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Introduction 
Rockfall is a major risk in mountainous zones. In the field of falling rocks trajectory simulations, 
many scientific problems related to modelling the bouncing phase remain to be solved. The large 
variability of slope properties and boulder removal conditions pleads for a stochastic modelling of 
these trajectories. In particular, the rebound of falling rocks has to be modelled as a random process 
(Bourrier et al., 2009a). The aim of this study is to define a stochastic impact model that can capture 
the variability of the bouncing phenomenon on coarse soils, in particular.  
For this purpose, a numerical approach based on the Discrete Element Method (DEM) is used to 
investigate the impact of a boulder on a coarse granular soil in 2D. This model is used to perform an 
intensive simulations campaign. The analysis of results from this campaign is carried out using 
advanced statistical methods leading to the definition of a stochastic impact model. The stochastic 
impact model is finally integrated in a falling rocks trajectories simulation code and the code 
developed is evaluated by comparing real-scale experimental results to rockfall trajectory simulations. 
 
Numerical modelling of the impact 
Assuming that rocks composing the talus slope can be considered as rigid locally deformable 2D 
bodies, a Discrete Element Method (Cundall and Strack, 1979) is used. The contact forces between 
two particles are calculated using the Hertz-Mindlin model (Mindlin and Deresiewicz, 1953). Sample 
properties are defined following the procedure used in Bourrier et al (2008). Once the sample is 
generated, impact simulations are held for varying impact points and incident kinematic parameters 
(incident velocity, incidence angle and incident rotational velocity). Finally, reflected velocities are 
collected when the normal component of the boulder velocity reaches its maximum.  
The relevance of the DEM model has been proved compared to results from the literature (Bourrier et 
al., 2008) and from half-scale experiments of impacts on a coarse soil (Bourrier et al., 2010). 
The components of the reflected velocity of the boulder for all simulations performed allows building 
a database of numerical simulation results for varying impact points and incident kinematics 
conditions and for fixed soil macroscopic properties and boulder radius Rb.  
 
Impact model formulation 
Numerical results are treated in order to build a stochastic impact model relating incident and reflected 
kinematic parameters of the boulder. In 2D, kinematic parameters of the boulder are properly 
described by a velocity vector V that is composed of a velocity component vy along the normal 
direction to soil surface, of a velocity component vx along the tangent direction to soil surface and of a 

rotational velocity  ω such as:  ( )t
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The high variability of the local configurations of the soil and of the incident kinematic conditions 
induces that the operator A cannot be considered as a deterministic variable. A stochastic approach is 
therefore adopted to define a model that can capture the variability associated with the operator A. 
The operator A is assumed to take a constant value Ap for a given impact point p whatever the set k of 
incident kinematic parameters. The dependence between the values of the coefficients of the operator 
A for varying impact points p is captured using a normal probability distribution function 
characterized by a mean vector Mαααα and a covariance matrix Σαααα. 
For such models, classical estimation such as likelihood maximization can be very tricky. On the 
contrary, the parameters Mαααα and Σαααα can easily be estimated using Bayesian inference (Bayes, 1763). 
For instance MCMC algorithms can be run under the free software Winbugs® (Spiegelhalter et al., 
2000). The determination of the parameters Mαααα and Σαααα of the stochastic impact model first highlights 
that, whatever the macroscopic soil properties and the impacting boulder size, more than 75% of the 
variability of the reflected velocity vector is captured. In addition, the study of the influence of 
macroscopic soil properties and boulder radius on Mαααα and Σαααα shows that these parameters mainly 
depend on the ratio between the equivalent radius of the rock and the mean radius of soil particles, the 
porosity, the sample depth and the soil particles shape. 
 
Application to trajectory analysis 
The stochastic impact model is integrated in a rockfall simulation model called Rockyfor3D (Bourrier 
et al., 2009b). The results obtained are compared to real-scale rockfall experimental results. 
The simulated distributions of the rebound heights and translational velocity are compared to observed 
distributions of those variables at one “Evaluation Line” (EL1), located after 185 m from the starting 
point. The comparisons between the experimental and simulated results at EL1 show that the mean 
values, the standard deviations, and the global shapes of the distributions are predicted accurately for 
rock passing heights and translational kinetic energy.  
In addition, the trajectories of the simulated rocks are compared to the experimental stopping points. 
As the real scale experimental campaign consisted of 100 rockfall experiments, the maximum runout 
distance obtained in the experiments is compared with the predicted 1 % pass frequency limit. This 
comparison shows that the simulations allow predicting the distribution of falling rocks trajectories. 
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