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DYNAMIC NUMERICAL INVESTIGATION OF RANDOM PACKING FOR
SPHERICAL AND NONCONVEX PARTICLES

SYLVAIN FAURE!, ALINE LEFEBVRE-LEPOT? AND BENOIT SEMIN?

Abstract. We simulate the sedimentation in a parallelepipedic container of spheres and nonconvex
particles constituted by two overlapping spheres. We use the self-written code SCoPI. Thanks to an
efficient handling of contacts between particles, it allowed us to consider up to 100,000 spheres and
10,000 nonconvex particles. The packing fraction (in bulk and close to a wall) as well as the mean
value and the distribution of contacts of the final packings are reported. The results obtained for
the classical case of spherical particles (packing fraction: 63.7%, mean number of contacts: 6) are
in agreement with previous studies and validate the algorithm. The packing fraction for nonconvex
particles increases and then decreases with respect to the aspect ratio, which is similar to the ellipsoid
(convex) case. The number of contacts is different from the number of neighbours, which is of course
never the case for spherical particles (convex particles). The number of contacts is discontinuous when
slightly increasing the aspect ratio from the spherical case: it is equal to 6 in the spherical case and
to 10 in the nonconvex case. These values correspond to the isocounting values, i.e. the number of
contacts is twice the number of degrees of freedom. This contrasts with the ellipsoid case, where it
sharply but continuously increases. Concerning the number of neighbours, it continuously increases for
small aspect ratio (which is similar to the convex particle case), but decreases for higher aspect ratio.

Résumeé. Nous simulons la sédimentation dans un récipient parallélépipédique de spheres et de partic-
ules non convexes formées de deux spheres se chevauchant. Afin de réaliser ces simulations, de nouvelles
fonctionnalités ont été ajoutées au logiciel SCoPI initialement développé par A. Lefebvre-Lepot. Grace
a une prise en compte efficace des contacts, il nous a permis de considérer jusqu’a 100,000 spheéres
et 10,000 particules non convexes. La compacité (en volume et prés d’une paroi), ainsi que la valeur
moyenne et la distribution du nombre de contacts des configurations finales sont décrites. Les résultats
obtenus dans le cas classique de particules sphériques (compacité de 63.7%, nombre moyen de contacts
de 6) sont en accord avec de précédentes études et permettent de valider l’algorithme. La compacité
pour les particules non convexes augmente puis diminue en fonction du rapport d’aspect, ce qui est
similaire au cas (convexe) des ellipsoides. Le nombre de contacts est différent du nombre de voisins,
ce qui bien entendu n’est jamais le cas pour des sphéres (particules convexes). Le nombre de contacts
est discontinu lorsque 1’on augmente légerement le rapport d’aspect a partir d’une sphere: il est égal
a 6 dans le cas sphérique et & 10 dans le cas non convexe. Ces valeurs correspondent aux valeurs
isostatiques, c’est a dire que le nombre de contacts est égal au double du nombre de degrés de liberté.
Ce résultat differe du cas des ellipsoides ou il augmente fortement mais continiment. Quant au nombre
de voisins, il augmente contintiment pour de petits rapports d’aspects (ce qui est semblable au cas des
particules convexes), mais décroit pour de plus grands rapports d’aspects.
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INTRODUCTION

Characterization of random granular packings is of primary interest on both practical and fundamental points
of view [3]. For example, one can think of short-range atomic order, arrangement of colloidal particles in dense
deposits, strength of concrete, granular processing, packing of rice, cellulose fibers in paper. The topic of random
packing has been extensively studied, mainly focussing on spherical particles. Indeed, it was seen as a first step
to more complex shapes and lot of applications concerned spherical-like particles. However, from the former
examples, it is clear that the study of nonspherical particles (anisotropic shapes, nonconvex shapes) is also of
great interest and it now becomes prominent. The basic problem is to predict the macroscopic behaviour of
these systems from their local structure. For example, global and local packing fraction (density), as well as
the topological structure resulting from the network of contacts between grains are of great interest to better
understand these materials. In order to carry out such studies, it is necessary to find ways to explore the local
configurations that can be reached by random packing and to develop methods to analyze the results.

