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The geomaterials in the vicinity of underground structures, such as soils and rocks, are 34 multiphase porous media with a generally complex structure that can extend over several scales 1 . In 35 this research, the underground tunnels are considered as deep geological repositories of nuclear wastes. 36

Among materials suitable for deep geological repository of nuclear wastes, clayey rocks are considered 37 in particular for their low intrinsic permeability [2][3][4] . The Callovo-Oxfordian claystone is studied as the 38 potential host rock selected in France by the French national radioactive waste management agency 39 Andra 2 . The complex structure of the material that includes the heterogeneity, the anisotropy and the 40 spatial variability of characteristics, indicates the necessity of investigating its behaviour at different 41 scales, depending to the studied phenomena. Short-term deformation, especially in excavated damage 42 zone (EDZ) around gallery, induces micro-fissuring mechanisms on a multi-micrometer scale, the meso-43 scale of mineral inclusions imbedded in a clay matrix. This fissuring mechanism can be a major factor 44 in the variation of material permeability 5 . The analysis of material behaviour at this scale (i.e. 45 micrometric) is nowadays a major objective in (geo) mechanics to explain and model the mechanisms 1 observed on a larger scale, and to enrich constitutive behaviour models. The complexity of the behaviour 2 of geomaterials as rocks is related to several aspects on different scales as a complex microstructure, the 3 appearance of complex strain localisation pattern before material rupture, and the existence of several 4 multiphysics couplings 1,6,7 . It has to be noted that the microscale is referring here to a sub-micrometer 5 scale that consists of a mixture of clay particle or aggregates. However, the macroscopic scale is the 6 scale of the characteristic size in the sub-millimetre range. 7

The influence of small-scale characteristics on the damage and stability of underground 8 structures remains a complex problem difficult to investigate in the field of underground constructions 9 7 . Its understanding is crucial to ensure the feasibility of constructing and operating safe structures. 10

Consequently, the main goal of this research study is the modelling of multi-scale damage of clay rocks 11 and its influence on deep tunnel stability. 12

The definition of macroscopic behaviour is generally achieved through the use of 13 phenomenological constitutive laws. However, to represent and model more accurately the material 14 behaviour, various scientific questions have been raised on how mesostructural characteristics of 15 heterogeneous geomaterials can enrich macroscale constitutive behaviour models 1,[8][9][10][11] . In this spirit, 16 multiscale methods relying on computational homogenisation techniques have been developed [12][13][14][15] . The 17 objective of such approach is to "transfer" mesostructural information to upper scales, considering the 18 characteristic dimensions of the considered phenomenon. The objective being to provide output at 19 macroscale by upscaling approach. This includes the "extraction" of a behaviour law from the micro-or 20 meso-structural scale (grains/minerals and porous network scale) to the macroscopic scale. Among the 21 numerical homogenisation approaches suitable for heterogeneous geomaterials, a finite element method 22 is used at both small-and large-scales (FEM 2 technics), including hydro-mechanical couplings at the 23 mesoscale. 24 The current study aims to investigate how the mesostructural characteristics of the Callovo-25

Oxfordian clay rock can affect the macrostructural behaviour through a proposed prediction strategy of 26 (meso-to-macro) shear failure. The proposed model used in this study, describes the small-scale as a 27 clay matrix with non-clayey grains in an area with a characteristic length ≈ 105 μm and thus, it is 28 considered to be in meso-scale. At small-scale, in a randomly generated Representative Elementary Area 29 (REA), a random distribution of the mineral inclusions generates a random distribution of mineral 30 contacts 7,16 . These mineral contacts represent the possible location of meso-crack development (grain 31 debonding from mineral phases and intra-phase fissuring) 7,16 . Therefore, the mineral contact distribution 32 shows the possible mesocracking path that it is going to develop (by mesocracks coalescence between 33 the mineral inclusions) through the REA model. Additionally, the mesocracking path shows the 34 tendency of the material preferred shear crack direction. This indication is crucial since it is connected 35 to specific macroscale shear failure mechanisms and to the material macroscale anisotropic response.

