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Abstract A discrete element model was used to highlight the influence of size, aspect ratio and roundness of blocks onto the propagation of granular flows in order to obtain a more realistic modelling of rock avalanches. The numerical model accounts for energy dissipations by shocks and friction within the granular mass or at the base of the avalanche. A parametric numerical study was performed, based on laboratory experiments involving an assembly of small bricks. A particular attention was paid to explain how the block and slope geometry influence the kinematics of the avalanche (sliding or rotation of particles), and how the dissipative modes are modified (shocks or friction). In particular the effects of elongation, size and roundness of blocks combined to slope undulation were investigated. It was shown that these geometric aspects may have some complex implications in the mechanism of propagation of the granular flow and need to be taken into account to predict properly the final position of the deposit and the area impacted by individual blocks. Keywords Rock avalanches · Discrete element modelling · Dissipative modes · Particle shape · Slope geometry



1 Introduction Among the numerous natural hazards threatening human development in mountainous areas, rock avalanches are one
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of the less predictable. Depending on the site and conditions, such events may happen with various time–frequencies, and the range of possible implied rock volumes crosses several scales, running from a few hundred to several millions of cubic meters. Leaving aside the complicated topic of the triggering of rock avalanches (which may be related to several complex and interrelated events of diverse nature such as meteorological, geological, human, etc.), a strong uncertainty exists on the trajectory of such an avalanche and on its stopping area. This is regrettable, since such knowledge would improve our ability to prevent economic and/or human disasters by placing relevant countermeasures to rock avalanches, or most often, if their expected volume is too important, by simply avoiding human development in hazardous areas. To enhance the prediction of such hazardous areas, many authors have conducted experimental and numerical studies. Small-scale or medium scale laboratory experiments have been often used to investigate the influence of geometric characteristics such as the slope geometry, the shape or the size distribution of particles, onto the kinematics of granular flows, and the position and the shape of the deposits. Sand or gravel [2,8,13,15,20,26,27,48] are often used but cubiform granite blocks [35,48], rectangular bricks [26], glass beads or lens-like-shaped plastic particles [40] are also tested to catch the influence of the particle shapes onto the granular flow. The influence of the grains size and gradation of the granular material was also investigated. Cagnoli and Romano [2], conclude that the finer the grain size, the larger the mobility of the center of mass, while Goujon et al. [15] show on the base of experiments performed with bimodal mixtures of grains, that the large particles are found at the surface, at the lateral borders and at the front of the final deposit while the small particles are located preferentially at the base of the flow. Experimental works performed by Okura et al. [35] revealed that the runout distance had a
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positive correlation with the rockfall volume and that the relative positions of each block along the slope direction were not changed during rockfall movement. In the same way, flume tests performed by Yang et al. [48] show that the mass-front velocity increased with the volume for mono-materials while the velocity of a composite of cobbles and gravel with a large volume was almost the same as the mono-material of cobbles and of gravel with a small volume. However, due to the experimental difficulty to perform measurements at the scale of the block within the avalanche, numerical models such as continuum approaches [25,29,36, 37] or discrete element models [1,3,6,21,35,43,45,47,50] are needed to get a better understanding of the mechanisms involved during the granular flows. The continuous models are usually based on the assumptions of fluid mechanics [25,29,36,37] and often take account of the whole dissipative phenomena via a dynamic friction coefficient acting at the base of the flow. These methods are simple to use but they remain difficult to apply to real cases since their parameters are necessarily obtained by back-analysis [20]. An alternative method used in rock mechanics is the Discontinuous Deformation Analysis (DDA, [42]), which is based on continuous methods used to solve for stress and deformations fields inside separate blocks, but accounts for the interaction of independent elements along discontinuities. Among the numerical methods, only the use of discrete models which take efficiently into account the interactions in the bulk of the granular material (collisions and friction) are able to give relevant information on the kinematics of each particle and on the mechanisms of energy dissipation occurring both at the base of the avalanche and within the granular mass [1,3,6,21,35,43,45,47,50]. Various strategies can be used to take account of the dissipative mechanisms at contact point such as viscous contact models [3], damping models [45] or specific dissipative contact laws as the one used for this study [1]. Compared to other discrete models based on the use of spheres or clumps made of spheres (useful to optimize the contact detection algorithm), the present model uses complex shaped elements to catch more realistic rebound behaviors. Discrete-element models (DEMs) offer an interesting alternative to the continuous approaches in the sense that they reduce the amount of assumptions on the constitutive behavior of the granular material composing the flowing rock mass [22]. They also seem to be more representative for the modeling of certain classes of rock avalanches, which are too coarse to be regarded as a fluid and cannot be accurately modeled by continuous approaches. In the simplest DEM approaches, a granular mass is modeled by an assembly of rigid discs/spheres which interact by the means of a chosen contact law which controls the direction and norm of the frictional and repulsive forces that may exist during the contact between two particles [9,24]. These forces, together with the gravity, are then used to solve explicitly in time the
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equations of motion applied to each particle. Several ways exist to improve such a simple modelling: using complex contact laws, accounting for interparticle cohesion, coupling with an interstitial fluid [10,16,38,41,49], or allowing the particles to break up [11,46], among others. These various techniques represent the state of the art in discrete modelling, and might soon be applied by the scientific community to the prediction of rock avalanches. Because of the inherent limitations of spheres (namely, their lack of resistance to rolling), another important trend is to use particles with more complex shapes to make the simulated granular mass more realistic from a geometric point of view [44], e.g. ellipsoids [23], polygons [7,12,19,28], polyhedra [5,14,17] and superquadrics [18,34]. Although some recent works [30–32] proposed to account for the whole complexity of the possible block shapes, it is easier to introduce some rather simple geometric shapes such as clusters of discs or spheres, ellipses or ellipsoids, polygons or polyhedrons, spheropolygons or spheropolyhedrons. This last technique is used in the present paper. To test the ability of the discrete element (DE) approach to simulate granular flow and to predict position and shape of the deposit, Richefeu et al. [39] have numerically reproduced a laboratory experiment conducted by Manzella and Labiouze [26]. In their paper and in this one, the term “rock avalanche” is used to describe a large class of collective rock flows of very various magnitudes, in a more general way than in the classic literature on the topic. Their experiment (Fig. 1), referred to hereafter as the reference experiment, aimed at reproducing at small scale a rock avalanche with controlled conditions. It consisted in the launch, avalanche, and deposition of a granular mass along a planar slope having a sharp change of gradient. The upper slope was inclined at 45◦ while the lower slope was horizontal. Forty litres of small clay bricks, measuring 31 × 15 × 8 mm, were randomly dropped into a rectangular box (dimensions 0.4 × 0.2 × 0.6 m). This shape was chosen because of its simplicity, but also because it is sometimes observed in real events (Fig. 2, taken from Cuervo et al. [4]). Brick density was 1700 kg/m3 , and the apparent density of the packed bricks was 1000 kg/m3 . The box was positioned at a height of 1 m above the inclined plane, its lower face was opened and the material was released onto the slope. The velocity of the granular mass during the avalanche and the dimensions of the material deposit on the horizontal plane were measured using optical methods. In order to demonstrate the predictive ability of our DEM approaches, real rectangular shapes of the bricks were taken into account (this was done quite naturally in the spheropolyhedrons framework). Contact law parameters (brick/brick and brick/slope) were calibrated considering energy dissipations, based on additional experiments performed for this purpose, which consisted in the fall and bouncing of single particles filmed with high-speed cameras [39]. When
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Fig. 1 Layout of the reference experiment reproduced in the present simulations, showing the length L, width W, thickness H, and runout length R of the deposit, the X-coordinate XCM of its centre of mass, and
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the fahrböschung ϕapp and travel angle ϕC M of the avalanche (partially taken from Richefeu et al. [39])



