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Abstract Discrete numerical simulations were carried
out to reproduce experimental results obtained on loose
cohesionless soil samples subjected to triaxial tests. Pe-
riodic boundary conditions were adopted and 3D spher-
ical discrete elements were chosen. However, to over-
come excessive rolling of such an oversimplified parti-
cle’s shape, contact rolling resistance was taken into
consideration. The influence of both the elastic and the
plastic local parameters is discussed. It is shown that
the plastic macroscopic behavior of the granular assem-
bly depends only on the plastic parameters at the mi-
croscopic scale, and mainly on the plastic rolling mo-
ment reflecting the particle’s shape. Moreover, a proce-
dure to obtain an initial density, ranging from loose to
dense samples, is proposed by adding adhesion at con-
tacts during the preparation phase. Finally, a calibra-
tion procedure is proposed to reproduce experimental
results and the limitations of the model are discussed.
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1 Introduction

Most studies based on the discrete (or distinct) ele-
ment method, pioneered by Cundall and Strack [§],
use simplified particle shapes as disks (in 2D) [32] or
spheres (in 3D) [31]. Yet, such shapes lead to excessive
rolling as compared to real granular materials [15,1,
17]. To overcome this setback, complex shapes as poly-
gons [30] and polyhedrons can be used [19]. In fact,
such shapes can be complicated and computationally
expensive in detecting contacts and calculating forces
and torques [24]. Another alternative solution is to use
aggregates or clumps of disks or spheres [27]. However,
this requires a larger number of spheres and the contri-
bution of the non-convex surface of clumps becomes dif-
ficult to evaluate. Thus, one solution is to fix the parti-
cle’s rotation [4] or to take into account the transfer of a
moment between elements in the local constitutive law
as pioneered by Iwashita and Oda [22,15,21], or more
recently by Estrada [10] to reflect the grain’s angular-
ity. In 3D, moment transfer laws can be defined with
respect to both twisting (around the contact normal)
and rolling (orthogonal to the contact normal) inter-
particle relative rotation. Only the transfer of rolling
moment is addressed in this paper.

Previous studies investigated the influence of the con-
tact rolling resistance properties on the macroscopic
behavior [23,36,35,18]. All the results showed that in-
creasing the rolling elastic stiffness causes an increase in
the macroscopic internal friction angle, but has little in-
fluence on the dilatancy [23,36]. On the other hand, [35]
showed that when the rolling stiffness is high enough,
its influence on both the peak friction angle and the di-
latancy angle becomes negligible. However, in all cases,
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it is suggested to calibrate the contact rolling stiffness
(in addition to the plastic rolling moment) to match the
macroscopic internal friction angle. This leads to a sur-
prising cross dependency of microscopic elastic param-
eters and macroscopic plastic ones. Thereby, the first
objective of this paper is to show that such a cross de-
pendency can be avoided.

In addition to the particle’s shape and the contact law,
the mechanical behavior of a granular material is highly
dependent on its initial density. This latter is often
reached numerically by playing with the contact fric-
tion angle during the compaction phase which proves to
be powerful in preparing medium dense to dense sam-
ples [33,6,28], but not very loose ones. Indeed, discrete
numerical models of loose soils are quite rare in the lit-
erature. Hence, the second objective of the paper is to
address this issue by adding contact adhesion during
the compaction phase of the numerical sample. In this
way, we mimic the moist tamping technique used in the
laboratory to reconstitute loose soil samples.

Before dealing with these objectives, the contact law
including rolling resistance is presented, and the depen-
dency of the stability of explicit numerical integration
scheme on the rolling stiffness is defined. Then, a cal-
ibration procedure is proposed in the last section by
comparing numerical simulations to experimental re-
sults of triaxial tests performed on Camargue sandy
soil [20,2]. Finally, the limitations of the defined model
in reproducing the dependency of the volumetric strains
on the mean pressure are discussed.

Note that the effects of some parameters as damping,
strain rate or inertial number and tangential stiffness
are already known from previous works [9,7] and are
not addressed in this paper.