Hence, the current research is focused on the connection between the mesocracking and the macro-37 failure mechanisms at meso-and macro-scales, respectively. 38

The predictive capabilities of the proposed predictive methodology are applied to REAs having 39 different sizes, from less to more representative of the material mesostructure. During the excavation processes, different modes of fracture take place in the surrounding 7 medium: opening or tensile fractures (mode I), shear fractures (mode II), and the combination of the two 8 previous ones 6 . The distributed damage that appears near the drift wall constitutes the excavation 9 damaged zone (EDZ) which is a zone characterised by geomechanical and hydro-mechanical property 10 alterations 17,18 . In this article, the excavation damage zone (EDZ) in COx claystone is studied and its 11 relation to the failure types in mesoscale. 12

The microstructure of the COx clay rock is heterogeneous and composed of several types of 13 minerals: tectosilicates (-Si x O y , mainly quartz, 10-40%), carbonates (-CO 3 , mainly calcite, 15-80%), 14 heavy minerals (FeS 2 , pyrite in a low proportion of 0-3%) and clay minerals (20-60%) 2,6,19,20 . The 15 experimental analysis methods on micro-and meso-structures (e.g. Scanning Electron Microscopy 16 SEM, X-ray micro-Computed Tomography, image analysis, etc.) have led to the definition of the 17 different mineral groups, their spatial distributions, mineral area fractions, as well as size, shape, and 18 orientation of the mineral inclusions. The detailed results of these analyses for the COx clay rock can 19 be found in other works 20,21,22 In the used FEM 2 method, the constitutive behaviour at each integration point in the macroscale 2 finite element computation is derived from a boundary value problem (BVP) on a representative 3 elementary area (REA) at the mesoscale, including hydro-mechanical couplings. The methods are 4 described in detail in other works 14,15 . A brief description of the model is summarised hereafter for the 5 sake of completeness. 6

On the macro-scale, the rock shear failure is reproduced by strain localisation in shear band 7 mode, as a precursor of shear fracture. A second gradient model (regularisation method) is used in order 8 to describe the equilibrium under quasi-static conditions for the field variables of displacement and i u 9 fluid pressure . The consideration of this regularisation method is required in order to properly model w p 10 the phenomenon of strain localisation, by introducing an internal length scale and by avoiding mesh 11 dependency 15,[31][32][33] . Therefore, the classical kinematics are enhanced with the microkinematical gradient 12 which describes the microstructure kinematics. This gradient is assumed to be equal to the gradient ij v 13 of the macro displacement according to the second gradient theory [34][35][36][37] 

i u  p * w ∫ Ω t ( σ t ij ∂u * i ∂x t j + Σ t ijk ∂v * ij ∂x t k ) dΩ t -∫ Ω t λ t ij ( ∂u * i ∂x t j -v * ij ) dΩ t = ∫ Ω t ρ t g i u * i dΩ t + ∫ Γ t σ (t t i u * i + T t i v * ij n t j )dΓ t (1) ∫ Ω t λ * ij ( ∂u t i ∂x t j -v t ij ) dΩ t = 0
(2)

∫ Ω t ( M t w p * w -f t w,i ∂p * w ∂x t i ) dΩ t = ∫ Ω t Q t w p * w dΩ t -∫ Γ t qw q t w p * w dΓ t
(3) 18 where are the current coordinates, the general notation of corresponds to the virtual quantity a,

x t i a  ij v 
19 is the virtual microkinematic gradient, and is the double stress dual of the virtual micro second 

 ij k v x  

32

is related to the internal length scale relevant for the shear band width 36,38,39,45 . It has to be clarified that, 33 although the terms "microkinematics" and "micro deformation" are used above, following the formalism 34 of Germain 35 , the lowest scale in the presented approach considers to be in the mesoscale.

