matched the vertical velocity profile of the selected avalanche sce-
nario. In our setup, the x, y and z directions corresponded to the streamwise,
transverse and vertical directions, respectively.

Estimating the material properties of snow mobilized by avalanches is challeng-
ing because most studies on the mechanical properties of snow are related to
snow samples from an undisturbed snowpack [e.g., 64} [65], and from small-scale
chute experiments [e.g., [66, [67]. However, to the best of our knowledge, the
mechanical properties of snow inside avalanches, where snow may experience
large shear rates and thermo-mechanical transformations [28] 68], is not avail-
able. This lack of information led us to use available data on undisturbed snow.
For this reason, our study’s model parameters must be considered with caution:
they are plausible values, not measured ones. In this paper, we use the material
properties and contact law parameters used in our first paper [53]. Table is
a list of the most important material parameters used. Further information on
how the contact forces were modeled and our code can be found in our earlier
papers [53] [56).
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Table 1: Material properties for the Discrete Element Method (DEM) simulations.

Parameter Symbol Value / Range
Particle radius Tp 40 + 8 mm
Particle density Pp 500 kg/m3
Bulk density! Db 338-379 kg/m3
Young’s modulus  F 10° Pa
Friction coefficient p 0.5

T py, results from pp and interstitial voids between the particles
and is not a controllable input parameter.

2.2. Obstacle geometries

2.2.1. Vallée de la Sionne measurement obstacles in DEM

In this study, we used measurements collected at the Vallée de la Sionne site
to test whether our DEM model was able to reproduce impact pressure mea-
surements on obstacles and sensors of different sizes and geometries. In Vallée
de la Sionne, the test site’s release area covers 30 ha, and it feeds two main
corridors that converge just upstream of the zone where the obstacles and sen-
sors are located (near 1700 m a.s.l.) [69]. Since the late 1990s, more than 70
avalanches (involving artificial and natural releases) have reached the obstacles
and have been recorded. Fig.[T]shows side views of the three obstacles in Vallée
de la Sionne and the positions of the pressure sensors. These obstacles include
a steel pylon of rectangular cross-section, a small concrete wall and a narrow
steel wedge [9] [70]. We implemented these geometries in our DEM to simulate
avalanche pressure on the Vallée de la Sionne obstacles.

The pylon is a 20 m tall steel cantilever with an elongated cross-section in
the flow direction of 1.6 x 0.6 m?, . It is equipped with 6 cylindrical pressure
sensors with a vertical spacing of 1 m from 0.5 m to 5.5 m above the ground. The
cylindrical sensors have a diameter of 0.1 m and protrude upstream into the flow.
The avalanche flow velocity is measured at the pylon using 46 optoelectronic
sensor pairs vertically distributed from 0.25 m up to 6.0 m above the ground
[71]. In the DEM simulations, we reproduced the exact cross-section of the
pylon but chose a smaller vertical spacing of 0.26 m instead of the 1 m between
the pressure sensors on the real measurement pylon in Vallée de la Sionne to
enhance the resolution of the vertical pressure profile. The spacing of 0.26 m
corresponded to the vertical location of every second velocity sensor on the
pylon.

The second obstacle is a narrow wedge with a flat beam mounted at the leading
edge with a frontal width of 0.24 m and a height of 4.5 m. The beam accommo-
dates four cylindrical pressure sensors with a diameter of 0.25 m, which protrude
upstream into the flow. The sensors are located 1.3 m, 2.3 m, 3.3 m and 4.3 m
above the ground. The sidewall of the wedge is at an opening angle of 5° from
the symmetry axis of the obstacle in the flow direction. Instead of the flat beam
at the front and the small wedge angle of 5°, our DEM codes approximated the
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wedge with a flat front and parallel side walls, similar to a rectangular cross-
section. As for the real measurement structure, we implemented the cylindrical
pressure sensors of diameter 0.25 m protruding upstream from the beam at the
same locations above the ground.

The third obstacle in Vallée de la Sionne is a concrete wall, 1.0 m in width and
4.5 m in height. There, the impact pressure is measured using two types of
sensors. The first probe consists of a 1 x 1 m measurement plate centered at
a height of 3 m above the ground. The second type involves three cylindrical
pressure sensors identical to the ones used on the pylon, which are located in
the middle of the wall at 1.5 m, 2.25 m and 3.75 m above the ground. These
cylindrical pressure sensors were mounted in 2015. The DEM code reproduced
the exact geometry and positions of the 1 x 1 m measurement plate and cylin-
drical sensors, although the cylindrical sensors are not present in measurements
older than 2015.

=3

Figure 1: Vallée de la Sionne measurement obstacles. Panelsa, b and ¢ show side views of the
pylon, wedge and wall obstacles, respectively. The positions of the cylindrical sensors with
a diameter of 0.1 m (red diamond), the cylindrical sensors with a diameter of 0.25 m (blue
five-pointed star) and the 1 m? measurement plate (green six-pointed star) are highlighted
with arrows in the corresponding colors.

2.2.2. Generic obstacles in DEM

To obtain a broader understanding of how impact pressure is affected by obsta-
cle shape and size, we additionally simulated the interaction between avalanches
and prismatic obstacles, including rectangular, circular and triangular cross-
sections. Varied widths were considered. These geometries are commonplace in
buildings, dams, cable car stations, protection structures and other infrastruc-
tures in avalanche-prone terrain. For all these obstacles, we chose a height of
5.7 m, which corresponded to the height of the highest velocity probe on the
pylon (see Sec.2.2.1)). This height was sufficient to prevent the granular mass
from overflowing the obstacle.

For the rectangular obstacles, the width w of the faces normal to the flow di-
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rection could be varied. The faces parallel to the flow direction were 1.6 m
long in all simulations, which corresponded to the length of the pylon. For the
triangular obstacles, we used wedges whose apex angle was « = 60° and which
faced the flow. The wedge base was normal to the flow direction, and its width
w could be altered.

Finally, for the cylindrical obstacles with circular cross sections, the width w
was the diameter. For all cross-sections we used the following array of values:
w = [0.24,0.6,1.0,3.0,6.0] m. The widths w < 1 m matched the widths of the
Vallée de la Sionne measurement obstacles.

