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Insight of molecular simulation to better assess deformation and failure of clay-rich rocks in compression and extension

Introduction 1

Clay-rich rocks have been widely investigated in geological issues and engineering prac-2 tices. For instance, shale rocks constitute the main reservoir or cap layers in unconventional 3 hydrocarbon exploration. Hard claystone and swelling clay are used as geological and engineered barriers for the underground storage of radioactive wastes [START_REF] Armand | Short-and long-term behaviors of drifts in the callovo-oxfordian claystone at the meuse/haute-marne underground research laboratory[END_REF].

Clayey rocks are characterized by complex mineralogical compositions and multi-scale structures [START_REF] Robinet | Effects of mineral distribution at mesoscopic scale on solute diffusion in a clay-rich rock: Example of the callovo-oxfordian mudstone (bure, france)[END_REF][START_REF] Bennett | Instrumented nanoindentation and 3d mechanistic modeling of a shale at multiple scales[END_REF][START_REF] Abedi | Nanochemo-mechanical signature of organicrich shales: a coupled indentation-edx analysis[END_REF]. At the atomistic scale, clay sheets are organized in layered crystals (particles) [START_REF] Carrier | Elastic properties of swelling clay particles at finite temperature upon hydration[END_REF]. Clay particles are further structured in clay aggregates with inter-particles voids [START_REF] Robinet | Effects of mineral distribution at mesoscopic scale on solute diffusion in a clay-rich rock: Example of the callovo-oxfordian mudstone (bure, france)[END_REF] at nanometer scale. At micrometer scale, clay aggregates constituent a porous clay matrix.

Mineral and organic grains, such as quartz, carbonate and kerogen, are embedded inside the clayey matrix.

Macroscopic mechanical behaviors of clayey rocks are controlled by the local mechanical properties of constituents and their interactions at the different scales. In particular, clay particles play a dominant role on macroscopic deformation and failure process of clay-rich rocks. For instance, macroscopic plastic deformation is mainly driven by the local deformation mechanisms of clay particles and aggregates at the nanometer and micrometer scales [START_REF] Bornert | Multiscale full field strain measurements for micromechanical investigations of the hydromechanical behaviour of clayey rocks[END_REF][START_REF] Wang | The mechanisms of deformation and damage of mudstones: a micro-scale study combining esem and dic[END_REF]. It is assumed that macroscopic time-dependent deformation of clay-rich rocks is also related to the local motion of clay particles [START_REF] Armand | Fundamental aspects of the hydromechanical behaviour of callovo-oxfordian claystone: from experimental studies to model calibration and validation[END_REF][START_REF] Liu | Multi step triaxial compressive creep behaviour and induced gas permeability change of clay rich rock[END_REF]. Further, as the mechanical behavior of clay particles at the atomistic and microscopic scales depends on water content in inter-layer space and inter-particle voids, the macroscopic mechanical behavior of clay-rich rocks is also strongly sensitive to water saturation degree [START_REF] Chiarelli | Modeling of elastoplastic dammage behavior of a claystone[END_REF][START_REF] Vales | Experimental study of the influence of the degree of saturation on physical and mechanical properties in tournemire shale (france)[END_REF][START_REF] Liu | Moisture effects on damage and failure of claystone under compression[END_REF][START_REF] Zhang | Effect of water content and structural anisotropy on mechanical property of claystone[END_REF][START_REF] Zeng | Investigation of swelling pressure of bentonite/claystone mixture in the full range of bentonite fraction[END_REF]. The molecular dynamic motion is also influenced by temperature leading to the thermal effect on macroscopic mechanical properties [START_REF] Zhang | Thermo-hydro-mechanical behavior of clay rock for deep geological disposal of high-level radioactive waste[END_REF]Liu et al., 2019a). Moreover, the layered structure of clay crystals at the nanometer scale can be one of origins for strongly anisotropic mechanical behaviors of clay-rich rocks [START_REF] Niandou | Laboratory investigation of the mechanical behaviour of tournemire shale[END_REF][START_REF] Liu | Effects of deviatoric stress and structural anisotropy on compressive creep behavior of a clayey rock[END_REF][START_REF] Armand | Fundamental aspects of the hydromechanical behaviour of callovo-oxfordian claystone: from experimental studies to model calibration and validation[END_REF][START_REF] Zhang | Investigation on anisotropy of mechanical properties of callovo-oxfordian claystone[END_REF]. Therefore, the characterization of mechanical behaviors of clayey rocks should be based on multi-scale approaches in order to properly take into account influences of mineralogical compositions and multi-scale heterogeneity. Understanding of deformation and failure mechanisms of clay particles at the atomistic scale is an essential task. However, it is very difficult to perform direct experimen-tal measurement at such small scales in view of identifying those mechanisms. Appropriate numerical calculations provide alternative solutions. In this context, molecular dynamics simulations (MD) have been rapidly developed and widely used in modeling the clay-rich materials at different scale.