2 The discrete numerical model
2.1 Inter-particle contact law

Let us consider two spheres in contact with radii Ry and
Rs5. In the normal and tangential directions to the con-
tact plane, the interaction law is very classical and char-
acterized by constant normal and tangential (or shear)
stiffnesses, K,, and K, respectively, and a contact fric-
tion angle, ¢., such that:

ﬁn = Kn 5nﬁ (1)
AF, = —K, AU, with ||F|| < ||F,||tan ¢, (2)

where 77 is the normal to the contact plane, §,,, the over-
lapping distance between spheres, and (78, the relative
tangential (or shear) displacement at the contact point.
Only compressive normal forces are modeled, and the
contact is lost as soon as the overlap, §,,, vanishes.

The rolling resistance at the contact is defined by the
rolling stiffness, K, and the coefficient of rolling fric-
tion, 7, (it is commonly called friction because of the
mathematical form it takes although it doesn’t directly
involve the friction between two surfaces). Thus, the
rolling moment, ]\_4',47 acting against the relative rolling
rotation of particles, 9;, is expressed as:

—

AM, = —K, Af, with ||M,|| <||E,|| 7, min(R;, Ry)
(3)

AH_; is computed as the tangential component of the in-
cremental relative rotation, Aé: of the contacting spheres.
For spheres with incremental rotations, Ad; and Ads
respectively, Af = Addy — Ay and:

Af, = A — (AF.70) 7 (4)

Note that Equation (3) defining the contact resistance
to rolling is similar to Equation (2) representing the
sliding resistance due to dry friction. Therefore, con-
tact resistance to rolling can be interpreted as a rolling
friction.

To avoid any dependency of macroscopic elastic proper-
ties on particle size, contact stiffnesses are defined from
a stiffness modulus, E., and dimensionless shear and
rolling coefficients, o and «,., respectively:

Ri Ry

K,=2FE, ——F;
R+ Ry

K, =a,Kn; K, =a, R Ry Ks.

(5)

Finally, adhesive normal and tangential forces, F* and
FA, can be added to the contact law (used here dur-

s

ing the sample compaction only) and defined from an
adhesive stress o4 such that:

Ft = F = 04 [min(Ry, Ry))? ©

Then, the contact presents a resistance to a tensile nor-
mal force as long as:

F,.i>—FA, (7)
and a maximum shear force against sliding is given as:

Il < || Falltan o + F. (8)
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2.2 Stability condition of the explicit integration
scheme

The stability condition of the explicit centered finite
difference scheme, integrating motion equations of par-
ticles, can be derived by determining a stiffness matrix
K, linking displacement and rotation of an inertial par-
ticle to force and torque [12,6]. K refers to a particular
contact network, thus changes during the simulation.
The full details of the derivations are given in the Ap-
pendix. In order to understand the role of each stiff-
ness in the stability condition, we consider the following
simplifying assumptions (not assumed in the numerical
model):

1. all spheres are identical (same size and same inertia)
2. all contacts have the same stiffness values
3. the stiffness tensors are isotropic.

The small movements @ and 5, in translation and in ro-
tation, respectively, of a particle relative to an initially
stable configuration are described by (see Appendix):

N K, (14 2ay)

Ta— ©)

Sy
Il

N.K 2. "
— c n(5as +]5;rn + 5atw)0 (1())

=t}

where a,., and oy, are respectively the rolling and
twisting coefficients (defined in Appendix), K, is the
normal stiffness, M is the mass of the particle and N,
is the number of contacts formed by the particle. Nu-
merators in the right hand sides of the uncoupled equa-
tions of motion 9 and 10 represent the global stiffnesses
of the particle in translation and rotation respectively.
The critical time step will be fixed by the highest global
stiffness. So how the different kinds of contact stiffnesses
can affect the order of magnitude of the timestep?

— if the normal stiffness is dominant (aj < 1 for all
k), the stability condition is controlled by the trans-
lational motion (eq. (9));

— if a5 is not negligible, precisely as soon as ag > 1/3,
the rotational motion governs the stability condition
(eq. (10));

—if app > 1/3 or ay, > 2/3 (even if ay remains
small), the rotational motion governs the stability
condition;

— if ap ~ 1 for all k, the timestep imposed by the
rotational motion is less than half of the one corre-
sponding to translational motion

— if ap > 1 for at least one k, estimating the timestep
from k,, alone leads to overestimate the maximum
allowed timestep significantly.