Experimental study of random granular packings has been the subject of a great amount of researches. A lot
of them focuses on the packing of (almost) monosized spheres. For example, experimental results concerning
the packing fraction of systems made of monosized spheres can be found in [20,27], the study of contacts for
such systems has been addressed in [2,4] and experimental results concerning polydisperse systems can be
found in [11,17]. The packing fraction of randomly packed monosized spheres is known to be in the range
[65%, 64%)], depending on the history of the packing — how the spheres have been poured, has the packing been
shaken or not — [12]. The lower value, corresponding to the so-called random loose packing, is rather ill-defined
and depends on the friction between spheres [12,27]. The essence of the upper limit (random close packing or
maximally random jammed) is still under discussion [30,31]. In [5], a theoretical analysis predicted close random
packing to occur for packing fractions equal to 0.64 & 0.02. Experimentally, this limit is obtained by shaking
the container and is quite well-defined, but doesn’t exceed 63.66% [27]. It is found to be almost independent of
the friction between the spheres for small friction coefficients. However, for larger coefficients, as expected, the
packing fraction depends on the friction coefficient: increasing it, the system goes from dense to loose packing
(see [11,17]). Studying the local packing fraction, it has also been shown in [20] that the effects of a wall in
such experiments is to induce layering, resulting in a damped oscillation of the local packing fraction from the
wall. Regarding contacts, for frictionless spheres, the so-called isocounting conjecture predicts that the total
number of degrees of freedom of the system (3 translational degrees of freedom for each frictionless spheres)
is the total number of contacts, so that the averaged number of contacts (coordination number) per sphere is
6 [25,30]. Experimental methods to estimate the number of contacts have large incertitude [2]. In [4], the mean
number of “close contacts” per particle is found to be 6.4 for a configuration of monosized spheres with packing
fraction equal to 62%. In [2], packing fraction from 58% to 64% are investigated and for each configuration, an
average coordination number is computed by using three different methods. It is found to increase with packing
fraction, going from 5.5 to 7.5.

As mentioned at the beginning, packings of nonspherical particles are of great practical interest. One of the
objective is to compare the behaviour of these systems with the previous ones, made of spheres. Experiments
with rigid fibers [24] showed that density depends upon the shape of the particles and more precisely, upon
the aspect ratio (defined as the ratio of the length of the fiber and its thickness). In this study, it seemed
that the packing fraction for nonspherical particles was lower than the one obtained for spherical ones and was
decreasing with respect to the aspect ratio. However, recent numerical results for spherocylinders [32] showed
that for “nearly spherical” particles, packing fraction was greater than for spherical ones and this was confirmed
by experiments with ellipsoids in [8,26]. In these last studies of packing of ellipsoids, it has been shown that,
when the aspect ratio « (defined as the ratio of the semi-axis) deviates from 1, the density increases, reaches
a maximum and then strongly decreases [6,8,26]. For example, in [26], the maximum of packing fraction is
reached for o = 1.63 and is 12% above the dense random packing packing fraction for spheres. Such a behaviour
has also been observed for particles shapes like cylinders or disks [34]. Concerning the average coordination
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number, the isocounting conjecture predicts that it should be equal to 10 for spheroids and 12 for general
ellipsoids. Consequently, the coordination number should undergo a jump at a = 1.

In order to better understand these complex behaviours, numerous numerical algorithms have been developed.
Their objective is to compute dense configurations and to study their properties. As expected, most of these
algorithms have been developed to compute configurations for spherical particles. They can be divided into two
classes we are going to call geometrical algorithms and dynamzic algorithms. By geometrical algorithms we mean
methods whose objective is to create dense configurations in order to study them, these configurations being
obtained without any underlying physical behaviour of the particles. Some of these methods are beginning
by generating randomly the centers of the spheres in a cubic lattice with periodic boundaries. It is the case
in [14], where each point is the center of an inner and an outer sphere. The real sphere is the inner one
and the algorithm iteratively eliminates overlappings while slowly reducing the outer diameter. The algorithm
stops when inner and outer diameters coincide. This algorithm generates packings where only two spheres are
actually in contact but lot of spheres are nearly touching. Configurations of 1,000 monosized spheres with
mean packing fraction close to 64% are studied. The number of neighbours (couples of spheres whose distance
is lower than a fixed parameter 1) converges to 6 when the contraction rate and the parameter 7 go to zero.
In [16], randomly generated points are also used and the spheres are growing from these points at a fixed rate.
The contacts occurring during the evolution of the particles are treated as elastic contacts. A configuration of
8,000 monosized spheres is created with a mean packing fraction equal to 63.7% and a mean number of contacts
equal to 5.83. Sequential algorithms can also be used to create packings: they consist in positioning spheres
one after the other. This type of method has been used in [21] to create random loose packings of spheres
in a cylindrical container (higher density equal to 59%). The author recovers in these configurations the wall
effects he already experimentally observed in [20]. The second class of methods, dynamic algorithms, consists
in imitating experiments by simulating spheres submitted to forces and undergoing contacts. For example,
in [17,29], spheres are falling due to gravity in a cube with periodic boundary conditions and in [1] vibrations
of the bottom are added. In [29], the authors use Molecular Dynamics to simulate 20,000 rigid spheres with
partially elastic contacts while in [17] the 10, 000 spheres are supposed to be deformable. In both cases, the effect
of friction on density is recovered and the dense packing situation is obtained for frictionless spheres. In [29],
the authors recover isostatic packings for frictionless spheres. A method allowing to simulate the behaviour of
spheres in a container is proposed in [28]: a few hundreds of particles, submitted to partially inelastic collisions,
are falling in a cylinder. In that case, only loose packing configurations can be reached and the effect of both
friction and elasticity are studied. The authors show that, as expected, the density decreases when the friction
coeflicient increases. To the contrary, the higher is the stiffness, the higher is the density.