MD simulations were first applied to studying hydration related swelling behavior, structure distribution, diffusion of water molecules or cation ions between layers (Boek et al., 1995b;[START_REF] Shroll | Molecular dynamics simulations in the grand canonical ensemble: Application to clay mineral swelling[END_REF][START_REF] Yeh | System-size dependence of diffusion coefficients and viscosities from molecular dynamics simulations with periodic boundary conditions[END_REF][START_REF] Underwood | Large-scale molecular dynamics simulation of the dehydration of a suspension of smectite clay nanoparticles[END_REF]. Afterward, works on the mechanical property of clay minerals with MD have been reported in stages. At the very beginning, most of the studies have focused on the elastic property of clay particles under different conditions, such as different values of stress and temperature [START_REF] Ebrahimi | Nanoscale elastic properties of montmorillonite upon water adsorption[END_REF][START_REF] Brochard | Nanoscale origin of the thermomechanical behavior of clays[END_REF], extent of hydration (Mazo et al., 2008b,a;[START_REF] Suter | Large-scale molecular dynamics study of montmorillonite clay: emergence of undulatory fluctuations and determination of material properties[END_REF], types of inter-layer cation [START_REF] Carrier | Elastic properties of swelling clay particles at finite temperature upon hydration[END_REF], stress orientations (Mazo et al., 2008b,a;[START_REF] Suter | Large-scale molecular dynamics study of montmorillonite clay: emergence of undulatory fluctuations and determination of material properties[END_REF], different contents of CO 2 and H 2 O (Zhang et al., 2015).

Nowadays, the failure property and mechanism become important topics. For instance in [START_REF] Zartman | Nanoscale tensile, shear, and failure properties of layered silicates as a function of cation density and stress[END_REF], the authors have suggested roughly that sliding of layers, in-plane kinks, and cation intrusion into layers can be the potential failure mechanisms of clay. In [START_REF] Duque-Redondo | Molecular forces governing shear and tensile failure in clay-dye hybrid materials[END_REF] it has been shown that the failure was mainly due to decohesion of inter-layer space under uniaxial tension perpendicular to layers and to stick-slip between clay layers under shear loading. In the work reported in [START_REF] Hantal | Atomicscale modelling of elastic and failure properties of clays[END_REF], the authors have proved that the mechanical performance of clay hybrid material under uniaxial tension perpendicular to layers and shear along layers was dependent only on the cohesion between layers, while the layers themselves do not participate in the failure mechanism. The Coulombic force was more significant when a tensile strain was applied, while the hydrogen bonding became relevant under shear loading. In [START_REF] Faisal | Molecular mechanics of the swelling clay tactoid under compression, tension and shear[END_REF], it has been stated that the hierarchical structure of Na-Mt clay mineral was composed of four relevant levels:

unit clay mineral layer, tactoid, aggregate, multiple aggregate. The mechanical response of Na-Mt tactoid was evaluated under compression, tension and shear. All the previous studies mentioned above have shown that the mechanical behavior of clay exhibited an anisotropic behavior because of the internal structure and the failure process was influenced by the loading path.

However, in most previous studies, MD simulations were performed on crystal samples subjected to very simple loading paths, for instance, uniaxial compression or tension, triaxial compression with constant confining stress. However, most geological materials can be subjected to other types of loading paths. From a practical point of view, for example in the case of underground cavity excavation, two loading paths are particularly relevant (Liu et al., 2019a). In the first path here called triaxial decompression, starting from initial in-situ stress state, one principal stress is increased in compression while two others are decreased so that the mean stress remains constant. In the second path called triaxial extension, one compressive principal stress is relaxed and two other ones are increased by keeping the mean stress at a constant value. The comparison between these loading paths allow studying the effect of third stress invariant (or Lode's angle) on mechanical behavior. Indeed, it has been found that mechanical behaviors of most geological materials were generally different along these two loading paths (Liu et al., 2019b). On the other hand, the influence of loading path should also be coupled with loading orientation for anisotropic materials such as clay-rich rocks. Therefore, the effects of loading path and orientation should be investigated together. To the best of our knowledge, these important features have so far not been investigated on atomistic modeling of mechanical behavior of MMT particles. In this study, we shall perform MD simulations on a typical Na-montmorillonite (NaMMT) crystal structure by considering the triaxial compression and extension with different values of mean stress. Further, the compression and extension will be applied respectively to the parallel and perpendicular directions with respect to crystal layers. The main objective here is to identify the basic mechanisms of deformation and failure at the atomistic scale and then to establish some links between microscopic (single NaMMT crystals) and macroscopic (clayey rocks) behaviors. However, there is no pretension in this study to develop a multi- 

Computational method

Molecular dynamics (MD) is adopted here as computational method. Like most previous studies on MD simulations, atoms are considered as basic particles. The atomistic movement is described by Newton equations of motion, and the forces acting on the atoms are driven by inter-atomic potentials (force fields) which contains bonded and non-bonded interactions. In this section, the different steps of MD simulations performed in this study are first presented.

Crystal structure

The crystal structure considered here is based on the natural Wyoming MMT (Boek et al., 1995b,a;[START_REF] Chang | Computer simulation of interlayer molecular structure in sodium montmorillonite hydrates[END_REF]. The unit cell formula is as follows: (1)

The space group of unit cell is C2/M, monoclinic system, with a=5.23A, b=9.06A, c=9.6A, α = γ=90°and β=99°. It is characterized by sheets of silica tetrahedra and alumina octahedra that coordinate to form a TOT (tetrahedron-octahedron-tetrahedron) layer. The layer is negatively charged by the aliovalent substitution of Mg 2+ for Al 3+ in the octahedral sheet and of Al 3+ for Si 4+ in the tetrahedron sheet. Specifically, one of thirty-two Si 4+ is replaced by Al 3+ and one of eight Al 3+ is replaced by an Mg 2+ . This process is called the isomorphous substitution. The negative charge is balanced by the incorporation of Na cations in the inter-layer space. The model used in this study is an 8*4*4 super-cell. The failed crystal structure is shown in Figure 1. 

