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A Two Yielding Surface Elasto-Plastic Model with Consideration of Grain Breakage

An elasto-plastic model with two yield surfaces has been developed for the simulation of granular materials with consideration of grain ruptures. Grain breakage is induced by deviatoric as well as isotropic stresses. One yield function is based on a Mohr-Coulomb criterion with a hyperbolic hardening function of the plastic deviatoric strain. A second yield function is introduced to describe the plastic behaviour under compression, in which a hardening function of the plastic volumetric strain is introduced. The main assumption of this model is that, upon loading, the position of the critical state changes as a consequence of grain breakage. The effect of the grain size distribution is introduced in the relationship between the void ratio at critical state and the mean effective stress. Triaxial and oedometer tests have been performed on crushable granular materials. Comparison of experimental results and numerical simulations shows that the new model can reproduce with good accuracy the behaviour of granular materials subjected to grain ruptures during mechanical loading.

INTRODUCTION

Grain crushing is very common in granular materials. Some experimental results (Marsal 1967, Vesic & Clough1968, Hardin 1985[START_REF] Kim | Etude Expérimentale du Comportement Mécanique des Matériaux Granulaires sous Fortes Contraintes[END_REF]have shown that grain crushing in a granular material occurs along deviatoric stress path as well as along isotropic stress path. Although it is agreed that deviatoric stresses induce more ruptures than isotropic stresses, the ruptures which are created by compression cannot be neglected. In order to consider the ruptures induced by isotropic and deviatoric stresses, an elasto-plastic model with two yield surfaces has been developed. Ruptures of particles are taken into account in the model by the evolution of the critical state. Indeed, ruptures of particles will produce a continuous evolution of the gradation and this change in the grain size distribution will provoke an evolution of the critical state of the material [START_REF] Biarez | Influence de la granulométrie et de son évolution par ruptures de grains sur le comportement mécanique de matériaux granulaires[END_REF]. This evolution will be linked to the stress and strain amplitudes along a given loading path.

STRESS -STRAIN RELATIONSHIP

The constitutive model is an elasto-plastic model with two yield surfaces. The first yield surface is based on a Mohr-Coulomb criterion and a hyperbolic function is added into the model to be the hardening function. The second yield surface is a yield function for compression and a hardening function which includes the volumetric plastic strain is added. Critical state is also added into the model.

Non-linear elasticity

A non-linear hypo-elasticity has been selected. Young's modulus E and shear modulus G are power functions of the mean effective stress '
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G and 0 E being the values of E and G for the reference mean effective stress 0 ' p .

The parameters 0 G , 0 ' p and n can be measured during a loading test by using, for example, bender elements technique.

The first yield function

The first yield function, noted as 1 F , takes the following form
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where q is the deviator stress,

2 3 q J = × (4) 2 J is the second stress invariant: 2 1 : 2 ij ij J s s = (5) ij
s is a component of the deviatoric stress tensor:
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' p is the effective mean stress: We have chosen a specific function of ( ) m θ in order to obtain the Mohr-Coulomb yield surface (Bardet,1980):
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Hardening function for the Mohr-Coulomb yield surface

The equation of the hardening function for the first yield function takes the following form:
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Here el r and a are two material parameters. el r defines the size of the initial elastic domain and a controls the rate of the deviatoric plastic strain. 1 ( ) 

p

Plastic potential for the first yield surface

The plastic potential function is:
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( ) c M θ has the following expression :
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ϕ is the characteristic angle which corresponds to the transition from the contracting domain to the dilating one:
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The second yield function

In order to describe the behavior of granular materials along isotropic loading and to consider ruptures induced by compression, a second yield surface is added into the model. The second yield function is assumed to be as follows:

( ) The potential function we have chosen for the second yielding surface is very simple and is to only give a possible direction of plastic deformation, which is parallel to the axis of isotropic compression in the ' p q plan.
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where k is a constant.

Critical state

One of the most important concepts in soil mechanics is the critical state theory. At critical state, the material will remain at a constant volume while subjected to a continuous distortion. The void ratio corresponding to this state is c e .The critical void ratio is a function of the mean effective stress ' p . The relationship can be expressed as: The internal friction angle u φ is a constant for the material. But the peak friction angle p φ is dependent on the stress state and the void ratio: tan tan
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where m is a material constant [START_REF] Biarez | Elementary Mechanics of Soil Behaviour[END_REF]. In most conditions, the friction angle u φ is assumed to be equal to the characteristic angle c ϕ .