When the numerical scheme is unstable due to the trans-
lational motion, particles are usually ejected away from
the granular mass after few timesteps. In most cases it
cannot remain unnoticed by the user, so that mistakes
on the timestep are immediately detected. On the other
hand, preliminary numerical experiments (not reported
here) showed that the consequences of numerical in-
stabilities for rotational modes may not be obvious at
the macroscale. Only more detailed examinations may
reveal spurious relative motion at some contacts and
high angular velocities of few particles. It is thus highly
required to use a robust and validated procedure for
choosing the timestep in the general case. The numer-
ical results may otherwise suffer from (apparently) un-
explained bugs. The fact that this problem has not been
clearly described previously may explain why the stiff
limit for contact moments was not shown by most pre-
vious authors.

3 Macroscopic constitutive behaviour

Numerical triaxial compression tests were performed
using YADE software [34] to investigate the effects of
some local mechanical parameters on the constitutive
behavior of the model. It was made up of 10,000 spheri-
cal discrete particles whose radius is equal to 0.014 and
0.026 to avoid crystallization. Periodic boundary con-
ditions were adopted. The periodic cell was formed as a
parallelepipedic block filled with a cloud of spheres (i.e.
assembly of nonoverlapping particles). The non-overlap
constraint necessarily leads to rather loose clouds. Since
this is only the starting point of the compaction, it has
no consequences on the equilibrium state after com-
paction. Then, isotropic compaction was applied until
reaching the required confining pressure P,. Finally, the
triaxial compression was performed. During the com-
paction phase, the stress is controlled to reach a con-
fined pressure of 80 kPa. In the triaxial compression
phase, the inertia number is chosen 1.65 x10~* to avoid
inertial effects. In this work, the timestep was chosen to
be 80% of the maximum value defined by the stability
condition (eq. 20 in appendix). Moreover, no damping
is considered in the triaxial phase. Typical simulated
responses can be seen in Figures 3 and 5. Table 1 sum-
marizes the parameters used for these studies.

3.1 Elastic local parameters and plastic macroscopic
properties

In this section, the influence of elastic local parame-
ters, such as the normal and the rolling stiffnesses, on
the macroscopic shear strength will be examined. Shear
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P B ca (for com-
¢ ¢ r As Pe ar e paction only)
(kPa) (kPa) (deg) (kPa)
Case 1 80 8102-8107 50-510° 0.8 30 - - -
Case 2 80 310° 1875 0.8 30 0.025-2.5 0.01-5 -
Case 3 80 310° 1875 0.8 5-40 1.25 0.1 -
Case 4 80 310° 1875 0.2 30 5 0.1 0-200

Table 1: Summary of the parameters used in each case of the parametric studies.

strength at failure is characterized by the peak friction
angle, ¢, reached at the peak of the deviator stress, g,
along a drained compression (constant effective confin-
ing stress), while, g, characterizes the shear strength
at the residual state (or the critical state).

We investigate first the effect of the normal contact
stiffness represented via the dimensionless stiffness «:

— EC
2P,

The response shown in Figure 1, where no rolling re-
sistance was introduced (case 1 in Table 1), demon-
strates that the peak friction angle, ¢,, decreases with
the normal contact stiffness particularly for « < 50.
Similar results appear in [25,26]. This is a remarkable
disagreement with the experimental results on sand, in
which the peak friction angle decreases for decreasing
k (i.e. for increasing the contact stiffness). This exper-
imental trend may result simply from the dependency
of the contact friction on the normal force [29]. In nu-
merical models, the contact friction coefficient is usu-
ally constant. Thus the decreasing trend of the internal
friction is explained by the decreasing number of con-
tacts. Moreover, Figure 1 shows that for a higher di-
mensionless stiffness, where the overlap becomes negli-
gible, there is still a scattering among the values of ¢,
but quite low (about +0.5° around the mean value).
Thereby, for ¢, = 30°, plastic failure seems not signif-
icantly dependent of the contact normal stiffness for a
value of k greater than 50.

K (11)

A more extended parametric study was performed con-
cerning the parameters involved in the contact resis-
tance to rolling. The values of the parameters defined
in Table 1, case 2, were chosen in order to test different
pairs of o, and 7, (note that for isotropic shape parti-
cles, 1, should be < 1 [15]. However, i, >1 are inves-
tigated in this preliminary section). Macroscopic shear
strength in terms of peak, ¢,, and residual, g, fric-
tion angles is shown in Figure 2. Note that the residual

26

25¢

24}

P {

22

21

20 L L

10° 10

Fig. 1: The influence of the reduced contact stiffness s
on the peak friction angle (case 1 in Table 1).

friction angle is calculated from the average of stresses
corresponding to ¢, >25%. The results demonstrate
that for a rolling stiffness, «,., sufficiently high (here for
a, > 1.25), the macroscopic plastic parameters reach
constant values which depend only on 7, [35].

