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Rockfall propagation simulation models are widely used for assessing rockfall hazards as well as for the design of rockfall protection structures. This research work investigates the relevance of rockfall propagation models to assess rockfall hazard in the vicinity of embankments. In this article, particular focus is placed on the development of engineering oriented rebound models taking into account the shape of the block. Two different block impact modelling approaches are considered and compared. Small scale experiments involving blocks with different shapes impacting a small-scale embankment were conducted to provide data for calibrating the models. The trajectory of the blocks was tracked using a high speed camera (1000 fps) and an image processing algorithm was developed to extract the experimental trajectories. The two different approaches considered for modelling the impact of the block in the embankment vicinity were a probabilistic block impact model and a deterministic approach accounting for the block shape. In this latter case, the impact was calculated using an elasto-plastic contact model between the block and the slope surface. Both approaches succeed in simulating experimental results. Nevertheless the probabilistic model is limited by the introduction of the block shape parameter in the calculation while the deterministic approach seems to be limited in terms of computational efficiency.

Introduction

In order to protect human lives and elements at risk against rockfall hazard, defence structures such as fences or embankments are built. The positioning and the design of these protective structures are the main issues for designers, requiring conducting trajectory simulations [START_REF] Lambert | Design of rockfall protection embankments: a review[END_REF]. The relevance of currently used trajectory simulation codes in the vicinity of embankments has been previously addressed by the authors [START_REF] Lambert | Improving three-dimensional rockfall trajectory simulation codes for assessing the efficiency of protective embankments[END_REF], based on a case study. This work revealed abnormal trajectories in the vicinity of the embankment related to the spatial resolution of the terrain model and to the relevancy of the models used for the rebound of the block on the soil surface. In this context, this paper focuses on the analysis and on the modelling of the rebound of blocks against embankments.

Calculating the rebound of a block against a soil, a tree or a protection structure is a generic and key question in rockfall modelling. Different models can be used for that purpose. Probabilistic approaches that derive from analytical models considering the block as a material point, are commonly used to take into account the large variability of the slope and blocks properties. However, such approaches do not explicitly account for the shape of the blocks. More complex modelling such as those based on the Discrete Element Method (DEM) can be used to improve the classical rebound models in this sense. However, such approaches generally require calibrating a large number of input parameters and are constraining in terms of computational duration. Both probabilistic and DEM rebound models are considered in the following with the aim of finding the optimal solution, for engineering purposes. Simulation results using both approaches are compared to results obtained from small-scale rockfall experiments. The advantage of using small-scale experiments for rebound model assessment is that it allows conducting a large number of tests, providing statistically relevant data for model calibration and validation.

The experiments consisted in releasing successively 50 times three different blocks having different shapes on a slope, with a small-scale embankment at its end. High speed cameras images allowed determining the blocks trajectories.

Materials and methods

Experimental set up. Small scale experiments were conducted on an inclined plan followed by a horizontal plan where a small embankment was built. The slope surface and the embankment granular materials consisted of a mixture of fine well graded sand, gravel (1mm-4mm) and water, in a mass ratio of 60/35/5. The thickness of the granular material on the slope was 1cm. The embankment was trapezoidal in shape, 8.3 cm in height and 5.5 cm in crest width. It was achieved by compaction of the material in successive layers in a mold and then placed on the horizontal plan by extraction of the mold. Three blocks with similar masses and of different shapes were used. The first is an idealized block (sphere) while the others are more realistic (cube and parallelepiped) (Table 1). For each block, a series of 50 release tests was conducted. The release tests consisted in dropping the block from a 30cm height above the slope surface, keeping the initial orientation identical from one test to the other. The trajectories of the blocks in the embankment vicinity were filmed using a high speed camera (1000 fps). An innovative methodology for tracking the block at each step of the movie and extracting the trajectory of the block was developed. For each dropped block, the method provided the evolution of its kinematics throughout its presence in the image frame. Translational velocity and rotational velocity of the block at any point of the trajectory were calculated with the equation of ballistic flight between two impacts. The measurement of the block kinematics was globally satisfying. In most of the cases the trajectory was well defined. Nevertheless, bias was important in the case where the penetration of the block into the soil was important or when its height of rebound was small. Probabilistic impact modelling. The probabilistic rebound model used for the simulations was taken from Bourrier and Hungr [START_REF] Bourrier | Rockfall dynamics: a critical review of collision and rebound models, Rockfall engineering[END_REF]. This model considers different types of coupling effects between translational velocity and rotational velocity depending on the impact angle and on the material properties. It is assumed to better reflect physical processes during the impact on the mountain side facing of the embankment where the impact angle is almost normal to the impacted surface [START_REF] Lambert | Improving three-dimensional rockfall trajectory simulation codes for assessing the efficiency of protective embankments[END_REF]. This model is based on an analytical model of the impact of a spherical body on a horizontal surface [START_REF] Goldsmith | Impact: The theory and physical behaviour of colliding solids[END_REF].