Force filed

The interatomic interactions in crystal systems are described by forces fields which are derived from energy potential functions. In the present study, the CLAYFF force field developed by [START_REF] Cygan | Molecular models of hydroxide, oxyhydroxide, and clay phases and the development of a general force field[END_REF]) is adopted. This force field is mainly based on an nonbonded description of interatomic interactions consisting solely of electrostatic and Lennard-Jones terms except for the O-H bond, which is constrained by a harmonic bond stretch potential. In the last few decades, the CLAYFF force field has been shown to be highly effective in modeling the crystal structure of a number of different clays [START_REF] Suter | Large-scale molecular dynamics study of montmorillonite clay: emergence of undulatory fluctuations and determination of material properties[END_REF][START_REF] Porion | Structural and dynamical properties of the water molecules confined in dense clay sediments: a study combining 2h nmr spectroscopy and multiscale numerical modeling[END_REF][START_REF] Wang | Structure and decompression melting of a novel, high-pressure nanoconfined 2-d ice[END_REF][START_REF] Leng | Hydration structure of water confined between mica surfaces[END_REF][START_REF] Cygan | Molecular models of hydroxide, oxyhydroxide, and clay phases and the development of a general force field[END_REF], mobility of interlayer water [START_REF] Suter | Large-scale molecular dynamics study of montmorillonite clay: emergence of undulatory fluctuations and determination of material properties[END_REF][START_REF] Porion | Structural and dynamical properties of the water molecules confined in dense clay sediments: a study combining 2h nmr spectroscopy and multiscale numerical modeling[END_REF][START_REF] Wang | Structure and decompression melting of a novel, high-pressure nanoconfined 2-d ice[END_REF][START_REF] Leng | Hydration structure of water confined between mica surfaces[END_REF][START_REF] Kalinichev | Molecular dynamics modeling of the structure, dynamics and energetics of mineral-water interfaces: Application to cement materials[END_REF] because of the huge advantage of providing atoms with complete translational freedom. Recently, it has also widely used to study the mechanical behavior of clay and contributed to the understanding of the basic mechanical mechanisms from atomic level [START_REF] Manevitch | Elastic properties of a single lamella of montmorillonite by molecular dynamics simulation[END_REF][START_REF] Cygan | Molecular models of hydroxide, oxyhydroxide, and clay phases and the development of a general force field[END_REF][START_REF] Ebrahimi | Nanoscale elastic properties of montmorillonite upon water adsorption[END_REF]Mazo et al., 2008b,a;[START_REF] Suter | Large-scale molecular dynamics study of montmorillonite clay: emergence of undulatory fluctuations and determination of material properties[END_REF][START_REF] Ebrahimi | Nanoscale elastic properties of montmorillonite upon water adsorption[END_REF][START_REF] Carrier | Elastic properties of swelling clay particles at finite temperature upon hydration[END_REF]Zhang et al., 2015). Besides, the effectiveness of CLAYFF force field in the study of mechanical properties of clay minerals was evaluated through the comparison of simulation and experimental results by some researchers [START_REF] Teich-Mcgoldrick | Molecular dynamics simulations of structural and mechanical properties of muscovite: Pressure and temperature effects[END_REF]. The total potential energy (E total ) is composed of the Coulombic interactions (E Coul ), the van der Waals interactions (E V DW ) and the bonded interactions. The bonded terms include the bond stretch energy (E bond strech ) and the angle bend energy (E angle bend ) that is used in water and metal with hydroxyl. One gets:

                                                         E total = E Coul + E V DW + E bond-strech + E angle-bend E Coul = (e 2 /4)π 0 i j q i q j /r i j E V DW = i j D 0,i j [(R 0,i j /r i j ) 12 -2(R 0,i j /r i j ) 6 ] E bond-strech = k 1 (r i j -r 0 ) 2 E angle-bend = k 2 (θ i jk -θ 0 ) 2
(2) r i j is the distance between the atoms i and j. In the Coulombic energy, e is the charge of an electron, 0 is the dielectric permittivity of a vacuum (8.85419 × 10 12 F/m) and q i and q j are the atomic partial charges, which can be derived from quantum mechanics calculations. In the Van der Waals energy, the terms D 0,i j and R 0,i j are calculated by:

                   R 0,i j = 1/2(R 0,i + R 0, j ) D 0,i j = (D 0,i + D 0, j )1/2 (3)
About the (O -H) bond stretch energy, k 1 defines a force constant and r 0 represents the equilibrium bond length. Finally for the angle bend energy, k 2 is a force constant, θ i jk denotes the bond angle for the mental-oxygen-hydrogen and θ 0 is the equilibrium bond angle. The values of parameters involved in the different forces are given in Tables 1, 2 and3 respectively. 

MD simulation procedure

A parallel molecular dynamics code Lammps [START_REF] Plimpton | Fast parallel algorithms for short-range molecular dynamics[END_REF] is used to perform simulations on the crystal structure of Na-Montmorillonite defined above. The samples are first relaxed at the desired temperature using an NVT (conserving the number of atoms, volume, and temperature) ensemble for 200 ps followed by an independent relaxation in three directions using an NPT (conserving the number of atoms, pressure, and temperature to mimic bulk behavior) ensemble for another 200 ps with zero pressure in all the directions. These relaxation steps are performed to uniformly distribute the excess free energy through the whole system.

Mechanical loads are then applied to the samples and their deformations are calculated.

As mentioned above, mechanical responses of clayey rocks clearly depend on loading paths.