Thus, if the contacts are sufficiently stiff, then the micro-
elastic parameters, including rolling stiffness, have no
influence on macro-plastic parameters. Approaching these
normal and rolling stiff limits, should always be pre-
ferred to avoid cross dependencies between macroscopic
plastic properties and elastic local parameters, in con-
trast with what was suggested in [23,36].

3.2 Plastic local parameters and plastic macroscopic
properties

The influence of the plastic local parameters, 7, and
(¢, on the plastic macroscopic properties can be ana-
lyzed independently from the local elastic stiffnesses (as
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Fig. 2: The variation of (a) peak friction angle, ¢, and
(b) residual friction angle, ¢q, with respect to «,. for
different values of 7, (case 2 in Table 1).

long as the elastic stiffnesses are beyond the stiff lim-
its). Therefore, E. is set in the following to 3 10° kPa
(k = 1875) and o, to 1.25. In addition, only cases for 7,
< 1 are considered. Figure 3 shows the variation of the
stress ratio (1) and porosity (n:%, where V,, is the vol-
ume of voids and V; is the total volume of the sample)
versus axial deformation during a triaxial compression
for different 7, values. As can be seen, both peak and
residual shear strengths depend on 7,., as well as on the
dilatancy. The contact resistance to rolling increases
with 7,, mimicking more and more angular particles,
leading to higher peak and residual friction angles and
to more dilatant behaviors. This is also shown in Fig-

ure 4 where the peak shear strength and the residual
shear strength depend only on rolling friction, 7, for
sufficiently high values of «,. (i.e. without the effect of
an elastic parameter).

On the other hand, a series of triaxial compressions
were simulated with different values of the contact fric-
tion angle (Table 1, case 3). The response of the model
is illustrated in Figure 5. It is shown that this parameter
has a strong effect on the peak strength and dilatancy.
However, for the initial porosity considered, only di-
latant behaviors are observed, and purely contractant
responses are not reproduced even for low values of
@c. Finally, for ¢, > 15°, its influence on the resid-
ual shear strength becomes insignificant, as observed
similarly by [14].

Thus, for ¢, > 15°, the residual shear strength is gov-

erned only by 7, whereas the peak strength can be
fine tuned by ¢, for a fixed value of 7,. Volumetric
strain cannot be adjusted with . and/or 7, alone since,
for instance, it was not possible to reach a contrac-
tant behavior during the parametric studies displayed
in Figures 3 and 5. Nevertheless, the volumetric strain
is also strongly dependent on the initial density, and a
purely contractant behavior may be observed for loose
or very loose granular materials. Consequently, a nu-
merical preparation methodology allowing to reach a
wide range of the initial porosity of the model is pre-
sented in the next section.

3.3 Preparation methodology for a large range of
initial density

In the literature, several techniques to generate numeri-
cal discrete samples are suggested. They mainly include
the isotropic-compression method [8] and the particle
expansion method [23,35]. Both methods can be com-
bined with a progressive lubrication of contacts consist-
ing in decreasing the inter-particle friction until reach-
ing the target porosity (as proposed for instance in [5,
33]). Such methods are efficient means to produce dense
samples but they fail in repoducing very loose ones.
Alternatively, the multi-layer with under-compaction
method proposed in [16] is capable of generating ho-
mogeneous samples with a variety of density conditions
ranging from very loose to dense states. It is based on
dividing evenly the sample into several layers, each com-
pacted to a state looser that the upper one. However,
little studies as the latter have been done on loose sam-
ples.