In this model, the relation between the velocity before and after the impact is different depending on the incidence angle of the block and on the local friction angle φ of the impacted material . Energy dissipation is modelled by means of two restitution coefficients r t and r n related with plastic dissipation processes normally and tangentially to the soil surface. The tangential restitution coefficient is constant for any blocks incident kinematics. On the contrary, the normal coefficient r n is calculated from the blocks incident momentum, using an hyperbolic law. The r n coefficient is equal to or larger than 1 for shallow impacts where the material response is mostly elastic, and tends towards 0 for nearly normal impacts, where a significant amount of energy is dissipated by plastic strains. Finally, a local reduction α of the slope angle is introduced in the model. Introducing such a parameter is a common practice in rockfall simulations that allows accounting for both the local roughness and the block shape [START_REF] Bourrier | Rockfall rebound Comparison of detailed field experiments and alternative modelling approaches[END_REF].

The model parameters (M 0.5 , r t , φ) were calibrated for the small-scale experiments using the experimental data concerning the sphere, which shape is associated α=0°. Based on this calibration of M 0.5 , r t , φ, the experimental results obtained with the two other blocks allowed calibrating the values of α for these two block shapes. DEM modelling. In the Discrete Element Method (DEM)-based model, the embankment is modelled as an assembly of facets and the block as an assembly of spheres. Spheres and facets are locally deformable bodies and the interaction between the block and the embankment is modelled by contact forces applied to both the block and the protective structure.

The contact law used in this model involves five calibration parameters and allows calculating the interaction forces from the block-facet relative positions velocities. The normal component of the force to the contact surface depends on the normal penetration of the block. The force/penetration relationship accounts for plastic energy dissipation considering two stiffness coefficients: k l during the loading phase and k ul during the unloading phase [START_REF] Walton | Viscosity, granular-temperature, and stress calculations for shearing assemblies of inelastic, frictional disks[END_REF]. The tangential force is related to the tangential displacement of the contact point following a regularized version of Coulomb's law. If slip does not occur, the tangential force is linearly related to the tangential displacement by a tangential stiffness k t . If slipping occurs following Coulomb's law, frictional processes induce energy dissipation. The occurrence of slipping is controlled by the local friction angle φ c . Finally, the contact model introduces a resisting moment at the contact point between the two bodies, allowing accounting for the formation of a soil bank inducing rolling resistance in the impact area. The resisting moment depends linearly of the block orientation by means of a rotational stiffness k r .

Contrarily to the calibration of the probabilistic model, the choice was made to calibrate all the model parameters using the experimental data for the sphere first. Then, experimental results with the two other blocks were used for validation purpose.

For the two modelling approaches, simulations started just before the first impact in the ditch or on the mountain-side facing of the embankment. The input data for the simulations are the horizontal, vertical, rotational velocities and the coordinates of the block at this first impact.

Bases for calibration and validation. Different indicators were used to compare the results between tests and simulations. So far three measured lines have been defined (Fig. 1) along the mountain-side facing of the embankment. For each, the passing frequency of the block was measured for both the test and the simulation. The calibrations of the two models were based on the comparisons of the distributions of the horizontal, vertical, rotational velocity and energy at measure line 2 for the sphere. Passing frequencies for the three measure lines were also used for that purpose. For the DEM model, the passing frequencies for the two other shapes were used to validate the model whereas, for the probabilistic model, it was used for calibrating the shape parameter α. 