35

The macroscale finite elements that are used in this study are 2D quadrilateral elements (9 nodes, 36 4 integration points) under plane strain conditions 32 implemented in the finite element code Lagamine 37 40 

∫ Ω EA ( σ t,m ij ∂u * ,m i ∂x t j ) dΩ t = ∫ Γ + int c t, i + u * ,m, + i dΓ t + ∫ Γ - int c t, - i u * ,m, - i dΓ t
(5)
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For the solution of the above equation, two-dimensional four-nodes isoparametric quadrilateral 23 FEs (with four integration points) are used. Additionally, the interface is discretised with four nodes FEs 24 with zero thickness 15 . Specifically, the cohesive forces as shown in the Figure 1 

3

The constitutive laws for the normal and tangent interface cohesions are defined with the 4 following expressions: 

      , max , , 2 max , , 1 1 if 0 1 1 if 0 m t t m t n n n n t c n n t n m t t m t m t n n n n n t c n n u c D u D c u c D u u D                      (6)   , max 1 1 m t t t
  0 , , 0 , 1 max , max if 1 if m m c n n n n t c t n n c m n n D u u D u                           (8)   0 , , 0 , 1 max , max if 1 if m m c t t t t c t t t t c m t t D u u D u                             (9)

14

For completeness of the description of the theoretical part of the modelling approach, it has to 15 be added that the solid minerals in the mesoscale are considered impervious and the pore channel 16 network is formed by the mineral interfaces. The latter allow the fluid to be transported as a reaction to 17 a pressure gradient. In this numerical approach, an assumption of steady-state laminar flow between 18 smooth parallel plates (interface sides) is made. The interface opening, which controls the fluid flow, 19 can take a minimum value (and an initial one) in order to account for the bulk permeability of undamaged 20 material of low permeability. All these aspects of the model are described in detail in van den Eijnden 21 et al. 15 . Therefore, in case of the intact material, the homogenised permeability is assured. 4). The algorithm considers the main morphological characteristics of the 6 COx clay rock 7,16 . The latter are: the roundness, the elongation, the orientation, the size of the mineral 7 inclusions, the area fractions of the mineral phases, and the characteristic size of the REA. The procedure 8 allowing to generate realistic mesostructures (in the clay-rich zone of the rock) is described in Pardoen 9 et al. 16 . Furthermore, the size of the RVE is measured experimentally and it is found to be 10 , which corresponds to a representative length of 21,22 . According to 
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The material parameters that are used in this study, are the elastic properties of calcite 24 (carbonates), quartz (tectosilicates), and pyrite (heavy minerals). The properties and the percentages of 25 the mineral components that are used, within the mesoscale REA model, are presented in Table 1. The 26 mineral contact properties are considered as homogeneous, in a simplifying assumption 16 . The mineral 27 interface parameters and the elastic properties of the clay matrix were calibrated using the homogenised 28 response (of REA) in comparison with laboratory tests 28

5.1.2.Prediction algorithm

29

A new method based on REA morphology analysis is proposed in order to estimate and predict 30 the dominant orientation of coalesced meso-cracking pattern that may develop through the REA. This 31 ultimate damage process at the mesoscale is often activated in areas of high deformation, e.g. in the 32 localisation bands. Therefore, it is quite expected that the preferential orientation of the damage itself 33 influences the orientation of the localization bands at the macroscopic scale. The prediction strategy 34 derives from the idea that the contact morphology of the solid minerals, composing the clay rock 35 mesostructure in this numerical approach, could have a key role on the material mechanical response 36 and cracking under deviatoric compressive loading conditions. This will be investigated numerically. It 37 should be noted that this analysis only makes sense if all interface properties are identical, which is 38 assumed here, for simplicity. This assumption is tested, as can be seen in Figure 6, where a REA 39 (composed of 250 numerical-mineral cells, L REA ≈100μm) with the same cell distribution (and same 40 geometry of the interfaces) but with different mineral property distributions is examined under 9

The mesostructure shear strength corresponds to the deviatoric stress peak 10 q max =max(q)=max(σ 22 -σ 11 ) of the homogenised stress-strain response curve. At this stress peak, a 11 coalesced mesocrack pattern develops through the entire REA 16 that leads to the mesostructure shear 12 failure. The orientation of this meso-fault conditions the REA shear deformation and its anisotropic 13 character. Furthermore, the meso-fault pattern changes as the random distribution of the numerical-14 mineral cells (i.e. the morphology of the REA) changes. As aforementioned, periodic boundary 15 conditions of REAs constrains the mesostructure shear failure pattern that has to be periodic itself. 16

