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ABSTRACT

Flow transitions from rock avalanches to multi-material flows and water saturated debris flows are frequently observed. In 2017, a rock mass
of Piz Cengalo (CH) collapsed on a glacier triggering a rock/ice avalanche that resulted into a series of debris flows. At Fliela Wisshorn
(CH), in 2019, a rock face collapsed in winter, resulting in a snow avalanche. These transitions depend on the composition of the release
and entrainment zones, and on the terrain as ice and snow can melt via frictional heating, increasing the flow water content.

Here, we compute the water content and localisation for the Piz Cengalo event depending on the input parameters. We show that water
localizes at the front of the flow, favoring a transition to a debris flow. At Fliela Wisshorn, we show the transition from a rock/snow release
to a snow avalanche. We highlight the importance of field and remote sensing data for models, as entrainment is critical for the simulations’

outcome and hazard assessment.

INTRODUCTION

Gravitational flows in mountainous regions often consist of a mixture of different materials, typically rock, ice, snow and water (Shugar et
al. 2021). These flows exhibit complex flow behaviour, often in the form of flow transitions. Indeed, over the last years, several rock/ice av-
alanches events have been observed which have transformed from solid rock/ice avalanches into fluid saturated debris flows. An example is
the Piz Cengalo rock/ice avalanche, Switzerland, in August 2017 (Mergili et al. 2020). Approximately 3 million cubic of rocks fell from the Piz
Cengalo, and hit the underlying glacier, entraining ~600,000 m3 of ice. From then on, the flow was made of rocks and ice, but transitioned
into a debris flow and reached the commune of Bondo, causing subsequent damage to the infrastructure (WSL, 2017) as well as 8 fatalities.
Another example is the rock avalanche that transitioned into a snow avalanche at the Fliiela Wisshorn, Switzerland. In this case, 250,000 m3
of mostly rocks and some snow fell on the underlying snow cover. There, the avalanche did not result into a debris flow but rather a snow
avalanche with a powerful powder cloud.

In both cases, the primary material in the deposition zone (mud and snow) was marginally present at release. Nonetheless, flow transitions
occurred, leading to a cascading sequence of flow types (rock/ice avalanches to debris flow in Piz Cengalo or powder snow avalanche in
Fliela Wisshorn). The flow behaviour of cascading processes is difficult to predict as runout distances might be very different than ava-
lanches that are made of a single material. They can have a much larger destruction potential, especially when they transform from granular
shear flows to highly mobile water saturated flows or airborne suspensions.

Numerical modelling is a very useful tool to assess the potential for such flow transitions. However, at present, numerical models are limited
in their ability to simulate multi-component rock/ice avalanches including entrainment and phase changes which, as we have noted, directly
lead to flow transitions. Most models treat the avalanche core as a single generic mixture of materials (e.g. Savage & Hutter 1989; McDougall
& Hungr, 2004). Important material differences between rock and ice, or ice and snow, or amount of water in the mixture are not considered.
Friction parameters which govern the runout behavior of the generic mixture are therefore tuned with the consequence that the modelling
tools have little predictive power. Existing models do not track the development of the internal energy (heat) of the rock, ice and water
phases and therefore cannot predict the additional amounts of water introduced into the flow by phase transitions.

Reliable input parameters and boundary conditions are required to set up numerical simulations. To this end, remote sensing, in particular
high-resolution datasets from drone surveys and/or airplane and satellite imagery, are an important asset to provide accurate and timely in-
put data, as well as to validate numerical modelling results. Drone surveys have shown to be the key to get spatial continuous measurement
of disposition parameters such as the snow depth distribution, containing water to fluidize the avalanches and to generate powder clouds
with high impact pressures (e.g. Biihler et al. 2016). To cover larger regions, satellites and airplanes can be used (Eberhard et al. 2021).
Radars from satellites can be used to detect and map surface changes caused by slope failure events (Manconi & Mondini 2022).

In this contribution we present a multi-component avalanche model consisting of four materials rock/ice/snow and water. Each material can
be defined at release, or as distributed along the avalanche track. The numerical model is an extension of the generic RAMMS avalanche
model (Christen, 2010) and has been termed the RAMMS::ROCK/ICE module. More importantly, the model tracks the internal heat energy
of the rock/ice and water phases (snow is considered as fine-grained ice) allowing the calculation of phase changes and the production of
melt water. In this paper, we concentrate on the thermodynamic aspects of the multi-component material model allowing the prediction of

water amounts in the depositions of rock/ice avalanches.
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METHODS