Results

Table 2 provides for each block the successive measuring lines passing frequencies obtained for the experiments and the simulations. Experimental results show that the block shape strongly influences the block propagation with respect to the measuring lines. Depending on the block shape, line 2 is crossed by 86%, 32% and 6% of the blocks released. The embankment is cleared for 42 % of the releases in case of the spherical block while clearing never occurs with the two other blocks. In addition to these differences in terms of run-out distance, experiments also revealed differences in terms of first impact in the embankment vicinity. For the sphere, the first impact always occurred in the ditch. With the cube, some direct impacts were located on the mountain-side facing of the embankment. And, finally, a vast majority of first impacts occurred on the embankment mountain-side facing in case of the rectangular block. In this latter case, the block trajectory was thus mainly normal to the embankment facing, suggesting a higher energy dissipation during impact. These data resulted in the calibration of the two models, with parameters as defined in Table 3, and Table 4. As shown in Table 2, this calibration is satisfactory in terms of measure line crossing for the cube and the parallelepiped in the DEM model. In terms of kinematics, Fig. 2 shows that the best fit for the sphere doesn't allow reproducing satisfactorily the distribution curves of the different parameters. DEM results at measure line 2 fit accurately the velocities, rotational velocities and the energy. However, incidence angles are smaller than experimental values. In addition, results from the probabilistic model show that the best fit allows reproducing the distributions of the rotational velocity and angle of incidence but the velocity and the energy provided are significantly higher than the experimental results.

The trajectories of the block extracted from simulations using the calibrated probabilistic model are in agreement with the experimental trajectories (Fig. 3). Similar agreement between the simulated and experimental trajectories was observed after calibration of the DEM model for the spherical block. Simulations for the rectangular and parallelepiped block shape using the calibrated DEM model also exhibit agreement with the experimental trajectories which constitutes partial validation of the DEM approach. 

Conclusion

Laboratory experiments were used for assessing the accuracy of probabilistic and DEM-based rockfall model in the vicinity of an embankment and for different block shapes. Statistically representative experimental results allowed calibrating the two models for a spherical block. Calibration of the probabilistic model was also necessary for the other block shapes due to the introduction of a block shape parameter in this model. Contrarily the DEM model was fully calibrated using the experiments for the sphere. Validation of this model was thus possible using experimental results for the cube and the parallelepiped. The introduction of a block shape parameter in the probabilistic law is a major limitation of this approach. Contrarily, the DEM-based model allows introducing parameters depending on the material properties only. However, such an approach remains limited in terms of computational efficiency. DEM-based modelling is thus only adapted at the protective structure scale whereas probabilistic approaches remain the only feasible at the slope scale.

The two different models proposed can constitute an alternative to rebound algorithm limitations in the vicinity of an embankment exposed in [START_REF] Lambert | Improving three-dimensional rockfall trajectory simulation codes for assessing the efficiency of protective embankments[END_REF]. Nevertheless further calibrations and validations using slope scale experiments are necessary.
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 1 Fig.1 Localisation of the three measure lines along the mountain-side facing of the embankment
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 32 Fig.3 Experimental and simulated trajectories for the three different block shape

Table 1

 1 

		Blocks characteristics	
	Shape	Size [cm]	Density	Mass [g]
	Sphere	Diameter : 2.5	2.7	22.0
	Cube	1.9*1.9*1.9	3.3	23.3
	Parallelepiped	3.5*1.4*1.4	3.3	23.1

Table 2

 2 Measuring lines passing frequencies for the three block shape[%] 

	Line 1 Line 2 Line 3	Experimental Results Sphere Cube Paral. Sphere Cube Paral. Sphere Cube Probabilistic Simulations DEM Simulations 100 86 82 94 100 100 100 100 86 32 6 90 32 10 98 46 42 0 0 40 0 0 42 2	Paral. 100 18 0

Table 3

 3 

	φ [°] M 0.5 [kg.m/s] r t α [°]	Ditch 0 0.025 0.85 0	Calibration parameters for the probabilistic model Sphere Cube Parallelepiped Uphill face Ditch Uphill face Ditch Uphill face 11 0 11 0 11 0.04 0.025 0.04 0.025 0.04 0.89 0.85 0.89 0.85 0.89 0 6 6 40 40
		Table 4 Calibration parameters for the DEM model
			k t [N/m]	2.5*10 3
			φ [°]	30
			k l [N/m]	1*10 4