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Abstract

Numerical simulations of impacts of granular flows with structures are complex because they have to take into account large
deformations, large strain rates and interactions with boundaries or structures. Moreover, the material response is governed by
interactions between grains, which leads to a complex rheology. Discrete methods (DEM), which apply a micromechanical
approach, appears very well suited to this purpose, but they can hardly deal with large-scale problems. In contrasts, continuum
methods can handle large granular volumes because they use a macroscopic approach in which the material behaviour is described
by a constitutive model. The aim of this paper it to compare the results obtained by a discrete and a continuum approach in
simulating the impact of a dry granular flow on a rigid wall. The problem is simulated with a DEM code and with a software based
on the Material Point Method.

© 2016 The Authors. Published by Elsevier Ltd. Thisis an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer-review under the responsibility of the organizing and scientific committees of CNRIG2016

Keywords: granular flow; MPM; DEM; impact forces

1. Introduction

Granular flows have been classified as one of the most hazardous landslides due to their high velocities and impact
forces, the long run-out distance and the poor predictability. Protective structures, such as retaining walls, fences, and
dams, can be installed to slow down or stop granular flows from affecting adjacent infrastructures and residential
communities. The impact forces exerted by a granular flow are computed with simplified methods. A numerical tool
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able to capture the key features of these phenomena would be useful in the design of structures that can withstand
snow and rock avalanches as well as high-speed landslides. Most studies of dry granular flows in the context of geo-
hazards focused on flow models for predicting the run-out distance, velocity, and other variables. The understanding
of the impact process and the evolution of the static and dynamic force components are still quite limited.

Numerical simulations of granular flows are complex because they have to take into account large deformations,
large strain rates, interactions with boundaries or structures, and collisional interactions between grains, which leads
to a complex constitutive behavior of the material. Various numerical techniques have been used for analyzing the
inception or the propagation of a landslide, but only a few are suitable for studying the whole process as well as the
impact against structures. These include Discrete Element Methods (DEM) [1], and continuum-based Lagrangian
meshless methods [2—4].

DEM applies a micromechanical approach (single soil grains are simulated). The interactions between grains is
taken into account realistically, but the knowledge of the contact parameters, their link to macroscopic quantities and
the effect of considering grain-shapes different than spherical can be difficult to determine. The computational cost is
very high, thus simulations of real-scale events may be ineffective. For this reason, continuum-based methods are
often preferred. They apply a macroscopic approach, in which the behavior of the granular mass is described by the
constitutive model. Lagrangian meshless methods can simulate small and large deformations of big soil masses with
a limited computational cost. Amongst them, the Material Point Method (MPM) appears to be particularly promising
and it is preferred in this study.

The aim of this paper is to compare the results obtained with a discrete and a continuum approach in simulating
the impact of a granular flow on a rigid structure. In this work, we consider a set of laboratory tests reported by [5];
in which a cubical sample of dry granular material is instantly released from the top of an inclined slope, it flows
down the channel and hits a rigid wall on which impact forces are measured. Two reference tests have been selected
varying the chute inclination (6 = 30° and 6 = 40°). The problem is simulated using DEM (discrete approach) and
MPM (continuum approach). The considered problem is very complex; an exhaustive comparison between the two
methods, covering all the similarities and dissimilarities, exceeds the purpose of this paper, which wants to give only
an insight to the problem.

2. DEM model

The Discrete Element Method is used to simulate the behavior of granular materials in several fields: from
geotechnics, to material science and process engineering. It explicitly solves the dynamic of discrete interacting
particles by assuming a micromechanical constitutive model at the contacts. In our case the basic contact model has
been used: the normal contact is ruled by a linear elastic spring coupled with a dashpot while a frictional slider, a
dashpot and a linear spring is used in tangential direction [6]. Frictional parameters have been selected on the base of
the measurements given in [5]. Linear elastic stiffness parameters at the contact have been chosen according to the
calibration performed in [7]. Damping coefficient has been computed on the base of restitution coefficients provided
in the same publication. Grain-size used in simulations is similar to the experimental tests and has been obtained
linearizing the grain size distribution around a mean value dso = 14.1 mm (finest and coarsest particles were neglected).
It is worth to note that microscopic friction coefficient is not the real one because the shape of each grain was simplified
with a sphere that is free to rotate. Some preliminary tests have shown that its effect on the result is quite negligible,
and the macroscopic friction angle was then adopted. The parameters used in DEM simulations are listed in Table 1.

