
A comparison between DEM and MPM for the modeling of unsteady flow

Fabio Gracia1,2,�, Pascal Villard1, and Vincent Richefeu1

1Univ. Grenoble Alpes, 3SR, F-38000, Grenoble, France
2IMSRN, Montbonnot, F-38330, France

Abstract. In order to provide a comprehensive comparison between two current numerical methods employed

in the modeling of rock avalanches, the Discrete Element Method (DEM) [3] and the Material Point Method

(MPM) [1] were used to simulate the mass propagation along a 45° plane transitioning to an horizontal plane.

When using the DEM, a 3D code using tetrahedral elements was used and the flow was channelized by means

of frictionless walls. For the MPM simulations, a 2D code was developed and plane strain simulations were

run. Comparisons were made in terms of run-out distance and energy dissipated. Influence of parameters such

as initial sample geometry, basal friction coefficient and shape of blocks composing the sample was studied.

1 Introduction

Numerical studies involving DEM and MPM were car-

ried out in order to test the ability and the relevance

of two kinds of numerical methods (discrete and contin-

uous methods) to reproduce the kinematics of granular

avalanches (propagation distances and amounts of dissi-

pated energies). In the field of rock mechanics, the con-

tinuum approaches are generally considered when large

volumes (i.e. large number of blocks) are involved. For

this study, the MPM was chosen over the continuum-based

methods because of its hybrid Lagrangian and Eulerian de-

scriptions, which gives it the ability to manage naturally

large deformations. This makes it an ideal method for the

modeling of granular avalanches involving large masses.

However, the continuity assumption may also limit the

domain of validity of continuum approaches, specifically

when dealing with rock flows. Additionally, the computa-

tional times required by the MPM simulations are signifi-

cantly low, but the dissipations means and more generally

the rheologies have to be given explicitly by macroscopic

constitutive laws with, unavoidably, the continuity of the

medium in mind.

On the other hand, the DEM requires an accurate def-

inition of the initial condition for the terrain, block shapes

and families of discontinuities, together with prohibitive

computation times. As a consequence DEM turns out to

be more appropriate for medium sized volume (i.e. few

hundred blocks). Moreover, the complex rheologies in-

herent in granular materials, are naturally well captured

by the DEM – provided that a minimum set of features are

taken into account. In our case, these features are the block

shapes and adequate dissipative contact models. The price

to pay is however long computational times.
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Figure 1. Geometry of the simulation setup

The aim of this paper is to compare the two types of

methods on the base of numerical simulations that consist,

first, in the release of randomly packed bricks within a par-

allelepiped box for the DEM, and second, in a continuum

mass governed by an elasto-plastic law for the MPM. The

setup is depicted in Figure 1.

A total of 27 configurations were setup using both nu-

merical methods in order to study the influence of param-

eters such as initial sample geometry, basal friction coeffi-

cient and shape of blocks composing the sample (the latter

affecting DEM only).

2 Numerical setup

For all the configurations, randomly packed blocks (cubes

of 0.01 × 0.01 × 0.01 m3 or cuboid elements of 0.02 ×
0.01×0.005 m3) were used for the DEM simulations while

a continuum mass governed by an elasto-plastic law was

considered for the MPM simulations. The container was

positioned on an inclined plane at a given height, which is
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one of the parameters to be studied. Between the slope

and the horizontal area, a smooth transition was set by

means of a curvature with 0.3 m as radius. DEM simu-

lations were performed in a three-dimensional configura-

tion; the flow was thus canalized to make the comparison

possible with the two-dimensional MPM simulations. The

canal width was set to 0.2 m to make the flowing truly

three-dimensional while limiting the number of elements.

This width was chosen so that the ratio between the width

and the size of a DEM particle was at least 10. Two dif-

ferent types of containers with varying aspect ratios were

used as can be seen in Figure 1. The plane inclination an-

gle was fixed at 45°, while the height at which the block

was placed (which refers to the height of the corner closer

to the horizontal plane) had three different values: 0.4, 0.8

and 1.6 m.