We perform several sets of simulations using the RAMMS::ROCK/ICE multi-component flow module. In the program, a two-layer model is
applied to simulate the non-suspended avalanche core (@) and the suspended powder cloud (ID (Zhuang et al. 2023). The avalanche core
entrains the ground materials and transmits mass/momentum to create a powder cloud of high dynamic pressure. Here we focus on the
importance of entrained material and heat transfer on the dynamics of the avalanche core. The RAMMS::ROCK/ICE model is based on the
conservation of mass, momentum and energy for all of the components of the considered system (rocks, ice, water, snow). We track the
mass evolution of all four components separately. The four components, however, are considered to move as a bulk mixture. Moreover,
we have a single momentum equation to calculate the mean, bulk mixture velocity. Water is trapped in the pore space and is assumed to
move with the speed of the mixture. More importantly, the rheological behavior of the mixture is governed by the mass ratios of rock, ice,

snow and water. We solve three internal energy equations to find the temperatures of the rock (Eq. 1), ice (Eq. 2) and water (Eq. 3) phases,
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The terms in E represent the energy of each phase (r for rock, is for snow and ice, w for water), (¢_r,d_is,p_w) and (¢_r,{_is,{_w) are the
mass fraction of rock, ice & snow, and water in the avalanche core and the entrainment layer, respectively. E@=[1-a_® | W _®+p_P h"_
R_® represents the total heat energy rate arising from the frictional shear work and the dissipation of fluctuation energy R ®. E'_(£-®)=p_X
[1/2|[u”_® ||*24c_ZT_Z ] M_(Z-®) defines the internal energy production rate during the entrainment process. Heat is transferred between

the different components via convective heating,
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The terms (q'_ri,q"_rw,q"_iw) represent the sensible heat fluxes between the rock/ice-snow/water mixture; the terms (k_ri,x_rw,x_iw) being
the heat exchange coefficients. (A_ri,A_rw,A_iw ) are the contact areas defined using the heights of the materials in the flow. The flux terms
(q'_(r—A),q"_(is=A)) define the heat changes between the rock/ice with the entrained air; (H_r,H_is) and (A_r,A_is) are the heat transfer
coefficients and the particle surface areas of rock and ice particles respectively. Melting occurs when the ice temperature T_i exceeds the

melting temperature T_m,
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We account for ground material entrainment. For this, we consider water, soil, and ice entrainment from the ground. We follow the work of

(Frank et al., 2015). There, the entrainment depends on,
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Where e'_(2-®) is the maximum potential erosion depth, dz/dt the average potential erosion depth, t the basal shear stress and t_% the
critical shear stress. We define the maximum entrainment depth as: h_X<h_X“max. For the snow cover entrainment, we follow (Bartelt et al.
2018). We also account for the snow cover entrainment as a function of the core velocity, as well as for the powder cloud dynamics and for

material exchange between the cloud and the core of the avalanche.

CASE STUDIES: PIZ CENGALO (2017) AND WISSHORN (2019) IN SWITZERLAND

We focus on the influence of heat transfer between the components to generate water, and on the importance of a snow cover as well as
ground material composition on the runout and flow composition. We assess the influence of heat transfer and ground material entrainment
in the Piz Cengalo avalanche, computing the dynamics of the flow and the evolution of the partitioning between the different materials with
time as well as their location within the flow. For this case, we vary the three heat transfer coefficients from 0 to 106 W.(K.m2)-1 and use
two ground material entrainment compositions (Fig. 1). We also perform simulations on the 2019 Fliela Wisshorn avalanche. In this case
study we include the snow cover, calculating the flow transition from a mostly rock avalanche to a powder snow avalanche. The details on
the initial conditions for both simulation setups are given Figure. 1.

The software allows for the definition of different release zones for which it is possible to define a delay for a second, third release etc. It also
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allows for the definition of one or several entrainment layers that can be spatially distinct and having different compositions and entrainment
properties. Here, for the sake of simplicity, and to assess the influence of different compositions for the entrainment layer on the dynamics
of the avalanche, we only define one entrainment layer for the Piz Cengalo problem, with the characteristics given in Figure 1. The number

of releases, their composition and delay in between them is also given in Figure 1.

Release 2:
~0.5 Mio m’ ice
Delay in release: 5s)

zone:

Release 1: ~3 Mio m’ rocks
Density: 2500 kg.m*

£: 500 m.s?

p:0.55

Temperature: 0°C

When active:
Entrainment composition:

1. 70% Rock 25% lce 5% Water
Density: 2030 kg.m?

2. 707% Rock 209 lce 109 Water
Density: 2035 kg.m?

Max entrainment depth: 30 m
Critical shear stress: 0.2 kPa
Erosion rate: 0.025 m.s”

Potential erosion depth: 0.1 mkPa’ |

Temperature: 0°C

Release 2:
~0.017 Mio m* snow

,‘_J{.", Delay in release: 55

3 Density: 300 kgm™*
= - £1800m.s?

= |e02
Temperature: -7°C

Density: 917 kg.m®
£: 1000 m.s?
M:0.35
Temperature: 0°C

Release 1: ~0.37 Mio m'
90% rocks, density , 2500 kq.
5 9% snow, density 300 kg.m™
5% water, density 1000 kg.m*
Temperature: -5°C

Snow Cover
(owver the whale computational domain):
Depth: 1.5 m at 2000m as.