Two representative loading paths are here considered: triaxial compression and extension, as shown in Figure 1. For both loading paths, a hydrostatic compressive mean stress is first applied in three principal directions of the crystal sample. Then, after the stabilization of strains under the mean stress, in the compression loading, one of three principal stresses is further increased (called the axial stress and denoted as σ a > 0) while the other others are decreased (called the radial stress and denoted as σ r < 0) so that the value of mean stress remains unchanged (∆σ a + 2∆σ r ) = 0. For the extension loading, the axial principal stress is relaxed (σ a < 0) from the initial value while the radial stress is increased (σ r > 0) so that the mean stress is kept constant (∆σ a + 2∆σ r ) = 0. In this study, four different values of mean stress are considered, namely σ m =5, 10, 15, 20GPa. The increase or decrease of the axial stress is proceeded at the rate 10MPa/fs while that of the radial stress at the rate 5MPa/fs according to the Parrinello-Rahman method under the given temperature which is controlled by the Nose-Hoover thermostat. All simulations are run until failure of sample.

All simulations are carried out using an MD time step of 0.01 fs. A periodic boundary condition is adopted in all directions. It is worth noticing that the values of mean stress used here are much higher as those usually considered in macroscopic tests on clayey rocks.

Indeed, due to its strong order and very small inter-layer pore, the single NaMMT crystal is much stiffer than macroscopic samples. Therefore, in order to facilitate the investigation of deformation and failure of such a single crystal, high values of stresses are generally adopted in most MD simulations, for instance on NaMMT particles [START_REF] Schmidt | Evolution of mechanical response of sodium montmorillonite interlayer with increasing hydration by molecular dynamics[END_REF][START_REF] Thapa | Compression of na-montmorillonite swelling clay interlayer is influenced by fluid polarity: A steered molecular dynamics study[END_REF]. Similar values are adopted in this study for mean stress. As a consequence, results obtained from MD simulations on NaMMT crystal are mainly used to investigate atomistic physical origins of some macroscopic properties and to identify links between microscopic and macroscopic behaviors.

Moreover, in order to investigate the anisotropic responses of MMT crystal, both the compression and extension paths are applied respectively the parallel (x-axis) and perpendicular (z-axis) directions to the crystal layers. The detailed description of loading paths are presented in the supplementary file. Finally, all MD simulations presented in this study are performed with a constant temperature of T = 300K.

Basic mechanical behavior and discussions

In this section, the basic mechanical behavior of NaMMT crystal samples is first presented through the results obtained from MD simulations. We shall then investigate effects of loading path, crystal structure anisotropy, mean stress on overall stress-strain responses.

It is worth noticing that different types of phenomenological and micro-mechanical constitutive models have been proposed for the description of elastic-plastic and damage behaviors of clayey rocks the effects mentioned here, for instance [START_REF] Shao | A coupled elastoplastic damage model for semi-brittle materials and extension to unsaturated conditions[END_REF][START_REF] Hoxha | Saturated and unsaturated behaviour modelling of meuse haute marne argillite[END_REF][START_REF] Shen | A closed-form three scale model for ductile rocks with a plastically compressible porous matrix[END_REF][START_REF] Shen | A micromechanical model of inherently anisotropic rocks[END_REF]. However, all those models are inspired or calibrated from macroscopic experimental results. As basic differences with these models, MD simulations are entirely based on the motion of crystal systems. Mechanical behaviors are predicted by solving fundamental motion equations without any a priori assumptions.

On the other hand, contrary to classical constitutive models, MD modeling is at this stage devoted to engineering structure calculations but to analyze different physical mechanisms of deformation and failure at small scales.

Basic stress-strain response

As example, the stress-strain curves for a mean stress of σ m = 20GPa are selected and shown in Figures 3, when the axial stress is along x-axis and z-axis respectively. By using conventional rock mechanics notation, axial ( a ) and radial ( r ) strains are plotted versus differential stress q = σ a -σ r .

From these Figures, one can see that the basic mechanical behavior of MMT in both compression and extension is characterized by strongly nonlinear stress-strain curves. There is a short linear phase at the beginning of loading. This phase can represent the elastic behavior of MMT. The linear phase is followed by a nonlinear one with increasing axial and radial strain until the peak differential stress is reached. This nonlinear phase corresponds to plastic deformation of crystal sample. The peak differential stress characterizes the maximum mechanical strength for a given loading condition. Starting from the stress value around the peak strength, the internal crystal bonds are progressively damaged, leading to the reduction of their mechanical strength. As a consequence, one gets the material softening behavior in the post-peak regime. Moreover, the plastic deformation is inherently coupled with the damage of crystal bonds. When the strain becomes large enough, a residual strength of material can be obtained and it is due to the forces in the remaining crystal bonds. It is interesting to notice that the basic mechanical behaviors obtained at the atomistic scale are qualitatively very similar to those observed on various clayey rocks [START_REF] Chiarelli | Modeling of elastoplastic dammage behavior of a claystone[END_REF][START_REF] Vales | Experimental study of the influence of the degree of saturation on physical and mechanical properties in tournemire shale (france)[END_REF][START_REF] Zhang | Effect of water content and structural anisotropy on mechanical property of claystone[END_REF][START_REF] Liu | Moisture effects on damage and failure of claystone under compression[END_REF][START_REF] Armand | Fundamental aspects of the hydromechanical behaviour of callovo-oxfordian claystone: from experimental studies to model calibration and validation[END_REF][START_REF] Zeng | Investigation of swelling pressure of bentonite/claystone mixture in the full range of bentonite fraction[END_REF], for instance elastic and plastic deformation as well as induced damage. However, as mentioned above, the order of magnitude of stresses is much higher, while that it strain is lower, at the atomistic scale than that at the macroscopic scale. Therefore, the objective here is to investigate relationships between microscopic mechanisms and macroscopic properties, but not to make quantitative comparisons. Indeed, for a same loading path, the macroscopic strength of clayey rocks is generally significantly lower than that of MMT crystal at the atomistic scale. This difference can be basically explained by strong multi-scale heterogeneity effects.

