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Abstract

Considering a 3D sheared granular layer through a discrete element modeling, it is well known the
rolling resistance influences the macro friction coefficient. Even if the rolling resistance role has been
deeply investigated previously because it is commonly used to represent the shape and the roughness
of the grains, the rolling viscous damping coefficient is still not studied. This parameter is rarely used
or only to dissipate the energy and to converge numerically. This paper revisits the physical role of
those coefficients with a parametric study of the rolling friction and the rolling damping at different
shear speeds and different confinement pressures. It has been observed the damping coefficient induces
a frictional weakening. Hence, competition between the rolling resistance and the rolling damping
occurs. Angular resistance aims to avoid grains rolling, decreasing the difference between the angular
velocities of grains. Whereas, angular damping acts in the opposite, avoiding a change in the difference
between the angular velocities of grains. In consequence, grains stay rolling and the sample toughness
decreases. This effect must be considered to not overestimate the frictional response of a granular layer.

Keywords: Discrete element method, Rolling parameter, Sheared layer friction, Granular materials

1 Introduction

Accurately measuring or calculating the frictional
strength of granular sheared layers is of paramount
importance across all fields of granular media-
related sciences, including earthquakes and fault
mechanics [1, 2], landslides [3], and debris flows
[4] to name but a few. It is very well accepted
nowadays that the calculation of a macroscopic
property like the frictional coefficient of granular
media is the result of grain-to-grain interactions at

the micro-scale [5, 6]. Therefore, in order to accu-
rate capture those effects and homogenize them
to the friction coefficient of a layer, higher order
analytical and numerical approaches need to be
considered [7-9].

One of the most well-accepted approaches in
direct modeling of granular media is the Discrete
Element Method [10]. Two main types of models
exist for this approach: a non-regularized formu-
lation [11] and a regularized one [12]. The first
one, called the Contact Dynamics Method, con-
siders particles do not overlap and their motion is



Springer Nature 2021 ETEX template

2 Frictional weakening of a granular sheared layer due to viscous rolling revealed by DEM

controlled by shocks and friction. The second one
has been designed to consider interactions between
grains, computed with calibrated parameters and
overlaps. The latter description is used here as the
applications targeted in the present paper involve
large stresses for which the deformation of the
grains can not be ignored.

The discrete element method started with a
simple linear contact law [14, 15], but since then
contact laws have been modified [16]: (i) consid-
ering grain crushing [17, 18], (ii) introducing the
effect of pressure solution [19-21], (iii) exploring
the effect of contact healing [22, 23], (iv) appre-
ciating the influence of the cohesion in between
the grains due to cementation [24-26] or (v) the
cohesion induced by capillary bridges [27] among
others. Also, it allows some to focus on the tem-
perature influence, identifying the pressurization
of the pore fluid [28, 29] and grain melting [30, 31]
as the main phenomena driving the evolution of
the frictional strength of a fault zone during large
crustal events.

The present work is motivated by previous
numerical studies modelling fault zones [10, 23, 32]
that used various contact laws to capture and
understand the experimental behavior observed
on sheared fault zone materials, and the main goal
is to assess the influence on global behavior of
contact laws and parameters values. Even though
different relevant outputs for dense granular flows
are reviewed by the French research group Groupe-
ment de Recherche Milieur Divisés (GDR MiDi)
[33], we are focused in this paper on the macro
friction coefficient at steady state. Notice that the
influence on this parameter, among others, of the
local friction, the particle shape and the rolling
resistance has already been investigated with the
Contact Dynamic formulation [34, 35]. However,
in the present study, we focus on the influence
of the rolling contact laws between grains on the
macroscopic strength of a granular sheared layer
with a regularized description. Indeed, experimen-
tal results [36, 37], and numerical ones [38—40]
have highlighted that grain rolling has a significant
impact on the mechanical behavior with many
rolling models being formulated since [41, 42]. In
the literature the elastic-plastic spring dashspot
model is identified as the benchmark for this
response [43, 44] and has been extended to con-
clude that: (i) rolling helps the formation of shear

bands and decreases the sample strength [45-
48]; (ii) the stress-dilatancy curves are modified
[49-51] when accounting for the rolling resistance
coming from intragranular friction [52, 53] and
roughness [54-56].