support was performed in Mollon et al. [33]. It was observed that the use of a surface roughness (composed of asperities with a size close to that of the typical grain of the avalanche) could trigger a change in a flow regime. In the present paper, we provide a detailed analysis of this phenomenon, and we complete the parametric study by focusing on block geometry, namely their size, aspect ratio and roundness.



2 Description of the simulations and of the post-processing Fig. 2 Examples of somewhat rectangular blocks observed in a rockfall near Millau, France (from Cuervo et al. [4])



compared to the experimental results, the final simulation provided satisfactory outputs in terms of avalanche kinematics, and deposit size, shape and location. This result was particularly interesting because it proved that DEM may be predictive without the need to run any back-analysis on a full event to calibrate the contact law and the particles geometry. To better grasp the physical mechanisms involved during granular flows, a parametric study on the contact parameters, on the slope angle, and on the geometric properties of the



2.1 Simulations The geometry of the simulations described hereafter is identical to that already presented in Richefeu et al. [39] and Mollon et al. [33], and reproduces the actual geometry of the reference experiment described in Manzella and Labiouse [26]. To prepare the virtual granular sample, the bricks are placed on a regular lattice (sparse enough to avoid interpenetration) and randomly oriented. They are then packed under gravity in a virtual vertical box, the desired solid fraction (identical to the experimental one) being obtained by calibrating the interparticle friction coefficient by trials and errors. Before releasing the mass, the friction coefficient is set
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to the desired value and the box is inclined at 45◦ and placed at the proper height on the virtual slope. The lower wall of the box is removed at t = 0, triggering the granular flow along the slope, which occurs until all the mass has stopped around the zone of transition with the horizontal plane. To simulate properly the interactions between the bodies involved in the system (bricks and slope), a contact law has been chosen in Richefeu et al. [39]. This contact law accounts for a normal and a tangential linear stiffnesses (respectively kn and kt ) which allow to develop repulsive normal and tangential forces in case of interpenetration between two solids. Besides, energy dissipations are accounted for in the case of friction (in the tangential direction, using a classical Coulomb friction with a coefficient μ*) and of collision (using a coefficient of restitution en2 , introduced by the mean of a ratio between the loading and unloading stiffnesses in the normal direction). No viscous effect is accounted for in this contact model. The numerical contact parameters, summarized in Table 1, are identical to those calibrated experimentally in Richefeu et al. [39]. For these calibrations, additional experiments involving bouncing of single particles were performed and reproduced numerically, and the parameters so-obtained were further introduced in a full simulation of the avalanche experiment. The good quantitative prediction of the experimental avalanche by the simulation provided evidence that the contact model is reliable. It also proved [39] that DEM Table 1 Parameters of the contact laws en2



μ*



kn (N/m)



kt /kn



Brick–Slope contact (BS)



0.53



0.46



100,000



0.42



Brick–Brick contact (BB)



0.13



0.86



100,000



0.27



en2 is the coefficient of restitution, μ* is the coefficient of friction, kn and kt are the normal and tangential stiffnesses



is able to predict the collective behavior of granular masses after calibration on individual behaviors, without the need to perform a back-analysis of a full event. In this study, the particles composing the granular material differ from the original ones (i.e. from the ones used in the Manzella and Labiouse [26] experiments and reproduced in our previous work). Nine different types of particles, referred to as letters from A to I, are used in the present paper. Geometrical properties of these particles are provided in Fig. 3. On one hand, particles A to E are identical in proportions to the original ones, except that a homothetic factor was applied to their dimensions. Particles C are actually identical to the original rectangular ones, while A and B are smaller and D and E are bigger. On the other hand particles F to I explore different shapes. Particle F is a perfect cube with a volume similar to the one of the original rectangular particles, and particles G to I are obtained from particle F by “cutting” its corners and altering its angularity. This alteration is controlled by a cutting parameter c, which runs from 0 (unaltered cube, case F) to roughly three-quarters of a half-length of the initial cube (c = 4 mm, case I). In all cases, the number of particles packed in the starting box is chosen in order to reproduce both the apparent volume and the bulk density of the granular packing of the reference experiment. Thus, for each one of these nine packings, the unit weight of the material composing the blocks is equal to 17 KN/m3 , the total granular mass is roughly 40 kg, and the apparent volume is roughly 40 l. As a consequence, this paper will not investigate the scale effects related to the total volume of the material composing the avalanche, but only those related to its granular content. In the case of the largest bricks (case E), the total number of blocks is equal to 790 and the typical thickness of the avalanche is close to twice the length of the brick. In contrast, in the case of the smallest bricks (case A), about