Taking into account grain rupture in the constitutive model

As shown in Figure 1 given material the amount of grain breakage increases when increasing stresses and strains [START_REF] Kim | Etude Expérimentale du Comportement Mécanique des Matériaux Granulaires sous Fortes Contraintes[END_REF]. A simple way to consider the evolution of ref e is therefore to make it a function of the two state variables. We chose the following quantity.
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In order to describe the evolution of the critical state, the following expression is proposed:
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In Eqation 21, two material parameters A and B are used to control the evolution of the critical state.

Parameter A controls the limit of the evolution of the critical state. [START_REF] Biarez | Elementary Mechanics of Soil Behaviour[END_REF] have proposed correlations between e max , e min and C u = 60 10 / d d . For values of C u higher than 10, e max and e min remain almost constant. At the same time, the authors have suggested that the critical state line could be defined by two points (e max , 0.1 MPa) and (e min , 5 MPa). Therefore, when C u reaches 10, the critical line will not evolve anymore. The parameter A can be defined from Figure 1.When p X → ∞ , the following equations can be obtained. Parameter B accounts for the amount of grain ruptures, depending on the initial properties of the grains (mineralogy, shape, size, distribution). Poorly graded materials are more susceptible of grain ruptures than well graded ones [START_REF] Kim | Etude Expérimentale du Comportement Mécanique des Matériaux Granulaires sous Fortes Contraintes[END_REF].Parameter B is used to control the speed of evolution of the critical state during loading.The smaller B is, the more easily the grain can be crushed and the critical state line will go down more rapidly. 

MODEL CALIBRATION

In order to analyze the model's ability to reproduce the behaviors of granular materials when grain breakage occurs, we have simulated triaxial tests [START_REF] Kim | Etude Expérimentale du Comportement Mécanique des Matériaux Granulaires sous Fortes Contraintes[END_REF] on crushed granite materials. The particle sizes vary from 6 mm to 12mm. The values of the constitutive parameters are given in Table 1. The results of the simulation are shown in Figure 2. Ruptures of particles can reduce the dilatancy of granular assemblies and increase the contractancy. Particle ruptures make specimens more likely to be compressed. The crushed granite material used here presents an important grading evolution. Particle breakage occurs rapidly, even at moderate confining stresses. The particle ruptures reduce the maximum strength of the specimen. The ruptures influence also the volume change: contractancy increases with the amount of grain ruptures. In the model, the rupture quantities of particles is controlled by parameter A and B. The simulation results change corresponding to different values of B. The ruptures increase as the parameter B decreases. When parameter B arrives at 500, the numerical results agree with the test results.

CONCLUSIONS

Due to grains ruptures during loading, the physical features of the materials, such as the grading, change. As a consequence, the critical state changes also and its evolution modifies the material behaviour by reducing its maximum strength, decreasing the tendency to dilate or increasing the tendency to contract. The constitutive model can take into account the evolution of the critical state line during the loading process as a function of the dissipation of the energy. A first validation of the model was performed using tests results on crushed granite. We demonstrated the ability of the model to take into account the effects of grain ruptures on the stress-strain relationship and on the volume change.

  the perfect plastic state is reached ( p d ε → ∞ ), the value of the hardening function is equal to 1.

  15)2 κ is another hardening function for the second yielding function which can be written as: compression σ is less than p P , the plastic strain produced by the second yield function is null. p P corresponds to the pre-consolidated stress. We assume that the isotropic compression and the critical state are parallel lines in the log ' λ is the slope of critical state line.

  reference point on the critical state line.

  , the critical state line in the log ' -e p plane depends on the grain size distribution. If grain breakage occurs during loading, the grain size distribution evolves and the value of 60 10 / d d increases. As a consequence, the critical state line is shifted towards the lower values of e, but the slope of the line remains almost constant. A simple way to describe the change of the critical state is to change the reference critical point ( , ref ref e p ).If one can assume that the slope remains constant, ref e is the only variable necessary to control the evolution of the critical state line. For a
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 1 FIG. 1. Evolution of the critical state line with grain size distribution (after Biarez et Hicher, 1997).

FIG. 2 .

 2 FIG.2. Numerical simulation and experimental results of the granite under a cellpressure of 1MPa with different B values.

Table 1 . Values of the parameters of the mode
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	E	ν	e	Mc	el r	a	ref e	ref P	λ	m	A	B
	(MPa)							(kPa)				
	325	0.2 0.80 1.76 0.001 0.003 1.24 100 0.206 0.05 0.31 500