In order to investigate how the impact pressure was distributed on the obstacles,
the obstacles’ surface was discretized into smaller areas. In the vertical direction,
we divided all rectangular, triangular and cylindrical obstacles into 22 sections,
each 0.26 m in height, which again corresponded to the vertical location of every
second velocity sensor on the pylon (see Sec.. In the horizontal direction,
we further divided the obstacle surfaces facing the granular flow into segments
of equal widths. For most simulations the segment width was approximately
0.1 m. Only for the very narrow obstacles with w = 0.24 m, the segments were
approximately 0.05 m wide to obtain a higher resolution of the impact pressure
distribution. From left to right, Fig.[2]shows a perspective view of a rectangular,
cylindrical and triangular obstacle with a width w = 1 m.

a b c

Figure 2: Perspective views of the obstacles with a rectangular (a), circular (b) and triangular
(c) cross-section. The black grid visualizes the discretization of the impact surface (shown
in light gray). The obstacles are shown while interacting with an avalanche, which is cut
vertically in the middle of the flow domain. The particles are colored according to their
streamwise velocity.

2.8. Awalanche scenarios

2.8.1. Generic avalanche scenarios in DEM

In our study, we selected four typical scenarios of flow avalanches based on
the data collected over the last 20 years at the Vallée de la Sionne test site

11
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[29, [68]. These include two scenarios of fast avalanches and two scenarios of
slow avalanches. The fast-avalanche scenarios are mostly relevant for avalanches
in the fully developed flow regime, whereas the slow-avalanche scenarios would
better describe avalanches in the runout phase.

e Cold shear flow regime (also called cold dense flow regime in Kohler
et al. [29]): this regime is characterized by a nonuniform vertical velocity
profile, with velocity increasing substantially from the bottom (where it
is close to zero) to the free surface of the flow (where it can be as high as
30 m/s in Vallée de la Sionne). This velocity profile implies that the flow
experiences high frictional resistance at its base. Owing to high velocities,
cold shear flows are often supercritical (Fr > 1) and are therefore consid-
ered inertial flows. The cold shear flow regime is also typical of the dense
core in powder snow avalanches. The avalanche’s dense layer is usually
shallow, with flow depths of less than 4 m [29]. To model this scenario, we
simulated a velocity profile increasing linearly from 0 m/s at the bottom
to 30 m/s at the flow’s free surface. We considered a flow depth of 2.5 m
for all runs. Cold snow below —1°C usually exhibits low cohesion (see
Sec.[l)), and we thus simulated a cohesionless granular material with the
cohesive bond strength .., = 0.0 kPa for this scenario.

e Warm shear flow regime: this regime refers to cases for which the
vertical velocity profile may reach peak values of v ~ 25 m/s. In contrast
to cold snow, the snow in warm avalanches is considered to be highly
cohesive, which may lead to large snow aggregation (clogging) within the
avalanche [29] [72 [73]. Snow clogging is, however, counterbalanced by
fragmentation induced by collisions and high velocities within the flow.
The vertical velocity profile is similar to that observed for the cold shear
flow regime [29]. We simulated the warm shear flow regime with the same
flow depth (2.5 m) and, despite the small velocity deviation, with the same
vertical velocity profile as in the cold shear flow regime. To account for
the high cohesion, we set the cohesive bond strength to o.,, = 10.0 kPa.
This cohesive strength value is higher than the back-calculated o, for
a range of typical warm avalanches documented by Sovilla et al. [9], but
lower than for extremely cohesive avalanches [53].

e Cold plug flow regime: this regime is characterized by a low shear
rate in the vertical velocity profile above the sliding surface [68]. Because
the cold snow in this type of avalanche has little or no cohesion, a uni-
form velocity profile (plug flow) is observed when basal friction is low. On
the contrary, a sheared velocity profile develops when the basal friction
is sufficiently high. Plug flows typically occur in the tail of large cold
snow avalanches, after the avalanche head has smoothed out the sliding
surface, or in the runout of a cold, dry dense avalanche. Indeed, in this
flow regime, velocities are usually lower than 10 m/s, which is often the
case in the runout zone. Owing to the low velocity, cold plug flows are

12
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mostly subcritical (Fr < 1) and are, therefore, considered to be gravita-
tional avalanches. In this flow regime, impact pressure is proportional to
flow depth and independent of flow velocity [9]. To model this regime,
we simulated a granular mass moving at an arbitrary velocity of 3 m/s
uniformly across the flow depth. The flow was assumed to be cohesionless
(cohesive strength o..p, = 0.0 kPa). The flow depth was 2.5 m.

e Warm plug flow regime: this regime, defined by Kohler et al. [29],
is often observed for avalanches with snow temperature close to 0°C.
This flow regime is typical of dense wet snow avalanches. The snow in
such avalanches is highly cohesive, and thus experiences clogging. The
avalanche takes the form of a slow displacement of blocks gliding along
the ground or snow cover [29] [74]. To model this regime, we simulated a
flow identical to the one in the cold plug flow regime, but with a cohe-
sive strength of o.,, = 10 kPa between the particles. Although the flow
depth can reach 5 — 7 m [52], we still considered a flow depth of 2.5 m
for the sake of comparison with the other flow regimes and to reduce the
computational effort.

We summarize the properties of these four flow scenarios in Table[2]a.

2.8.2. Vallée de la Sionne avalanche scenarios in DEM

In order to test our DEM model, we compared simulated to measured impact
pressure on the obstacles in Vallée de la Sionne. Hence, we needed to select
recordings from the Vallée de la Sionne measurement archive, in which the three
obstacles, located within an area of 16.5 m in radius, were hit simultaneously by
the flow. For these real-world avalanche scenarios, we chose two typical exam-
ples including a warm plug flow regime avalanche and a cold shear flow regime
avalanche, which are described below. To be able to compare impact pressure
between real-world and simulated avalanche flows, we chose a vertical velocity
profile in the simulations that came closest to the velocity profiles measured at
the pylon.

e The February 1st 2013 avalanche (naturally released) is a typical example
of the warm plug flow regime. Because the avalanche flow characteristics
also evolve with time, we selected a sequence of 3 s from the complete
recording with a duration of 4 minutes in the Vallée de la Sionne measure-
ment database. In this selected time window, the avalanche’s dense flow
was moving at ~ 2.5 m/s and had a flow depth of approximately 2.7 m.
The sliding surface was roughly 1.2 m above the ground. We compared
these measurements to simulations where a constant velocity of 2.5 m/s
was imposed across the entire flow depth of 3 m. The cohesive strength
was set to o.on, = 5.0 kPa. This value corresponds to a moderate cohesion
and is in the middle of the cohesion-less and highly cohesive scenarios de-
fined in section[2:3.1] Moreover, it is in the range of the back-calculated
cohesion values for which we to obtain a good agreement between com-
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puted and measured impact pressures for a number of warm plug flow

avalanche events in Vallée de la Sionne [9] 53].