Therefore, a particular focus is given to the effect of the random positions of interface elements on the 17 development of the REA mesocracking. The investigation starts by examining REAs with representative 18 size of L REA ≈100μm (250 cells) 16 . 19

The first step is to detect the positions and the orientations of all interface elements and to 20 categorise them according to their orientation. For this purpose, each REA is sub-divided into several 21 sub-square zones where interface elements are grouped to be analysed. Then, in each square zone, the 22 orientations, the lengths, and the number of the interface elements are calculated. The location of each 23 interface element is defined by the coordinates of their centre point. A schematic representation of this 24 process is depicted in Figure 7 (a). ). ε 12 12 Therefore, the possible crack path (P), for each square zone (c), for each interval-angle category 13 (a, a=1,2,3,4 which corresponds to the 4 intervals), and for each crack direction (primary or secondary, 14 according to Figure 7 (b,c)), is calculated through the following equation:

1 c a N c c P L   (14)
15 where and are the number and length of the interface elements in each zone (c) for each interval-N c L c 16 angle category (a). It is assumed that, in each square zone, the dominant mesocrack orientation can be 17 either in the primary diagonal direction or in the secondary diagonal direction (see Figure 7 (b,c)). Then, 18 each possible crack path is calculated by adding the P c zone values in every direction, for each interval-19 angle category (a), as shown in the Figure 7 (d,e). It is assumed that the best estimation of the tendency 20 of crack development in applications where the damage is shear dominated, can be obtained by adding 21 the P c in all square sub-zones (diagonal sub-zones) that included in all the possible diagonal paths d as 22

shown in Figure 7 (d,e). Therefore, the possible mesocrack path is calculated for each diagonal d 23 represented in Figure 7 (d,e) by: Another significant characteristic that triggers the development of mesocracking is the 2 frequency of aligned interface elements which form possible crack paths. Therefore, same values of P c a 3 (for an interval-angle category (a)) can be gathered in the same diagonal direction (black arrow in Figure 4 7 (d,e)) and this can be assumed as an indicator for a crack development Thus, the following expression 5 is used to count the frequency of the aligned interface elements:

I d a = P d a σ d a ( 16 
)
6 where is the indicator value, is calculated by the eq. ( 14), and is the standard deviation of the

I d a P d a σ d a 7
values in the diagonal sub-zones for each interval-angle category (a).

(P c ) a 8 Finally, the proposed strategy can be summarised with the following steps: 9

1. Calculate the indicator value for all each diagonal direction for both primary and I d a 10 secondary diagonal orientations. 11 2. Find the max for each primary / secondary diagonal orientation. 12 3. The expected dominant mesocrack path (between the two) is the one with the larger .

I d a 13
The proposed algorithm can be validated by observing the mesocracking pattern that develops 14 across a REA, after being subjected to a biaxial compression, and by calculating its homogenised shear 15 strain . A positive shear strain can lead to shear cracking in the primary diagonal direction ε 12 ε 12 > 0 16 while a negative shear strain can lead to shear cracking in the secondary diagonal direction ε 12 < 0 17 (Figure 7 (b,c)). Note, however, that this morphological analysis ignores the periodic condition that 18 constrain the mesocracking of the REA. I 13 1 = 5 (50REA_2), respectively. On the contrary, the three others 50cell-REAs present a possible 31.33 6 mesocrack path in the secondary direction with values of (50REA_3), I 7 2 = 7.38 I 13 3 = 19.82 7 (50REA_4), and (50REA_5), respectively. It has to be noted that, the proposed strategy I 1 1 = 35.35 8 predicts short mesocrack paths in some cases (50REA_1, 50REA_2, 50REA_5). However, the method 9 indicates a tendency which probably corresponds to the first (main-) dominant mesocracks that are going 10 to develop during the deviatoric-shear loading. The second longest mesocrack path is also displayed in 11

Figure 8 (b) as the second (alternative-) dominant direction for each REA. In this way, it is easier to 12 compare the predictive capabilities of the proposed method with the mesocrack paths that develop in the 13 material under loading (derived from the numerical analysis). