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The aim of this work is a numerical simulation of physical phenomena during the grinding process by using a discrete approach. The Discrete Element Method (DEM) has been used to model the fragmentation and mechanical behaviour of granular packing under compressive forces. Through this study, we show the effect of contact force chains on the stress field distribution into the granular packing. We have also studied the fragmentation mode of grains induced by the stress field and its influence on the granulometry. Numerical simulations of granular packing subjected to compressive loading have been carried out with MULTICOR software.

Introduction

The grinding process is commonly used in many industrial fields such as: pharmaceutical, mineral or food. However, such a process doesn't come cheap, essentially due to the energy cost and to the low quality of finished products (heterogeneity of grain size and shape). Hence, the economic stakes are large and the optimization of such process seems crucial. Due to this energy cost, understanding the grinding process for granular media under compressive forces could be a good way to reach a better fragmentation efficiency. In order to be able to get answers to many questions about the grinding process, numerical simulations seem to be a good way to predict the mechanical behaviour of granular media. To carry out such simulations, we must define the fragmentation mode of one grain subjected to a random contact forces distribution induced by the adjacent grains. The investigations carried out on the fracture of grain [START_REF] Aström | Fragmentation of grains in a two-dimensional packing[END_REF][START_REF] Morikawa | Analytical studies on local damage to reinforced concrete structures under impact loading by discrete element method[END_REF][START_REF] Tsoungui | Use of contact area trace to study the force distributions inside 2D granular systems[END_REF][START_REF] Tsoungui | Numerical model of crushing of grains inside two-dimensional branular materials[END_REF][START_REF] Morris | Simulations of fracture and fragmentation of geologic materials using combined FEM/DEM analysis[END_REF][START_REF] Lobo-Guerrero | Influence of pile shape and pile interaction on the crushable behaviour of granular material around driven piles: DEM analyses[END_REF] have shown that the fragmentation mechanism depends on several parameters, which are: the size, the shape, the material properties and the loading configuration. It has been concluded that the crack into the grain follows a transversal propagation leading to the fragmentation. In addition, the crack propagation depends on the stress field inside the grain [START_REF] Aström | Fragmentation of grains in a two-dimensional packing[END_REF] and the stress intensity factor of material [START_REF] Aström | Fragmentation of grains in a two-dimensional packing[END_REF][START_REF] Morikawa | Analytical studies on local damage to reinforced concrete structures under impact loading by discrete element method[END_REF][START_REF] Tsoungui | Use of contact area trace to study the force distributions inside 2D granular systems[END_REF][START_REF] Tsoungui | Numerical model of crushing of grains inside two-dimensional branular materials[END_REF].

Throughout this study, we have developed a discrete modelling for granular packing subjected to compressive loading by using DEM. We have used a grain fragmentation model depending on contact forces randomly spread [START_REF] Tsoungui | Numerical model of crushing of grains inside two-dimensional branular materials[END_REF][START_REF] Lobo-Guerrero | Influence of pile shape and pile interaction on the crushable behaviour of granular material around driven piles: DEM analyses[END_REF]. The criterion of fracture depends on the tensile stress inside the grain and on the stress intensity factor of the material. The proposed model of fragmentation has been implemented in MULTICOR software [START_REF] Fortin | Numerical simulation of granular materials by an improved discrete element method[END_REF] and carried out for numerical calculations of granular packing under oedometric compression. Through this mechanical test, the objective is to be able to reproduce similar effects arising during grinding process.