Fig. 3 Overview of the nine considered particles with their maximum (L), intermediate (l), and minimum (S) dimensions, their corner-cutting parameter (c, identical in the three directions of space), and the total number (N ) of particles composing the avalanche
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Fig. 4 Initial packings for particles A, C, and F



lated slope hereafter. Hence, the remainder of this paper will describe the numerical results obtained after running 18 simulations, which will be referred to as the index of the brick (A to I) followed by the index of the slope (1 or 2); e.g. B1 or G2. Specific interest will be paid successively to (1) the kinematics of the avalanche, (2) the sources and amount of energy dissipations, and (3) the position, size and shape of the granular deposit.



2.2 Post-processing methodology



Fig. 5 Dimensions of the undulations of slope 2, and scaled frontviews of some typical particles used in the study



50,000 blocks are considered and the typical thickness of the avalanche is close to eight times the length of the brick. Some illustrative initial packings are provided in Fig. 4. In addition to the size and shape of the bricks, this paper also pays attention to the role of the slope geometry. For this purpose, two cases are considered. In case 1 the slope is perfectly planar and smooth, and its geometry and coefficient of friction (0.46) are identical to those of the reference experiment. In case 2, an additional waviness is introduced in the form of sharp ripples. As shown in Fig. 5, these undulations are scaled to the dimensions of the original rectangular bricks. Indeed, the length of the planar zone of each trough and each ridge is equal to the length of bricks C (31 mm) and the depth of the undulation is equal to the intermediate dimension of bricks C (15 mm), in such a manner that a brick of type C may exactly lie in a typical trough. Hence, the bricks A and B are smaller than the typical size of the undulation while bricks D and E are larger (they are unable to entirely reach the bottom of a trough). Due to their shapes, cubic or corner-cut particles F to I are also smaller than the undulation typical length. This case 2 is referred to as undu-



Considering the kinematics of the avalanche, the most interesting quantities are the velocities and angular velocities of each brick, and the local values of the solid fraction of the granular assembly. This solid fraction is computed in the manner described in Mollon et al. [33]. For each particle i we wish to define a domain representing its closest neighborhood, and we first consider the N particles closest to i. Besides, for this measurement to remain local when applied to particles close to the external outline of the granular mass (i.e. with a limited number of close neighbors), we consider a sphere of radius d around the particle i, and discard the particles outside of this sphere. We then consider the N  ≤ N remaining particles and define a representative zone, determined by applying a close non-convex hull algorithm to the N  + 1 particles (including the particle i), dividing the total volume of these N  + 1 particles by the volume of the hull. The solid fraction so-obtained is assigned to the particle i, although it characterizes not only the particle but its close neighborhood. In the present paper, we use N = 100 and d equal to five times the intermediate dimension of the brick, which appears to be a good compromise and to provide meaningful and smooth results for display. One should note, however, that the notion of solid fraction is less relevant when applied to a small sample, since most of the blocks of such a sample are very close to its border. Hence, the solid fractions proposed hereafter for cases D and E are to be considered with caution.
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The post-processing of energy dissipations is also identical to that proposed in Mollon et al. [33], and focuses on the time and space localization of the different sources of dissipations induced by the chosen contact law. There are four kinds of such a dissipation: it may be either frictional or collisional, and it may occur either at a brick–slope contact or at a brick–brick contact. At the end of the motion, the sum of the four cumulative terms of energy dissipation balances exactly the loss of potential energy induced by the avalanche. Since the total mass of material and the loss of elevation of the centre of mass are similar in all the simulations, the cumulative dissipated energy does not vary very much from one simulation to the other. However, the sources and locations of dissipations may be affected quite a lot by the parameters that are varied in the different simulations. Considering a given granular deposit, there is no immediate way to provide its exact and meaningful dimensions since it is an assembly of individual solids. In the present study, these dimensions are computed using the non-convex enveloping algorithm described in details in Mollon et al. [33], which makes it possible to evaluate some relevant and reproducible boundaries of a cloud of points based on a density criterion. The quantities of interest characterizing the geometry of a deposit are provided in Fig. 1: the travel angle ϕC M (based on the centre of mass), the “fahrböschung” angle ϕap (common terminology in the field of rock avalanches to define an apparent travel angle, computed based on the extreme points of the initial packing and of the deposit, see Fig. 1), the runout distance R (computed with respect to the point of change of slope gradient), the deposit length L, width W , and thickness H . In addition to these six classical parameters which describe the position and size of the main part of the deposit, we also study two additional quantities which are related to the blocks which get separated from the main deposit, and which may have some important consequences in the framework of a real rock avalanche. The first of these two parameters is called “1 % fractile in length”, and is the distance from the point O intersecting the change of slope (Z axis) and the symmetry plane of the system (i.e. the plane Z = 0, see Fig. 1) above which only 1 % of the total amount of particles are found in the runout direction. For example, if this quantity is equal to 1 m, it means that exactly 1 % of the particles composing the initial packing have a runout distance longer than 1 m. Hence, it describes the axial dispersion of the final positions of the blocks. The second quantity is called “1 % fractile in width”, and is analogous to the previous one except that it describes the transversal dispersion of the blocks and that it is measured with respect to the vertical plane of symmetry of the starting box (i.e. the plane Z = 0). For example, if this quantity is equal to 1 m, it means that exactly 1 % of the particles composing the initial packing finally stopped at a position located at more than 1 m from the plane of symmetry, either on a side or the other.
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Section 3 will be dedicated to the sensitivity of the avalanche to the size of the blocks, and will thus focus on simulations A1 to E1 and A2 to E2. Section 4 will pay interest to the influence of the geometric proportions of the blocks (comparing particles A and F on both slopes 1 and 2), and Sect. 5 will be dedicated to their angularity (focusing on simulations F1 to I1 and F2 to I2).