Table 1. Material parameters used in DEM simulations.

Grain density (ps) 2650 kg/m® Interparticle friction angle (¢) 53°
Porosity (n) 0.48 Mean diameter (dso) 14.1 mm
Normal contact stiffness (kn) 400 kKN/m Basal friction coefficient (p) 0.466
Tangential contact stiffness (ks) 100 kN/m Retaining wall friction coefficient (py,) 0.384
Norm. and tangential viscous damping coeff. (c) 0.3 Lateral wall friction coeff. (L) 0.268

Grain-size ratio dumin/dmax 2
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The initial granular sample is generated in a cubical box by randomly placing a suitable number of particles with
the same grain size as reported in experiments [5] and applying gravity until a stable condition has been reached. The
final sample resulted slightly taller than the real one because we preferred to match the initial mass of the experimental
tests and to relax volume and porosity constraints which are inevitably different replacing the real particles with the
spheres. Then the channel is inclined to the prescribed angle and the lateral wall is instantaneously removed.

3. MPM model

The MPM is a particle-based method specifically developed for large deformations of history dependent materials
[8]. It has been successfully applied to the simulation of a number of geotechnical problems such as slope stability
[9], pile installation [10,11], and impact of granular avalanches on rigid obstacles [4].

The continuum body is discretized by a set of Lagrangian points, called material points (MPs), which carry all the
information of the continuum. The MPs do not represent single soil grains, as in DEM, but a portion of the continuum
body. Large deformations are simulated by MPs moving through a fix computational finite element mesh that covers
the entire region of space into which the solid is expected to move. This grid is used to solve the system of equilibrium
equations, but does not deform with the body like in Lagrangian Finite Element Method.

The MPM code used in this study (Anura3D) is being developed to solve 3D dynamic large deformation problems
in geotechnical and hydromechanical engineering [12]. Soil-structure interaction and frictional sliding are simulated
by a contact formulation based on Coulomb’s law [13].

The geometry and discretization of the problem are shown in Figure 1. Anura3D allows only 3D models, but the
considered problem is bidimensional; to reduce the computational cost, the width of the channel is reduced to 2.5cm.
The material behaviour is described with an elastic-perfectly plastic model with Mohr-Coulomb failure criterion. The
constitutive parameters are listed in Table 2; they are derived from the experimental test published in [5].

Table 2. Material parameters of MPM model.

Grain density (ps) 2650 kg/m? Friction angle (¢) 53°
Porosity (n) 0.48 Cohesion (¢”) 0
Young modulus (E) 50 kPa Basal friction coefficient (jib) 0.466
Poisson’s ratio (V) 0.25 Wall friction coefficient (pw) 0.384
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Fig. 1. Geometry and discretization of the 3d MPM model. It counts 7438 elements and 18251 MPs. Note that the gravity vector is inclined.
4. Results

Differences between the continuum and the discrete approach appears already in the generation of the initial
configuration: in MPM the material is initially confined in a regular rectangular box, while in DEM the upper surface
of this volume is taller, irregular and slightly curved because of the method used to generate the sample (see Section
2.1) (Fig. 2). During the initiation of motion, in DEM the mass seems to deform homogeneously while in MPM a
wedge in the front of the sample shows a larger displacement than the rest of the material (Fig. 3).

During the propagation the mass elongates, and the front inclination reduces in both methods. The thickness of the
flow is similar in DEM and MPM but its length is larger in DEM because of higher velocities at the front (Fig 4).



Fabio Gabrieli and Francesca Ceccato / Procedia Engineering 158 (2016) 152 — 157 155

| b)40°
0.2*
0.1-1_
0
0 01 02 03 04 0 01 02 03 04

Fig. 2. Comparison between the shape of the initial mass in DEM (yellow spheres) and MPM (dashed line) for (a) 6 = 30° and (b) 6 = 40°.

a)

Fig. 3. Deformed sample at time t = 0.24 s obtained with (a) DEM (b) MPM.