The computational cost of discrete element
simulations is not negligible, and especially if
grains clusters [57], superquadric particles [58] or
polyhedral shapes [59-61] are assumed to approxi-
mate the shape, those simulations become quickly
computationally costly. Because of that, laws
relating the grain shape and the rolling friction
have been developed [62-64]. This has enabled
for simulations to keep using round particles with
a rolling resistance stemming from an equivalent
shape, allowing to take into account the particles
shape at a lower computational cost. However, the
introduced angular damping influence is not well
constrained, hence being neglected in most of the
DEM simulations or only used for stability reasons
[42, 43] rather than for physical robustness [65]. In
this work we revisit the physical role of the rolling
resistance in a granular sheared layer and perform
a parametric study over the rolling friction and the
rolling viscous damping coefficients to understand
better their influence on the macroscopic friction
coefficient of a granular sheared layer.

2 Theory and formulation

The Discrete Element Model (DEM) is an
approach developed by Cundall & Strack [12] to
simulate granular materials at the particles level.
The foundation of this method is to consider
inside the material the individual particles and
their interactions explicitly. Newton’s laws (linear
and angular momentum) are used to compute the
motion of the grains, formulated as follows for one
grain:

3vi

m—r = mgi+ fi (1)
&ui

I Fra M; (2)

where m is the particle mass, v; the particle
velocity vector, g; the gravity acceleration vector,
fi the sum of contact force vectors applied to the
particle, I the moment of inertia of the particle, w;
the angular velocity vector, M; the sum of contact
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moment vectors applied to the particle (torques
due to rolling and to the tangential forces).

Considering two particles with radii R' and
R?, the interaction between particles is computed
only if the distance between grains satisfies the
following inequality:

zl—a? <R'+ R? (3)
where z} (resp. #?) is the center of the parti-
cle 1 (resp. 2) and @; is the norm of the vector u;.
Once contact is detected between grains 1 and 2,
the normal vector of the contact n}? is computed
asn? = (z} —27)/x} — 22. Then the normal over-
lap vector A,; and the tangential overlap vector
Ay; are determined.

Ay = (R1 + R — (le — x?) njm) niz (4

The tangential component Ay is computed

incrementally, integrating the relative tangential
velocity between particles during the contact.

A=Ay + v} x dt (5)

where v}? is the relative tangential velocity

vector defined at the relation 6 and dt is the time
step used in the simulation.

v = uf? - (of2nl?) 2 ©)
ol =} 0 1 (B!~ 6/2cunt}

+ (R2 — 5/2)eijkn}2w,§ (7)

where v}? is the relative velocity vector

between grains and § = Am-nllz is the norm of

the normal overlap vector. Notice that the terms
(R — 0/2) represent the corrected radii at the con-
tact. Here, the angular velocities w; of the grains
are considered to compute the tangential over-
lap vector Ay. As the contact orientation can
evolve with time, it is important to update by
rotation and scaling the tangential overlap vector
A = Agd — Agln2n)? and AT = A

A relative angular velocity vector Aw; is also
needed to compute the rolling behavior.

Aw; = w} — w? (8)
The contact models between cohesionless par-
ticles obey the Hertz contact theory [66]. Normal,

tangential and angular models are shown at figure
1 and described in the following.

@0
J;

Normal Tangential

—I 1 —®— Dashpot
Nt —@— Spring
—=—— Slider

—I No-tension

joint

0.0

Angular

Fig. 1 The contact between two particles obeys to normal,
tangential and rolling elastic-plastic spring-dashpot laws.

As contact can happen between particles with
different properties, some equivalent parameters
need to be defined. The equivalent radius R* and
equivalent mass m* are defined at equations 9 and
10 with an harmonic mean.

11,1 )
weoR
=—+ (10)

m*  mbl  m?

The equivalent Young modulus Y* and shear
modulus G* are defined at equations 11 and 12
with an harmonic mean adjusted by Poisson’s
ratio.

