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ABSTRACT

In May 2023, the Swiss village of Brienz was evacuated due to the threat from an impending rock avalanche. Consequently, we performed
forward numerical simulations to evaluate the potential runout of the avalanche in the event of the ‘Insel’ compartment failure. Our con-
tinuum numerical model is three-dimensional, depth-resolved and implemented in the Material Point Method. Relying on the framework
of finite strain elastoplasticity, model parameters represent true physical properties that can be obtained based on standard geomechanical
tests. Material friction was conservatively chosen, within the lower range of documented experimental data. The release volume was eval-
uated using a sliding plane model based on 3D displacement vector fields derived from multitemporal photogrammetric point clouds. For
dry conditions, our blind simulation predicted that the rock avalanche would stop just a few meters before reaching the village with rock
deposits up to 25m in height, fitting closely with the actual event which occurred mid-June 2023.

*corresponding author: Johan Gaume, jgaume@ethz.ch

INTRODUCTION

Since 2019, our research group has been developing a new fully depth-resolved three-dimensional model for the initiation and dynamics
of gravitational mass movements. Initially developed to simulate snow avalanches (Gaume et al. 2018; Trottet et al. 2022; Li et al. 2021),
the model, which is implemented in the Material Point Method (MPM), has recently been extended to simulate different materials, such
as rock, sediments, ice and water. This model was successfully validated in 2022 through the simulation of four complex cascading events
ranging over five orders of magnitude in volume, the Vajont rockslide-tsunami, the Piz-Cengalo rock-ice avalanche and the Fluelawisshorn
rock-snow avalanche, and the Whymper hanging glacier collapse (Cicoira et al. 2022). One important strength of our 3D approach is its ma-
terial-centric nature. Constitutive model parameters represent true physical properties that can be obtained based on state-of-the-art geome-
chanical and rheological tests. This endows our approach a true predictive potential as it does not require parameters to be back-calculated
as it is classically done in depth-averaged models. Past events serve as valuable validation benchmarks but are not needed for calibration
which is particularly important when addressing unprecedented events and complex process cascades.

In this short paper, we introduce the utilization of our predictive numerical model in the context of the "Insel" compartment failure of the
Brienz landslide (Figi et al. 2022; Jones et al. 2022). Following a structural failure of the foot slope of this compartment during the year 2022,
a distinct acceleration occurred from March 2023 onwards. This acceleration was characterized by exponential and sub-exponential phases,
accompanied by a significant increase in rockfall. In the very last hours before failure, the “Insel” compartment reached velocities of more
than 70 m per day. Around 11:30 PM on June 15, 2023, the largest portions of the compartment collapsed as a debris stream, followed by a

rock avalanche originating from the uppermost parts of the compartment.

It is important to note that all simulations presented in this document were conducted in May 2023. The simulation outcomes were subse-
quently conveyed to the relevant authorities in the form of an informal report (Gaume and Kenner 2023), before the rockslide occurrence,
which happened one month after the simulations, providing a unique opportunity for evaluating the predictive character of our modelling

approach.

The structure of the paper is as follows. First, we provide a concise overview of MPM and the process of parameter evaluation. Next, we
outline the methodology employed for the assessment of the failure plane and release volume, based on the kinematics of the rock mass.

Finally, we present and deliberate upon the simulation results, drawing comparisons with the actual events that transpired in June 2023.

METHODS

The Material Point Method

The Material Point Method (MPM) is an Eulerian-Lagrangian numerical technique used to approximate solutions to the weak form of the
governing equations of continuum mechanics. It was initially introduced by Sulsky and co-authors in 1994 (Sulsky et al., 1994) as an exten-
sion of Particle-In—-Cell (PIC) methods, in particular the FLIP method (Fluid Implicit Particle-In—-Cell) (Brackbill and Ruppel, 1986). Since
then it has been used and further developed mainly in the geomechanics and graphics communities. Its main advantage is its ability to

handle problems involving large deformations, collisions, fractures and can naturally capture free-surface flows, concepts which require
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specific treatments in mesh-based methods like the finite volume or finite element method. The material is discretized in space by a finite
set of particles, or “material points”, which each have constant mass, thus automatically fulfilling mass conservation. A background regular

grid facilitates the computations. In this work, we rely on the finite strain elastoplastic MPM formulation proposed by Klar et al. (2016).
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Figure 1: Depth of the sliding plane in the area of the “Insel” compartment. The red line indicates the start of the displacement-based trajectories, which define the sliding plane. The

trajectories themselves are visible as thin, black dashed lines.