Clayey rocks are heterogeneous composites containing voids and mineral phases at different scales. In particular, inter-particular voids and interfaces should play a strong weakening effect in macroscopic strength properties. The local responses of clay minerals affect only partially the overall behaviors of clayey rocks. 
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Effect of loading path

For a quantitative comparison between compression and extension, the peak values of axial stress (σ a ), radial stress (σ r ) and differential stress obtained in compression and extension under 300k are given in Table 4. It is worth noticing that the basic difference between these two loading paths lies on the value of Lode angle defined on the octahedral plane for a given value of mean stress or equivalently the third stress invariant. Indeed, the Lode angle is equal to θ σ = -30 for compression and θ σ = 30 for extension.

From the date obtained, a number of significant remarks can be drawn. When the axial stress is applied along z-axis (perpendicular to crystal layers), the absolute values of peak differential stress are systematically higher in compression than in extension for all selected values of mean stress σ m . However, the difference between compression and extension becomes smaller when the mean stress is higher. This means that dissymmetry of peak strength between these two loading paths is progressively attenuated by the increase of mean stress. In the three-dimensional stress space, the strength surface in the octahedral plane approaches a circular lotus when the mean stress is high enough. This kind of result agrees well with macroscopic experimental results obtained on most rocks as mentioned above. When the axial stress is parallel to x-axis, the absolute value of peak stress in compression is also higher than that in extension for three low values of mean stress. But the difference between compression and extension is significantly reduced from σ 3 =5GPa to σ 3 =15GPa. For the case of σ 3 =20GPa, the peak strength in extension even becomes higher than that in compression. This particular result will be further discussed later in relation with the failure process of MMT crystal structure. In a general way, it is worth noticing that the dependency of failure strength on loading path observed at the atomistic scale is qualitatively consistent with few macroscopic results obtained on clayey rocks samples (Liu et al., 2019a). Therefore, it seems that in spite of many other factors affecting macroscopic behaviors of clayey rocks, the stress-path dependency of their macroscopic strength have some origins at the atomistic scale. 

Effect of loading orientation

Based on the peak values of stresses given in Table 4 and the overall stress-strain responses obtained from performed calculations, the effect of loading orientation with respect to the crustal layers is here further discussed. For this purpose, we compare here the stress-strain curves between compression and extension for two values of mean stress (σ m = 20GPa, σ m = 10GPa), as shown in Figure 4 and5.

From these results, it is found that during the short linear stage at the beginning of differential stress loading for both compression and extension paths, the mechanical behavior of MMT crystal is almost identical in the two loading orientations. It seems that the elastic properties of MMT crystal are quasi isotropic. However, one can observe important differences of mechanical responses during the plastic phase and in the -peak regime. For compression loading, the plastic deformation is smaller but the peak strength is higher in z-axis than in x-axis. Further, the mechanical behavior in z-axis is more brittle than in xaxis in the post-peak regime by showing a faster decrease of differential stress. However, the asymptotic residual strength is almost the same for the two loading orientation. In contrary, for the extension loading, the plastic deformation is clearly more important in z-axis than in x-axis. At the same time, the MMT shows a more ductile behavior in the post-peak regime in z-axis than in x-axis. The difference of peak differential stress between the two loading orientations depends on the values of mean stress. It seems that the peak strength in z-axis is higher than in x-axis for different values of mean stress (σ m = 10GPa, σ m = 20GPa).

It is worth noticing that z-axis is perpendicular to crystal layers while x-axis is parallel to them. Therefore, the difference of mechanical behavior between the two loading orientations is inherently related to different deformation and damage processes at the atomistic scale.

More detailed discussions are presented in Section 4. It is interesting to point out that the strength anisotropy obtained at the atomistic scale is consistent with the macroscopic one observed in clayey rocks [START_REF] Niandou | Laboratory investigation of the mechanical behaviour of tournemire shale[END_REF][START_REF] Liu | Effects of deviatoric stress and structural anisotropy on compressive creep behavior of a clayey rock[END_REF][START_REF] Armand | Fundamental aspects of the hydromechanical behaviour of callovo-oxfordian claystone: from experimental studies to model calibration and validation[END_REF][START_REF] Zhang | Investigation on anisotropy of mechanical properties of callovo-oxfordian claystone[END_REF]. It seems that the macroscopic strength anisotropy of clayey rocks is partially due to the layered structures of clay particles. However, it is noticed that the microscopic anisotropy is stronger than the macroscopic one. Such a difference can be explained by the fact that clayey rocks are multi-scale poly-crystalline materials. Random distribution of clay particles and other mineral phases can attenuate the macroscopic anisotropy of materials. 
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Effect of mean stress

The mechanical behavior of geological materials is generally dependent on mean stress.

This basic property is here verified at the atomistic scale on the MMT crystal. For this purpose, four values of mean stress are selected, ranging from 5 MPa to 20 MPa. The stressstrain curves obtained from compression and extension and in both loading orientations are here compared and presented in Figures 6 and7. In a general way, little difference is observed on the initial slopes of stress-strain curves for almost all cases. That indicates that the elastic properties of the MMT crystal are almost independent on mean stress. But mean stress strongly affect plastic deformation and failure strength. For compression in

x-axis, larger plastic deformation is developed and the peak strength is lower when mean stress is smaller. But the mean stress dependency of peak strength is clearly nonlinear.