1o1-0t 1
P 1 2
Y Y 13; (11)
—Y*=
2(1 — 12)
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The equivalent moment of inertia I* is defined
at equation 13 with an harmonic mean of the dif-
ferent moments of inertia displaced at the contact
point.

1 1

1
o ramee e B

Normal model
The normal force is formulated as:

The reaction is divided into a spring part
and a damping part, with the normal stiffness k,
formulated as:

oy — %Y*\/R*é (15)

Following the Hertz contact theory, this parameter
depends mainly on the norm of the normal over-
lap vector §. Thus, the normal force is not linear
with respect to the overlap. The normal stiffness
depends also on the equivalent Young modulus Y*
and the equivalent radius R* defined before. The
normal damping -, is null in this paper because
the restitution coefficient e is taken at the value
1. This choice is justified in section 3.

Tangential model
The tangential force is formulated to verify the
Coulomb friction law defined on the friction coef-
ficient between particle p, and the normal force

fri

fri = —kelDei — Vvu (16)
fu < Npﬁ (17)

The reaction is divided into a spring part and
a damping part. The tangential stiffness k; is
formulated as:

ke = 8G*VR*S (18)

Following the Hertz contact theory, this param-
eter depends mainly on the norm of the normal
overlap vector §. Thus, the tangential force is not
linear with respect to the overlap. The tangen-
tial stiffness depends also on the equivalent shear

modulus G* and the equivalent radius R* defined
before. The tangential damping ~; is also null in
this paper because the restitution coefficient e is
taken at the value 1. This choice is justified in
section 3.

Angular model
Many different angular models could be applied
but an elastic-plastic spring-dashpot model is used
because it is the most stable and accurate choice
for simple benchmark tests [42]. Indeed, the model
allows energy dissipation during relative rotation
and provides packing support for static system,
two main functions to verify in a particulate sys-
tem [42]. The reaction moment M; is formulated
as:

M; = MF + MY (19)

This reaction is divided into a spring part MF
and a damping part M defined at equations 20
and 24:

MLy ny = M, — ke NG (20)
MF < M™ (21)

The incremental angle A#; is obtained by a
time integration of the angular velocity Aw; X
dt. The angular stiffness k, is formulated at
equation 22 by considering a continuously dis-
tributed system of normal and tangential spring
at the interface [42], [65].

k. = 2,25k, u2 R*> (22)
The rolling friction coefficient p, is introduced.

This variable is a dimensionless parameter defined
as [42]:

tir = tan(3) (23)

The angle 3 represents the maximum angle of
a slope on which the rolling resistance moment
counterbalances the moment due to gravity on
the grain, see figure 2. The influence of pu, is
investigated in this paper.

(24)

MdtJrAt = { —CrAw; if Mi]ft-‘rAt <Mm™

0 if M, =M™
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Fig. 2 Definition of the rolling resistance coefficient
pr = tan(B).

The damping part M¢ is defined with a rolling
viscous damping parameter C, formulated at
equation 25.

Cy =20,/ 1k, (25)

The rolling viscous damping coefficient 7,
is introduced. This variable is a dimensionless
parameter and its influence is investigated in this
paper. Moreover, it appears the rolling viscous
damping parameter depends on the rolling stiff-
ness k, and so on the rolling friction coefficient
Mo

As described by equations 20 and 24, the
spring and damping parts are restricted by a plas-
tic behavior, the rolling of particles. The rolling
starts when the spring part reaches the plastic
limit M™ defined at equation 26.

Mm _ /’L’I‘R*E (26)

This limit depends on the equivalent radius,

the rolling friction coefficient and the normal force.

Once rolling occurs, the reaction from the angular

spring takes the value of M™ and the damping
element is deleted.