We propose thereafter a new method for that purpose.
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(a) Fig. 4: The variation of peak and residual friction angles
with respect to 7, for different values of ;. (case 2 in
0.46 7 Table 1 for a,=1.25 and 2.5).
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03 —r 4.=0.03 overlapplng partlc.les. . .
=—a ; =0.05 2. Isotropic compaction until a target confining pres-
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. ::;':0:3 contact stress, o4 (Eq. 6) and keeping the normal
0ALp g —s 4,=07 contact friction angle (i.e. the same value used later
0.40 i q=1 for compression tests), first at a high strain rate to
save computational time, then slower when contacts
0.39 start to percolate, until equilibrium is achieved (see
0.38 P Figure 6).
0 5 10 15 20 25 30 35 40

€, (%)
(b)

Fig. 3: The variation of (a) the stress ratio and (b)
porosity during triaxial drained compressions under dif-
ferent values of 1, (case 2 in Table 1 for a,=1.25).

It imitates numerically the experimental reconstitution
technique of soil samples by the moist tamping method
where a low moist content (about 2 to 3 %) intro-
duces adhesion between particles allowing to reach even
higher void ratios from the ones corresponding to the
loosest state achieved by [16]. Moreover, as explained
in [11], introducing cohesion in the model, in the pres-
ence of rolling resistance, stabilizes looser and less co-
ordinated samples leading to a reduction in the solid
fraction and coordination number.

The methodology comprises three steps as follows:

3. Removal of the contact adhesion (o4 = 0) and wait-
ing for a new equilibrium to be attained.

Figure 6 shows the evolution of the porosity and the
unbalanced forces in each step. It can be seen that dur-
ing the compaction process that the porosity decreases
until an equilibrium state is reached. Equilibrium is as-
sessed from the dimensenionless unbalanced force, Uy.
It is computed as the ratio of the mean resultant parti-
cle force to the mean contact force. Uy tends to zero for
a perfect static equilibrium and a value of Uy = 1073
was considered here as representative of a state suffi-
ciently close to this limit (Figure 6). Notice that during
the last step where contact adhesion is removed, the
sample experiences a slight additional compaction (see
Figure 6), as observed experimentally with the moist
tamping technique during the saturation stage of the
soil sample.

Following the proposed procedure, the accessible den-
sities reached by this method are shown in Figure 7. It
can be noticed that as the contact adhesion, o4, in-
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Fig. 5: The variation of (a) the stress ratio and (b)
porosity during triaxial compressions under different
values of . (case 3 in Table 1).

creases, the initial porosity after compaction increases
too, and the sample shows more and more an obvious
contractive behavior as shown in Figure 8. This hap-
pens up to a threshold adhesion value (here equal to
ca = 80 kPa or ‘173—'::1), beyond which the numeri-
cal sample strongly collapses during the third step of
the compaction method leading to lower porosities and
more dilatant behavior (see the results for F-=1.25 and
F+=2.5 in Figures 7 and 8). Figure 8 shows the triax-
ial compressions simulated from the accessible densities
reached by this method. It can be observed that re-
moving completely the adhesion during the compaction
phase is not enough to reach dense samples presenting
a strong dilatant behavior. For that, contacts need to

1.0 - 0.7
—en
—a U
0.9 Compaction with ' 0.6
’ contact adhesion
10.5
0.81
c 0.7} |High strain rate low strain rate ‘
’ - »
Stabilization  [{0.3
after removal of
0.6+ contact adhesion
0.2
0.5 lo1
04 L L L O
0 2000 4000 6000 8000 10000 120%0
iterations

Fig. 6: Evolution of the porosity and the dimensionless
unbalanced force during the three steps of compaction.

be lubricated during the compaction phase by fixing a
low friction angle, as described for instance in [33], and
illustrated in Figures 7 and 8 for a lower values of the
contact friction angle during compaction. Hence, a large
range of initial density can be reached by assigning dur-
ing compaction either an artificial contact adhesion or
a reduced contact friction.

4 Modelling of the soil mechanical behaviour

In this section, a calibration procedure is defined and
then applied to reproduce the experimental data ob-
tained from drained triaxial compression tests with P, =
200 kPa (i.e. constant effective confining stress). More-
over, to validate our model, it was tested with the data
obtained from: triaxial compression tests with differ-
ent confining pressures, undrained triaxial test (i.e. no
volume change) as well as constant deviator stress test
(constant q) [20].