Numerical simulations were also developed to simulate packing of nonspherical particles. It essentially consists
in geometrical algorithms. Packings of ellipsoids is simulated in [8]: small particles are randomly generated in a
cell with periodic boundary conditions and dense packing is made by expanding the particles and using elastic
contacts. The studies of the behaviour of packing fraction with respect to the aspect ratio are in agreement with
experimental results. Concerning the mean coordination number, it is shown that it sharply but continuously
goes from 6 for &« = 1 to a constant value (slightly smaller than 10 or 12) for high values of «, which contradicts
the isocounting conjecture (see [6,9, 25] for theoretical studies of this property). In [32,33], the following
algorithm is used: particles are randomly generated in a cell with periodic boundary conditions, at each step
the size of the cell is decreased and the positions of the particles are uniformly dilated, if overlaps occur they
are removed, the algorithm stops when it is not possible to remove the overlaps anymore. This method was
used to simulate packings of spheroids, spherocylinders and cut spheres. Results for the packing fraction of
ellipsoids as a function of the aspect ratio comply with experiments. Moreover, it is shown that the behaviour
of cut spheres and spherocylinders of aspect ratio close of 1 is similar to the one of spheroids. For large aspect
ratios, cut spheres tend to form nonrandom packing (columnar phase). Numerical simulations of the packing of
particles of arbitrary shape (even nonconvex) have also been performed. The geometry of the particles can be
described by their volume, given by a collection of spheres [23] or pixels [13]. They can also be defined by their
surface, given by a single valued function p(6, ) in a spherical polar coordinate system like in [7] or discretized
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using a triangulation like in [22]. In all these cases, the packing algorithm is of geometrical type. Their results
are often validated by testing the algorithm for spheres or ellipsoids.

In this article we present a dynamic algorithm to simulate the packing of a large collection of particles in a
box. We consider two types of particles: spheres and nonconvex particles made of two overlapping spheres. The
idea is to be as close as possible to experiments in order to recover most of the physical properties that can be
observed experimentally. We focus in this article on constructing dense packings of these particles and study
their geometrical properties. However, note that, using a dynamic algorithm also makes it possible to study the
dynamical properties of the configurations obtained.

We propose a code allowing to simulate the dynamic of the particles falling in a box, undergoing inelastic
collisions and submitted to a random force. The box is chosen to be parallelepipedic but could easily be made
cylindrical. The model and the numerical algorithm are described in the first Section. In order to be able to
simulate large numbers of particules we use the numerical scheme proposed in [18] for inelastic collisions which
is based on a global handling of the contacts. In the second Section, we validate the code with monosized
spheres: the influence of the different parameters is studied in order to check the robustness of the code and
packing fraction in bulk and close to the walls are studied as well as the mean coordination number. Then, in
the last Section, the packing fraction and coordination number for the nonconvex particles is investigated.

1. NUMERICAL MODELING

1.1. Settling of the problem
1.1.1. Modeling

We consider a three dimensional system of N spheres. We denote by x; € R? the position of the center of
the ¢th sphere. Its mass, radius and diameter are denoted by m;, r; and d; respectively.

The spheres are falling in a box under the influence of gravity. A random external force is acting on them and
they are supposed to undergo inelastic collisions without solid friction. f; stands for the external forces exerted
on sphere number i. It can be made of the force of gravity f7 = —m;g, g being the gravitational acceleration,
a random force £ and a dissipative force £7°°" = —ax; with a > 0.

We define e;; = (x; — x;)/||x; — xi|| and we denote by D;;(x) the signed distance between spheres i and j:
D;;(x) = ||xj —x;|| — (r; + ;) (See Fig.1). This distance has to remain positive in order to avoid overlappings
and consequently, the set of admissible configurations is

Q= {xeR¥ s.t. D;j(x) >0, Vi<j}

The particles are supposed to undergo inelastic collisions without solid friction: when they collide, the kinetic
energy due to their relative normal velocities is instantaneously dissipated. In the following of this Section, we

FiGUurE 1. Notations: particles ¢ and j.

describe the evolution equations proposed in [18] to model these collisions in case of spherical particles. Then,
we explain how it can be used to simulate some kind of nonconvex particles.
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1.1.2. Ewvolution equations in case of spherical particles
Let x € R3N be defined by x = (...,x;,...) and f € R3 by £ = (..., f;,...). We define M as the mass

matrix of dimension 3N X 3N, M = dlag( ey TG — 1y T — 1y TV — 15 TV Ty TV TN 15 T4 5 T 41 - - )
We introduce the set of admissible velocities for configuration x € Q, which allows to avoid overlappings
between particles:

Cx = {VeR¥N sit. Gjj(x)-V>0if Dyj(x) =0, Vi<j}

where vector G;;j(x) € R3 is the gradient of the distance between particles i and j with respect to the position
of the particles: G;j(x) = VxD;;. We denote by A = (..., \ij,...) € RVW=1/2 the vector made of the
Lagrange multipliers associated to these N(N — 1)/2 constraints.