e For the experimental data related to the cold shear flow regime, we selected
measurements from an artificially released large powder snow avalanche on
8 March 2017. As done previously, we extracted a sequence of 1 s, during
which the flow depth of the avalanche’s basal flow was ~ 2.5 m. The
velocity increased from 0 m/s at the ground to ~ 40 m/s at 2.5 m above
the ground. For the comparison, we simulated a flow with a velocity profile
increasing linearly from 0 m/s at the ground to 40 m/s at the free surface
2.5 m above the ground. For cold shear avalanches, we expected snow
cohesion to be low and thus selected a cohesive strength of o.,, = 0.0 kPa.

We summarize the two avalanche scenarios in TablePlb.

Table 2: Simulated avalanche flow scenarios.

Flow regime! Typical application Velocitz profile Coclrlesion Flow }Illeight
coh
a) Generic avalanche scenarios in DEM
tail of dry 3 m/s
cold plug (|) flow avalanche 0.0 kPa 25 m
runout constant
gravitational
wet 3m/s
warm plug (]) flow avalanche constant 10.0 kPa 2.5 m
track, runout
dry dense core of
cold shear (/) powder avalanche Oijl?e:;/ 5 0.0 kPa 2.5 m
inertial track
wet dense core of 0-30 m/s
warm shear (/)  powder avalanche 10.0 kPa 25 m
track shear
b) Vallée de la Sionne avalanche scenarios in DEM
wet 3m/s
gravitational ~ warm plug (|*) flow avalanche constant 7.5 kPa 4.0 m
track, runout
dry dense core of
inertial cold shear (/*)  powder avalanche 0-40 m/s 0.0 kPa 25 m
track shear

T Distinction of flow regimes based on Fr and [28 29].
! Avalanche types and zones according to [20] and [75], respectively.
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3. Comparison of simulated and measured impact pressure on obsta-
cles of varied geometry

In this section, we show that our model was able to simulate the impact pressures
on obstacles of different geometries and in different flow regimes. To that end, we
compared simulated and recorded impact pressures by implementing pylon, wall
and wedge obstacles—described in Sec.2:2.1}-in our DEM code and matched
the simulated velocity profile to the velocity measured at the pylon. The first
and second rows of Fig.[3|show the simulated and measured impact pressures in
the warm plug flow regime (|*) and the cold shear flow regime (/*), respectively,
as described in Sec.2.3.2]

pylon wedge wall
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Figure 3: Comparison of simulated and measured impact pressure on the Vallée de la Sionne
obstacles. The plots in the first column show the measured (dark red) and simulated (light red)
velocity at the pylon. The plots in the second, third and fourth columns show the measured
and simulated pressure on the pylon, wedge and wall, respectively. The first and second rows
show the impact pressure exerted by an avalanche in the warm plug and cold shear flow
regime, respectively. The symbols represent the measured (dark colors) and simulated (light
colors) impact pressure on the cylindrical sensors with diameters of 0.1 m (red) and 0.25 m
(blue), as well as the 1 m? (green) sensor plate. These colors and symbols correspond to the
illustration in Fig.[I]

The comparison exercise in Fig.[3] demonstrates a good general agreement be-
tween the simulated and measured impact pressures in the warm plug flow
regime (|*) and the cold shear flow regime (/*). We observe that the model
is able to capture the pressure differences measured by the different sensors at
the three obstacles. This can be best seen by comparing the pressure on the
wall with the square sensor of 1.0 m? area in the right column to the pressure
values obtained for the cylindrical sensors with a diameter of 0.1 m. For the wall
no measurements of the cylindrical sensors are available because these sensors
were not yet mounted when this avalanche occurred in 2013 (see Sec.[2.2.1)).
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However, the simulated pressure on the cylindrical sensors with a diameter of
0.1m sensors on the wall is in good agreement with the pressure measured on
the pylon with the same sensors and at the same height. In the warm plug flow
regime (wall,|*), the simulated and measured pressures on the 1.0 m? sensor
were considerably lower than the expected pressure for the smaller cylindrical
sensors given by the linear interpolation of the values of the sensors at 2.25 m
and 3.75 m above the ground.

In the middle (wall,|*), the pressure on lowest cylindrical sensor was lower than
on the sensor at 2.2 m above the ground, which deviated from the proportional-
ity of the pressure with the flow depth in the gravitational regime [e.g.,[9, [76], [77].
However, this could be explained by the fact that the sensor at 1.2 m above the
ground was already partially inside the avalanche deposit and therefore not im-
pacted by the avalanche at full thrust.

In the cold shear flow regime (wall,/*), the simulated and measured impact
pressures on the larger sensor were higher than on the small sensors. This was
the opposite of what we observed in the warm plug flow regime (wall,|*). The
qualitative agreement between simulations and measurements for the two dif-
ferent sensor types and in both flow regimes shows that the simulations were
able to reproduce the measurements.

We did, however, observe differences between the simulated and the measured
impact pressures. In the warm plug flow regime (wall,|*), the simulated pressure
on the wedge obstacle increases at a moderately higher rate with flow depth and
has a higher pressure peak compared to the measured pressure.

For the cold shear flow impacting the wall (wall, /*), the pressure on the highest
cylindrical sensor at the wall 3.75 m above the ground was considerably higher in
the simulation than in the measurement. In this case, the uppermost cylindrical
sensor in the simulation was impacted by the dense flow. In the measurement
of the powder snow avalanche, the sensor might already have been inside the
powder cloud or the more dilute flow surrounding the dense layer, which would
have exerted less pressure on the sensor.

4. Average impact pressure exerted on obstacles of different geome-
tries

In Fig.[la, we show the simulated impact pressures on obstacles of rectangu-
lar (O), circular () or triangular (A) cross-section of varied width exerted
by an avalanche in the cold plug (|) and warm plug (|) flow regime scenarios
defined in TablePJa. In both flow regimes, the impact pressure was highest on
the rectangular cross-section. On average, the impact pressure on the circular
and triangular cross-sections was 17% and 43% lower, respectively, than the
pressure on the rectangular cross-sections.