Indeed, the dependence of peak strength on mean stress is significantly attenuated when mean stress is higher than 10 MPa. The post-peak behavior is more brittle and the residual strength is lower when mean stress is smaller. The mechanical behavior during extension in x-axis shows a much more regular dependency on mean stress than in compression. The plastic deformation increases and the peak and residual strengths decrease when mean stress becomes smaller. The influence of mean stress on the mechanical response in compression along z-axis is qualitatively similar to that in x-axis. Among all cases, the most important effect of mean stress is found on the mechanical responses in extension along z-axis. The peak strength shows a very important increase when mean stress varies from 5 GPa to 20

GPa. Further, for the three low values of mean stress (5, 10, 15GPa), very large axial plastic strains are obtained and one observes a typical ductile behavior. At the same time, the radial strains remain significantly smaller than axial ones. For the case of high mean stress (20 GPa), the post-peak behavior is characterized by three different phases: a first phase of slow decrease of differential stress, a second phase with rapid decrease of differential stress, and a third phase marking the residual strength. This atomistic effect of mean stress is quite different with classical brittle-ductile transition of rocks with increasing mean stress at the macroscopic scale. It seems that mean stress can play an essential role on plastic deformation and failure process of clay crystals at the atomistic scale. Again, the dependence of mechanical behavior on mean stress of the NaMMT crystal, in particular the increase of failure strength with mean stress, is also very consistent with macroscopic results obtained on various clayey rocks [START_REF] Chiarelli | Modeling of elastoplastic dammage behavior of a claystone[END_REF][START_REF] Armand | Fundamental aspects of the hydromechanical behaviour of callovo-oxfordian claystone: from experimental studies to model calibration and validation[END_REF]Liu et al., 2019a;[START_REF] Zhang | Investigation on anisotropy of mechanical properties of callovo-oxfordian claystone[END_REF]. Again, there is a clear link between the microscopic and macroscopic behaviors in terms of mean stress effects.

On the other hand, in Figures 6 and7, the variations of volumetric strain are also presented. It is interesting to see that in a general way, there is a clear transition from volumetric compaction to dilation when the differential stress is increased. The volumetric dilatancy increases very quickly in the post-peak regime. There is thus a clear correlation between volumetric dilatancy and crystal structure damage. For compression in x-axis (parallel to crystal layers), the volumetric dilatancy is higher when the mean stress is lower because the expansion of inter-layer space is prevented by compressive mean stress. For extension in

x-axis, the volumetric dilatancy is smaller when the mean stress is lower but its effect is less significant. For these two cases, the volumetric strain remains very small before the peak strength is reached. This is due to the fact that the deformation before the peak strength is essentially elastic and the mean stress is kept constant. For compression in z-axis (perpendicular to crystal layers), the volumetric strain is clearly compressive before the peak strength is reached and then turns into dilating in the post-peak region. This is clearly a consequence of compaction of inter-layer space along the z-axis. For extension in z-axis, nearly no volumetric compaction is obtained even before the peak strength. The volumetric dilatancy is significantly enhanced by low values of mean stress, and it is clearly correlated with the expansion of inter-layer space. Therefore, the evolution of volumetric strain of clay particle is significantly influenced by loading path and orientation as well as mean stress.