3 MPM and DEM laws

As mentioned above, simulations based on the DEM were

run using a 3D code while simulations based on the MPM

were run using a 2D code. In order to compare the re-

sults coming from both methods in an appropriate man-

ner, considerations such as using plane strain when run-

ning the MPM simulations and adjusting the MPM mate-

rial bulk density had to be taken into account to deal with

the same mass of material. A classical Mohr-Coulomb

elasto-plastic law was used to describe the granular mate-

rial mechanical behavior. A constant dilatancy angle, close

to zero, was used in order to prevent volume increase of

the sample. MPM elasto-plastic parameters can be found

in Table 1. Within the mass the energy dissipationW� is

given by:

W�(t) =
∑

p

∫ t

0

Vp(σ : ε̇)dt (1)

where Vp, σ and ε̇ are respectively the volume, the stress

and the strain increment held by each material point p.

Note that, the index p is not used here for the total stress

and total strain to avoid any confusion with plastic terms.

Note also that, here and in the following, a parameter

super-scripted with a star (�) relates to the bulk material.

Otherwise the parameter concerns the interface between

the flowing material and the slope.

For the DEM, the interactions between the blocks are

governed by a specific contact law established at each con-

tact point, allowing dissipation in the normal and tangen-

tial direction of the contact [2][4]. In the perpendicular

direction of the contact a linear elastic law with two dif-

ferent normal stiffnesses (kn), depending on whether it is

loading or unloading, is used. The two stiffnesses relate

by using a restitution parameter e2
n with a value between

0 and 1 which allows for normal energy dissipation. In

the tangential direction, a Coulomb frictional model was

used, while using kt as tangential stiffness and μ as friction

parameter defined as μ = tan φ with φ being the friction

angle. The contact parameters governing the mechanical

behavior of the DEM elements are given in Table 2.

Table 1. MPM Elasto-plastic properties

Young Modulus (MPa) 0.8

Poisson ratio 0.42

Friction angle (deg) 28.6

Cohesion (MPa) 0

Dilatancy angle (deg) ∼ 0

Table 2. DEM block-block contact parameters

k�n (N/m) 104

k�t /k
�
n 0.4

μ� 0.7

(e�n )2 0.2

Table 3. DEM and MPM contact parameters between mass (or

blocks) and boundaries at the bottom

kn (N/m) 104

kt/kn 0.4

e2
n 0.2

The elastic contact law and Coulomb frictional model

that were used for the normal and tangential contact be-

tween particles in the DEM was used to model the bound-

ary conditions (slope, transition and horizontal plane) in

both MPM and DEM. The parameters can be found in Ta-

ble 3. This external force will be added directly to the

particles in DEM, while in MPM it will be included in

the body forces term involved in the conservation of linear

momentum equation.

Concerning the energy dissipation between the blocks

(DEM) and the boundary conditions (DEM and MPM),

the overall cumulated dissipation was split into 3 contri-

butions: (1) the cumulated workWn of the normal forces

(contacts and collisions) at the base of the flow, (2) the

cumulated work Wt of the tangential forces (friction) at

the base of the flow, and (3) the workW� of all internal

action in the flowing mass. For the DEM, the dissipation

within the mass is simply obtained as the sum of cumu-

lated works of contact forces between the blocks in the

normal and tangential directions:

W�(t) =W�
n (t) +W�

t (t) (2)

4 Selected results

The numerical configurations were defined by varying the

height of release h, the shape of the blocks and the shape

of the container (A, B, C), and the basal friction coefficient

μ. These configurations are summarized in Table 4.