Loss of snow height per 100m

elevation loss: 0.3 m

Temperature: -5°C (constant for the
whaole snow cover)

Density: 300 kg.m™

Figure 1: Initial and boundary conditions for the Piz Cengalo and Fliiela Wisshorn case studies. Photos: AFP and SLF. Map: swisstopo

RESULTS AND DISCUSSION

The first observation on both the Piz Cengalo and Fliiela Wisshorn simulations is the flow composition transition with time. Indeed, for
the Piz Cengalo case, the first release is purely made of rocks, no ice nor water are present. The second release, 5 seconds afterwards, is
made of only ice. We chose this delay as this is the time required for the rock mass to impact the underlying glacier. At t = 10s, the flow is
partly made of ice and partly of rocks as well as water. Indeed, some water has already been produced after the rocks released impacted
the glacier. The evolution of the different compositions with time (Fig. 2) indicates that the water content increases and is localized towards
the front of the flow, which would be in favor of a transition towards a debris flow. As a first approximation, we used an entrainment layer
having a constant composition, which we varied between the simulation set with two distinct compositions. The ice appears to localize on

the edges of the flow, whereas the rocks tend to concentrate towards the middle of the channel.

By simulating Piz Cengalo failure without entrainment, we note that the highest water contents are generated when the heat transfer coef-
ficients between the material are at their highest (Fig. 3). We also note that the difference in water production between [Kk_ri;k_rw;k_iw |=
[1076;1076;1076 ] W.m”"(-2).K*(-1) and [k_ri;k_rw;k_iw] = [1076;1073;10"3]W.m"(-2).K*(-1) is very small (Fig. 3), which suggests that
the most important heat transfer when it comes to melting the ice is the one between the rocks and the ice. Even though there are no large

variations in the runout (several meters), simulations that have a higher heat transfer coefficient exhibit longer runouts.
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t=200s t=365s

Volumetric ice content Volumetric rock content

Volumetric water content

Figure 2: Time evolution of the volumetric content for the rock, ice and water phases, from 10s after the release to the last time step before the flow left the computational domain. The
composition of each component is given in %. Those results are for the simulation with an entrainment layer made of 70% rocks, 20% ice and 10% water and with heat transfer coefficients:
[x_ri;x_rw;k_iw |=[1076;1073;1073 ] W.m”"(-2).K*(-1).

When comparing the amounts of water of simulations with and without entrainment, we find that entrainment remains the major provider
of water in the event if water and ice are involved in the flow and in the entrainment layer. Heat transfer enhances the water production
even more when ice and rocks are entrained in the flow. The water content varies significantly between simulations involving entrainment
layers containing 5% or 10% water. This result highlights the importance of constraining the composition of the entrainment layer as well as
possible, using field data, surface water simulations or remote sensing data. Clearly, the modelling needs to be performed on a case-by-case
basis as the results are highly dependent on the ground composition, and the release volumes and volumetric contents of rock, ice, water
and snow. Depending on the kind of materials involved, the heat transfers between the material can in addition play a crucial role, as they
allow in the Piz Cengalo case study an increase in water production from 15% to 20% when using low and high heat transfer coefficients
between rock and ice, respectively, see Figure 2.

The simulation results for Fliela Wisshorn, also exhibit changes in the composition with time (Fig. 4). Indeed, the event starts with a release
that is mostly made of rocks, but due to the presence of a snow cover as well as a second release made of snow, we see a complete shift

in composition, from a mostly rocky avalanche to a pure (powder) snow avalanche.

Water content evolution in the flow with time
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Figure 3. Water content {in m3) evolution with time for the flow with different entrainment compositions: E: R70% 120% W10% indicates an entrainment layer made of 70% rocks, 20% ice

and 10% water; E: R70% 125% W5% % indicates an entrainment layer made of 70% rocks, 25% ice and 5% water; No E indicates no entrainment.
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Figure 4. Fiiiela Wisshorn. a. Orthophoto take right after the event. b. Snow volumetric content, varying from 0 to 100%. c. Dynamic pressure of the powder cloud in kPa d. Rock volumetric

content, varying from 0 to 90 % Map: swisstopo.

CONCLUSION

In general, flow transitions are governed by two fundamental physical processes which might occur individually, or in some combination.
The first is entrainment of surface materials: ice, snow, soil and water. A second process inducing flow transitions is the melting of ice/snow
leading to an increase in the water content of the flow. Entrainment and phase changes are thus the two important features of cascading
processes to be considered to make accurate hazard predictions, including the construction of early warning systems. We underscore the
fact that both the modelling of thermal and entrainment processes are governed by parameters which are presently unknown. Subsequently,
existing thermo-mechanical modelling tools have little predictive value.

The problem is compounded by the fact that the material composition will vary seasonally, e.g., from winter snow conditions to wet spring
conditions, to dry summer conditions. Presently, hazard assessment in high mountain regions does not consider seasonal variability, which,
in turn, is directly related to the problem of changing climatic conditions. For hazard assessment in a changing climate, it is therefore nec-
essary (1) to apply remote sensing systems that are capable of quantifying seasonal variations in ground properties, and (2) to develop and

apply models that can accurately simulate the thermo-mechanical evolution of the flow, including material entrainment and phase changes.
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