3 Influence of the size of blocks 3.1 Avalanche kinematics To study the kinematics of the avalanche, it is chosen here to focus on snapshots of the simulations A1, E1, A2 and E2 (i.e. smallest and largest brick sizes, on planar and undulated slopes). A meaningful comparison between the four cases is obtained by considering for each simulation a snapshot at the instant for which the front of the avalanche reaches the abscissa 0.4 m. Then, a number of transverse cross-sections (from −0.9 to 0.2 m, every 0.1 m, in vertical planes) are performed in order to get an insight of the avalanche, as well as a longitudinal cross-section in the plane of symmetry of the starting box (Z = 0 m). The results are plotted in Figs. 6, 7 and 8, for the velocities, the angular velocities, and the solid fractions respectively. Figure 6 focuses on the velocity fields for the four simulations. A comparison between the cases A1 and E1 shows that the velocity profiles are very similar, exhibiting almost homogeneous velocities in vertical cross sections, with a regular acceleration all along the slope and a rapid deceleration around the zone of gradient change. The only minor difference between the two cases is the fact that the small bricks tend to exhibit more lateral spreading during the avalanche, while the large bricks remain more concentrated in the central area. This observation is valid down to the final deposit. The velocity profiles obtained with an undulated slope are very different. In the case of small bricks (case A2), a very clear vertical gradient of velocity appears on the longitudinal cross-section, with interesting velocity patterns exhibiting the same periodicity than the waviness. The upper layer of the granular mass has a much larger velocity than the lower one, which is submitted to periodical cycles of acceleration–deceleration depending on the local value of the slope gradient. The transverse cross-sections show that this sheared flow is rather homogeneous in the entire width of the granular mass, since the velocity magnitude is almost independent from the elevation. This stratified flow is not observed in the simulation E2. Indeed, in the case of large bricks, there is no lower layer with very limited velocity like in the case of small bricks, and there is no identifiable velocity profile in any transverse cross-section. Instead of that, one
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Fig. 6 Velocities of the particles for simulations A1, E1, A2, and E2, when the fronts of the avalanches reach X = 0.4 m. Upper part vertical transverse cross-sections at various abscises X; lower part longitudinal cross section in the plane of symmetry of the starting box



may observe a rather unstructured flow with very different velocities from a brick to the other. The magnitudes of the angular velocities of each brick are plotted in Fig. 7 for the four simulations. The case A1 shows a limited amount of rotations among the particles, except in the area of gradient change, where the flow is strongly disturbed. Rotations are even smaller in case E1, and the disturbance in the transition zone seems less intense for large bricks. Overall, for the two cases A1 and E1, the avalanche is mostly in a translational motion (slipping regime), with homogeneous velocities and limited rotations. In contrast, large particle rotations occur in the case of a stepped slope, and rotations are more intense for the small blocks. The transverse cross-sections of simulation A2 show that the rotations



are homogeneous in the width of the avalanche, but exhibit some patterns along the vertical direction. This is confirmed by the longitudinal cross-section, which shows periodic patterns of large rotations alternating with zones of more calm flow, related to the wavelength of the undulations of the slope. Such patterns do not exist in the simulation E2, for which the brick rotations are rather important but unstructured. Figure 8 presents the results in terms of local solid fraction. For the cases A1 and E1 on a planar slope, the density of the granular packing is rather homogeneous in the entire avalanche (except on its lateral edges), but the avalanche of small particles seems denser (solid fraction of about 0.35) than the one of large particles (solid fraction of about 0.25). The case E2 (large bricks on an undulated slope) also leads
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Fig. 7 Angular velocities of the particles for simulations A1, E1, A2, and E2, when the fronts of the avalanches reach X = 0.4 m. Upper part vertical transverse cross-sections at various abscises X; lower part longitudinal cross section in the plane of symmetry of the starting box



to a rather homogeneous density, but the granular packing in this case is very loose, with an average solid fraction of the order of 0.13. Combined with the observations of Figs. 6 and 7 (very heterogeneous values of the velocities and angular velocities from a particle to its neighbors), we may conclude that the flow regime is probably very collisional. The case A2 (small bricks on an undulated slope) is the only one for which there is a heterogeneous distribution of the solid fraction. In this simulation, there are interesting periodic patterns of density which follow the undulations of the slope, with zones of rather high densities (solid fraction close to 0.32) in the troughs of the slope and low densities (solid fraction of roughly 0.25) on the ridges. These density patterns are spatially synchronized with the ones observed in the velocity
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field (Fig. 6), and the areas of high density are well correlated with the ones of low velocity. The transverse cross-sections of simulation A2 in Fig. 8 also show that the density is not homogeneous in the width of the avalanche: the packing is globally denser in the central part than in the lateral parts, although some other fluctuations add more complexity to this trend. 3.2 Energy dissipations In Fig. 9, one may observe the repartition of the energy dissipations among different sources and locations, for the simulations A1 to E1 (planar slope) and A2 to E2 (undulated slope). This repartition is expressed in terms of percentage
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Fig. 8 Local solid fractions for simulations A1, E1, A2, and E2, when the fronts of the avalanches reach X = 0.4 m. Upper part vertical transverse cross-sections at various abscises X; lower part longitudinal cross section in the plane of symmetry of the starting box