The flow reaches the obstacle earlier in DEM than in MPM, meaning that the velocities are higher in the first case.
When the flow hits the barrier, it is projected upwards thus increasing the height of the mass stressing the wall. When
the material decelerates a dead zone forms, which attenuates the effect of the dynamic impact on the rigid barrier. The
formation of the dead zone is different in the two methods. Figures 5c¢ and 5d show the evolution of the flow profile
during the impact in case of 6 = 40°. We can observe that in DEM, the profiles are very steep in comparison to the
MPM. It seems that in DEM the first particles hit and climb the wall forming a sort of damper for the incoming grains.
Coloring the mass with vertical color bands in a time step just before the impact (Fig. 5a-b), we can observe the main
deformation occurred to each vertical strip after the impact (Fig. 5c-d). In DEM the strips mainly experience a
compression normal to the wall while in MPM they show a prevalent shear distortion. As a result, the initially vertical
bands become convex with respect to the wall in DEM and straight but inclined in MPM. Similar observations are
also valid for 6 = 30°.

Figure 6 shows the normal impact forces obtained with the two models. With both methods, in case 8=30° the force
increases up to a constant value, which corresponds to the static reaction force. In case 6=40°, the force increases up
to a peak value due to the dynamic impulse and then decreases to the constant static value. However, the impact forces
are quantitatively different in the two methods.
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Fig. 4. X-velocity field during the propagation and impact phase in case of 6 = 30°.

MPM predicts lower impact forces in case of slope inclination =30°. This result is explained observing the shape
of the dead zone: in MPM simulation the deposit is thinner and more elongated compared to DEM (Fig. 4). In contrast,
a higher peak force is obtained with MPM for the inclination of 40°. This result may be surprising because the impact
velocities are higher in DEM. It could be due to the different evolution of the dead zone or to a different behavior of
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the material attributed during the impact by the continuum and discrete approach. Indeed, it can be noted that in DEM
the front is characterized by a collisional regime: the density is quite low and particles interact mainly by instantaneous
collision with a significant energy dissipation, which is not taken into account in the continuum approach.

The maximum impact force measured in the experiment is 0.3kN/m for 6=30° and 0.8kN/m for 6=40°. Both
methods overestimate the impact force, but it seems that a better result is obtained with MPM at low inclinations, and
with DEM at higher inclinations.

a)

Fig. 5. Flow profile before the impact in (a) MPM and (b) DEM and flow profile evolution during the impact for (c) MPM and (d) DEM.
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Fig. 6. Normal impact forces obtained with MPM and DEM for inclination angles of 30° and 40°.
5. Discussion and conclusions

The impact of a granular mass is a complex phenomenon, which is the result of multiple phases correlated one each
other: the initiation of motion, its propagation along the channel and the interaction with the obstacle with the
subsequent formation of the dead zone. In this work, we did not cover exhaustively all these aspects but we want to
give an insight to the problem.

Although the two methods are intrinsically different, the obtained evolution of the impact force is qualitatively
similar, but not quantitatively. The impact force is strongly influenced by the evolution of the dead zone which acts
as a damper for the arriving flow mass. The formation of the dead zone differs between DEM and MPM thus
explaining the dissimilar force values.

DEM takes into account the micromechanical interactions between particles, which appears fundamental to
describe the behavior of dense granular flows. In particular, the number of collisions and the evolution of the force
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chains should be investigated. In DEM solid grains are simulated with spheres but true granular matter is constituted
by irregular angular particles; the effect of the shape and the contact model should be examined in more details.

In MPM the material response is simulated with an elastoplastic model, which is unable to take into account the
effect of instantaneous collisions between grains. To improve the results, a more sophisticated constitutive model,
able to capture the behavior of the granular flow in a wide range of shear rates, should be implemented. However,
despite the research done in this field, a satisfactory solution has not be found yet.
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