3 Numerical model

The simulation setup is illustrated at figure 3. The
box is a 0,004m x 0,006m x 0,0024m region.
Faces x and z are under periodic conditions. The
size of the domain has been chosen from the mean
particle diameter dsg to respect a sufficient num-
ber of grains in all directions. On the x-axis, the
shearing direction, there are l,/dso = 4/0.26 =
15 particles. On the z-axis, the minor direction,
there are I,/dso = 2.4/0.26 = 10 particles. On
the y-axis, the size allows the particles generation
shown at figure 5. Sizes have been minimized to
reduce the number of grains and so the compu-
tational cost, one of the main issue with DEM
simulations. The gravity is not considered because

its effect remains negligible under the vertical
pressure applied.

Top plate applies
N pressure

Bottom plate shears

Lateral red faces
are periodic

Fig. 3 The simulation box with triangle plates and peri-
odic faces.

The simulations, performed with the open-
source software LIGGGHTS [67], consist of several
steps illustrated at figure 5:

1. The box, bottom and top triangle plates are
created. The triangle pattern represents the
roughness of the plates with a geometry simi-
lar to experimental tests [68, 69]. The specific
size of the triangle is defined to be 1.5 times the
largest particle diameter as illustrated at figure
4.

2. 2500 particles are generated following the dis-
tribution presented in Table 1 equivalent to the
one used in [23]. This number of particles allows
to get 17 particles on the height where the size
of the shear band is assumed to be between
9 X d50 and 16 x d50 [70]

3. Top plate applies vertical stress of 10 MPa
by moving following the y axis. This plate is
free to move vertically to verify this confin-
ing and allow volume change. The value of
the vertical stress has been chosen from pre-
vious experiments and numerical simulations
[32, 71, 72].

4. The sample is sheared by moving the bot-
tom plate at the speed of 100 pm/s until
100% strain. This step is then repeated at the
speed of 300 and 1000 pm/s. Those veloci-
ties have been chosen from previous numerical
simulations [32] and in-situ estimations [73] to
minimize the computational cost but still rele-
vant for sheared layers in the case of landslides
or fault zones.

Then, the influence of the vertical pressure is
investigated. The same set-up is used except the
vertical pressure (P = 1 M Pa and = 100 M Pa).
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dtriangle Variable Short | Value
Name
Simulation variables
a Time step dt 1,5e % s
5 Height of the | h 0,005 m
S sample
Largest particle % Shear rate ~ 2—-6—20%
Contact stiffness | & 400
number
Inertial number I 10=6 —10—°
Fig. 4 Definition of the specific size of the triangle used Mechanical variables
for plates. Density p 2000000 kg/m3
Youngs modulus Y 70GPa
Poissons ratio v 0,3
i Restitution coef- | e 1
ficient
Rolling friction | pr 0-0,25-0,5—-0,75—-1
coefficient
> Rolling vis- | nr 0-0,25—-0,5—0,75
Fig. 5 The simulation is in multiple steps : creation of cous damping
the box and particles, application of the normal force and Co?fﬁ.aent
shearing. Friction p 0,5
coefficient

Radius Percentage | Number of particles
R1 =0,2mm 14% 2500

R2 =0,15mm | 29%
R3 =0,1mm 57%
Table 1 Distribution used described by discrete radius,
percentage of the mass and total number of grains.

The rolling friction coefficient is constant p, =
0,5 and the rolling viscous damping coefficient
changes 1, = 0,25, 0,5 or 0, 75.

The different parameters needed for the DEM
simulation are presented in Table 2 and the val-
ues have been chosen from previous articles to
represent rock materials [21, 32, 47, 74]. Tt is
important to note that the restitution coefficient
e is equal to 1. It means there is no damping in
the normal and tangential interactions. In most
DEM simulations this parameter is less than 1
to introduce some energy dissipation. Indeed, in
real contacts between particles damage to sur-
face asperities and plastic yielding occur [75] but
these phenomena can not be reproduced with rigid
DEM formulation. To be more realistic for the
conditions considered in the present study, this
coefficient should be less than 1. Nevertheless, the
focus of this article is on the effect of rolling resis-
tance and rolling damping at several shear speeds.
With a restitution coefficient not equal to 1, the
rate dependency in the mechanical behavior would
result from the angular damping and from the
restitution coefficient. Because of that, and to iso-
late the effect of the rolling damping, it has been

Table 2 DEM parameters used during simulations.

chosen here to set e = 1. Moreover, Da Cruz et
al. has shown there is a negligible influence of this
restitution coefficient e on the mechanical behav-
ior of a sheared sample for a dense granular flow
[13].

