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Abstract

This paper investigates the influence of cohesion on the behavior of 2D granular media simulated by using a molecu-
lar dynamics method, involving a simple contact law with adhesion. The study considers an adhesion index which is
non intrinsic but significant for interpreting the mechanical effects of applied pressure. A static state system of 4000
particles is numerically simulated by vedometrical compression under a constant force, without gravity. The results
show how the geometrical texture and the network of contact forces change according to the level of adhesion. This
effect is explained essentially in term of the increase in the number of the tensile contacts and by the development of
the internal self-stress structure. As in the case of non cohesive granular media, a high spatial heterogeneity of the con-

tact forces is observed.

Kewwvords: Granutar material; Adhesion; Molecular dynamics; Texture.

i. Introduction

A granular material is defined as a collection of
solid particles for which the macroscopic behavior is
governed by contact inferaction forces. We find many
exarnples of granular media, notably in the civil engi-
neering domain: soil, concrete and also in fragmenta-
tion processes. In the agro-product, pharmaceutical
and chemical industry, many products are constituted
from grains or powders. The macroscopic and micro-
scopic properties of granular media are generally
complex. Many experimental or numerical studies on
the mechanical behavior of granular packing have
been undertaken over the last thirty years, with the
aim to predict the macroscopic behavior of a granular
medium, and to investigate the grain scale or the con-
tact scale. Such studies have indicated that if the
whole medium is dense, then it tends to be strongly
structured. This conclusion was first arrived at from
contact force network analysis, and noting in particu-
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lar its inhomogeneous nature [1], and secondly from
the study of the contact directions which characterize
the non isotropy of the contact network [2-4].These
investigations were focused primarily on non cohe-
sive granular media.

The aim of this work is to study, by numerical
simulation, the evolution of the texture of granular
systems under progressively increasing surface en-
ergy (adhesion) between grains, starting with a non
cohesive medium. By “texture” we mean both force
and contact networks for a multi-contact system. In
cohesive granular packing, the cohesion arises form
attraction forces with various physio-chemical origins
that inhibit the loss of contacts, together with elastic
contact deformation that allows a pair of particles in
contact to support compressive forces (up to the point
of cracking particle).

In this paper, we first present a simple model of ad-
hesion between two circular particles. We define then
an “adhesion index” that represents the activation of
attractive forces compared to repulsive forces. After a
short description of the mumerical sample and of the
boundary conditions, we present our main results
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regarding forces, the coordination number, the statis-
tics of contact directions and tensile pressure as func-
tions of the adhesion index, We also study the evolu-
tion of spectmen density.

2. Adhesion model

{n molecular dynamics and most popular discrete
element simulation methods, the particles are treated
as rigid bodies [3, 6] moving according to Newton's
equations of motion [7]. Classically, the contact force
is defined as the function of the particles positions
and velocities. In our numerical algorithm, we intro-
duced a model of adhesion between two particles in
contact characterized by an overlap & and a contact
surface 2a; Fig.1. At first order in &, the radius of
the contact zone is given by a=+/r8 . This depend-

ence is generally non-linear as in Hertzian contact
analysis for example.

Consider firstly the normal effect of adhesion on
cofitact. The adhesion is introduced as a resistance to
a separation effort. With an idea similar to the model
of adhesion on a solid surface of JKR [8, 9], we estab-
lish an interaction model between two particles in
which the contact force is the sum of a repulsion ef-
fort and an adhesion effort. We select a simple linear
elastic law for the repulsion component &d, where & is
the contact stiffness, and an atfraction force propor-
tional to the contact surface 2a given by ;«/75 ,
where y represents the surface energy of particles in
contact and r the effective radius of the curvature of
the interface when & = 0. The dynamic effects are
taken into account with a viscous damping term a,ﬁ R
where @, is a normal damping coefficient. So, the
expression for the normal force f, as a function of J'is
given by:
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Fig. 1. Geometry of the contact between two disks.

In the following, this model will be called the “Geo-
metrical Adhesion model” (GA).