of the total dissipated energy. The total cumulative dissipation is equal to the total loss of potential energy due to the avalanche, and is rather constant in all the simulations since the total mass of particles and the initial and final altitudes of the centre of mass of the granular matter are nearly constant. The four kinds of energy dissipations that are presented in this figure are related to the two dissipation mechanisms embedded in the chosen contact law (collisional and frictional dissipations, see Richefeu et al. [39] for more details), occurring either at a brick–brick contact or at a brick–slope contact. In order to investigate the location of the energy dissipations, three geometric zones are defined in Fig. 9: zone 1 corresponds to the slope, zone 3 corresponds to the horizontal plane, and zone 2 extends across the change of gradient



at the slope foot, also called transition zone. The sum of these twelve terms (two types of dissipations at two types of contacts and in three geometric zones) equals the entire dissipated energy, which is rather constant in the different simulations as explained above. For all the bricks sizes, a quick comparison between the planar and the undulated slope shows the major differences between the two cases, and provides some energetic justifications to the kinematic observations made in the previous section. On the planar slope, the majority of the energy is dissipated by friction, mostly between the bricks and the support, which means that the avalanche is mostly in a slipping regime. Only a small fraction of the dissipation occurs by collisions, and this dissipation is concentrated in the transi-
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Fig. 9 Type and localization of the cumulative energy dissipations for various block sizes, on a planar and an undulated slope



tion zone for which the flow is disturbed by the change of gradient. After the transition zone, about 10 % of the energy remains to be dissipated in the zone 3 (i.e. on the horizontal plane). Overall, the influence of the size of the bricks on the modes and localizations of the dissipations seems very limited. In contrast, for an undulated slope, the contribution of the brick–slope friction to the dissipation becomes minor, and the interparticle friction and the collisional dissipations become more significant. Besides, the size of the bricks seems to have a noticeable influence on the dissipation patterns: in case of small bricks, less than 3 % of the energy remains to be dissipated in zone 3, while this proportion reaches 10 % for large bricks. It appears that a large part of this difference is related to the friction between bricks in the zone 1 (i.e. on the slope), which is much more important in the case of small bricks (about 40 % of the total dissipation) than in the case of large bricks (about 20 % of the total dissipation). Increasing the size of the bricks also leads to an increase of the dissipations related to collisions on the support, which is consistent with the kinematic observations of the previous section (collisional flow in simulation E2). These observations are further confirmed by Fig. 10 that provides the cumulative values of each type of dissipation as a function of time, for the simulations A1 to E1 and A2 to E2. In all the charts of this figure, the blue arrow points from the smaller bricks (case A) to the larger bricks (case E). The size of bricks induces some trends which are almost
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the same on a planar and an undulated slope: considering larger bricks increases the collisional dissipations (either between the bricks or with the support), and decreases the frictional dissipations (except the brick–slope frictional dissipations on planar slope, which remain almost constant). Hence, whatever the type of slope, larger bricks lead to a more collisional flow while smaller bricks lead to an increase of the internal shear of the material. However, the quantitative influence of the bricks size is much less important on a planar slope than on an undulated slope. In the latter case, the use of small bricks strongly reduces the basal frictional and collisional dissipations, and operates a strong transfer to the frictional dissipation in the bulk of the avalanche. This is in good agreement with the kinematic observations (Figs. 6, 7), which show that an avalanche of small particles on an undulated slope leads to a very regular and structured flow with important internal rotations and internal shearing. 3.3 Granular deposit Positions and shapes of the granular deposits result from the avalanche kinematics and from the modes of energy dissipation before the mass stops. The eight quantitative descriptors of the dimensions of the granular deposit are provided in Fig. 11, for the simulations A1 to E1 (planar slope) and A2 to E2 (undulated slope). A number of interesting trends may be pointed out. Overall, whatever the size of the bricks, it seems that the slope waviness increases the fahrböschung
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Fig. 10 Evolution in time of the four kinds of cumulative energy dissipations for various block sizes, on a planar and an undulated slope. The blue arrows point from the small particles (shape A) to the large



ones (shape E). a Brick–brick collisional dissipation. b Brick–brick frictional dissipation. c Brick–support collisional dissipation. d Brick– support frictional dissipation (color figure online)



and the travel angles (by 4◦ –6◦ ), and leads to deposits with smaller runout distance and length, and larger width and thickness. This is a direct consequence of the change in motion mode (from basal sliding to internal shearing) and in dissipative mode (from basal friction to internal dissipation) consecutively to the introduction of the waviness. On a planar slope, the size of the bricks has a limited influence on the characteristic dimensions of the deposit, as an



increase of the brick size only leads to a limited reduction of the horizontal dimensions of the deposit (length and width). In these cases (A1 to E1), avalanches are regular and governed mainly by basal frictional mechanisms regardless the sizes of the bricks. On an undulated slope, however, the influence of the brick sizes is much more important. Very small blocks (shape A) induce brick rotations, shearing in the granular mass, and an increase of shocks and
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Fig. 11 Influence of the size of the particles on the fahrböschung (a), the travel angle (b), the runout (c), the dimensions of the deposit (d–f), and the 1 % fractiles (g, h), for a planar and an undulated slope