The time step dt must verify the Rayleigh
condition [66, 76] defined as:

p/G

dt < dip =
SR =T XX G631 x v 1 0, 8766

(27)

The time step dt must be selected consider-
ing the number of particles, the computing power,
the stability of the simulation and the time scale
of the test. In our case, we are looking for a
102 seconds term. If we include the default value
(p = 2500 kg/m?) into equation 27 the time step is
around 1078 second and the running time skyrock-
ets. To address this issue, we can easily change the
density p and the shear modulus G. Those param-
eters are included in two dimensionless numbers
defined at the equation 28: the contact stiffness
number £ [13, 77] and the inertial number I
[13, 33].

2/3
v = (ritem)
I =+'dsor/p/P

The contact stiffness number

The inertial number
(28)
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Where 4/ = gpeqr /b is the shear rate, h is the
height of the sample during the shear, P is the
pressure applied.

When these two dimensionless numbers are
calculated with the values in Table 2, it appears
that x (k < 10%) lies in a range of values where
the macroscopic behavior is sensitive its value as
grains are not rigid enough [77]. Because of that,
it is not possible to change the Young modulus
Y (and so the shear modulus G). The inertial
number [ represents the behavior of the grains
flow, which can be associated with solids, liquids
or gases types of behavior [78]. This dimension-
less parameter does not affect the constitutive law
if the flow regime is at critical state (I < 1073)
[13, 33] at the highest shear speed. In conclu-
sion, the density p can be modified, if we stay
under the condition I < 1073, to increase the
time step and solve our computing problem. So,
the density of the particles is artificially increased
(p = 2000000 kg/m?3) during the generation step
and stays constant during the entire simulation.

4 Results and discussion

Rolling Parameters Influence

A parametric study has been conducted on
the influence of the rolling friction coefficient g,
and the rolling viscous damping coefficient 7,.
As figure 6 shows, the macro friction coefficient
is plotted as a function the shear strain applied.
This coefficient p is computed by considering p =
F,/F,, where F, (resp. F,) is the component fol-
lowing the x-axis (resp. y-axis) of the force applied
on the top plate. Because of the granular aspect,
there is a lot of oscillation. To reduce this noise,
at least 3 simulations are run by a set of param-
eters (p, m) with a different initial packing and
a mean curve is computed. Moreover, only the
steady-state is considered and an average value is
estimated.

The comparison of the macro friction coeffi-
cient with different parameters set is highlighted
at figure 7. It appears there is an increase of the
sheared layer friction coefficient with the rolling
resistance p, until a critical point depending on
the rolling damping 7,.. This reduction of the
macroscopic shear strength with the rolling damp-
ing is not easy to understand at first. The larger
the damping is, the stiffer the system should be.
Two main questions should be answered: why does

0.7

0.6

0.5

—~04
T
203

02| {Vshear=100 um/s! vshear= 300 um/s | vshear = 1000 pm/s

0.1 ! EEE Iterations
i BN Mean

0.0

0.0 0.5 1.0 2.0 2.5 3.0

15
Y ()
Fig. 6 Example of pu-y curves at different shear veloci-
ties. Black lines represent the different simulations with the
same (pr — 1) configuration and the red one represents
the mean curve associated to this configuration.

the friction coeflicient decrease with the rolling
resistance if there is some damping? Why is the
reduction larger with the damping value?

Figure 8 helps to understand this behavior. It
shows the rotation of particles (in red) for four dif-
ferent sets of parameters. We can notice that the
fewer rotations there are, the stiffer the system
will be. It appears the number of rolling particles
increases with the rolling resistance as can be seen
on the three first plots of figure 8. The decrease
of the friction coefficient is explained by parti-
cles rolling. Moreover, it is shown at the second
and last plot of figure 8 that damping increases
the number of rolling particles and so the friction
coefficient is reduced.

