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ABSTRACT
Recently, significant advances in the computational performance have enabled the simulation at the slope scale of alpine mass movements 

(debris flows, ice, snow and rock avalanches), using depth-resolved 3D numerical models, such as the Material Point Method (MPM). The 

use of such models in engineering practice has however been hindered by the inherent complexity of the simulation results, which are 

provided in terms of particle positions, velocities, strain and stress tensors. To improve the usability of the models, we recently developed 

an interface to extract relevant flow dynamic quantities of the simulated mass movement, enabling their visualization in Geographic Infor-

mation Systems (GIS). The newly developed export tool is applied on two MPM simulations of ice and rock avalanches to demonstrate the 

capability to visualize complex simulations within a GIS environment, but without the need to introduce strong model’s assumptions like 

in depth-averaged formulations. 

INTRODUCTION
Since the advent of computer technology the hazard of alpine mass movements is commonly assessed by engineers using depth-averaged 

flow models (e.g.: Christen et al., 2010; McDougall and Hungr, 2004). Thanks to an increase in computational power and advances in 

modelling techniques in recent years it has become possible to simulate alpine mass movements at the slope scale in 3D. While a range of 

candidate methods exist for such simulations, e.g. SPH (Dai et al., 2017) or PFEM (Zhang et al., 2020), recent implementations of the Material 

Point Method (MPM) have proven their ability to simulate the dynamics of a range of hazardous geophysical mass movements such as snow 

(Gaume et al., 2018; Li et al., 2021), rock and ice avalanches (Cicoira et al., 2022) and debris flows (Vicari et al., 2022). 

The method stands out thanks to its numerical efficiency and the capacity to make physics-based simulations using constitutive material 

laws. A big advantage is that the mechanical and rheological material properties can be directly obtained from state-of-the-art geotechnical 

and rheological testing (e.g., Cicoira et al., 2022). This simplifies numerical modelling compared to traditional depth-averaged methods 

where the material’s parameters need calibration and strengthens the predictive character of the simulations. Thanks to the 3D nature of the 

simulations, the model results provide an abundance of physical detail which allows for an unprecedented insight into the flow dynamics 

and processes. The method has therefore a great potential to be used by engineers in the future to assess the hazard of alpine mass move-

ments, especially with regard to extreme events and changing hazards in a warming climate (e.g.: Mani et al., 2023). 

While further optimizations are needed to apply the model in practice (e.g.: Kyburz et al., 2023) a major challenge consists in efficiently 

storing and processing the large amount of data from the simulations to gain insight into the most relevant dynamic properties of the mass 

movement. To address this, we recently developed a plotting tool to analyse runout, slope parallel and normal velocity components, vertical 

flow height and flow thickness. This python tool including an interface to Geographic Information Systems (GIS) allows the user to display 

the simulation results, such as the mass flow’s position, velocity and runout, relative to the topography and in the context of the surrounding 

settlements or infrastructure to perform hazard analyses. In this study, we present the MPM simulation results for two case studies, the ice 

avalanche Whymper glacier collapse in 1998 and a risk assessment of the still active rock instability at Spitze Stei, Switzerland, which we 

processed with this plotting tool. 

While we use MPM to simulate the rock and ice avalanche, the numerical model has already been extensively tested and described in 

the frame of numerous case studies in previous publications to model slab avalanches (Gaume and Puzrin, 2021); the dynamics of snow 

avalanches (Li et al., 2021); erosion processes in snow avalanches (Li et al., 2022); glacier-ocean interaction (Wolper et al., 2021); rock and 

ice avalanches (Cicoira et al., 2022). In the Method section, we therefore focus on describing the implementation of the newly developed 

interface tool rather than the numerical scheme itself. 