We compared first (Figure 2) the kinematics of the flow

for DEM and MPM in a particular case (simulation #C1,

μ = 0.3). We then compared (Tables 5 and 6) the position

of the center of mass XCM (called propagation distance
here) once the mass had stopped, as well as the distribu-

tion of the mass around it. Results were grouped using the

basal friction, which is one of the driving parameters in

our study. The distribution of the mass was quantified us-

ing the standard deviation σX of the positions of all blocks
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Table 4. Configurations defined by changing the release height,

the shape of the blocks, and the shape of the container

Height (m) Block Shape Container shape

#A1 0.8

#A2 1.6

#A3 0.4

#B1 0.8

#B2 1.6

#B3 0.4

#C1 0.8

#C2 1.6

#C3 0.4

Table 5. MPM and DEM run-out and energy dissipation results

with a basal friction coefficient of 0.3

�MPM, μ = 0.3
XCM (m) σX (m) Wn (J) Wt (J) W� (J)

#A1 1.32 0.44 0.15 151.89 15.49

#A2 2.48 0.55 0.38 293.45 18.12

#A3 0.74 0.37 0.10 80.17 14.65

#B1 1.42 0.44 0.09 111.23 6.70

#B2 2.57 0.57 0.19 205.70 8.80

#B3 0.84 0.35 0.05 63.99 5.37

#C1 1.40 0.42 0.09 112.55 6.65

#C2 2.56 0.55 0.20 209.38 8.76

#C3 0.82 0.33 0.05 64.08 5.39

� DEM, μ = 0.3
XCM (m) σX (m) Wn (J) Wt (J) W� (J)

#A1 1.30 0.39 0.98 135.40 14.34

#A2 2.46 0.55 1.51 261.29 17.72

#A3 0.71 0.31 0.79 71.18 13.29

#B1 1.40 0.33 0.16 121.82 6.97

#B2 2.55 0.41 0.26 217.34 9.86

#B3 0.83 0.28 0.11 70.57 5.14

#C1 1.39 0.39 0.60 122.04 7.51

#C2 2.54 0.51 0.99 205.51 10.21

#C3 0.81 0.30 0.39 69.51 5.89

or material points depending on the method. In Figure 2

(the figure at the top corresponds to the DEM simulations,

while the one at the bottom refers to the MPM ones) we

see that the flow evolution from the beginning through the

very end correlates properly. Some minor discrepancies

can be seen in the shape of the final deposit, as the MPM

final deposit spreads a little further. The few blocks that

escaped from the mass (spotted at the front of the DEM de-

posit) are completely absent in the MPM deposit because

of its continuous nature.

However, even if in some cases there are outstanding

similarities, when taking a closer look to the position of

the center of mass and the standard deviation around it,

the shape of the final deposits are not exactly the same.

In particular, the curvature near the slope transition differs

between MPM and DEM simulations, and the scattering

of the blocks in front of the deposit is completely missed

by the MPM. Apart from that, the main mismatch seems

to appear at the very end, when the final heap is forming.

All configurations were first tested with a relatively

low friction coefficient at the base: the friction angle was

set to 16.7°, which is considerably lower than the inter-

nal friction angle of the granular material of 28.6°. The

Figure 2. Simulation #C1. DEM (top) and MPM (bottom). The

friction coefficient at the base is μ = 0.3

results obtained in terms of propagation and spreading of

the mass, and total dissipation modes are summarized in

Table 5 for both MPM and DEM simulations. Close cor-

relations between the two methods can be seen.

In regard to the center of mass, XCM, (see Table 5), the

value reached by both methods is very similar in most of

the simulations. This first observation is rather surprising

when one realizes that the constitutive model used in the

MPM is rather simple.

In terms of energy dissipation, Table 5 clearly shows

that the driving means of dissipation is the friction at the

base for both DEM and MPM simulations. This is an ex-

pected result since the internal friction angle (i.e., an input

parameter of the constitutive model for the MPM, and a

parameter mainly related to the friction between blocks in

the DEM) is higher than the basal friction coefficient. In-

ternal dissipation achieves nearly the same values in both

MPM and DEM. It is however slightly greater for higher

container (cases #A). The cases correlating the least (al-

though not largely different) happen to be the ones with

higher release heights (cases #B2 and #C2) for which the

constitutive model has a larger influence in the stretching

of flowing mass.
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Table 6. MPM and DEM run-out and energy dissipation results

with a basal friction coefficient of 0.5

�MPM, μ = 0.5
XCM (m) σX (m) Wn (J) Wt (J) W� (J)