Remark 1.1 (obstacles). In our problem, the box consists in Ny = 6 walls which can be considered as obstacles
for the particles. In order to take them into account, it is straightforward to add the NNy new constraints of
non-overlapping in Cx. For the sake of simplicity, in the following, only particle/particle contacts are considered.

Let I =]0,T[ be the time interval. To write the equations governing the system, we need to define several
functional spaces. W' (I) is the Sobolev space of functions in L>°(I) whose time derivative is also in L>°(I).
BV(I) is the space of functions in L°(I) with bounded variations on I. If a function g belongs to BV(I), its
limit from the right (resp. from the left) is well-defined for any ¢ € I and is denoted by g(t*) (resp. g(t7)). We
define the space M (I) as the set of positive measures over I. To finish with notations, if K C R3V, Pk is the
projection operator from R3*V onto K.

The evolution problem presented in [18] is the following:

xe (WH(D)*N | xe (BVI))™, Xe (M), (1)
X(tT) = Pe,,x(t7), (2)
M3 = Mf+) " Xi;Gi;(x), (3)
i<j
supp(Ai;) C {t, D;;(t) =0} for all 4, j, (4)
D;; > 0 for all 4, j, (5)
x(0) = x" st. D;;(0) >0 for all 4,5, %(0) =u’. (6)

Equation (2) consists in a collision law, imposing on the velocities of the particles x(¢tT) to belong to the set of
admissible velocities Cx ;) for each time t. From this minimization problem, for each pair (i,7) with ¢ < j, arises a
Lagrange multiplier \;; associated to the constraint between particles i and j. Equation (3) gives that A;; G;;(x)
can be seen as an additional force, exerted by the particles on each other, due to collisions. Equation (4) says
that these forces are active only if the associated particles collide. A straightforward computation gives

Gij(X)ZVXDij(X)Z (...,0, —eij(x) ,O,...,O, ez-j(x) ,O,...,O)t.

¢ J

Consequently, the collision between particles ¢ and j creates two forces f;_,; = —\;;e;; and f;_,; = A;je;;, acting
on particles ¢ and j respectively. Their modulus are equal to A;; and their sum is equal to zero. They are
directed in order to separate the particles involved in the contact (See Figure 2).



18 ESAIM: PROCEEDINGS

FI1GURE 2. Forces created by a collision between particles ¢ and j.

FI1GURE 3. Nonconvex particle made of spheres ¢ and j.

1.1.3. Ezample of nonconvex particles

The previous model can be adapted to simulate nonconvex particles made of a collection of spheres. In this
article, we consider particles made of two overlapping spheres. In order to control the length of the overlap, we
define for each sphere an internal radius. Let’s say that spheres ¢ and j belong to the same particle. We denote
by rint and rj»"t their respective internal radii. The associated particle is plot on Figure 3.

We define
l[xj — x| — (™ +75™) if spheres 7 and j belong to the same particle,

Dii = | Dix) = IIx; = xill = (ri +7;)  otherwise,

and the set of admissible configurations becomes

Q= {XER3N s.t. Vi <y,

Y%

D;j(x) =0 if spheres i and j belong to the same particle,
0 otherwise.

ij (%)

Note that VDl-j = VD;; = Gy;. Consequently, if x € Q, we define the set of admissible velocities at point x
as

VeR3¥N sit. Vi<,
Cx = Gi;j(x)-V =0 if spheres ¢ and j belong to the same particle,
Gij(x)-V >0 if spheres i and j do not belong to the same particle and D;;(x) = 0.

From this, the model (1-6) is straightforwardly extended to this case of nonconvex particles. The random
force is exerted independently on each sphere the particle is made up of.

1.2. Numerical resolution

1.2.1. Numerical scheme

We use the numerical scheme proposed in [18] to solve problem (1-6). The method is based on a global
handling of the contacts which allows to make simulations of large numbers of particules.
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Let h be the time step, we denote by x" € R*¥ and V" € R3V the approximated positions and velocities of
the spheres at time ¢t = nh. The algorithm is made of two steps. First, we compute an a priori velocity:

Vn+1/2 - V" + hfn7

tn+1

where " = — / f(s)ds. This equation consists in an Euler explicit discretization of the Fundamental Princi-

n

ple of Dynamics on each sphere without taking contacts into account. From this, we compute the approximated
velocities at time n + 1 by projecting the a priori velocity onto a set of discrete admissible velocities:

VL = Preeny VT2,
where K (x™") is a first order approximation of the constraint D;;(x"*1) = D;;(x™ + hV"+1) > 0,
K(x™") ={V eR* s.t. Dj;(x") + hGy;(x") -V >0, Vi<j}.
Then, the positions of the spheres can be updated:
X" =x" 4 hVTL

Remark 1.2 (Projection step and consequences). The projection step of the previous scheme is performed
using a Uzawa algorithm. The projection is not exact: a threshold € > 0 is chosen and the projection algorithm
is stopped when D;;(x™) + hG;;(x™) > —e. As a consequence, as long as two particles are in contact, their
distance belongs to [—¢, 0] and is not necessarily constant. Concerning our simulations, this implies that, even
when the random force is off and all the particles are packed at the bottom of the container, a final stationary
state may not be reached: the particles still move gently. If necessary, to obtain a still configuration, we will
add a dissipation force at the end of the simulation. The influence of parameter ¢ will be studied in Section 2.2.