These atomistic results on NaMMT particle are in good consistency with macroscopic responses of most clayey rocks, in particular under low values of mean stress [START_REF] Chiarelli | Modeling of elastoplastic dammage behavior of a claystone[END_REF][START_REF] Armand | Fundamental aspects of the hydromechanical behaviour of callovo-oxfordian claystone: from experimental studies to model calibration and validation[END_REF]Liu et al., 2019a;[START_REF] Zhang | Investigation on anisotropy of mechanical properties of callovo-oxfordian claystone[END_REF]. However, the macroscopic volumetric deformation of clayey rocks is not only influenced by clay particles, but also by many other factors such compaction or expansion of multi-scale voids, opening or closure of interfaces between mineral inclusions and clay matrix. As a consequence, it is noticed that the macroscopic volumetric dilatancy is less pronounced than that of NaMMT crystals. simulations under periodic boundary conditions and concluded the diffusion coefficients increased strongly as the system size was larger while the shear viscosities showed no significant system-size dependence. In [START_REF] Sellan | Size effects in molecular dynamics thermal conductivity predictions[END_REF], the size effect of thermal conductivity has been studied for Lennard-Jones argon and Stillinger-Weber silicon and found that there was no discernible size dependence for the simulation systems containing 4*4*4 to 8*8*8 conventional unit cells under periodic boundary conditions. There are also some studies on the mechanical properties of materials that have shown that the mechanical properties of the materials could depend on the size of the simulation system [START_REF] Koh | Molecular dynamics simulation of size and strain rate dependent mechanical response of fcc metallic nanowires[END_REF][START_REF] Heino | Molecular-dynamics study of mechanical properties of copper[END_REF]. The results of these previous works have shown that the mechanical parameters, such as Young's modulus, turned out to be independent of the system size or close to the theoretical bulk values for relatively large systems. However, to our best knowledge, there is still no detailed report about the size selection of clay mineral models in the molecular dynamics study of mechanical properties. In general, the super-cell of clay minerals used in MD simulations is from 4*2*2 to 16*8*8 in the previously reported studies [START_REF] Manevitch | Elastic properties of a single lamella of montmorillonite by molecular dynamics simulation[END_REF][START_REF] Cygan | Molecular models of hydroxide, oxyhydroxide, and clay phases and the development of a general force field[END_REF][START_REF] Ebrahimi | Nanoscale elastic properties of montmorillonite upon water adsorption[END_REF]Mazo et al., 2008b,a;[START_REF] Suter | Large-scale molecular dynamics study of montmorillonite clay: emergence of undulatory fluctuations and determination of material properties[END_REF][START_REF] Ebrahimi | Nanoscale elastic properties of montmorillonite upon water adsorption[END_REF][START_REF] Carrier | Elastic properties of swelling clay particles at finite temperature upon hydration[END_REF][START_REF] Yang | Deformation and failure processes of kaolinite under tension: Insights from molecular dynamics simulations[END_REF]. In order to observe the structural changes during the system failure process more clearly, we prefer to choose a relatively small system in this study. However, it is our concern that small model may lead to errors in our quantitative results. In order to better determine the size of the system, we compare here two systems of different size of Na-MMT supercells to capture the system size effect on the stress-strain behavior. The small system is the supercell of 8*4*4 containing 5216 atoms and the big one is a supercell of 16*8*8 containing 41728 atoms, which is considered as big enough to ignore the size effect. The overall stress-strain curves of two systems in the z-axis under a mean stress of 15GPa during compression and extension are The peak values of differential stress obtained from MD simulations on the MMT crystal are summarized and discussed here. In Figure 9, the peak differential stress is plotted as mean stress for the compression and extension paths respectively in x-axis and z-axis. As a first approximation, the peak differential stress can be expressed as a linear function of mean stress. This corresponds to linear macroscopic failure criteria widely used at macroscopic scale for geological materials. It is observed that for both loading orientations, the slopes of failure stress lines in extension are higher than in compression. That means that the failure stress in extension is more sensitive to mean stress than in compression. As the slopes of failure stress lines are generally related to internal friction coefficient. It seems that the internal friction in extension is higher than that in compression. This result suggests that the failure surface (or criterion) of MMT crystal is a function of Lode's angle. to 13 for the compression and extension respectively along two axes. q (p) denotes the peak differential stress and the q ( f ) is the differential stress at the first point of residual strength phase.
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More precisely, in Figure 10, one shows the progressive deformation process during compression in z-axis. In this case, as the compressive axial stress is applied in the perpendicular direction to the crystal layers, the principal deformation process is the compaction of inter-layer space. The cohesion between layers is mainly contributed by the non-bonding interaction , namely the Coulombic and Van der Waals forces coming from the cation-layer and layer-layer interactions. The change of layer space will weaken the cohesion between layers, as characterized in terms of energy in [START_REF] Hantal | Atomicscale modelling of elastic and failure properties of clays[END_REF][START_REF] Duque-Redondo | Molecular forces governing shear and tensile failure in clay-dye hybrid materials[END_REF]. When the peak stress is reached, the MMT-crystal still keeps a layered structure in spite of large reduction of inter-layer space. When the residual state is finally obtained, there is a complete collapse of layered crystal structure. The deformation process during extension along z-axis is shown in Figure 11. Due to the fact that a tensile stress is applied in the perpendicular direction to crystal layers, the inter-layer spacing is gradually increased during both the elastic and plastic stages until 80% of peak strength. The atoms vibrate around the equilibrium position and structural damage is observed. When the differential stress approaches its peak value, there is bending of sheets and some atoms start moving towards the inter-layer space. The phenomenon of sheet bending, caused by the progressively increasing lateral stress, is the principal damage mechanism of crystal structure in the extension loading with a constant mean stress.

When the compressive stress is applied in the parallel direction to crystal layers (x-axis), as shown in Figure 12, one gets a progressive dilation of inter-layer space without structural damage until 80% of peak strength. The failure of crystal structure is essentially related to bending of sheets. For the case of extension along x-axis shown in Fig. 13, the reduction of inter-layer space is the principal deformation process and the structural failure is caused by the collapse of inter-layer space. But the inter-layer space is not totaly closed even at the final residual stage.

From these results, it can be concluded that the failure mechanisms of the MMT crystal structure is not only influenced by loading paths (compression or extension) but also by the loading orientation with respect to crystal layers. In summary, the failure is caused by the collapse of inter-layer space for compression perpendicular to layers ot for extension parallel to layers. However, the sheet bending becomes the principal failure mechanism for compression parallel to layer and extension perpendicular to layers. Finally, it is worth noticing that the positions where the isomorphous substitution happens (green atoms) have the tendency to form cracks.
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Conclusions

A series of molecular dynamics simulations have been performed on the NaMMT crystal structure in order to investigate the mechanical behavior of clay particles at the atomistic scale. Two representative loading paths including compression and extension under constant mean stress were applied respectively in the parallel and perpendicular directions to crystal layers. Based on the results obtained, a number of concluding remarks can be formulated.

The basic stress-strain relationship at the atomistic scale is similar to that of most clayey rocks at the macroscopic scale. It is generally characterized by a short linear elastic phase followed by a large nonlinear plastic phase until the peak strength (represented by the absolute value of differential stress) is reached. A sharp or smooth material softening phase is observed in the post-peak regime due to damage of crystal bonds until the residual strength is reached.

The mechanical behavior of NoMMT crystal is strongly influenced by the loading path and orientation. In the perpendicular direction, the failure strength in compression is systematically higher than that in extension. But the difference is significantly reduced when the mean stress is high. In the parallel direction, the failure strength in compression is slightly higher than in extension under low mean stress but becomes slightly lower than extension under high mean stress. In general, the failure strength in compression in the perpendicular direction is higher than that the parallel direction. On the contrary, the strength in extension in the perpendicular direction can become lower than that the parallel direction under low mean stress. Therefore, the general failure criterion of NoMMT crystal depends on Lode's angle, mean stress as well as loading orientation. On the other hand, the post-peak stress-strain responses are also affected by these same factors, producing brittle or ductile behavior.

The mechanical behavior of NoMMT crystal is further influenced by mean stress, but in a quite different manner in two loading orientations. In the parallel direction, the mean stress mainly affects the peak strength. But in the perpendicular direction, the mean stress affects not only the peak strength but also the post-peak stress-strain relationship by producing either a brittle or ductile behavior according to the value of mean stress. In a general way, the influence of mean stress is stronger in extension than in compression.

The deformation mechanism of crystal structure until around 80% of peak strength is mainly driven by the compaction or dilation of inter-layer space. Layer structure is progressively destroyed around the peak strength and during the softening zone. A relatively stable damaged structure is found and related to the residual strength of crystal. As a first approximation, the failure of crystal structure is generated by the collapse of inter-layer space under compression in perpendicular direction and under extension in parallel direction. The sheet bending is the principal failure mechanism under compression in parallel direction and under extension in perpendicular direction.
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 1 Figure 1: Crystal structure of MMT and definition of compression and extension loading along z-axis

Figure 3 :

 3 Figure 3: Typical stress-strain curves in compression and extension (T=300K, σ m =20GPa)
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 4 Figure 4: Comparison of stress-strain curves in compression between two loading orientations

  Figure 5: Comparison of stress-strain curves in extension between two loading orientations

  Figure 6: Comparisons of stress-strain curves in x-axis between different values of mean stress

  Figure 8: Stress-strain curves in z-axis for two systems of different size
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 9 Figure 9: Compression and extension of failure stress in the σ mq plane in x (blue lines) and z (red lines) axes
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 10 Figure 10: Deformed MMT crystal structures at different loading stages during compression in z-axis

Figure 11 :

 11 Figure 11: Deformed MMT crystal structures at different loading stages during extension in z-axis

Figure 12 :

 12 Figure 12: Deformed MMT crystal structures at different loading stages during compression in x-axis

Figure 13 :

 13 Figure 13: Deformed MMT crystal structures at different loading stages during extension in x-axis

Table 1 :

 1 Non-bond energy parameters for the CLAYFF force field species symbol charge (e) D 0 (kcal/mol) R 0 ( Å)

	tetrahedral silicon	st	2.1000	1.8405 × 10 -6 3.7064
	bridging oxygen	ob	-1.055	0.1554	3.5532
	bridging oxygen with octahedral substitution	obos	-1.1808	0.1554	3.5532
	octahedral aluminum	ao	1.5750	1.3298× 10 -6 4.7943
	hydroxyl oxygen	oh	-0.9500	0.1554	3.5532
	hydroxyl hydrogen	ho	0.4250		
	hydroxyl oxygen with substitution	ohs	-1.0808	0.1554	3.5532
	octahedral magnesium	mgo	1.3600	9.0298× 10 -7 5.9090
	aqueous sodium ion	Na	1.0000	0.1301× 10 -6 2.6378
	bridging oxygen with tetrahedral substitution	obts	-1.1688	0.1554	3.5532
	tetrahedral aluminum	at	1.5750	1.8405× 10 -6 3.7064

Table 2 :

 2 Bond stretch energy parameters for the CLAYFF force field species i species j k 1 (kcal/mol Å2 ) r 0 ( Å)

	oh	ho	554.1349	1.000
	ohs	ho	554.1349	1.000

Table 3 :

 3 Angle bend energy parameters for the CLAYFF force field

	Metal	oh	ho	30.0	109.47
	Metak	ohs	ho	30.0	109.47

species i species j species k k 2 (kcal/mol rad 2 ) θ 0 (deg)

Table 4 :

 4 Peak values of axial stress, radial stress and differential stress in compression and extension and

					along x-axis and z-axis (T=300K)				
				Compression					Extension	
	σ m		x-axis			z-axis			x-axis			z-axis
		σ a	σ r	q	σ a	σ r	q	σ r	σ a	q	σ r	σ a	q
	5	22.22 -2.52 24.74 28.05 -6.41 34.46	13.26 -11.32 -24.59 10.98 -1.09 -12.06
	10 29.42 0.35 29.06 34.27 -2.03 36.30	19.03 -7.74 -26.77 20.07 -0.50 -20.58
	15 34.69 5.11 29.57 40.33 2.32 38.00	24.94 -4.64 -29.58 28.11 -0.05 -28.16
	20 39.55 10.14 29.41 45.42 7.23 38.19	30.42 -0.60 -31.03 31.91 -1.77 -33.69

A number of similar features have been observed between the atomistic behavior of clay crystal and macroscopic responses of clayey rocks, in terms of effects of loading path and orientation as well as mean stress on deformation and failure behaviors. Therefore, numerical results from molecular simulations can provide useful atomistic interpretation of macroscopic deformation and failure processes. However, macroscopic mechanical properties of clayey rocks are also strongly affected by other factors such voids and inclusions at different scales, and it is necessary to develop adequate multi-scale approaches. On the other hand, the mechanical behavior of both NoMMT crystal and clayey rocks are also affected by water content and temperature. These important issues will be investigated in our ongoing studies.