DEM approach

The 2D modelling of granular material is considered as a stacking of several discs subjected to a given mechanical solicitation. However, the discs are commonly called particles or grains in the literature. The conventional DEM allows to model really deformable particles as well as complex shapes (from the ellipsoid to the polygon) [START_REF] Cundall | The Development of Constitutive Laws for Soil Using the Distinct Element Method[END_REF][START_REF] Cundall | Modeling of Microscopic Mechanisms in Granular Material[END_REF][START_REF] Cambou | Numerical modelling of the mechanical behavior of non spherical crushable particles[END_REF]. Here, we have studied the simple case of non-deformable and non penetrable particles in 2D with the computational software MULTICOR. The coordinates and the rotations of Euler are the configuration parameters q. The gyroscopic and centrifugal terms are equal to zero in 2D. The matrix of generalized mass M of the system doesn't depend on q that is diagonal block. The mechanical equation ( 1) can be written in the following form:

   R t , q , q F q M ext      (1) 
where F ext represents the known external forces and  R the unknown interior forces related to contact reactions and  the contact number.

In a system composed of p heterogeneous particles, the critical parameter for the modelling time is the maximum number of interactions between particles. The more the interaction range is important the more we have to test the possible interactions between particles (Figure 1). MULTICOR uses the partitioning method coupled to a connectivity table. This technique allows to reduce considerably the computational time. In that case, the computational time no longer increases like O(p 2 ) but only like O(p), which is almost optimal [START_REF] Fortin | Selecting contact particles in dynamics granular mechanics systems[END_REF]. For each couple of particles  i and  j which may enter in contact, is associated with a local reference whose axes are oriented according to the two unit vectors n and t, respectively normal and tangential vectors in the contact plan. The normal n is directed from  i and  j . The variables put in duality are ij u  , the relative local velocity of  i compared to  j , and the contact reaction ij r of  i and  j . In the local base, they are written by equations (2): The introduction of Coulomb's friction  leads to a non linear problem which can't be solved by a linear programming method. Unlike the usual approach, the bipotential method leads to a single variational principle and an inequality [START_REF] Fortin | Modelisation numerique des milieux granulaires par l'approchedu bi-potentiel[END_REF]. By using Usawa's algorithm, we obtain a resolution algorithm of the constitutive law based on the predictive-corrective scheme expressed by equations (3):
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where  is a numerical parameter and  K the Coulomb's cone. The projection of the prediction ij  on the Coulomb's cone  K leads to one of these states: non contact, contact with adherence or sliding contact. Conventionally, at each time step, the contact forces in the system are determined repeatedly by the method of successive balances based on a Gauss-Seidel algorithm for the 2D version. Each contact force is calculated by adopting temporary values over the other contacts. The convergence is obtained when the force confirms the unilateral contact law with dry friction.

Stress tensor of granular material

In order to understand the mechanisms governing the fragmentation of the grains subjected to compressive loading, we must be able to compute the stress tensor inside each grain of the discrete media. The knowledge of stress field leads to the prediction of the grain fragmentation according to the material strength and the fracture criterion.

Previous studies [START_REF] Fortin | Construction of an average stress tensor for a granular medium[END_REF][START_REF] Guessasma | Numerical modelling of mechanical tests using discrete element method[END_REF] have been carried out in order to determine the stress tensor of granular material. The proposed stress tensor is averaged with respect to a Representative Elementary Volume (REV) containing N p grains separated by voids (Figure 2). The grains are considered as rigid solids in punctual contact for each grains p occupying the volume V p , the expression of stress tensor is given by the following equation ( 4):

               p V c p p r q dV q g q V 1        (4) 
where g denote the gravity, q the position vector, q  its acceleration and  r the contact reaction acting on the particle at the point of contact  c q . According to the additivity on internal moments in the sense of Moreau [START_REF] Moreau | Numerical investigation of shear zones in granular materials, In: Grassberger[END_REF], the mean stress tensor  on the REV can be written as follows (5):

   V p p p V V 1   (5)
Therefore, the stress tensor p  is composed in three parts: contact reaction stress, gravity stress and stress part due to the inertial forces. Accordingly, the contribution of inertial forces insures the symmetry of the stress tensor in the sense of Cauchy.

In the present study, the stress tensor will be computed with respect to a REV volume containing only one grain. The stress tensor will be then determined inside each grain by considering only the contribution of contact forces (inertial and gravity effects are neglected).