In the Results and Discussion section, using the new plotting tool, we visualize and elaborate on selected flow features which are relevant 

to assess the hazard arising from these mass flows. 
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METHODS
The Material Point Method is a hybrid Eulerian-Lagrangian numerical technique which allows modelling the dynamics of continuous materi-

als. For the simulations presented in this paper, the material is modelled using Hencky’s elasticity – whose parameters are the bulk modulus 

K and shear modulus G – and a Drucker-Prager yield criterion, in the form:

Equation (1)

where q=√(〖3/2 s〗_ij s_ij ), p=σ_ii/3, σ_ij being the total stress tensor and s_ij the deviatoric stress tensor. The material constants γ and a rep-

resent the friction and attraction, which may be defined based on the Mohr-Coulomb yield criterion constants (friction angle φ and cohesion 

c) if one assumes the two yield criteria to match in triaxial compression conditions: γ=(6 sin⁡φ)/(3-sin⁡φ ), a=c/tan⁡φ . A non-associative 

flow rule with zero dilatancy is assumed, with softening controlled by the cumulated deviatoric plastic strain 〖ε_d〗^p:

Equation (2)

Equation (3)

where γ_i and γ_r are the initial and residual frictions (function of the initial and residual friction angles φ_i and φ_r respectively), and a_i 

is the initial attraction (function of the initial cohesion). ξ is a softening parameter.

The simulations are carried out over a generic topography Σ, defined in a global Euclidean system as H(E,N), where E and N are the East 

and North coordinates respectively and H is the surface elevation. The topography is discretised into cells whose center is at the locations 

(E_s,N_s ) and spaced at a distance c_s (the cell size of the Digital Terrain Model, DTM). For each cell, the surface normal is calculated.

The MPM simulation results consist of particles (p) with their position P_p (t_n )=(X_p,Y_p,Z_p ) and their velocity U_p (t_n )=(U_p,V_p,W_p ) at each visualization time step t_n. The exporting algorithm finds the nearest point (E_s,N_s ) of the surface to each particle position 

(X_p,Y_p ). The 95% percent quantile of the elevation, with respect to the topography, of all the particles falling in each cell of the DTM 

is projected normal to the topography. This defines the flow depth h (Figure 1). The particle velocities within each cell are first averaged 

arithmetically, and then projected in the directions normal and parallel to the surface (Figure 1). They hence define the cell-averaged 

slope-normal U ̅_n and slope-parallel U ̅_t speeds respectively. Note that U ̅_n may be positive or negative, depending on whether the flow 

is in average moving away from or towards the slope.

Figure 1: A Material Point (red point) being projected normal to the terrain, to define the flow depth h. Its 3D velocity U is projected in the direction normal (U_n) and parallel (U_t) to the 

terrain. 
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RESULTS AND DISCUSSION
The ice avalanche generated from the Whymper serac (Courmayeur, Italy) fall in 1998 is simulated using MPM. An initial volume of approxi-

mately 150000 m3 is assumed based on field surveys, and the material parameters are similar to those used by Cicoira et al. (2022). The rock 

avalanche of Spitze Stei (Switzerland), with an initial volume of 12.16M m3, is also modelled in MPM. The initial volume and the material 

parameters of the rock fall are obtained from a detailed geological survey, continuous terrain movement surveillance and triaxial tests of 

rock samples from the site. The parameters used for the two simulations are reported in Table 1. A fundamental difference however arises 

in the material parameters for the ice, as a consequence of not modelling explicitly the snow covering the glacier as in Cicoira et al. (2022). 

Hence, to account for the possible ploughing-type erosion mechanism inducing a reduction in the flow mobility (Li et al., 2022), we increase 

the basal friction on the glacier (μ=0.65) compared to the basal friction on the bedrock (μ=0.55). Furthermore, a low value of the initial 

cohesion is selected to account for the rapid disaggregation of ice during the flow, which did not show anyway a significant influence on 

the modelled runout. A lower value of the softening parameter ξ compared to Cicoira et al. (2022) was also used to simulate the attainment 

of residual friction conditions at realistic values of the cumulated plastic deviatoric strain – O(0.1).