A focus on the model equations must be done
at relation 29 to understand better those observa-
tions (the input rolling parameters are emphasized
in red). First, it appears the increment of the
spring AM¥ depends on 2 while the plastic limit
w-R* fr, depends only on u,. There is a square
factor between those values. Thus, this plastic
limit, and so grain rolling, is reached easier with
a larger rolling resistance p, for a same angular
displacement 6.

M™ = u.R*fp,
AMF = —2,25k, 1,2 R*2A0
if |M1£€,t+At| < pu-R*fp :
=20 prn/2, 251 kpw (29)

if |Mrk;t+At| = R f
0

d _
Mr,t-i—At =
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o

0 02 04 06 08 10
Hr

Ushear = 100 ,um/s

o

0 0.2 04 056 08 10
Hr

Ushear = 300 ,um/s

o

0 0.2 04 056 08 10
Hr

Vshear = 1000 um/s
Fig. 7 Evolution of the macro friction coefficient with
the rolling friction coefficient p, and the rolling viscous

damping coefficient 7, at different shear speeds with P =
10M Pa.

Concerning the damping, it avoids the varia-
tion of the angular position (Aw — 0) during the
elastic phase. As we have seen before, the main
part of the sample is at the plastic phase and par-
ticles roll. So, the damping acts in opposition to
the angular spring, keeping grain into the plastic
phase. We can notice that we have decided in this
paper to shut down the damping moment when
the angular plastic limit is reached (see equation
29) following the model of [42].

In this way, we can understand better the
reduction of the friction coeflicient with the rolling
stiffness p, if damping is active. We can notice
no decrease but an increase of the friction coeffi-
cient in the case of no damping. In the absence

pr =0,25—-n, =0,5

pr=0,5—m.=0

pr=1-1.=0,5

Fig. 8 Slide of sample highlighting grain rotation (rolling
is in red) for several cases.

of this one, the angular spring can act normally.
The larger the rolling parameter is, the stiffer the
global sample is.

This observation can be useful to understand
the mechanical behavior of granular materials sub-
jected to damage. Experiments and simulations
have highlighted that particles tend to become less
or more [79-81, 84] rounded under large defor-
mation due to damage. The work of Buscarnera
and Finav, extending the Continuum Breakage
Mechanics, reconciles those conflicting observa-
tions [82]. Shape descriptors are converging to
attractors. The evolution of the aspect ratio «,
related to the grain morphology, is plotted fol-
lowing a breakage parameter B and the stress o.
It is highlighted that from different initial val-
ues the aspect ratio converges to the same value,
the attractor. Remember that rolling friction is
a technique to model particle shape in DEM to
minimize computational cost [63] and that a cal-
ibration law between the rolling friction and the
degree of true sphericity of the grain has already
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been developed [64]. This index is an easy way
to measure how a particle is similar to a sphere.
Notice that the aspect ratio used by Buscarnera
and Finav and the degree of the true sphericity
used by Rorato et al. are not the same definition
but represent the same idea. It appears with this
calibration that the rolling friction decreases as
the grain becomes more spherical. Softening and
hardening behaviors can be understood thanks to
our work, the shape evolution with the break-
age and the relation between the shape and the
rolling friction coefficient. In this paper, we have
considered sheared samples with constant rolling
friction during the simulation. But, this opens
further investigations, considering rolling friction
varying during simulation as a function of a dam-
age parameter. For example, if the aspect ratio
or the degree of true sphericity decreases during
the test, particles become less rounded, the rolling
friction coefficients increase, and the sample shear
strength evolves depending on the position of the
critical point (softening or hardening).

Vertical Pressure Influence

Equation 29 highlights the plastic moment
depends on normal forces f, (and so on verti-
cal pressure P). Figure 9 illustrates the evolution
of the macro friction coefficient with different
vertical pressure P and rolling viscous damping
coefficient 7,..

The critical point defined previously (point
before which the friction weakening appears)
depends on the vertical pressure. This behavior
has already been observed [32, 83]. The impor-
tance of the rolling increases with the vertical
pressure. The mean angular velocity w, on the
z-axis have been computed over configurations
P — 10 — Ushear at Table 3. It is highlighted that
the vertical pressure P favours the grain rolling.
That is why a friction weakening occurs with this
parameter.