Numerical modelling of grain fragmentation

The numerical modelling carried out in this study describes the mechanical behaviour of granular packing under compressive loading and the fragmentation mechanisms which brought in play by the contact force chains.

If we consider a single grain submitted to uniaxial compression by considering Hertz's assumptions [START_REF] Johnson | Contact Mechanics[END_REF], the analytical resolution permits to verify the existence of tensile stresses localised at the grain centre and perpendicular to the loading direction [START_REF] Kienzler | [END_REF]. Due to the existence of these traction forces, the first cracks start at the centre of the grain leading to the propagation of a transversal fracture following the direction of compression force. In the case of one grain subjected to many contact forces randomly spread, the loading on the grain can be considered as a biaxial compression following the principal direction of stress field as shown in Figure 3. The tensile stress inside the grain is then computed by taking into account the contribution of compression forces max r and min r . 

Mechanical formulation

In 2D dimensions, the stress tensor inside the grain (6), resulting from the contact forces (Figure 3(a)), is given by the following relationship: [START_REF] Lobo-Guerrero | Influence of pile shape and pile interaction on the crushable behaviour of granular material around driven piles: DEM analyses[END_REF] with  r the contact forces on the grain,  the number of contact forces, p a the grain radius, p V the unitary volume of grain and  c n the unit normal vector.

       r n V a c p p p
The stress tensor inside the grain can be decomposed in two parts [START_REF] Fortin | Numerical simulation of granular materials by an improved discrete element method[END_REF]. The first one is represented by the hydrostatique stress tensor, while the second one is expressed by the deviatoric stress tensor: 

1 2                               (7)
where max  and min  are respectively the major and minor principal stresses and  the principal direction with respect to the horizontal axe. Regarding the state of stress at the centre of grain, the analytic solution [START_REF] Johnson | Contact Mechanics[END_REF] leads to the following expressions (10): For the case of biaxial compression (Figure 3), the state of stress at the grain centre is obtained by considering the contribution of the both compression forces ( max r and min r ). The following relationships [START_REF] Fortin | Selecting contact particles in dynamics granular mechanics systems[END_REF] 

The principal stresses
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The tensile stress c tensile  is responsible of the beginning of cracks at the grain centre and its propagation following the major principal direction (direction of max r force). Therefore, when c tensile  overcomes a given critical stress, the fracture of grain can be started. Many experimental studies have leaded to several expressions of critical stress depending on the stress intensity factor, the geometric and problem dimensions [START_REF] Tsoungui | Numerical model of crushing of grains inside two-dimensional branular materials[END_REF][START_REF] Larson | The effect of size and contact geometry in single particle crushing[END_REF].

The force leading to the fracture of one grain, fracture r

, is given by the following equation ( 12 ).

By using the relation [START_REF] Cambou | Numerical modelling of the mechanical behavior of non spherical crushable particles[END_REF] expressing the tensile stress, the critical stress from which the fracture of grain is reached can be written in the following form [START_REF] Fortin | Construction of an average stress tensor for a granular medium[END_REF]:

   I p p fracture fracture K a 2 a r    (13) 
Hence, when the tensile stress c tensile  at the centre of grain overcomes the critical stress fracture  , we have fracture of grain induced by traction.

However, we haven't taken into account in the proposed approach other phenomena which can occur during the grinding process. Indeed, some effects like attrition or heat dissipation (by friction and shock) have certainly an influence on the granular material behaviour during the grinding process.