We also observed that the impact pressure p, decreased with increasing obstacle
width for all cross-sections. The impact pressure exerted by a cold plug flow de-
creased by only 2.7 kPa from p; =3 m t0 Dz w=6m, While the pressure decreased
by 4.6 kPa from ps w=0.24m t0 Dz w=0.6m With a much smaller change in w. The
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decrease in the rate of change in p,, for increasing w indicates that from a certain
w value, p, no longer decreased significantly with further increases in w. As the
impact pressure decrease rate with increasing w was already low for w = 6 m,
we assumed that the pressure decrease for w > 6 m was negligible. Hence, we
used the impact pressure on the widest obstacle p; ., —6m as an approximation
of the impact pressure on wider obstacles. In order to quantify the pressure
increase on a narrow obstacle compared with that on a wide obstacle in Fig.[]b,
we divided the impact pressures of varied widths p, by the impact pressure on
the widest obstacle p, .,—¢m of the same cross-section type and flow regime.

Fig.[A]b shows that the pressure decrease in the cold plug flow on obstacles of in-
creasing width was similar for all cross-sections. py w=0.24m, Pz,w=0.6 m> Pz,w=1m
and py =3m were on average 2.0, 1.7, 1.6 and 1.2 times higher, respectively,
than p; w=6m. In the warm plug flow regime we observed the highest ratio
pm7w:0_24m/pm7w:6 m = 2.6 for the circular cross-section and the lowest value
Do w=0.24m/Pzw=6m = 1.8 for the triangular cross-section. Hence, the differ-
ences between the pressure ratios of different cross-sections in the warm plug flow
regime (|) were slightly larger than the values in the cold plug flow regime (|).

Fig.[lc shows the simulated impact pressures on obstacles of varied width ex-
erted by an avalanche in the cold shear (/) and warm shear (/) flow regimes.
Similar to in panel a, the impact pressure was highest on the rectangular obsta-
cles, while 22% and 45% less impact pressure was exerted on the cylindrical and
triangular obstacles, respectively. The impact pressure increase from the cold
shear (/) to the warm shear (/) flow regime due to cohesion was of a factor 1.7
on average. This was considerably lower than the impact pressure increase due
to cohesion of a factor of 3.2 in the gravitational regime ([,|).

For all obstacles impacted by the cold shear (/) and warm shear (/) flow
avalanche, the pressure decreased for 0.24m < w < 1m. For w > 1 m the
impact pressure either decreased further or increased slightly, depending on the
geometry and flow regime.

In Fig.d, we scaled p; by pyw=6m Of the same geometry and flow regime,
similar to the gravitational flows, although the qualitative trend in p, was not
consistent. Paneld shows more clearly that in the inertial flows (/,/), the de-
pendency of the impact pressure on the obstacle width was generally lower than
for the gravitational flows (|,|).
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Figure 4: Dependence of impact pressure p,; on obstacle geometry and width w. Panela
shows the impact pressure exerted by a cold plug (dashed, blue) and a warm plug (dashed,
red) avalanche flow. Panel ¢ shows the impact pressure exerted by a cold shear (dash-dotted,
blue) and a warm shear (dash-dotted, red) avalanche flow. Panelsb and d show the impact
pressure for obstacles of varying width w relative to the pressure on the 6 m wide obstacle of
the same geometry and flow regime in the gravitational and inertial flow regimes, respectively.

5. Pressure distribution on obstacles of different geometries

In this section, we present how the impact pressure was distributed on the obsta-
cle surface. For the tested obstacle of width w = 1 m, in Fig.[5} we visualize the

distribution of the impact pressure exerted by avalanches of four flow regimes
(see Sec.|2.3.1)) on obstacles with different cross-sections.
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Figure 5: Impact pressure distribution on the discretized impact surface of the prismatic
obstacles (w = 1 m) with a rectangular, circular or triangular cross-sections. From left to
right the columns show the pressure distribution in the cold plug, warm plug, cold shear and
warm shear flow regimes. The colors represent the average impact pressure magnitude on the
respective surface.

In the first two columns of Fig.[f] we observe that the impact pressure was
largest at the bottom of the avalanche flow for the plug flow regimes (|,|). For
the cold shear flow regime (/) in the third column, the impact pressure was
highest at the flow surface, 2.5 m above the ground. In the warm shear flow
regime (/), in the right column, the highest pressure was also located near the
flow surface, but the pressure peak was more spread out towards the ground
compared with in the cold shear regime (/).

In the horizontal direction, the pressure distribution was variable for the dif-
ferent geometries and flow regimes. In order to analyze the horizontal pressure
distribution more closely in Fig.[6] we plotted the impact pressure as a function
of the y coordinate transverse to the flow direction at different heights z. To
improve the visibility of the horizontal pressure variations, we scaled the local
impact pressure p,(y,z) by the average pressure py mean(%) at the respective
height and the y coordinate with the width w of the obstacle.

19



490

495

500

—_— — & —04m — — & —04m p— — & —04m a— — & —04m
L 16 - L 16 -y L 16 - Zotel |2 @ Thm
T 25m T 25m = 25m T 25m .
14 <14 =14 R
;12 éwz' a §12'l §12 \ /-
] = oM Aa ER N N 2 % - w S ]
o A5 Y- ] o o o o B o 1\ - A
2 N g o s y oy e - TGN = 4
5 ool ToRgTER | S olT R W | S O TERIGUETE | S 0 F R s alay
Sos 3 o8 Lo w | o8 S o8 '
206 2 06 2" 06 2 06
05 05 0 05 05 05 05 05
y/w[-]
5.0 50 —e —oin 50 50
- - —@—1iim - -
— — — @ —16m — —
5 4o 5 40 Lem 5 40 5 4o
§30 §30 §30 § 30
E E E 13
CY - PO ! ol eh
20 -~ 20 a’ . 278
2 Y S 2 > - e
= FAAd < o® s < ek I ATt
> 1.0 » > 101 o ¥ > 10 & ” = 1.0 a~ S
a A | o s \ a M| S
0.0 0.0 0.0 00
0. 0 05 5 05 5 0 05 5 5
y/w[-] y/w(-] y/w(-] y/wl-]
_ 85 —& o _ 85 —4 o _ 85 Ao _ 85 Ao
L 30 “a e L 30 “a e L 30 Za e L30b |—& iem
= 25 = 25 = 25 = 25
£ 25 - 5% 25 k = r‘ & 25 = 55 25 =
§ § ]
£ 20 £ 20+ 1 £ 20 £ 2.0
A PRI & &
o5 S5 M‘ = 15 ﬁ = 15 Mo A
3 1,0%___..,“: Ml# EREIE o T 1.0 Apdanct adeaad | T 10 W ,.’,%‘(“_.__ W
05 05 A 205 05 a0k {
05 0 05 05 0 05 05 0 05 05 0 05
y/wl-] y/wl-] y/wl-] y/wl-]