The Affine Particle-In-Cell method (APIC) method (Jiang et al., 2017) is used for particle-grid interpolation, allowing for conservation of
angular momentum, in contrast to PIC and FLIP methods. Mass is conserved automatically in MPM as the mass of each particle remains

constant over time. A more exhaustive description of the numerical method is given in Gaume et al. (2018).

The rock constitutive model: Drucker-Prager

Geomaterials such as rock, are characterized by a pressure-dependent shear strength, and exhibit softening after failure. In order to model
these mechanical characteristics in the simplest possible manner, we describe the yielding of the rock mass with a strain-softening Druck-
er-Prager (SSDP) model (Drucker-Prager can be seen as a three-dimensional generalization of the cohesive Mohr-Coulomb model). We
implemented here the constitutive formulation proposed by Cicoira et al. (2022) which is an adaptation of the formulation by Blatny et al.
(2021, 2023) including not only cohesion, but also friction softening. The yield function thus involves three main material properties: the
internal friction, the dynamic friction and the tensile strength. The plastic flow rule is ““non-associative” meaning that plastic deformations

induce no changes in volume (no dilatancy or compaction).

Model parameters

Regarding the resolution, we used a grid resolution of 2 m with 8 particles per cell. As for the mechanical characteristics of the rock mass,
our simulations showed that, with such a grid resolution, realistic values of tensile strength lead to very similar results compared to pure
frictional simulations with only small changes in the texture of the deposits. The friction angle, however obviously has a strong influence
and was chosen equal to 27°, corresponding to a friction coefficient of 0.5. Material friction was conservatively chosen, within the lower
range of documented experimental data (Lanaro 2006). For comparison, the static friction parameter used in RAMMS simulation of the Brienz
rock avalanche, which were applied to design the evacuation scenarios by the authorities, was typically in the range 0.1 — 0.4 (Gojcic et

al. 2021). For the sake of simplicity, the internal friction was chosen equal to the residual dynamic friction angle which is denoted @=27°.

Evaluation of the release zone
The size and shape of the release volume was evaluated using a sliding plane model, recently developed at the SLF. This tool is based on
3D displacement vector fields produced from multitemporal LIDAR and photogrammetric UAS (Unmanned Aircraft Systems) point clouds by

the F2S3 method (Feature to Feature Supervoxel-based Spatial Smoothing, Gojcic et al. 2020).
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Figure 2: Left: maximum flow height (computed slope normal) during the rock avalanche Right: Maximum tangential velocity. The red outline was evaluated on the basis of the difference

between the Digital Elevation Models (obtained from drone photogrammetry) before (June, 8th 2023) and after (June, 16th 2023) the Brienz avalanche.

This method is described in more detail in the SLF report on the kinematics of the Brienz landslide from December 2022 (Kenner et al. 2022).
Starting from the lineament which marks the daylighting of the sliding plane, the sliding plane model calculates a dense set of 3D trajectories
below the surface. Each increment of surface point trajectories has the same direction as the displacement, measured at the surface above
the corresponding increment. The set of trajectories is then interpolated to a surface, which represents the sliding plane. This assumes that

the displacement direction at the surface is a signal of the shape of the sliding plane.

In this case, we used the upper boundary of the “Insel” compartment as starting line for the trajectories (Figure 1). Since the sliding plane
created from these trajectories crops out exactly at the base of the “Insel”, we believe that the model produced a reliable output. Correspond-
ing to this analysis and after processing the DEMs in order to obtain a level set (signed distance function in OpenVDB format) that can be
used as input of the MPM numerical model, the estimated release volume of the “Insel” in the numerical simulation is 1.5 Mio m3 (larger

than the evaluated deposit volume of approximately 1.2 Mio m3).