Table 1: Mechanical ice and rock properties used in the numerical studies.

The final extent of the simulated deposits (flow depth normal to the terrain) is shown in Figure 2a and Figure 3a for the ice and rock ava-

lanches respectively. Furthermore, the slope-parallel (Figure 2b, Figure 3b) and slope-normal (Figure 2c, Figure 3c) cell-averaged velocities 

are calculated for the two simulations. 

The simulated ice avalanche shows a decent match in its lateral spreading compared to the mapped extent of the event (Figure 2a,b), de-

rived from field surveys. However, the left bank lobe of the avalanche stops considerably up-slope (ca. 300 m) compared to the mapped 

runout (insert in Figure 2a). Similarly, the right lobe of the simulated avalanche shows a reduced runout compared to the real event. The 

shorter simulated mobility might be due to too much material stopping in the crevasses (note that the real terrain DTM during the ice av-

alanche event is unknown and might have featured smaller crevasses than the DTM used for the simulations) and not modelling explicitly 

the glacier cover. Furthermore, the basal and internal friction are independent of the shear rate in the model, which might have an influence 

on the simulated runout.

The capabilities of the depth-resolved MPM numerical method are emphasised by the cell-averaged slope-normal speed (Figure 2c). In cor-

respondence of topographic variations and jumps (e.g., cliffs, crevasses), high values of the slope-normal speed are simulated, whereas on 

more regular topography the ice flows approximately parallel to the terrain (i.e., U ̅_n≅0). On convex topographic variations, the ice domi-

nantly flows in the out-of-slope direction (positive, red values in Figure 2c), while it mostly flows towards the slope on concave topographic 

variations (negative, blue values in Figure 2c). The calculation of U ̅_n shows that the material may detach from the terrain upon jumps, and 

impact the slope upon landing. This complex three-dimensional flow characteristic may possibly induce dilation/compaction and variation 

in the internal and basal stresses, therefore affecting the flow dynamics. 

/ŶŝƚŝĂů ĚĞŶƐŝƚǇ ;ŬŐͬŵϯͿ ϴϱϬ Ϯϲϲϱ끫롼 ;DWĂͿ ϲ͘ϳ ϱϱ͘Ϯ끫롴 ;DWĂͿ ϰ͘Ϭ ϯϴ͘Ϭ끫븢끫뢬 ;ΣͿ ϰϬ Ϯϵ͘Ϭ끫븢끫뢾 ;ΣͿ ϮϬ Ϯϵ͘Ϭ끫뢠끫뢬 ;ŬWĂͿ ϭ Ϭ͘Ϭ
�ĂƐĂů ĨƌŝĐƚŝŽŶ ;–Ϳ Ϭ͘ϲϱ�;ŐůĂĐŝĞƌͿ�– Ϭ͘ϱϱ�;ďĞĚƌŽĐŬͿ� Ϭ͘ϱ끫븒 ;–Ϳ ϭϬ ϭϬ
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Figure 2: Simulation results of the 1998 Whymper ice avalanche: a, Final deposit; b, Maximum (over all time frames) cell-averaged slope parallel speed; c, Cell-averaged slope normal speed 

at t=50 s.

The rock avalanche simulation is a hazard assessment of a potential future event, and hence we are yet unable to estimate how well the 

numerical model performs in capturing a real rock avalanche at this site. Consequently, the flow outline indicated in Figure 3 corresponds to 

the maximum extent of the simulated flow. The simulations reveal that in the event of a sudden release of the entire unstable rock volume 

of 12.16M m3, the majority of the rock mass would be deposited in the valley between Lake Oeschinen and the town of Kandersteg at the 

valley bottom (Figure 3a). Approximately 386’000 m3 of debris could reach the lake, potentially generating an impulse wave, and affecting 

the nearby infrastructure, e.g. the restaurant and hotel near the lake (insert Figure 3b). Hence, depending on the water saturation of the 

rock debris and the terrain, the event may have dramatically different outcomes with respect to the endangerment of the nearby touristic 

infrastructure. 