Figure 6: Horizontal pressure distribution on obstacles with w = 1 m normalized by the av-
erage pressure at the respective height. The first, second and third rows show the pressure
distribution on the obstacles with rectangular, circular and triangular cross-sections, respec-
tively. From left to right the columns show the pressure distribution in the cold plug, warm
plug, cold shear and warm shear flow regimes.

In the first row in Fig.[6, we observe that the impact pressure on the rectan-
gular obstacle () exerted by the cold regimes (|,/) was evenly distributed in
the y-direction. In contrast, the impact pressure exerted by the warm regimes
(|,/) was up to ~ 1.5 times higher at the outer edges than in the middle of the
obstacle. In the warm shear regime (/), these pressure concentrations at the
edges were most pronounced at the bottom of the flow.

For the circular cross-sections (()) in the middle row, the pressure distribution
showed no significant differences for the four flow regimes tested. The impact
pressure was highest in the middle of the obstacle, where the flow impacted the
obstacle at a right angle, and was lowest at the sides where the obstacle surface
was tangential to the flow.

Depending on the flow regime and flow depth, the horizontal pressure distri-
bution on the triangular obstacles (A) in Fig.@ shows pressure concentrations
both at the obstacle outer edges and at the leading edge. A pressure peak at
the leading edge of ~ 2 times the average pressure was present in most cases
(,/,/), but not in the warm plug regime (|) or near the ground for the warm
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shear regime (/). A pressure peak at the outer edges of the obstacle, where the
pressure was up to ~ 2.5 times higher than the average pressure, occurred across
the whole flow height in the warm plug regime (|) and was most pronounced
near the ground in the cold plug regime (]).

6. Impact pressure calculation

Here, we propose a physics-based and practice-oriented method for estimating
Cp values depending on the obstacle geometry and the avalanche flow charac-
teristics. In Sec.[6.1] we present a method for estimating Cp for cohesionless
avalanches (e.g., |,/), which are often relevant in practice, as they are repre-
sentative of dry fast avalanches in the avalanche track and runout. In Sec.[6.2]
we show how the impact pressure increase caused by cohesion (e.g., |,/) can be
calculated.

6.1. Estimation of drag coefficients for cohesionless avalanches
Based on similar findings in previous studies [8], [6, [78 [79], we propose a physics-
based definition of the drag coefficient Cp, similar to Eq. , as follows:

K
C(D = quo Cr = Cgeo (1 + W) (8)

where we first divide Cp into two factors [§]: (1) Cyeo, which is solely related to
the geometry of the obstacle, and (2) C.., which depends on the flow regime of
the avalanche. Furthermore, we rewrite the coefficient C,. according to Eq. @
[7, [78].

The average impact pressure of an avalanche with a flow depth h and velocity
v can be calculated according to Eq. @[):

h
Pzx,calc = Cngz = Cgeogv2 + Cpg§ (9)

where we use the definition of Fr = v/{/gh and set { = Cyeol to obtain a
formulation similar to that used by Sovilla et al. [52].

For the gravitational plug flow regime (|) in Fig.[la, we find that the impact
pressure decreased for obstacles of increased width for all geometries. Hence, as
shown by Eq. , we further decompose the geometry factor Cyc, into a co-
efficient C, considering only the obstacle’s geometrical shape and a coefficient
Cw = Dz /Pxw=6m depending on the obstacle width, as presented in Fig.

For the impact of avalanches in the inertial shear flow regime (/) in F ig.c, the
width influence was not monotonic or similar for all geometries. For lack of a
better understanding of the physical processes involved, and given the qualita-
tive trend exhibited by the width influence on the pressure in these regimes, we
set Cy = 1 in the cold shear (/) flow regime for all w:

Cgeo = Co Cyy (10)
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To estimate the geometrical part C, of the drag coeflicient Cy., of an obstacle,
for which C, is not known a priori, we propose the heuristic Eq. . This
method is based on the concept that the resistance to the flow offered by a flat
body scales with the cosine of its angle to the flow’s direction transverse (the
y-direction in our setup). Hence, we discretize the obstacle’s impact surface into
n piecewise straight segments at an angle 6,, and of width d,, and calculate C,
as the sum of the weighted contributions of the individual straight segments as
in Eq. . A prerequisite for applying Eq. is that the obstacle’s impact
surface facing the upstream direction of the flow must be convex.

1
C’O:1+EZcosﬁndn (11)
From Eq. , we can identify two limiting cases: (1) C, = 1 for an infinitely
narrow object parallel to the flow, and (2) C, = 2 for an obstacle of finite width

with a flat face at a right angle to the flow direction. Fig.a illustrates Eq. .
Fig.[7]b shows examples calculations of C, for the geometries considered in this

study.
7
: 0 4 o
y Y,

general cross section rectangular  circular triangular VdIS pylon
C0=1+%Zn cos 6 dp C,=2.0 C,=1.78 C,=15 C,=1.65

Figure 7: C, estimation based on Eq. for a general cross-section in panel a and for selected
cross-sections in panelb. VdIS = Vallée de la Sionne.