Numerical model of grain fragmentation

Some numerical models for the grain fragmentation have been carried out in many studies [START_REF] Aström | Fragmentation of grains in a two-dimensional packing[END_REF][START_REF] Tsoungui | Numerical model of crushing of grains inside two-dimensional branular materials[END_REF][START_REF] Lobo-Guerrero | Influence of pile shape and pile interaction on the crushable behaviour of granular material around driven piles: DEM analyses[END_REF]. However, the principal deficiency of these models is the nonconservation of the grain mass at each fragmentation. Some solutions can be performed in order to reduce the percentage of loss mass. We can insert into the granular packing grains with small radius after each fragmentation. But, this solution isn't easy to perform due to the difficulty to satisfy the contact conditions between grains. Another way which can be used to make sure of the mass conservation is to consider grain density according to the time.

In our study, we have considered the fragmentation model as shown in Figure 4b [START_REF] Tsoungui | Numerical model of crushing of grains inside two-dimensional branular materials[END_REF], with no mass conservation. The proposed model is performed with a loss of mass from approximately 13%. Our works in progress will lead to reduce this percentage. The numerical model from which the fragmentation is taken into account is composed of 12 grains resulting from the subdivision of the initial grain. The grain fragmentation, following the principal directions (Figure 4(a)), will be performed as follows: the initial grain is divided in 4 gains with radius equal to a p /2 and a p /3, and 8 gains with radius equal to a p /6 and a p /11 (Figure 4b). The fragmentation grain is stopped for a critical size of grain. The relationship [START_REF] Guessasma | Numerical modelling of mechanical tests using discrete element method[END_REF] gives the equation from which the critical grain radius crit a is computed:

2 elastic 2 I crit K a    ( 14 
)
where I K is the mode I stress intensity factor and elastic  the elastic strength of material. 

Numerical simulations

The numerical simulations have been carried out with MULTICOR software in order to perform calculations with the proposed model. We have considered a granular packing under compressive loading (Figure 5). The granular bed contains 371 grains with radius equal to 4mm. The granular material is perfectly rigid with: density equal to 1400kg/m 3 , friction coefficient equal to 0.2 and tensile strength about 150MPa. The boundary conditions are the following: top wall velocity is imposed; bottom wall is fixe; periodic conditions are imposed on the lateral sides (Figure 5). At each time step, we compute for each grain the traction stress at the centre. When the condition ( 13) is satisfied, the grain is substituted by the numerical model (Figure 4(b)). Figure 6 shows different configurations of the granular packing during fragmentation process and the corresponding force chain distributions.

After an elapsed time of 2.5 10 -3 s, two shear bands appear into the granular packing inducing the fragmentation of grains across these bands. This phenomenon is often observed in the granular material subject to a large plastic deformation. At the next step (time=1.7 10 -2 s), the granular packing becomes less rigid leading to a lowest stress field inside the grains. During the oedometric test, segregation phenomenon has been observed with respect to the grain size. The new configuration (time=2.5 10 -2 s) of the granular bed shows that the small grains are subjected to a quasi-uniaxial compression because of their few contact forces number (Figure 7). The graph given below provides information about the traction stress evolution into the granular packing during the grinding process. The stress values have been plotted with respect to the grain position (Figure 8). The maximum value reached by the traction stress at different position means that we have fragmentation of grain. From these observations, the fragmentation is easier for the small grains than for the large grains during the grinding process. Indeed, the large grains are subjected to several contact forces inducing a quasi-hydrostatic effect, which reduces the possibility to start fragmentation mechanism. In conclusion, the fragmentation process of grain depends of both parameters: the grain size and the stress state inside the grain.

Conclusion

Throughout the present paper, we have investigated the mechanisms which brought in play by contact force chains during the grinding process by compression of granular material. In fact, the loading induces by this process type leads to traction forces inside the grain, which are responsible of the grain fracture. A numerical model of fragmentation has been performed by using criterion based on the stress intensity factor. The numerical simulations of oedometric test carried out with the proposed model have shown the influence of the grain size and the stress state on the fragmentation mechanism. Our works in progress will lead to better models in order to reduce the percentage of mass loss and taking into account other mechanical effects.
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 4 Figure 4: (a) Biaxial compression following the principal directions -(b) Numerical modelling of fragmentation.
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