friction within the granular mass which will lead to more loose deposits with larger dimensions (length, width and thickness, see Fig. 11d–f) than with large blocks (shape E). Hence, there is an interaction between the particles and the ruggedness of the slope which leads to this size-dependence
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that does not exist on a perfectly planar slope. Additional evidences of this interaction may be observed by paying attention to the 1 % fractiles in length and width (Fig. 11g, h). It is clear that, on a planar slope, the final dispersion of the bricks is not affected by their size since these frac-
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Fig. 12 Granular deposits obtained for simulations A1, E1, A2, and E2. Left-hand column top-view and front-view; central column sideview and perspective view; right-hand column top view of the outline
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of the deposit (blue line) and of the contour corresponding to the distance reached by 1 % of the particles in various directions (red line) (color figure online)
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tiles are rather constant from simulations A1 to E1. On an undulated slope, however, the axial and lateral dispersions largely increase with the block size, which means that the waviness of the slope acts differently on small and on large bricks. Figure 12 provides the layout of the granular deposits in the extreme cases (A and E), for both the planar and the undulated slopes, which confirm the previous results. For each case (e.g. A1), a top-view, and a front-view (left-hand column), together with a side-view and a perspective view (central column) of the final positions of the deposit are plotted. The color-scale corresponds to the elevation of the bricks. In these plots, the grey slope and the white horizontal plane help the reader to localize easily the change of gradient. Also, a top view of the outline of the deposit (in blue) and of the contour of the 1 %-fractiles (in red) is given in the right-hand column. The red curve is computed using a method similar to the one of the “1 % fractile in length” (as described in the previous paragraph), but in a finite set of horizontal and forward directions around the deposit. This method considers as a central point the intersection O between the main plane of symmetry of the apparatus (i.e. the plane Z = 0) and the line of gradient change (Z-axis). Then it considers an arbitrary horizontal direction (making an angle θ with the X-axis, with −π ≤ θ ≤ π ), and determines the distance d (θ ) for which there are 1 % of the particles located beyond a line perpendicular to the direction θ and located at a distance d of point O. This process is repeated for a large number of directions θ and finally provides the red curve plotted in Fig. 10. For θ = 0, it is actually identical to the 1 %-fractile in length, described in the previous section. Hence, the red curve provides an estimate of the dispersion of the bricks in all the directions of space. The blue contour is directly obtained by the non-convex hull algorithm described in Mollon et al. [33], and provides an estimate of the contour of the connected deposit (ignoring separated blocks). The position of the centre of mass of the granular deposit is also shown in each case.
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3.4 Reproducibility In the results presented in this section and in the following ones, only one run of the model was performed in each case. This choice, mainly related to the high computational cost of each simulation, leaves open the question of the reproducibility of the results. Indeed, some randomness exists in the initial packing (since bricks are first positioned on a regular loose lattice but with random orientations), and this randomness might propagate to the results, at least to a certain extent. To address this problem, additional sets of simulations were performed. More specifically, five additional runs were launched for the cases B1 to E1 (the case A1 was ignored due its very high cost), and the variability of relevant outputs was computed in each set. Results are provided in Fig. 13a, which provides the average fahrböschung and travel angles for each set of simulations, as well as the related standard deviations. It is clear from these results that (1) a dispersion exists, but remains rather limited (less than 0.8◦ of standard deviation for the simulations E1 with 790 bricks), and that (2) this dispersion is much smaller when the number of bricks increases (i.e. when using smaller bricks). Fig. 13b, c shows that, although there is some limited visual differences between two deposits in the case E1, this difference is negligible when dealing with the case B1 with smaller particles. Based on these observations, we may infer that the results provided in this paper based on single runs can be trusted, even those involving large bricks.



4 Influence of the elongation of blocks 4.1 Avalanche kinematics and energy dissipations In this section, we investigate the elongation of the blocks composing the released mass. A comparison between the shapes C (bricks, with a ratio between the largest and the smallest dimension close to 4) and F (cubes) provides clues



Fig. 13 Analysis of the reproducibility of discrete simulations. a Average values of fahrböschung and travel angles for the cases B1 to E1 (the errors bars correspond to one standard deviation); b two deposits obtained in the case B1; c two deposits obtained in the case E1
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Fig. 14 Kinematics of the particles for blocks C, F and H, in longitudinal cross sections, when the fronts of the avalanches reach X = 0.4 m. Left-hand panel velocities; right-hand panel angular velocities



on the influence of the aspect ratio for a fixed volume. Indeed, shape C exhibits an aspect ratio which is absent from the cubic shape F. The velocity and angular velocity fields of these cases are provided in Fig. 14. As in Figs. 6 and 7, there is an important influence of the slope waviness on the kinematics. For cubes, a planar slope induces a slipping regime rather similar to that of bricks, with a velocity field homogeneous in vertical transverse cross-sections and with moderate block rotations. On the flat area, rotations of the cubes are less constrained. This leads to an increase of dispersion of particles. Slopes with undulations lead to internal shear in the flowing mass, with a marked vertical velocity gradient in the transverse cross-sections, and large block rotations in the whole mass. The first two rows of Fig. 14 show that there is no major difference between the kinematics of the avalanches of bricks and cubes, either for velocities or angular velocities. The cumulative energy dissipations for the simulations C1, C2, F1, and F2 are recapitulated in Fig. 15. Just like in



Fig. 9, a difference is made between the dissipations occurring on the slope (zone 1), in the transition zone (zone 2), and on the horizontal plane (zone 3). On a planar slope, there is no major influence of the aspect ratio of the particles on the main dissipation patterns. The only noticeable influence is the fact that the collisional dissipation in the transition zone is larger for cubic particles (F) than for elongated ones (C). On an undulated slope, however, there is an important difference between cubic and elongated bricks in terms of dissipation patterns. Cubic blocks lead to a strong reduction of the frictional dissipations on the slope (zone 1), and to a limited increase of the collisional dissipation in the zone of transition (zone 2). Considering that the kinematics of the granular flow on the slope are rather similar from one case to another, this difference in behavior can be imputed to the aspect ratio of the bricks which allows for more frictional dissipation within the granular mass or with the support. As a result, only 4 % of the energy remains to be dissipated on
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Fig. 15 Type and localization of the cumulative energy dissipations for various shapes of the blocks, on a planar and an undulated slope



the horizontal plane (zone 3) for the elongated bricks, while this proportion reaches 8 % for the cubic bricks. 4.2 Granular deposit Figure 16 provides the values of the fahrböschung angle, the travel angle, the runout distance, the dimensions of the deposit and the dispersion fractiles, for the simulations C1, C2, F1 and F2. As clearly appears on this figure, the influence of the aspect ratio of the bricks on the position and dimensions of the deposit are rather limited in the case of a planar slope, and more noticeable in the case of an undulated slope. In the case of a planar slope, the consideration of cubic particles (F) instead of elongated ones (C) leads to larger fahrböschung and travel angle, and to a smaller runout distance. In this case, the amount of energy dissipated for particles (C) on the slope and on the transition (Fig. 15) is higher in the same zones than for particles (F). From Fig. 14, it can be seen that bricks of type (C) tend to slip, whilst cubes of type (F) display a rolling ability on the horizontal plane. For the chosen set of mechanical parameters, on the flat zone, the energy dissipated by collisions during the rolling of particles (F) is higher than the energy dissipated by friction during the sliding of particles (C), and the runout distance of the latter particles is longer. In the case of an undulated slope, a reverse trend is observed. Indeed, the energy dissipated by friction on the slope (Fig. 16) is much higher for the C-type particles, which rub against each other and with the support, than for the
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cubes (F-type particles). The C-type particles have lost a lot of energy on the slope and thus have a lower runout distance. Hence, for a given set of the frictional and collisional parameters, a change in the particle shape may lead to opposite results in terms of avalanche propagation depending of the roughness of the slope. In contrast, the dimensions of the deposit follow the same trends on both slopes: cubic particles (case F) lead to a reduction of the length and of the thickness of the deposit and to an increase of its width, with respect to elongated ones (case C). The 1 % fractiles in length and width also show that cubic particles tend to get much more separated from the main avalanche and to increase the dispersion of the final deposits.



5 Influence of the angularity of blocks 5.1 Avalanche kinematics and energy dissipations In this section, a comparison between the particles F, G, H and I is conducted in order to provide clues on the influence of their roundness (induced by the cutting parameter c, which increases from particle F to particle I, see Fig. 3). The last two rows of Fig. 14 provide the fields of velocities and rotational velocities of the particles, for the cases F1, H1, F2, and H2. These figures tend to demonstrate that with the adopted rounding procedure, the particle roundness has no major influence on the global kinematics of the avalanche. In the stop area, however, it appears that the amount of particle
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Fig. 16 Influence of particle shape on fahrböschung (a), travel angle (b), runout (c), dimensions of the deposit (d–f), and 1 % fractiles (g, h), for a planar and an undulated slope



rotations is slightly more important on the horizontal plane for the particles H than for the particles F, both for the planar and for the undulated slope. Besides, the rotations on the horizontal plane are larger for an undulated slope than for a planar slope. Apparently, the particles with cut corners have a



greater ability to roll on the horizontal plane after the gradient change, and this effect is increased by the macro-roughness of the slope. The cumulative energy dissipations for the simulations F1 to I1, and F2 to I2 are recapitulated in Fig. 15, showing that the
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Fig. 17 Granular deposits obtained for simulations F1, H1, F2, and H2. Left-hand column top-view and front-view; central column sideview and perspective view; right-hand column top view of the outline



of the deposit (blue line) and of the contour corresponding to the distance reached by 1 % of the particles in various directions (red line) (color figure online)



energy dissipations are not strongly influenced by the cornercutting operation. For a planar slope, the most noticeable influence is related to an increase of the collisional dissipation on the slope and in the transition zone, correlated with an



increase of the roundness. This increase in the collisional dissipation is probably related to a greater rolling ability of particles with cut corners (which increases the collisions in the area of disturbance of the flow), and is balanced by a slight
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reduction of the basal frictional dissipation on the slope and in the transition zone (also probably related to rolling). On an undulated slope, the cases F2 to I2 show very similar patterns, except for the brick-base frictional dissipation on the slope, which is minimum for the case H2. Hence, in this simulation the percentage of energy dissipated on the horizontal plane is the largest (10 %). 5.2 Granular deposit The observation of cases F to I in Fig. 16 shows that, on a planar slope, the influence of the angularity of the corners on the characteristics of the granular deposit (fahrböschung, travel angle, runout, length, width and thickness) is limited. In contrast, on an undulated slope, the cutting-length c has a strong influence on the final deposit. For the fahrböschung, the deposit length, the deposit width and the deposit thickness, some interesting trends appear: when increasing the cutting length c from 0 to 4 mm (i.e. in cases F2 to H2), we observe a decrease of the length, width and thickness of the deposit, which means that the deposit is more compact. The fahrböschung is also reduced. On the contrary, when increasing the cutting length c from 4 to 6 mm (cases H2 and I2), the deposit horizontal dimensions and the fahrböschung angle starts to reverse the trend and to increase again. Hence, among the four particles F to I, it appears that particle H leads to a maximum bulk density of the deposit. It seems logical to observe an increase of the final dispersion between cases F and H, since the fact of increasing the sphericity of the particles facilitates their ability to roll and to separate from the main avalanche. These results are further confirmed by the observations of the deposits provided in Fig. 17. However, it is unclear why this trend is reversed for particle I. Obviously, there are geometrical interactions between the flow regime, slope undulations, and particle shape, which remain beyond our understanding and deserve more investigation. To illustrate this difficulty, a simple additional test was performed. The numerical model of the experimental device shown in Fig. 1 was used to release a single particle on a smooth slope, at the coordinates X = −1 m and Y = 1.03 m (in order to avoid any initial interpenetration with the slope) with a null initial velocity, and its trajectory on the slope and on the horizontal plane was monitored closely until its final stop. For a given particle shape, this operation was repeated 1,000 times with random initial orientations of the particles, in order to make statistics on the total distance of travel and on the X-coordinate of the final position of the particles. Indeed, these quantities may be regarded as “experimental” indicators of the rolling ability of a shape (although this is a numerical experiment in our framework). This test was repeated for numerous values of the corner-cutting parameter c, running from zero (perfect cube) to half the cube sidelength L. The results of these simulations are provided in



Fig. 18 Evolution of some indicators of the rolling ability of the particles as a function of the corner-cutting parameter c



Fig. 18, and demonstrate that the evolution of the rolling ability with the corner-cutting parameter c (scaled on the particle length L) is not monotonic. It increases from c/L = 0 to c/L = 0.3, then decreases until c/L = 0.43, and increases again until c/L = 0.5. This observation is in good agreement with the fact that particle H is that with the greatest rolling ability (among the particles F to I). It also reveals that the links between particle shape and rolling ability are very complex. Whether or not a single shape parameter (such as the cornercutting distance used in the present paper, or any one of the numerous definitions of roundness and sphericity available in the literature) may be able to describe the rolling ability of a particle seems highly uncertain.