Speed Influence

Figure 10 highlights the shearing speed influ-
ence on the system. It is the same results as before
but plotted in another way. No speed effect is vis-
ible in most simulations as the friction coefficient
keeps the same value. It is not surprising that
no speed effects are spotted because there are no
other parameters except the damping parameter

0.6 +

0.5 \:\

0.4 —— P=1MPa
3 P=10 MPa

03 —#— P=100 MPa

0.2

*\F ...'
0.1 +
0.3 0.4 0.5 0.6 0.7

nr
Ushear = 100 /J/m/s

0.6 r_/i\i

04 —— P=1MPa
3 P=10 MPa
03 —#— P=100 MPa

0.2

-
0.1
0.3 0.4 0.5 0.6 0.7

nr
Ushear = 300 ,um/s

0.6
ha jJL\T
0.5
04 —— P=1MPa
3 P=10 MPa
03 —#— P=100 MPa

0.2

0.1

0.3 0.4 0.5 0.6 0.7

nr
Vshear = 1000 Mm/s
Fig. 9 Evolution of the macro friction coefficient with the

rolling viscous damping coefficient 7, and the vertical pres-
sure P at different shear speeds with u, =0, 5.

which depends on speed or time. A speed influ-
ence is nevertheless noticed for cases where the
friction coeflicient starts to decrease with rolling
resistance (for example the case p, = 0,5 and
7 = 0,5 at figure 10). As shown at figure 8 for this
set, few particles (in orange or in white) are still
not rolling during this critical step. The damping
value is not large enough to cancel the effect of
the spring and few grains are in the elastic phase.
The damping creates so in this case a speed influ-
ence. If the damping value is larger, we have seen
particles tend to be all in the plastic phase. If it
is lower, the damping is negligible or null. In both
cases, the speed effect disappears.
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Vshear = 100 ,u,m/s

=] 0,25 0,50 0,75
IMPa | 0,3 2,2 33,7
10MPa | 20,3 | 455,6 | 1056,2
100 MPa | 2384,5 | 7467,8 | 11774,1

Ushear = 200 pm/s

=1 0,25 0,50 0,75
IMPa | 0,6 3,6 34,1
10MPa | 23,9 | 426,6 | 1034,5
100 MPa | 2327,3 | 7564,8 | 11685,2

Ushear = 1000 “m/s

m=] 0,25 0,50 0,75
IMPa | 1,3 4,9 29,7
10MPa | 28,1 | 342,1 | 1023,3
100 MPa | 2070,0 | 7483,6 | 11759,4

Table 3 The mean angular velocity w, on the z-axis for
different configurations 7, — P at different shear speeds.

5 Conclusion

In this paper, we have considered granular materi-
als into a plane shear configuration to investigate
the effect of the rolling resistance and damping
on the macroscopic friction coefficient. Thanks to
numerical DEM simulations, the relation between
those parameters becomes clearer. It appears :

1. In the no damping case, the sample stiffness
increases with the rolling resistance.

2. The consideration of the rolling damping intro-
duces a critical point. For a constant damping
value, the sample stiffness increases the rolling
parameter until this critical point is reached.
Then, the stiffness starts to decrease until a
residual value. Hence, the damping tends to act
against the spring and grains roll. The choice of
the angular damping, used in previous papers
mainly for stability reasons, should be well
thought out.

3. No visible speed effects have been highlighted
except at the critical point. For the same rolling
resistance value : (i) When the damping param-
eter is not large enough, the angular spring is
the main element and no speed dependency is
spotted, (ii) when the damping parameter is
too large, all grains are in the plastic phase
(roll) and the residual value is reached and
(iii) when the damping parameter is at critical
value, there is no main element in the rolling
model, speed dependency occurs.
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Fig. 10 Evolution of the sample friction coefficient with
the shear speed and the rolling friction coefficient p, at

different rolling viscous damping coefficients with P =
10 M Pa.
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