4.1 Calibration process

After studying the influence of different parameters in-
corporated in our DEM model, a calibration procedure
based on the simulated response to a triaxial compres-
sion was defined as follows:

1. As the residual shear strength is independent of
the initial porosity and of the contact friction for
Yo > 15°, then 7, can be first calibrated by re-
producing the experimental residual friction angle
while ¢, is set arbitrarily (let’s say for instance 30°

Unbalanced force
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(a) introduction of contact adhesion o, during com-
paction (with (¢c)comp=30 °), and (b) reduction of con-
tact friction angle, (¢c)comp, during compaction.

e, (%)
(b)

as a first approximation of the contact friction be-
tween two silica particles). For this step, the numer-
ical sample may be compacted without the addition
of contact adhesion or contact lubrication in order
to start from a medium dense material.

. Volumetric strain (i.e. dilatancy / contractancy) and
peak stress (if any) are approached as close as pos-
sible by fine tuning the initial sample density. To
get a looser material, adhesion is introduced during
the compaction phase, while contacts are lubricated
during the latter phase to reach a denser assembly,
as described in the previous section.

Fig. 8: Effect of adhesion, o4, during compaction, on
(a) the stress-strain response to a triaxial compression
and (b) porosity (case 4 in Table 1).

3. Contact friction angle ¢, is calibrated (if necessary)
to improve the reproduction of the volumetric strain
and the peak stress. Knowing that a change of ¢,
can affect the initial porosity reached after the com-
paction phase, it may be necessary to reiterate steps
2 and 3 until a satisfying calibration of both the ini-
tial porosity and ¢, is achieved.

Calibration of elastic parameters, contact elastic mod-
ulus, F., and shear factor, g, appears secondary to
plastic parameters (as long as they are beyond the stiff



Discrete numerical modeling of loose soil with spherical particles and interparticle rolling friction 9

limit), with respect to their effects on the macroscopic
mechanical behavior. They can be adjusted if neces-
sary to better reproduce the macroscopic initial Young
modulus and Poisson ratio as discussed in [23]. Rolling
stiffness, ., is just kept close to the rigidity limit, not
lower to avoid any impact on plastic macroscopic prop-
erties, but not higher to avoid possible reduction of the
critical time step as discussed in section 2.2.

It is worth noting that this proposed calibration pro-
cedure stresses more on the rolling friction than on the
contact friction angle. Indeed, one can expect the con-
tact friction angle not to be very different for different
granular soils since grains are generally made with sim-
ilar constituents (silica and alumine), whereas particle
shapes, reflected by the rolling friction, may change a
lot and directly impact the soil mechanical behavior.

4.2 Validation on laboratory triaxial compression
paths

The calibration procedure is applied to calibrate the
numerical model on experimental data obtained from
drained triaxial compression tests on a Camargue sandy
soil. Laboratory triaxial compression results are pre-
sented in [20,2]. The triaxial tests were performed on
very loose Camargue sand samples prepared with an
initial (i.e. before isotropic compression) relative den-
sity of 20%. The particle size distribution of the nu-
merical model partially follows the one of the sand as
presented in Figure 9. It has been simplified by remov-
ing 3% of the largest particles and 3% of the smallest
ones to limit the total number of discrete elements and
so to reduce the computational cost.

100 T -
— PSD experimental
— PSD numerical :
80 :
S |
~— 60 :
(@)} i
£ i
(V)] H
v 40k L
© i
o :
0 — H . — H H H | = P L
10 10 10 10

d(mm)

Fig. 9: The gradation curve of the Camargue sand.

The model has been calibrated from a drained triaxial
compression with a confining pressure, P, = 200 kPa
(Figure 10), leading to the parameters shown in Ta-
ble 2.

1000
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#—# DEM, Pc—100kPa
&=k DLM, Pe=200kPa
=4 DLM, Pe=400kPa
& & Lxp, Po=100kPa
ok Lxp, Po=200kPa
= & Lup, Po=400kPa

#—# DEM, Pc—100kPa
&=k DLM, Pe=200kPa
=4 DLM, Pe=400kPa
& & Lxp, Po=100kPa
ok Lxp, Po=200kPa
&= & Lup, Po=400kPa

Fig. 10: Comparison between experimental drained tri-
axial compression tests and DEM simulations on loose
Camargue sand. (a) deviator stress, (b) volumetric

strain.