The dependence of normal contact force the over-
lap d1is presented in Fig. 2. We can distinguish behav-
ior on either side of the equilibrium posi-
tion: &, = ry*/k*, that occurs without applied exter-

nal force and corresponds to no interactive effort: A
compression zone exists for &>4, and a tensile

zone for & < 3, . Note that the threshold tensile force

{necessary force for separating two particles in con-
tact) in this model is given by F =ry’/4k with
corresponding overlap 8, =ry*/4k* . The zone be-
tween 0 and &, is an unstable zone which if reached
would lead to separation following an imposed dis-
placement or effort,

The implementation of Coulomb’s law in the mo-
lecular dynamics approach poses a fundamental tech-
nical difficulty for numerical investigation, i.e. differ-
ent coefficients of dynamic and static friction, [10,
11]. In fact, the integration of the equation of motion
requires a “‘smooth” force law such that the friction
force f; is a function of the slide velocity v,. According
to Coulomb's law of friction, the set of permissible
pairs between f; and v, cannot be represented as a
(single-valued) “nonsmooth” function. A simple way
to avoid this difficulty is to adopt a “regularized”
form of the exact Coulomb's law with adhesion de-
fined by (Fig. 3)

,=min{Bv}, 17, + F)} sign(v) @)

Here p represents a coefficient of friction and Fis a
tangential viscosity. The latter should be given a
value large enough to avoid numerical artifacts {10,
12]. Note that in the present model, the overlap is
permitted.
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Fig. 2. Evolution of normal force 1 as a function of overlap
depth & for the AG model in the quasi-static case.
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Fig. 3. Regularized Coulomb’s law with adbesion.
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A force law with adhesion in a broad sense in-
volves a pair of adjacent particles resisting not only

normal separation, but also relative sliding and rolling.

When these conditions are fulfilled, the interperticle
contact is cemented, i.e. the variables for the degrees
of freedom of the particles in contact are frozen
within a range of supportable forces and moments.
However, we will not consider here the rolling fric-
tion and stiffness so that contignous particles may
freely roll on one another with no bending moments
acting between them.

Since the influence of adhesion is expected to de-
pend only on the relative amount of attraction with
respect to repulsion, we define the dimensionless
quantity » referred to as the “adhesion index” and
being the ratio of the mean attraction force 773 to
the mean repulsion force k5 in a multicontact particle
assembly. In the quasi-static case, for our model

n :@ (3)

{kd)

- This adhesion index gives a measure of the effec-
tive cohesion of a granular medium at a given stage of
its evolution. It’s value can be small even with strong
adhesion between particles if the compression loading
is large compared with the adbesion threshold. We
can note that 7 is an increasing function of F,. Ac-
cording to the expression of the stress tensor in terms
of contact forces, the average normal force <f> has
the same sign as the average pressure p [13, 14]. Eq.
(3) shows that if the average pressure is positive, i.e.
for a system that is globally in compression, then
ne[0,1], whereas for a system globally in traction we
have nef{l.2]. In the absence of external forces,
where the repulsive force term = 0 for all contacts,
and more generally if pressure is zero, we have 7= |,
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Fig. 4. Scheme of the preparation of the numerical samples.

3. Numericai sample

Numerical sirnulations were carried out on a 2D
sample by using the molecular dynamics method
based on the predictor-corrector scheme with Gear's
set of corrector coefficients for the mntegration of the
equations of motion [7].

The 2D samples were composed of 4000 disks with
average radii equal to 3 mm. The radii are uniformly
distributed between 2 and 4 mm. The particles were
randomly distributed (triangular network) in a box of
four rigid plane walls and gravitational effects were
neglected. The stiffness and the coefficient of damp-
ing were the same for all particle-particle and particle-
box contacts. A vertical force of 100 N was then ap-
plied on the upper wall. The others walls, during this
stage, were fixed. The system was then allowed to
relax until a static equilibrium was reached. The final
state of this preparation stage is used as the initial

" equilibrium state for our analysis (Fig. 4). The adhe-

sion and the friction between particles were activated
from the beginning of each simulation. The adhesion
between disks and rigid planes was taken as zcro.