The remaining factor to be determined in Eq. is K, which is associated with
the depth-dependent impact pressure contribution of gravitational avalanches
[9]. In the gravitational flow regime, the impact pressure on the structure pre-
dominantly originates from the material compression inside the flow region,
which is influenced by the presence of the obstacle [53] [55] [56]. The compres-
sion of the granular material is mainly caused by particle jamming due to the
resistance to the flow offered by the obstacle. Because flow resistance depends
on the obstacle geometry, we use C, as a proxy for how much the material is
jamming upstream of the obstacle rather than being deflected. Confined com-
pression tests on a granular material with the same properties as in this study
have shown that the axial stress scales approximately with the square of the par-
ticle compression [56]. Hence, as an approximation, we set the factor K = C,
such that the second term of the regime-dependent coefficient C,. scales with C2.
Considering compression tests of the granular material for calibrating K is in
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line with the original idea of Faug [78], where K corresponds to the pure earth
pressure coefficient, as this accounts for the material’s mechanical properties
and stress state under compression. Finally, using K = C,, the drag coefficient
Cp can be estimated using Eq. :

Cgeo K Cg Cw
CD = Cgeo Cr = Ogeo + Fr2 = C’o Cw + Fr2 (12)

6.2. Impact pressure exerted by cohesive avalanches

Snow cohesion in an avalanche is only relevant for the flow behavior and the
impact pressure above a certain cohesion threshold [28] 53], [80]. The threshold
is not a constant, but depends on the balance between the collisional forces,
proportional to the flow velocity, and the cohesive strength between the parti-
cles. Below the threshold value, the flow exhibits a predominantly cohesionless
behavior, because the collisional forces break snow aggregations apart. Above
the threshold value, the avalanche snow is cohesive enough to aggregate more
snow particles than the collisional forces can break. This interplay between col-
lisional and cohesive forces, which also governs the impact pressure increase due
to cohesion, can be captured by considering the Bond to Froude number ratio
gBo,rr = Bo/Fr [53]. The dimensionless Bond number Bo = 0¢oh/Deony is the
cohesive strength o, divided by the confining pressure peon s [81], which is the
vertical component of the local stress tensor.

As already demonstrated in our earlier paper [53], the impact pressure exerted
by a cohesive avalanche pj ... can be simply calculated according to Eq. ||
by multiplying a factor feon(¢po,rr), based on the ratio of the Bond number,
by the impact pressure exerted by a cohesionless flow with the same flow height
and velocity pg. caie:

p;calc = Pz,calc fcoh(qBo,FT) (13)
We assume that f.,; varies slightly depending on the obstacle geometry. How-
ever, many simulation runs with varying v and o.,;, are needed to obtain f..p
as a function of ¢p, rr for a specific geometry, making it cumbersome to find
feon for all geometries in this study. Hence, as an approximation, we use the
scaling available our earlier work [53] using the Vallée de la Sionne pylon, which

we fit with Eq. :
feoh = c1/(c2 + qBo,Fr) + 3 (14)
where ¢; = —3.6, co = 1.5 and ¢3 = 3.4 are the fitting parameters.
7. Comparison of calculated impact pressure with simulations and
measurements

7.1. Cohesionless avalanches

Using the method for the estimation of C,, C,, and K described in the previous
section, we calculate the impact pressure p; cqrc of a cold plug flow (]) and a

23



570

575

580

585

cold shear flow (/) on obstacles of varied geometry. We compare the calculated
and simulated impact pressure p; pga, as shown in Fig.

For the calculation, we choose C,, according to the pressure ratios ps;/pz w—6m
of the cold plug flow (]) in Fig.b and assume Cy, = 1 in the cold shear regime

(/) (see Sec.[6.1]). C, is calculated using Eq. (11)).
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Figure 8: Comparison of simulated impact pressure (red symbols) and pressure calculations
(blue symbols) using equations and for varying obstacle widths w. The first, second
and third columns show the pressure comparison for the obstacles with rectangular, circular
and triangular cross-sections, respectively. The pressure exerted by an avalanche in the cold
plug (first row) and the cold shear (bottom row) flow regime are shown. The dark blue shaded
areas represent the calculated gravitational pressure contribution, where the impact pressure
is proportional to the flow depth, while the light blue shaded areas represent the calculated
inertial contribution, where the impact pressure is proportional to velocity squared.

In Fig.[8] we observe that the calculated impact pressure agrees relatively well
with the simulated values. For the impact pressures exerted by the cold plug
flow (]) in the first row, the pressure on the rectangular obstacle is slightly over-
estimated, while the pressure on the cylindrical and the triangular obstacles
is slightly underestimated for all obstacles widths. In the inertial cold shear
flow regime (/), the influence of obstacle width on the pressure is not captured
because we assume C,, = 1 in this regime for all w. The mean relative error
between the simulated and the calculated pressure is 12% in the cold plug flow
and 15% in the cold shear flow.

In the cold plug flow regime (]), the flow depth-dependent gravitational pres-
sure contribution (dark blue area) is dominant, with a share of 85% of the total
calculated impact pressure. Using Eq. @D, we can calculate the proportional-
ity factor ¢ = C2C,, is associated with the gravitational pressure contribution
from the data in Fig.[8] The corresponding ¢ values in Fig.[8| are 2.3 < ( < 7.9,
where the highest value corresponds to the narrowest rectangular obstacle and
the lowest value corresponds to the widest triangular obstacle.

In the inertial cold shear flow (/) the pressure contribution proportional to ve-
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locity square (light blue area) has a share of 80% of the total calculated impact
pressure. Hence, in this regime the geometry dependent coefficient Cye, prevails.

7.2. Real avalanche scenarios

To assess how realistic the drag coefficient is for a real-world avalanche, we
calculate the vertical impact pressure profile for the warm plug (|*) and cold
shear (/*) avalanches on the Vallée de la Sionne obstacles and compare it to the
measured and simulated impact pressure in the real avalanche scenarios (|*, /*)
described in Sec.2:3.:2] Again, we estimate Cp values in the cohesionless flows,
using the method proposed in Sec.[6.1] to calculate the average impact pressure.
In the warm plug regime (|*), we consider the impact pressure increase due to
cohesion by calculating the pressure increase factor f.,, = 1.94 according to
Sec. using the scaling law from our earlier work [53] with Bo = 0.50 and
Fr =0.49.

In order to calculate the vertical pressure profile, we calculate the gravitational
and inertial pressure contribution from Eq. @D individually. Subsequently, we
use the proportionality of the pressure with the flow depth in the gravitational
regime [e.g., [, [76, [77] and with velocity squared in the inertial regime [e.g.,
611, 82l B3] to determine the vertical distribution. Further information on how
we calculated the impact pressure profiles is provided in the Supplementary
Material.