When applied to compressions with different confining
pressures than the one used for calibration (Figure 10),
the model succeeded to describe the shear strength but
partially failed in reproducing quantitatively the depen-
dence of the volumetric strain on the confining pressure.
The important reduction of contractancy of the sand
obtained experimentally for P, = 100 kPa, with respect
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oa (for com-
Fe Be %s Pe or I paction only)
(kPa) (kPa) (deg) (kPa)
200 210° 0.2 25 7.5 0.22 200

Table 2: Summary of the parameters calibrated on the loose Camargue sand.

to P, = 200 kPa and 400 kPa, is underestimated by the
model.

Responses of the calibrated model and of the sand sub-
jected to an undrained compression, after an initial
isotropic compression, P. = 200 kPa, are compared in
Figure 11. The model exhibits sudden and total lique-
faction at very low axial strain which was not the case
experimentally for the sand, as if the ability of the nu-
merical model to contract was more important than for
the sandy sample. Responses were also compared to a
constant deviator stress loading path performed after
an initial drained compression. Stress and strain paths
are displayed in Figure 12. The numerical model cor-
rectly describes the stress state at failure occurrence but
predicts a much more contractant response than the ex-
perimental data. The constant shear drained path, such
as the g-constant path, lead to a reduction of the mean
pressure p. Consequently, the overestimation of contrac-
tancy along these loading paths is in agreement with the
results obtained from the drained compressions (Fig-
ure 10). In the latter case, we showed that the model
underestimates the reduction of contractancy with the
decrease of the mean pressure.

The observed difference of the dependency of volumet-
ric strain on mean pressure can be related to different
factors that differ between experimental and numerical
tests:

1. Difference of the compressibility behavior induced
by the isotropic compression: for the numerical sam-
ple, the relative variations of porosity after com-
paction when confining pressure is increased from
Pc = 100 kPa to 200 kPa, and up to Pc = 400
kPa, are -0.09 % and -0.81 % respectively, whereas
experimentally the sand sample presents a more im-
portant compressibility with relative porosity varia-
tions equal to -0.82 % and -2.22 % (always with re-
spect to the state for Pc=100 kPa). This difference
is particularly important in the range of confining
pressure 100 kPa- 200 kPa where the relative reduc-
tion of porosity for the numerical model is about 9
times smaller than what is found experimentally.
This may contribute to the discrepancy between
numerical and experimental volumetric strains ob-

served, especially for the compression at Pc = 100
kPa.

2. Different particle shapes: this is related to the abil-
ity for angular or elongated particles to untangle. A
reduction of the mean pressure, allowing more flex-
ibility for angular or elongated particles to rotate,
can promote their disentanglement, and thus a lower
contractive behavior. In addition, even without any
translation motion of particles, new contacts may be
formed with elongated particles in rotation, limiting
further compaction of the granular assembly. Such
mechanisms are not reproduced with the numerical
model made of spheres, even with the introduction
of a contact resistance to rolling, and apparently,
constitutes a limitation of the model.

5 Conclusion

This paper presented the DEM modeling of the soil
mechanical behaviors by using spherical particles and
contact rolling resistance. It was demonstrated that the
macroscopic behavior of the granular assembly mainly
depends, on one hand, on the initial packing density
and, on the other hand, on the model parameter fixing
the plastic rolling moment at contacts. Other parame-
ters as normal contact stiffness or contact friction angle
prove to play a secondary role (bearing in mind that the
contacts should be sufficiently stiff and based on a given
particle gradation). This is consistent with the fact that
the shear strength in cohesionless soil is more strongly
related to particle shape (presented here by the plastic
rolling moment) than to the inter-particle friction an-
gle, as shown previously by [10]. Moreover, it is greatly
affected, together with dilatancy, by the initial density.
Consequently, a new numerical method of compaction
was proposed, involving either the introduction of inter-
particle adhesion forces or the lubrication of contacts,
to reach a wide range of initial density of granular as-
semblies, from very loose to very dense. However, it was
shown that even if our model succeeds in reproducing
the experimental data, there are some limitations to be
taken into account related to the description of the de-
pendency of volumetric strains on the mean pressure.
This is due to the difference in the relative variation of
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Fig. 11: Comparison between experimental and numer-
ical responses under undrained triaxial compression.

initial porosity after compaction between experimental
and numerical tests as well as due to the different par-
ticle shapes. Such marked differences may be partially
due to the very loose state of the tested sample.

Despite the latter limitation, one should keep in mind

the little number of parameters involved in such a model.