Figure 3b illustrates that the flow reaches its highest slope-parallel flow speeds of nearly 100 m/s, in the middle section of the flow path. 

Similarly to the ice avalanche, also in the case of the rock avalanche, the variations in slope-normal speed (Figure 3c) corresponds to the 

topographic variations. High values of the slope-normal speed are simulated where the rock avalanche jumps over steep rock faces and 

are negative in the flatter landing areas where the rock mass impacts the ground again. Again, on the smoother terrain the slope normal 

velocity is mostly negligible. 

Figure 3: Simulation results of the Spitze Stei rock avalanche: a, Final deposit; b, Maximum (over all time frames) cell-averaged slope parallel speed; c, Cell-averaged slope normal speed 

at t=50 s

CONCLUSIONS
Within this contribution, we simulate ice and rock avalanche events using MPM and export the simulation results in the Esri ASCII-raster-for-

mat, which can be visualized using various GIS platforms. Based on the results, the following conclusions may be drawn:

1.	 The simulation results of the ice avalanche show a somewhat modest alignment to the observed runout. In this work, we adopted a 

simpler simulation procedure compared to Cicoira et al. (2022), by neglecting the mechanical modelling of the snow cover and glacier, 

which possibly affected the shorter simulated runout extent. A comparison of simulations with and without explicitly modelling the 

snow/firn cover on the glacier is foreseen for the future. The flow-terrain interactions may indeed have effects not only on flow bulking, 
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but also on the flow mobility. Additionally, our simulations reveal that crevasses can significantly impact the flow dynamics by causing 

selective deposition of the flowing material. This suggests the need to use updated DTMs of the glacier.

2.	 The MPM simulation results of the extreme release scenario indicate that rock instability at Spitze Stei carries the potential of severe 

consequences. Thanks to the newly developed GIS export tool, the vulnerability of endangered infrastructure, such as the hotel and 

restaurant depicted in the insert in Figure 3b, can easily be assessed. However, the insert in Figure 3b and a sensitivity study also show 

that within a range of realistic friction values, which depend on the saturation conditions at the time of the event, the flow outline 

and the associated danger can vary considerably. Hence, while the current MPM tool offers detailed insights into flow dynamics under 

predefined conditions, the task of defining the release scenario and assessing saturation conditions remains a critical challenge that still 

requires expert evaluation.

3.	 We developed a procedure to export the material points positions and 3D velocities in the context of depth-averaged variables, i.e., 

flow depths normal to the terrain and flow speeds normal and parallel to the terrain. This constitutes a notable advancement for the 

practical use of MPM numerical methods by natural hazards practitioners, who need the simulation results to be displayed on 2D maps 

in GIS software. Nonetheless, from a scientific point of view, the depth-integration of the 3D simulation results will allow to verify the 

assumptions of depth-averaged numerical models, such as: neglecting flow speeds normal to the terrain, assuming a constant bulk flow 

density, uniform velocity profiles. In this study, we note that in the presence of complex terrains such as cliffs and crevasses, the flow 

velocity can significantly deviate from being parallel to the ground. Accounting for the flow speed component normal to the terrain 

may also have significant engineering implications, such as for the design of mitigation structures. 

4.	 Even though MPM is a computationally efficient method to perform depth-resolved simulations of hazardous alpine mass movements, 

the associated computational cost and simulation time is still significantly larger compared to depth-averaged simulations. While we 

already work on improving the model’s computational efficiency, as of today it is mostly suitable for specific case studies and hazard 

assessments, where a high level of physical detail or 3D simulations are needed, e.g. to capture overflowing of structures or complex 

intermittent flow features with material detached from the basal dense flow or terrain contour.
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