In order to simulate the nonconvex particles described in Section 1.1.3, this set of discrete admissible velocities
has to be modified as follows:

V e R3V sit. Vi < j,
K™ = D;;(x™) + hGij(x") -V =0 if spheres i and j belong to the same particle,
D;;(x™) + hGi;j(x™) -V >0 if spheres i and j do not belong to the same particle.

1.2.2. Programming

In order to run simulations, we used the code SCoPI initially described in [15]. It is dedicated to the
Simulation of Collections of Particles in Interaction. In its original version, the particles are supposed to be
spherical and are submitted to external forces such as gravity. It can also take into account moving or still
obstacles. The particles can undergo inelastic or gluey collisions and the numerical scheme to deal with these
collisions is based on the one described in the previous Section for spherical particles. The object oriented
programming method used to build this code makes it possible for the user to add new external forces and
collision laws ( [10], [19]).

In order to make it possible to run our simulations using this code, we added a random force to the code,
using the Mersenne Twister pseudorandom number generator. We also made it possible to consider spheres
with an internal radius and to create particles made of several of these spheres always glued, as described in
Section 1.1.3.

Two postprocessing functions were implemented to obtain the parameters characterizing the packing. The
first one allows us to compute the packing fraction of the system in a subdomain and is based on a Monte-Carlo
method (1,000,000 points are randomly generated in each subdomain).
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Remark 1.3. To validate the function, we considered a cubic box containing a known number of particles of
known geometry and not crossing the boundaries of the box (we tested both spherical and nonconvex particles).
For more general configurations, where some spherical particules cross the boundaries, the packing fraction
values obtained with the Monte-Carlo method were also compared with the exact value : see appendix A for
this exact computation.

The second post-processing function gives the distribution and the mean numbers of contacts and of neigh-
bours for the particles contained in a subdomain (box) (the contacts between a particle inside the subdomain
and another one outside are taken into account). Notice that in our simulations, we do not need to add an
arbitrary criterion to decide whether two spheres are in contact or not: two particles are in contact if the
Lagrange multiplier is positive. An important difference between convex and nonconvex particles is that, in the
latter case, the number of contacts and the number of neighbours may be different.

2. VALIDATION: CASE OF MONOSIZED SPHERES

In this Section, we present our results about the close packing of spheres. The numerical method is validated
by comparing our results with those we found in the literature.

2.1. Protocol

The spheres are randomly generated in the container of constant size ([0, 1] x [0,5] x [0, 1]); the size of the
particles depends of its number (see Table 2). They are falling due to gravity (the gravity force is along the y
direction). At the beginning, the random force is activated. It is stopped and replaced by a dissipation force
when the final packing state is approximately reached. In Figure 4, we plot the configurations obtained at four
different time steps for the simulation of 100,000 monosized spheres.

2.2. Parameters affecting the simulations

The code SCoPI allows one to choose the parameters of the simulation. The effect of the total number of
time steps, the random force, the parameter € (see remark 1.2) and the number of particles on the obtained
packing have been investigated, to check the robustness of the results.

2.2.1. Number of time steps

Figure 5 displays the packing fraction and the coordination number as functions of the iteration number,
which corresponds to the time in the numerical experiments. The packing fraction and the coordination number
are computed in a box strictly smaller than the container ([0.25,0.75] x [0.25,0.75] x [0.25,0.75]), which is
completely filled of particles when they have sedimented. When the iteration number increases, the spheres
tends to sediment, so that the packing fraction computed in the box at the bottom of the container increases.
Its value seems to reach a plateau after about 300 iterations and is constant to within +0.1% when the iteration
number is greater than 700. The same behaviour is observed for the coordination number (which is constant to
within +0.05% for iteration number greater than 700). In the following, we focus on the plateau packing.

2.2.2. Random force

The effect of the random force is illustrated in Table 1 (lines 2 and 3). The random force allows one to obtain
a random packing from an initial regular configuration (which is useful for nonconvex particles). The CPU time
needed to reach the plateau values is slightly smaller when adding the random force. The final packing fraction
is smaller without random force; yet, the difference is not significant, given that the standard deviation is high
and the number of simulations not so large (the number of spheres in the box is small, which may explain, at
least partly, the observed fluctuations).

When adding a random force, the obtained coordination number is too small (of about 0.5), because the
agitation prevents some contacts from occurring. Therefore, the random force is switched off when the final
packing state is approximately reached (and we add a dissipation force which avoid oscillations of the values,



FIGURE 4. Four configurations for a simulation of 100,000 spheres (initial configuration on the left).