In total five parameters are involved, among which three
elastic parameters are secondary if sufficiently close to
the stiff limit, compared to a basic phenomenological
elasto-plastic constitutive relation (without any hard-
ening mechanisms) involving a minimum of four param-
eters (Young modulus, Poisson ratio, internal friction
angle, and dilatancy angle). Moreover, the dependency
of the dilatancy angle or the friction angle on the mean
pressure for such elasto-plastic constitutive relation re-
quires some additional empirical laws coming with ad-
ditional parameters.
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Fig. 12: Comparison between experimental and numer-
ical responses under constant deviator stress loading
path just up to failure point.
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Appendix

Let i,  define small movements of a particle relative to an ini-
tially stable configuration in which the total force and torque
on the particle are F' = T = (. If the particle is involved in N,
contacts and every contact remains elastic (worst case), the
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new force and torque induced by @ and 6 can be expressed as
follows, in which the translational and the rotational degrees
of freedom are uncoupled (this uncoupling assumption is also
found in [12]): (Note that since FF = T = 0, then we can write
AF = F and AT = T):

Nc
F— (Z(KH—KS)(ﬁ@)ﬁ)-l-KSI) a (12)

c=1

Nec

T —r?> K(1-7A®n)] (13)
c=1

I being the inertia tensor of the particle and r its radius.

These forces are given by neglecting the rotational term in
equation 12 and the translational term in equation 13.

If contact moments (]\ZT and Mtw) are present, the moments
(initially null) induced at each contact (remaining elastic) by
4 and 0 are:

Mtw = *Ktw(g‘ i
= — K (7 ®7)0, (14)
M, = —K.(§ — (- 7)R)
= K, (I—#® ). (15)
where K, and K}, are the rolling and twisting stiffnesses, re-
spectively. Note that, in our study, only the rolling moment

was taken into consideration. However, for generalization, we
added the twisting moment here.

Adding these contributions (eq. 14 and 15) to the global ro-
tational stiffness (eq. 13) yields

NC
T = {r?K(I-A®7) + K @7+ K (I-i®7)}0 (16)

c=1

The uncoupled equations of motion for the particle can be
expressed as:

o= 57 % (17)

2 Ky -

0=——0, 18
: (1)

where K, and Ky are the tensors defined by equations 12
and 16 respectively, M is the mass of the particle, and J is
the moment of inertia (equal to %rzM for a sphere).

% and % are symmetric positive definite tensors from which
six eigen values can be calculated, corresponding to six nat-
ural frequencies of the particle. The explicit centered finite
difference scheme is stable for the above equations - for a
single particle b - as long as At is less than 2/\/Ab,,., A0, ..
being the maximum eigenvalue of the particle.

A multi-body system as a whole may have natural oscilla-
tion modes combining the motion of multiple particles, with
frequencies higher than the maximum frequency found for in-
dividual particles. An accurate determination of the critical
timestep would thus need to consider the stiffness matrix of

the system as a whole where the motion of two particles in
contact would be included. For N, particles it would lead to a
matrix of size (6N})? from which eigenvalues would have to be
extracted. It can be avoided by remarking that this large as-
sembled matrix would have every contact stiffness appearing
twice in each row (once in the diagonal term and once in the
column whose index corresponds to the other particle forming
the contact). Since the absolute row-sum of the components
can be used as an upper bound of the maximum eigenvalue
(Perron-Froebenius theorem [3]) an upper bound is obtained
simply by multiplying every stiffness by two when calculat-
ing the frequencies of one single particle. Equivalently, we
can keep the stiffness unchanged and define the upper bound
using the eigenvalues associated to individual particles as

Amaz < 2 mgx(,\igm). (19)

[13] suggested a similar inequality without proof. Finally, a
sufficient condition of stability is:

2
At —_— 20
< maxp (A (20)

braz)

The equations of motion for a particle, 17 and 18, can be
written in a simplified way considering the following assump-
tions:

1. all spheres are identical (same size and same inertia)

2. all contacts have the same stiffness values

3. the stiffness tensors, defined by equations 12 and 16, are
isotropic.

We note also that K, = amnr?K, and K — tw = atwr2Kn.

Then the uncoupled equations of motion read:

3 NeKn (14 2as) a

i = 21

i - (21)

é‘-': _ NcKn (5as + Barn + 2.5atw) 7 (22)
M
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