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Abstract

Soft particle materials are composed of discrete particles that can undergo large deformations without rupture. Most food products,
many powders, colloidal pastes, vesicles and biological cells are soft particle systems. In order to model such materials, we present
an efficient numerical approach combining an implicit formulation of the Material Point Method (MPM) and Contact Dynamics
(CD) method. The MPM deals with bulk variables of an individual particle by discretizing it as a collection of material points,
whereas the CD allows for the treatment of frictional contacts between particles. This model is applied for the simulation of the uni-
axial compression of 2D soft-particle packings. The compaction is a nonlinear process in which new contacts are formed between
particles and the contact areas increase. The change of particle shapes allows these materials to reach high packing fraction. We
find that the contact specific surface, the orientation anisotropy and the aspect ratio of particles increase as a function of the packing
fraction but at different rates. We also evidence the effect of friction, which favors strong stress chains and thus the elongation of
particles, leading to larger values of the orientation anisotropy and the aspect ratio at a given level of packing fraction as compared
to a frictionless particle packing.
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1. Introduction

Soft particles are the main component of many natural and industrials materials like colloidal pastes, microgels,
suspensions, etc. In these materials, there is a disordered discrete network of soft particles which governs their
behaviors by a combination of particle rearrangements and particle shape change. So, the properties of soft particle
materials depend on both theirs discrete natures (contact interactions, rearrangements...) and their particle continuum
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behaviors (deformability, compressibility...). Indeed, these particles can undergo large deformation without rupture.
All of these features allow these materials to achieve high packing fractions beyond Random Close Packing (RCP)
state. Because of these complexities of soft particle systems, many aspects of their behaviors and properties under
compression and shear should be until explored.

Particular materials are mainly simulated using numerical strategies based on Discrete Element Methods (DEM).
In the DEM, these materials are modeled as a collection of undeformable particles and the elastic deformations
may be assumed at the contact points. The most common discrete methods based on hard particles are Molecular
Dynamics (MD) [1] and Contact Dynamics (CD) [2,3]. Although the DEM techniques are known as mature and
efficient approaches to model and analyze particular materials, they are intrinsically unable to account for realistic
constitutive models of individual particles and large particle deformations. So, in order to deal with both continuum
and discrete behaviors of soft particle materials, it is necessary to introduce the internal degrees of freedom for each
individual particule as well as to treat contact interaction between different particles.

A promising numerical procedure has been developed to investigate a packing of soft particles in our previous
papers [4,5]. This approach combines two numerical tools: it uses first an implicit formulation of Material Point
Method (MPM) [6] to take into account the constitutive continuum behaviors of particles. In this approach, each
particle is discretized by a collection of material points. The information carried by the material points is projected
onto a background mesh, where equations of motion are solved. The mesh solution is then used to update the material
points. The second tool which is related to the contact treatment, is based on the Contact Dynamics. The CD
method is a general approach for the treatment of frictional contacts without regularization. It was pioneered by a
mathematical formulation of non-smooth mechanics by Moreau [7] and then extensively used for the simulation of
granular materials with rigid grains [8,9]. This method is based on an implicit time-stepping scheme and formulated
in terms of grain velocities, which may undergo jumps as a result of collisions and non-smooth feature of the Coulomb
friction law. Since we use an implicit MPM scheme, the CD method is a natural choice for the treatment of contact
points. The implicit MPM-CD formulation was implemented in a manner that the contact variables can be computed
simultaneously with bulk variables. In this paper, we apply this MPM algorithm to analyze the compaction of a
packing of soft particles. We investigate the respective roles of rearrangements, particle volume change and particle
shape change to compaction by analyzing different rheological parameters (packing fraction and, contact specific
surface, orientation anisotropy and aspect ratio of particles).

2. Material point method (MPM)

Let us consider a continuum body occupying a domain Q in RP, D being the domain dimension. In the context of
the infinitesimal strain theory, its conservations of mass and of linear momentum can be described by the following
relations:

ap(a’j’t) V- (o N VX)) =0 in Q, (1
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where p(X, t) is the material density, o (X, f) denotes the Cauchy stress tensor, b(x, f) represents the body force and,
v(x, 1) and a(x, ) are the velocity and the acceleration, respectively, at position x and time ¢. A constitutive relationship
should supplement the continuity equation (1) and momentum equation (2). We assume here a linear, homogeneous,
isotropic and elastic relationship:

ox,)=C:eQX,01), 3)

where C refers to fourth-order elastic tensor and € denotes the strain tensor (¢ = %(Vu +/ Vu); u being the dis-
placement field). Note that, in this formulation, any other material behavior (including inelastic behaviors) may be
implemented.

In the MPM, the continuum body is divided into N, material points with constant masses. This last assumption
allows satisfying automatically the mass conservation relation (1). The material points represent the integration points
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