TABLE 1.

ESAIM: PROCEEDINGS

.

Effect of ¢ and of the random force on the value of the packing fraction and
the coordination number for 1,000 spheres (d = 0.11). For each protocol, the mean and the

standard deviation are obtained from a serie of 9 simulations.

A

3

Random force

Packing fraction (%)
mean standard deviation

Coordination number
mean standard deviation

0.005
0.0005
0.0005

0.00005

yes
yes
no
yes

63.39 0.41
63.22 0.44
63.06 0.31
63.44 0.44

6.18 0.075
5.97 0.12
5.99 0.12
5.93 0.13

21

see remark 1.2). In the following of the article, the reported values for the simulation are taken after switching

off the random force. The coordination number is then the same with and without random force.
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Packing fraction
N
T

Coordination number
w

N
T

. . . . . . . . . .
0 200 400 600 800 1000 1200 200 400 600 800 1000 1200
Iteration number Iteration number

FIGURE 5. Evolution of the packing fraction (left) and coordinence (right) with the iteration
number (time) for 10,000 spheres. These quantities are computed in a small box located at
the bottom of the container.

2.2.3. Parameter ¢

The effect of €, which corresponds to the maximum overlap between different particles (see remark 1.2),
is illustrated in Table 1 (lines 1,2,4). When ¢ < 0.005r, where r is the common radius of the spherical
particules, this parameter is seen to have a negligible effect on the packing fraction value. To precisely obtain
the coordination number, a smaller value (¢ < 0.0005r) is needed. Since the CPU time increases when ¢ is
decreased, we have chosen € = 0.0005r in the simulations, unless otherwise specified.

2.2.4. Number of particles

When the sphere diameter is large (or, more precisely, the sphere diameter to wall distance ratio), wall effects
are important and the values in the box are not the bulk ones. Table 2 shows that the results about the packing
fraction are quite insensitive to the particle number (linked in our simulations to its diameter) when using more
than 10, 000 particles.

TABLE 2. Effect of the number of particles on the value of the packing fraction and the
coordination number.

Number of particles  d € Number of simulations | Packing fraction (%) |
1,000 0.11  0.0005 9 63.2
10,000 0.052 0.0005 2 63.6
100, 000 0.024 0.005 1 63.7

2.3. Packing fraction

We found a packing fraction of 63.7 + 0.2%, which is in agreement with previous results for random close
packing [12,16,27]. This agreement validates our numerical method.

We have also addressed the problem of the wall effects. Walls are indeed known to induce layering [20]. We
measure the packing fraction in boxes [I,] + ] x [0.25,0.75] x [0.25,0.75], where [ € [0,0.25] and § is chosen
an order of magnitude smaller than the spheres diameter (§ = 0.005 for samples of 10,000 spheres of diameter
0.052). Figure 6 displays the local packing fraction as a function of the dimensionless distance from the wall,
for simulations where the sphere diameter ranges between 0.11 and 0.024. The packing fraction has a damped
oscillating behaviour, consistent with previous studies [20]. The curves corresponding to several sphere diameters
collapse on a master curve, which shows that the wall effects do not depend on the sphere diameter (or, more
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FIGURE 6. Local packing fraction as a function of the distance from the wall. Dashed line
1,000 spheres, d = 0.11; dashed dotted line : 10,000 spheres, d = 0.052; solid line : 100, 000

spheres, d = 0.024; dotted line : empirical model from [20]

precisely the ratio of the sphere diameter to the container length). Therefore, the results we have obtained
for spherical and probably also for nonconvex particles are likely to correspond to the case of an infinite wall.
Mueller [20] studied the wall effects in a cylindrical container, and deduce an empirical formula of the packing
fraction as a function of the wall distance. He found that the wall effects depend on the sphere diameter to
container diameter ratio. This is not the case in our simulations, which suggests that this dependency is due
to the curvature of the container. The empirical formula of Mueller, in the case of an infinitely wide container,
is displayed for comparison in Figure 6 (note that using Mueller’s formula for the packing fraction in a finite

diameter container gives a less good agreement).

2.4. Coordination number

Figure 7 displays the distribution of the coordination number (number of contacts, which is equal to the
number of neighbours for spherical particles because a sphere is convex), for two different simulations in order to
show the reproducibility of this result. The mean coordination number is 6.00£0.05, which is in agreement with
previous studies [6,8,25]. The most frequent coordination number is 6, the distribution is a little asymmetric
with respect to this value. No sphere has a coordination number of 0 or 1 because such configurations are

mechanically unstable. We found no sphere with 11 or 12 neighbours, in agreement with [16].
A graph of the network of contacts obtained for 10,000 spheres can be found on Figure 8.
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FIGURE 8. Network of contacts obtained for the packing of 10000 spheres (only the spheres
situated at the lower half of the configuration are represented).
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3. NONCONVEX PARTICLES

3.1. Protocol

We consider the nonconvex particles made of two overlapping spheres, described in Section 1.1.3. The
simulation of such a particle is given on Figure 9.