RESULTS AND DISCUSSION

In the numerical simulation (dry scenario), a static deposit was obtained after around 42 s from the release time. The maximum flow height
as well as the maximum tangential velocity are shown on Figure 2. The maximum tangential velocity is found around 35 m/s. The velocity
is maximum on the west and south-west parts of the slope. This velocity appears to be larger than estimates based on radar monitoring.
We attribute this apparent discrepancy to two possible reasons: i) the fact that this value represents the maximum local particle velocity,
typically observed at the flow surface (and not a depth-averaged quantity), and/or i) the lack of rate-dependence in our constitutive law.
Furthermore, our model, in which friction was calibrated based on rock geotechnical tests (Lanaro 2006), predicted that the avalanche would
stop just a few meters before the village but that it would cover a significant part of the road which aligns very well with the run out of the
observed avalanche (Figure 2). In addition, the maximum deposit height was evaluated around 25 m in two locations, in fair agreement with

data obtained on the basis of drone photogrammetry.

Yet, in reality, the runout was around 20 m shorter than in our conservative prediction (Figure 2). This small discrepancy in run-out distance
was very likely caused by the fact that not the entire simulated "Insel" compartment failed but a large part of about 1.2 million m3, as shown
by UAS photogrammetry comparing before and after event surface models with 0.1 m spatial resolution. Another possible explanation is
the fact the release volume may have collapsed in smaller subsequent events. Furthermore, the observed larger lateral spreading of the av-
alanche in our simulation, in comparison to the actual event, might also be attributed to a potential overestimation of the simulated release

volume (1.5 million m3). We also cannot exclude an underestimation of the friction angle.
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Nevertheless, given the uncertainties on the release scenario, we believe that this prediction, together with previous validations that were
performed on the basis of past events (Vajont rockslide-tsunami, Piz-Cengalo rock-ice avalanche and FluelaWisshorn rock-snow avalanche)
shows the promise of our approach. This three-dimensional depth-resolved model also has a certain computational cost. The simulation
shown here with a 2 m resolution requires around 15 min of computation on a good office workstation (24 i9 CPUs and min 64Gb RAM)
and a similar amount of time to post-process the results. Yet, we would like to stress that given the predictive and material-oriented nature
of the model, a probabilistic approach involving numerous simulations corresponding to different friction parameters may not be necessary.
We argue that a conservative estimation of friction should be made, and that the probabilistic nature of the analysis should centre on the
release process and ground saturation conditions, which are often highly challenging to determine accurately. In fact, while our model was
used here to study the dynamic phase of the Brienz rock avalanche, it could be used as well to simulate the release kinematics and rock

fragmentation, as done by Gaume et al. (2018) for snow avalanches.

CONCLUSIONS AND OUTLOOK

Prior to the June 16th 2023 Brienz rock avalanche, we have performed a pre-event MPM numerical simulation to evaluate its potential run-
out. This numerical exercise has proven the predictive potential of our model which is based on a depth-resolved and three-dimensional
Material Point Method. Our simulations predicted that the avalanche would stop shortly before the village with maximum deposit heights
around 25m, aligning well with the actual event measured with photogrammetric drone survey. We argue that our approach can serve as a
valuable complement to empirically-based techniques e.g. based on the "Fahrboschung angle" or H/L approach which oversimplify terrain
and geological characteristics, or to classically employed depth-averaged techniques.

Additional simulations are currently underway to more accurately replicate the actual release process and test the robustness of our predic-
tion. Finally, while our confidence in the accuracy of our simulation under dry conditions was very high, we also performed a simulation
in a wet scenario, by reducing the friction coefficient. The corresponding simulation indicated that the avalanche would have partially
covered the village. However, our confidence in these results was very low, given the single-phase nature of our model. To get a similar
level of confidence as in the dry case, the development of a comprehensive two-phase hydro-mechanical model including pore-pressure

mechanisms is needed.
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