4. Numerical results

Various cases were considered in the simulation in
term of the microscopic parameters. The various mac-
roscopic variables investigated were found to depend
on the degree of adhesion introduced through the
adhesion surface energy 7 Here these results will be
interpreted through their dependence on the adhesion
index 7. Tt is of-interest to examine the geometric
testure of the media in terms of the coordination
uwmber, the compactness and the anjsotropy that
evolves from the preparation process. We study also
the distribution of the normal contact forces i the
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sample to quantify the influence of the adhesion at
microscopic level.

Coordination number: The coordination number z
is defined as the average number of contacts per par-
ticle. The coordination number z increases with » to
stagnate around 4 for i = 0.3 (Fig. 5(a)). For 7 be-
tween 0.3 and 0.8, z increases very slightly, but is still
close to 4, but the fraction of tensile contacts {z/z)
increases (Fig. 5(b)). For the high values of 7, z in-
creases more rapidly. The highest value of z 4.3 is
reached for the non-friction case.

Contact directions: In order to achieve a better
analysis of the contact network, we present the statis-
tical distribution p(@ of the normal directions & of
contact which is the probability density to have a
contact oriented in a given direction 4[15]. Here we
present the polar diagram of the number of contacts
N8 as a function of their direction 4, in I8 angular
sectors. The compressive contacts are plotted in the
angular range [0, (upper part) and the tensile con-

tacts in the range {0,-7] (lower part), We see from Fig.
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Fig. 5. (a) Evolution of coordination number = and (b) evolu-
tion of coordination number for the tensile contact z° normal-
ized by z as function of the adhesion index 5 for three differ-
ent values of friction coefficients u.

6 that the distribution is anisotropic similar to that
found in a non cohesive granular medium. For the
mitial state, contacts are origntated with a quasi-
homogeneous manner for weak adhesion value.
Untike for strong adhesion and for two types of effort,
two particular directions of +45° with respect to the
comtpression axis appear on the diagram, This “bi-
modal” distribution of contact directions has also
been observed for non cohesive particles deposited in
the gravitational field [4]. Here we observe that this
effect is much more important for high adhesion val-
ues. So we have a highly structured contact network
for values of 24,

Solid fraction: To complete the examination of the
coordination number, we show the solid fraction
(density), i.e. the fraction of space occupied by the
disks, as a function of adhesion index. The solid frac-
tion is caleulated from: ‘
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Fig. 6. Polar diagram of the distribution of contact directions
for compressive [0,7] (upper) and tensile [0, - z] (lower)
comtacts for (a) non friction case and (b) = 0.5,
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Fig. 7. Evolution of the compactness g, as function of 7 for
three values of friction coefficients.

where Sppy IS a representative elementary area (or
volume in 3D} and Spauqe is the area (volume for 3D)
of particles inside the Spey. In all simulations we
chose an Sggy to contain approximately 350 particles.
Fig. 7 shows the solid fraction p, as a function of the
adhesion index 7 and for three different values of
friction coefficient p. Observe the adhesion has a
small influence on the compactness, except at high
values of 77 (close to 1) for which the density de-
creases slightly. Otherwise, the higher the friction, the
lower the compactness that occurs. Indeed, in the
preparation phase, a small friction force favors the
rearrangements of particles, and allows the system to
reach a more compact state,

Force networks: The transmitted efforts through the
contacts are represented by the lines which join the
centers of disks in contact and for which the thickness
is proportional to the value of the normal force. The
black lines represent compressive efforts and the gray
ones tensile efforts. The aspects of the force network
are quite similar to those of non cohesive media (in-
homogeneous, filamentary structure) [1]. The tensile
effort doesa't develop uniquely for the medium and
high values of the surface energies, 7>0.8 although
the system is under compression in all directions; see
in Fig.8, for the strong cohesive system. In this figure,
we see the appearance of the strong force chains both
in compressive and tensile networks for which the
magnitude of the largest tensile and compressive
force are comparable and are strongly comrelated.
Indeed, for 7>0.9, observe that the force chain for
tensile forces develops in parallel to the compression
and some particles are in equilibrium from tensile
forces only (crystallization).