6 Discussion and conclusion The results presented in the present paper reveal complex interactions between the properties of the blocks composing the avalanche (size, aspect ratio, roundness) and the geometry of the slope (waviness, sharp change of gradient). These interactions play a complicated role in the prediction of the final dimensions and position of the granular deposit and of the global dispersion of the blocks separated from the main avalanche. The major findings are recapitulated hereafter: 1. On a planar slope, the influence of the size of the blocks is rather limited. The avalanche is mostly in a translational regime (except in the transition zone, where it is quite disturbed by the change of gradient), the velocity field is constant in transverse cross-sections, the particle rotations are limited, and the packing density is constant
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in the whole avalanche. Most of the kinetic energy is dissipated by friction at the base of the avalanche, between the bricks and the base. Considering larger bricks only slightly decreases the dimensions of the granular deposit and the bulk density of the avalanche, whilst it slightly increases the collisional energy dissipations. Whatever the size of the blocks, the final dispersion of the bricks is very limited, most of them remaining in the main deposit. These results seem in good agreement with experiments from the literature: Yang et al. [48], for example, report that cubic blocks, cobbles and gravels flow with the same velocity in a large flume with a smooth frictional substrate and a 45◦ slope. Larger bricks also tend to decrease slightly the mobility of the centre of mass of the avalanche. This is consistent with the experimental findings of Cagnoli and Romano [2], while Manzella and Labiouse [27] do not notice such a limited trend. 2. In contrast, on an undulated slope, there is a strong influence of the size of the blocks on the characteristics of the avalanche. Bricks with a size smaller than the characteristic dimensions of the slope waviness lead to a flow with strong internal shearing, with important vertical velocity gradient and particle rotations and a quite dense packing. In this case, velocities, angular velocities and local solid fractions are very well spatially correlated with the slope undulations, leading to periodic heterogeneities. As a result of the intense shearing in the granular mass, most of the energy is dissipated by friction between particles, which leads to a limited propagation of the granular mass, to a large percentage of particles stopping on the slope, and to a very limited final dispersion of the bricks. On the contrary, bricks with dimensions larger than those of the slope undulations lead to an unstructured and collisional flow, with important velocity gradients between neighboring particles, important rotations, and loose packing. These kinematics increase collisional dissipation and strongly reduce basal frictional dissipation, which leads to avalanches with a higher mobility and to the separation of a large portion of the particles from the main avalanche. 3. Considering cubic particles instead of elongated ones only slightly modifies the avalanche kinematics and the dissipative energy modes. For the chosen set of parameters, this implies a limited decrease of the avalanche mobility in the case of a planar slope, and an increase of the mobility in the case of a slope with undulations. Indeed, on a planar slope the larger rolling ability of the cubic particles induce larger rotations and a slightly larger collisional dissipation on the slope and in the transition zone. On the contrary, on an undulated slope, the combination of slope undulations and rolling ability of the cubic blocks leads to a strong disturbance of the flow in a manner similar to that observed with large bricks,
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makes the flow regime more collisional, and reduces the frictional dissipations on the slope and in the transition zone. 4. When compared to the cubic case, an increase in the roundness of the particles does not seem to have a major effect on the global kinematics of the avalanche, on the patterns of energy dissipations, and on the geometry and position of the granular deposit. However, it has a strong influence on the ability of the individual bricks to separate from the main avalanche, leading to a very important dispersion of the positions of the blocks at the end of the avalanche. This dispersion is related to the rolling ability of these shapes, which leads to important particle rotations after the transition zone. This behavior is particularly evident on an undulated slope, which strongly disturbs the flow even before the transition zone, and may lead to very wide final dispersions of the blocks. On one hand, the results presented in this paper are in qualitative agreement with experimental observations described in the scientific literature. About the avalanche regime, Friedman et al. [13] state that “Often, a linear flow profile […] is observed. However, if the bottom surface on which the avalanche flows is smooth and has low friction, a plug flow develops”. Manzella and Labiouse [26] state that “When […] the base friction increases, […] the centre of mass travels a shorter distance”. When comparing gravel and bricks (i.e. two granular materials with different block size and shape) on a smooth slope, they also observe that “there is a certain similarity between the mechanism of propagation”, which is also in agreement with the numerical results we propose. On the other hand, the fact that slope undulations induce strong differences (both in the avalanche regime and in the final deposit dispersion), depending on the size and shape of the blocks, still has to be validated experimentally. However, we can reasonably state from our results that, in the case of a slope exhibiting an important waviness (which is the case of many natural slopes), one might not be able to predict properly the final position of the deposit and the area impacted by individual blocks without considering important factors such as the sizes, aspect ratio, and roundness of the particles. Some trends were pointed out in the present paper, but they may not be generalized yet since only a certain type of slope roughness (longitudinal undulations) and a certain class of particles (bricks with planar and parallel faces, with or without cutting of the corners) were considered. In a future work, it seems necessary to move away from the experimental framework which was the initial basis of this numerical parametric study, and to investigate more general and realistic shapes. Moreover, to enhance our understanding of this complex type of granular flow, it might be interesting to pay attention to (1) a more appropriate modelling of the contact conditions in the
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case of a real slope made of soft ground, (2) a more realistic roughness of the slope, and (3) the influence of the distribution of the sizes of the blocks, and of its evolution related to the block fragmentation process during the avalanche. Acknowledgments All the authors acknowledge that this study contains original material, as a result of a purely academic study without any kind of private funding. Its publication has been approved by all coauthors and tacitly by the responsible authorities at the institutes where the work has been carried out.
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