FIGURE 9. Simulation of a nonconvex particle.

The protocol is similar to the one described for spheres in Section 2.1. We simulate the sedimentation of
10,000 of these particles in the same container. The diameter of the spheres making the particles is d = 0.052.
For simplicity, the initial configuration is not randomly generated. In Figure 10, we plot different configurations
obtained at four different time steps.

Since the initial configuration is not random, we have studied the isotropy of the packing. Let a2 be defined
as the mean (in an inner box) of (z; — x;)?, where the spheres i and j belong to the same nonspherical particle.
Let R be the distance between the centers of the two spheres constituting a nonconvex particles. For an isotropic
packing, a; = ay = a, = R/ V3. We have found that a, ~ a.. However, a, < a, and none of these values
is equal to the expected one for an isotropic packing (for example, for an aspect ratio of 1.6, a, = 0.0260,
ay = 0.0191, a, = 0.0262, R/\/§ = 0.0240 ; the anisotropy increases with the aspect ratio). This means that
the z and z directions are equivalent (no memory of the initial configuration). The packing is not isotropic
because the gravity force induce a particular direction (y) of the packing. This contrasts with packing obtained
by geometrical algorithms [6,8], which are isotropic. As for our simulations, experimental packings are expected
to be anisotropic.

3.2. Packing fraction

We have investigated the variation of the packing fraction with the aspect ratio of the particle, defined as
d/L, where d is the diameter and L the length of the particle (see Fig. 11). Curve O of Figure 11 shows that the
packing fraction first increases when increasing the aspect ratio and decreases above about 1.5. This behaviour
is similar to the one obtained by Donev for ellipsoids (Fig. 1, [9], maximum value of 71% reached for an aspect
ratio of 1.5). This means that the packing fraction is quite insensitive to the precise shape and to the convexity
of the particles. Since the particle are nonconvex (for d/L > 1), a volume near the junction of the two spheres
composing the particle cannot be reached by the other particles. Adding (by thought) this excluded volume (see
Fig. 11) has no effect on the simulation, but increases the packing fraction. The obtained curve (¢ of Figure
11) is qualitatively similar to the raw one.

Figure 12 displays the packing fraction as a function of the distance from the wall, for different aspect
ratio particles. The distances are made dimensionless using the diameter of the spheres which constitute the
nonconvex particles. When the aspect ratio is close to 1, the curve (O) is quite similar to the spherical case (A),
with a greater period. For intermediate aspect ratios particles (o and +), the first period is quite well-defined
and the curve is more irregular (and not very reproducible) for greater distances. When the aspect ratio is close
to 2 (two spheres glued without overlapping), the curve is very close to the curve for independent spheres; this
latter effect is likely to be due to the specific shape of the particles.
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FIGURE 10. Four configurations for a simulation of 10,000 nonconvex particles (initial config-
uration on the left).

3.3. Numbers of contacts and of neighbours

The effect of the aspect ratio on the number of neighbours and the number of contacts is illustrated in
Figure 13. Since the particles are nonconvex, two particles can undergo several contacts one with the other,
and consequently, the corresponding curves are different. The number of contacts is constant and equal to
10 £ 0.2 when d/L > 1 . This value corresponds to the isostatic value: the number of contacts is twice the
number of degrees of freedom of the system (3 degrees of translation and only 2 of rotation, because of the
symmetry of the particle). This result contrast with the result obtained for ellipsoids [9], where the number
of contacts continuously increases with the aspect ratio. Similarly to the packing fraction, the number of
neighbours increases continuously and then decreases. The beginning of the curve is quite similar to the one
obtained in [9] for ellipsoids. This may be due to the fact that for nonspherical particles of small aspect ratio,
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FIGURE 11. Schematic view of a nonconvex particle (left). Packing fraction as a function of
the aspect ratio of the particles. [J: raw values; ¢: packing fraction when adding the excluded
volume(right) (¢ = 0.005).

the number of neighbours is geometrically constrained to be only slightly different of the one of the spherical
case. Contrarily to the nonconvex case, for spherical particles, the number of contacts and neighbours being
equal, this should impose a continuous variation of the contact number. The mean number of neighbours is
always smaller than 10, which means that there is always multiple contacts between neighbouring particles.

The distributions of the number of contacts and of neighbours are displayed in Figure 14. The distribution
of the number of contacts is almost the same for all the aspect ratios (the distribution is slightly narrower for
d/L =04 and d/L = 0.6). The number of contacts ranges between 4 and 18 in most of our simulations, and the
most probable value is 10. The number of neighbours ranges between 4 and 12, and the distribution depends
on the aspect ratio, which is consistent with the variation of the average number of neighbours with the aspect
ratio.

CONCLUSION

We have characterized packings obtained with a self-written code (SCoPI). This dynamic code allows us to
simulate many particles (an example for as much as 100, 000 particles is reported) with a very accurate handling
of contacts between particles. We have simulated the sedimentation of particles in a parallelepipedic container.
The particles are submitted to a random force at the beginning of the simulation, in order to obtain random
configurations.