1961

Fig. 8. Network of normal forces of contact in a strongly
cohesive system with 7 = 0.9910 and x = 0.5 at the equilib-
rium state.

Tensile pressure: We saw that the supplementary
densification of the very strongly cohesive system is
accompanied by a network of tensile contacts compa-
rable to the compression contacts. The tensile contacts
contribute negatively to the average pressure of the
medium. The average pressure is given classically by

p=T o )

where o; and oy are the eigenvalues of the stress ten-
sor which is defined as {14]:

a, = {1 17) (6)

Here [” is the vector joining the particle centers and
/7 the magnitude of contact force. The stress, or the
average negative pressure p, is determined by this
expression when restricted only to tensile contacts.
The total pressuare is given by the sum of these pres-
sures, p=p'+p.

The evolution of the average negative pressure p’
can be normalized m relation to the average pressure
p as a function of 7 (Fig. 9). We see that p” remains
quite low (77 <0.8) except when 7 is very close to 1.
For the large surface energies, p increases rapidly as
a function of 7 due to self-stress configurations, al-
though the system is subjected to compressive forces
in all directions. Note also that each point in Fig. 9 is
the result of a separate simulation according to the
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procedure described above. We remark again that the
negative pressure due to tensile force increases sig-
nificantly only for the high adhesion values.

Distribution of normal forces: Both compressive
and tensile forces are inhomogeneously distributed
and show a large variability as for a non cohesive
system. The maximum value of the contact force is
more than 5-8 times the average value of normal
force for all the systems studied with differing values
of the surface energy. For small values of adhesion,
the resultants of the normal force distribution are
separated into two parts according to the average
value of effort {16, 17]. For the strong values of adhe-
sion, we can distinguish only one part which the dis-
tribution of the probability of the large nommal forces
(in absolute value) falls off exponentially with
slightly different exponents for compressive and ten-
sile forces (Fig. 10). This probability distribution of
forces, both tensile and compressive, has the same
form as in non cohesive media. We note that consid-
ering all the contacts in the sample, approximately
60% have a normal contact force lower than the aver-
age value, for every surface energy considered.
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Fig. 9. Negative pressure p- due to the teusile force normai-
ized by the average pressure p as a function of 7 for three
different friction coefficients.
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Fig. 10. Histogram in semi-logarithmn of probability of nor-
inal forces normalized with respect to their normal average in
each force type (compressive and tensile) for three different
friction coefficients in strong cohesive system.
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5. Conclusion

The numerical analysis presented on cohesive
granular packing subject to compressive loading in all
direction suggests the existence of three regimes that
occur depending on the adhesion index 7
® The regime of geomerrical rearrangement for
0<n<0.3: In this regime, the adhesive character of
the interparticle contacts mainly influences the co-
ordination number z which increases with # for
reaching the particular value of 4 for 7 < 0.3,
There are almost no tensile forces in the medium
{hence, no tensile pressure) and the distribution of
normal direction of contact is similar io that in non
cohesive media.

® The regime of contacts reorganization for 0.3<
7<0.8: The number of tensile contacts evolves
with 77 but the coordination number remains nearly
equal to 4. In this way, the compressive contacts
are transformed into tensile contacts in this regime,

# The regime of force reorganization for 7>0.8 (high
values of 7): Here the coordipation number in-
creases beyond four in two dimensions and the
medium gets more textured ds also the tensile
forces due to the self-stress configuration are pre-
sent in the system. Indeed, the negative pressure
due to tensile contacts increases rapidly with 7.

Nomenelature

Roman symbols

a :Contact surface

k& :Contact stiffness

S :Normal force of contact
fi  : Tangent force of contact
F,  :Threshold tensile force
p - Pressure

: Adhesion index

pf8 : Statistical distribution of the normal direction
of contact

r  : Effective radius of the curvature of contact

Seev 1 Representative elementary surface

v, :Relative slide velocity

z  :Coordination mumber

Greek symbols

¢, :Normal damping coefficient

A : Tangential Viscosity

& :Overlap

¥ :Surface or adhesive energy

7
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# : Friction coefficient
2 Solid fraction
oy . Stress tensor
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