In Fig.[09] we plot the simulated and measured impact pressures from Fig.[3] and
we compare it to the pressure calculations.
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Figure 9: Comparison of calculated (colors) with simulated (light gray) and measured (dark
gray) impact pressure profiles on the Vallée de la Sionne measurement obstacles. From left to
right the columns show the comparison for the pylon, the wedge and the wall obstacle. The
first and second rows show the impact pressure exerted by an avalanche in the warm plug and
cold shear flow regime, respectively. The colors and symbols correspond to the illustration in

Fig.[T}

Fig.[9] shows that the calculated vertical impact pressure profiles qualitatively
agree well with the simulated and measured pressure profiles. For the cold shear
flow regime (/*) impacting the wedge obstacle, the comparison is made diffi-
cult by the fact that the measured dense flow at this particular obstacle was
probably below the sensor at 2.3 m above the ground, leaving only the lowest
sensor at 1.3 m measuring the impact pressure of the dense flow.

Although we obtain fairly good qualitative agreement between most computed
and measured pressure calculations, we observe significant differences between
calculations and measurements for two scenarios. The calculated impact pres-
sure is 34% lower than the measured pressure for the pylon impacted by the
warm plug flow avalanche (|*) and 42% lower for the wedge impacted by the
cold shear flow (/*).

The reason for this difference for the pylon may originate from the choice of C,
based on the assumption that the pylon’s overall width w = 0.6 m is relevant
for the impact pressure [52]. Actually, the sensors at the pylon have a diameter
of only 0.1 m and protrude upstream into the flow. Hence, it is difficult to
determine which w is relevant when choosing C,.

For the cold shear flow (/*) impacting the wedge, the error probably originates

from our assumption that C,, = 1 for all obstacles impacted by inertial flows.
However, in Fig.[d] we observe that the impact pressure on the narrow obstacles
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with the same width as for the wedge (w = 0.24 m) is greater than for the other
obstacle widths.

8. Discussion

8.1. Awalanche impact pressure on obstacles of varying geometry

When comparing the simulated and measured impact pressures in Fig.[3] we
find that the DEM code performs well at computing the pressure differences
between obstacles and sensors of varied geometry for different flow regimes.
The discrepancies observed in Sec.[3] between simulations and measurements
can be explained by the complex and time-dependent nature of real-world snow
avalanches when interacting with obstacles. Examples of this complexity include
deposition processes upstream of the obstacle and the coupling between the
avalanche’s dense and dilute flow phases.

Consistent with findings from earlier studies [e.g., 53] 80], panels a and ¢ in Fig.
show that snow cohesion can strongly amplify the impact pressure, particularly
in the gravitational regime. It is worth noting that the impact pressure is not
limited to the values simulated in our cohesionless or cohesive flow scenarios.
The impact pressure varies with o, from the blue curves (|,/) up to the red
curves (|,/) for any given obstacle geometry and width. If 0., is higher than
assumed in our scenarios, the pressure values may even exceed the red curves.

As a consequence, computations of p, are fraught with uncertainty for cohesive
avalanches: its value depends crucially on the choice of the cohesive strength
Ocon- In the absence of hard information on the link between snow temperature
and cohesion, no upper limit of o, is known. Values as high as 0., = 15.6 kPa
have been fitted for an avalanche from Vallée de la Sionne [53], and even higher
values are possible.

Fig.[lla and c also show that the simulated impact pressure depends heavily on
the obstacle geometry. The rectangular obstacles experience the highest im-
pact pressure, and the impact pressure on the triangular obstacles is on average
~ 45% lower. The pressure on the rectangular obstacles is not only higher than
the impact pressure on the triangular obstacles, but also shows more depen-
dence on the flow regime, e.g., if the cohesion increases. Hence, for construction
in locations where little is known about the behavior of extreme avalanches, the
triangular cross-section has the advantage of experiencing lower absolute pres-
sures and smaller pressure variations in different avalanche scenarios compared
with other geometries.

In Fig.[dl we further observe that the impact pressure exerted by gravitational
flows (|,|) decreases similarly for all obstacle cross-sections with increasing w.
This finding is consistent with the qualitative behavior observed in many con-
texts where obstacles or intruders move relative to a surrounding medium at
subcritical speeds [e.g., [10, 56 [84]. In an earlier paper Kyburz et al. [56] we
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tentatively proposed that decreasing p, is caused by increasing shear dilation in
the flow around obstacles of increasing w, but the physical origin of this trend
has yet to be established with certainty.

For gravitational avalanches, we observe that the impact pressure tends to de-
crease with increasing w, a feature that is of particular relevance to understand-
ing what may happen in the runout of avalanches with a long return period, in
which case dwellings would be the obstacles. Special attention should be paid
to the warm plug flow regime. In Vallée de la Sionne, avalanche flow depth
can be as large as 5—7 m [52]. Due to the greater flow height, this would re-
sult in pressure p, ~ 2.5 times higher than the impact pressure simulated for
the warm plug flow regime (|) in this paper. Some extreme avalanches may
exhibit snow cohesion greater than o.,;, = 10.0 kPa, which would lead to an
even higher impact pressure. In the gravitational regime the impact pressure is
linearly distributed across the flow depth (see Fig.[5)) [9] [76], [77]. As the highest
pressures are located at the flow base, reinforcing the foundation and lower part
of buildings is recommended, e.g. particularly for buildings at low altitudes,
where gravitational avalanche flows are most likely.

This behavior of gravitational avalanches contrasts with what is observed for
the inertial flow regime in Fig.[dc: the impact pressure decreases for all cross-
sections and flow regimes (/,/) for w <1 m. For w > 1 m the qualitative trend
of p, is somewhat unclear and probably negligible. Fig.[ld indicates that overall
the influence of w on p, is weaker in the inertial flow regime (/,/) than in the
gravitational flow regime (|,|) in panelb. For narrow obstacles, such as masts
of chair lifts or power lines in the avalanche track, the influence of w on p, is
admittedly lower, but the position of such obstacles in the avalanche flow zone
makes the probability of an inertial flow regime (/,/) very high. The scenario
of inertial avalanches is more problematic because in that regime, the impact
pressure increases with increasing velocity [61], 83] and thus is highest near the
flow-free surface. As a consequence, masts experience higher bending moments
in this regime than in the plug flow regimes, where the highest pressures are
observed at the flow base.

Computation of inertial flows is also fraught with higher uncertainty than for
gravitation flows, owing to the pressure dependency on the velocity squared. In
our simulations, we generated velocities as high as ~ 40 m/s, which is consistent
with the fastest velocities observed for dense flows in Vallée de la Sionne. As for
dense flows, the maximum velocity depends on the avalanche track topography,
and higher values are likely in other sites (Gubler et al. [85] cites values as high
as 60 m/s).