#A1 0.45 0.32 0.27 90.71 67.86

#A2 0.76 0.40 0.37 229.41 73.64

#A3 0.29 0.27 0.25 33.42 53.29

#B1 0.47 0.29 0.9 78.40 35.14

#B2 0.82 0.38 0.18 185.74 27.02

#B3 0.30 0.24 0.09 37.16 27.61

#C1 0.46 0.29 0.10 80.29 34.56

#C2 0.81 0.36 0.15 174.32 39.42

#C3 0.30 0.23 0.09 36.96 27.96

� DEM, μ = 0.5
XCM (m) σX (m) Wn (J) Wt (J) W� (J)

#A1 0.42 0.28 4.10 99.82 44.18

#A2 0.77 0.41 7.20 208.90 62.37

#A3 0.25 0.22 2.68 46.31 32.49

#B1 0.45 0.24 0.28 114.32 13.46

#B2 0.81 0.32 0.41 214.78 18.82

#B3 0.26 0.20 0.19 64.12 9.61

#C1 0.45 0.25 3.21 94.23 30.93

#C2 0.80 0.37 5.79 186.45 44.13

#C3 0.27 0.19 1.81 50.65 20.97

As for #C1, (shown in Figure 2), results correlated

properly for the other simulations (from #A1 to #C3).

Nonetheless, when using bricks instead of blocks in the

DEM simulations, the spreading (σX) of the final deposit

was reduced; This reduced spreading is an expected re-

sult since the rotation of single elements is greatly depen-

dent on its shape, in this case being hindered by the use of

bricks. The continuum approach however is not naturally

able to simulate it in the way the DEM does.

The container shape becomes important, as well as the

block shape, when analyzing the amount of energy dis-

sipated within the granular mass. When using the square

container, the energy dissipated in the bulk is larger. These

differences might be attributed to the constitutive model

itself or to the parameters used since calibration at a very

early stage was performed. In order to give a stronger role

to the constitutive model, a second series of simulations

were carried out with a higher friction at the base.

The friction coefficient at the base was then set to

μ = 0.5 corresponding to an angle of 26.6°, which is

still below but close to the internal angle of friction of

28.6°. The Table 6 summarizes the results obtained. At

first glance it can be seen that similar results are found

when comparing DEM and MPM in terms of propagation

distance and spreading of the deposit, regardless of the as-

pect ratio of the starting box, release height or shape of

blocks.

When compared with the results obtained with the low

basal friction, μ = 0.3, the propagation distances and

spreading of the deposit were found to be smaller for all

configurations. The observations made with low basal fric-

tion are still valid with a basal friction angle close to the

internal friction angle.

In regard to the internal dissipation due to plastic

straining, an increase can be seen. It is interesting to notice

that the better matches are obtained when using a shallow
container and cubic blocks for which the assumption of

continuity is somehow more appropriate. In other configu-

rations (in particular with bricks), the difference of internal

dissipation is more pronounced because of the simplicity

of the constitutive model. Despite this, the total amount

of dissipated energy is rebalanced thanks to an increase of

the friction dissipation at the base.

5 Conclusions

The use of the material point method has been evaluated in

the case of a flow in the transient regime that involves finite

strains. In the comparisons presented, the DEM results

were taken as the ground truth. Although an extensive sim-

plification has been considered in the continuous model,

the MPM has proven to be of interest in the modeling of

large size rock avalanches or landslides. In terms of energy

dissipated, with the assumptions made for the constitutive

law of the continuum model (Mohr-Coulomb and values

of parameters) some discrepancies started to become evi-

dent as the basal friction coefficient was increased (which

involves shearing within the granular mass), but the results

were still related.

In the field of soil (hydro-)mechanics or computational

fluid dynamics, many constitutive models exist. The MPM

provides a framework that is not more restrictive than all

approaches based of the continuum assumption. Accord-

ingly, some events such as debris flows, mud flows or

snow avalanches – deemed more complex to model – can

be dealt with by implementing the best suited constitutive

models. A more ambitious project is to make use of two-

scale modeling by replacing the constitutive law by DEM

simulations (representative to the material) for each mate-

rial point.
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