First, we have validated the code with spherical particles, for which experimental and numerical results
can be found in the literature. Both the bulk packing fraction (63.7%) and the bulk coordination number
(6.00 £ 0.05), which is obtained without the need of an arbitrary contact criterion, are in good agreement with
previous results. We have also reported the distribution of the contact number. The wall effects we found are in
qualitative agreement with the cylinder case, but are found to be independent of the sphere to container ratio:
we can so infer we have measured the effect of a single wall.

Then, we have measured the same quantities for nonconvex particles constituted by two overlapping spheres.
The packing fraction increases and then decreases with the aspect ratio, in agreement with the case of ellipsoids.
The obtained packings are anisotropic (the gravity direction is not equivalent to the others), as expected in
“real” packings, which is in contrast with the packing obtained by geometrical algorithms. For small aspect
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ratio, the wall effects are similar to the sphere case, which is not the case for higher aspect ratio particles
(note that, for aspect ratio of about 2, i.e. no overlap between spheres, we recover wall effects quite similar
to the sphere case, which may be due to the special choice of the nonconvex particles). For the nonconvex
particles, the number of contacts and the number of neighbours are different. The number of contacts seems to
discontinuously increases from 6 to 10 when the aspect ratio increases: the isocounting conjecture, which states
that the number of contacts is twice the number of degrees of freedom per particle is verified; this is not the
case for ellipsoids. For small aspect ratio, the variation of the number of neighbours is similar to the convex
case. Yet, this number is always smaller than 10 and decreases for high aspect ratio.

This study opens up new prospects, as example, the study of polydisperse particles will be possible with
the code. Moreover, since the algorithm is a dynamic one, it will also be possible to study the response of the
packing to a change of the stress or of the configuration (by example by removing the lateral walls).

We gratefully acknowledge Philippe Gondret and Bertrand Maury for stimulating discussions. We thank Lafarge for
providing us a financial support.

A. EXACT COMPUTATION OF THE PACKING FRACTION

In order to compute the packing fraction of a configuration in a cube, it is clearly sufficient to be able to
compute the volume of the intersection of a sphere and a cube. So, let us consider a sphere of center I and radius
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R, and a cube with side greater than 2R. To compute the volume of their intersection, we have to consider six
cases :

the sphere is in the cube,

the sphere crosses one face of the cube,

the sphere crosses two faces of the cube,

the sphere crosses two faces and the corresponding edge of the cube,
the sphere crosses three faces of the cube,

the sphere crosses three faces and one edge of the cube,

the sphere crosses three faces and two edges of the cube,

the sphere crosses three faces and three edges of the cube,
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e the sphere crosses three faces and three edges with the corresponding corner of the cube,

The computation of the corresponding volumes can straightforwardly be achieved by combining three par-
ticular volumes. In the following we describe and compute these volumes.

Case of a face :

In this Section, we suppose that the sphere crosses a face of the cube. An example of this situation, as well as
the corresponding notations, are given in Figure 15. The parameter describing this configuration is a € [~ R, R]

l ULX

FIGURE 15. Case 1 : the sphere crosses a face of the cube. Configuration (left) and 2D-
projection to set the notations

(see Figure 15). In that case, the volume of the cap is:

2 a?
V;:ap =7 <§R3 - CZRQ + §> .

Case of an edge :

Let us now suppose that the sphere crosses an edge of the cube. We compute the volume Ve44e described on
Figure 16. The parameters are (a,b) € [0, R] x [0,7,,], where r,,, = vV R? — a? (see Figure 16). The volume is

FIGURE 16. Case 2 : the sphere crosses an edge of the cube. Configuration (left) and 2D-
projection to set the notations

given by

m=fo b 21 R3 b T
edge 2 I(ry, I — — 2 _ 2 2 : - ,
Vedge = (=7 + 2600)1(r )4—/90 (si 9) do + 3 a(b rZ, —b%+r;, (arcsm (r ) ~|——2>)
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1
where ) = arcsin <i> and I(r) = -3 (R* - r2)3/2.

T'm

Case of a corner :

The last volume we need to compute is described in Figure 17.

V::orne’r

o

corner
FIGURE 17. Case 3 : the sphere crosses a corner of the cube. Configuration (left) and 2D-

projection to set the notations

The parameters are (a, b, c) € [0, R] x [0,7y,] X [0, 7] where r,, = v/ R? — a? (see Figure 17) and the volume
is equal to

92 71'—90 3
c b 2R
Viomer = <w+eo—91)f<rm)+/911(Coso)de+/e2 I<Sin0>d0+ /

1 b —Ye
—a{§ [b r2, —b2—|—rfnarcsin <—> — Y172, —y?—f—rfnarcsin( Y )] + grfn—kc(b—i—yc)},
r

m rm

1
where 0y = arcsin (%), 0, = arccos (%), 05 = arctan (l—c)), I(r) = ~3 (R2 - r2)3/2 and y. = /12, — 2.

m m
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