Fig.[6] shows that, depending on the flow regime, impact pressure is not dis-
tributed homogeneously on the obstacle surface: at the outer edges and at the
leading edge in the middle of an obstacle, it is up to ~ 2.5 times higher than
the average pressure. Local structure reinforcement can be considered an ap-
propriate countermeasure to this punching effect.
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8.2. Estimation of the drag coefficient

As the drag coefficient C'p varies smoothly between the subcritical and super-
critical regimes, Eq. allows us to go beyond the classic dichotomy between
gravitational and inertial avalanches. This possibility is essential for a physics-
based estimation of C'p because avalanches can undergo flow regime transitions
and multiple flow regimes may coexist in a single avalanche [29 [86]. With
Eq. the impact pressure can be interpreted as the sum of a velocity squared
and a flow depth-dependent contribution, as suggested in a number of studies
on snow avalanches and other gravity-driven flows [e.g., 4, 52, 87]. In Eq. ,
the Froude number determines the relative importance of the inertial and grav-
itational contributions to impact pressure:

e For subcritical flows (Fr < 1), the contribution weighted by K, which is
related to the gravitational contribution, is the dominant term;

e For supercritical flows (Fr > 1), K/Fr? becomes smaller whereas Cje,
becomes larger.

In addition to the Froude number F'r, the parameters C,, C,, and K have to be
determined to calculate Cp (see Eq. ) In a previous study [56], we showed
that for the gravitational regime, impact pressure depends on material compres-
sion in the domain of influence around the obstacle, and based on the present
study, we can assume that K = C, (see Sec., which reduces the number of
variables to only two (C,, and C,).

For the width-dependent coefficient C.,, we use py w/Ps,w=6m factors derived
from our simulations in the gravitational regime (Fig.b), but this may be a
source of error because we neglect a further decrease in p, for w > 6 m. In the
absence of knowledge on the physical processes underlying the dependency of
pz on w, we assume C, = 1 in the inertial regime.

To calculate the coefficient C,,, we propose the heuristic Eq. , which provides
C', estimates that are similar to the values available in the literature related to
snow avalanches and granular flows, where C, = 2, C, =1.5-1.7, C, = 1.5
are reported for rectangular, cylindrical and triangular geometries, respectively
[88, [19].

We can indirectly assess the accuracy of the estimates of C,, C,, and K by
comparing the estimated factor ( = C2C,, = C,C, K in the gravitational
regime to measured values from avalanches with flow heights of up to 5.4 m
and velocities of 1 — 8 m/s reported by Sovilla et al. [9]. For the comparison,
we assume, based on the Vallée de la Sionne pylon’s geometry (see Fig., that
the ¢ values on the pylon must approximately correspond to the average of the
estimated values of the cylindrical and triangular obstacles. For the factor C,,
we consider w = 0.6 m to be the relevant width, which corresponds to the width
of the pylon [52]. In these configurations, we estimate ¢ = 5.4 for the cylindrical
obstacle and ¢ = 3.8 for the triangular obstacle impacted by a cold plug flow (]).
The lower bound of { = 4.6 from the Vallée de la Sionne measurement data is
consistent with the average of the estimated values. This consistency confirms
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that the estimation procedure yields reasonable results for the cold plug flow
(). Considering that the pressure increase induced by cohesion in these specific
avalanches from Sovilla et al. [9] may be of a factor of 2.0 to 2.5 [53], we estimate
¢ = 7.6 for the cylindrical obstacle and ¢ = 13.5 for the triangular obstacle. The
upper bound of ¢ = 10.4 from measurements corresponds almost to mean value
of the estimated ones. Hence, considering the uncertainty of the choice of the
cohesive strength o.,, and the potential dependency of f.,n, on the geometry,
the estimated values are remarkably close to the measured ones.

In order to assess the practical relevance of the proposed method to estimate
Cp in real avalanche scenarios (|*,/*), we compare impact pressure calcula-
tions based on the Cp estimates to the pressure measured on the Vallée de la
Sionne obstacles in Fig.[0] Although p, is underestimated in two cases, due to a
uncertain choice of C, (see Sec.7 considering the simplicity of the proposed
method we can assert that the calculated pressure profiles show good agreement
with the measured profiles. We show that by considering the gravitational and
inertial contributions with the proposed method, we can calculate the vertical
pressure distributions on the obstacle. As mentioned in Sec.[8:I] this may be of
interest for the calculation of critical bending moments in inertial avalanches or
high pressures at the flow base of gravitational avalanches.

9. Conclusions

In the present study, we have shown that our DEM simulations were able to
reproduce how a snow avalanche impinges on obstacles of different geome-
tries. Simulated and measured pressures showed good agreement. We simu-
lated impact pressures on obstacles with rectangular, circular and triangular
cross-sections in four typical avalanche flow scenarios, and we quantified how
the impact pressure varied as a function of the obstacle geometry, width and
avalanche flow regime. Furthermore, we documented how impact pressure was
distributed on the obstacle surface for different geometries and flow regimes.
Based on previous studies on avalanche impact pressure—through field mea-
surements [7, [0 (2] [79] and DEM simulations [53] 56]—and the new simula-
tions presented in this paper, we have proposed a physics-based method for
estimating the drag coefficient Cp involved in the definition of the impact pres-
sure. An innovative point of our study is that the proposed calculation method
can be applied to various obstacle geometries by using the specific geometry
coefficient C,.

An important outcome is that Cp varies continuously between the subcritical
and supercritical regimes, and thus by using Eqs and one can compute
impact pressure with no assumption about the flow regime. When computing
average impact pressures and vertical pressure profiles using the new method
for estimating Cp, we obtained good qualitative agreement between impact
pressure measurements and simulations for all flow regimes. On average, impact
pressure can be predicted with a relative uncertainty lower than ~ 20%.
Further work is needed to elucidate the physical processes underlying the de-
pendence of impact pressure on obstacle width (through the C,, factor). The
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assumption K = C, is a coarse approximation based on an earlier study, where
we showed that impact pressure depends on material compression inside the do-
main of influence around the obstacle [56]. Further improvements of our method
could be achieved by calibrating the dependence of factor K on the flow regime,
e.g., by conducting a study on the behavior of snow subject to large compressive
deformations.
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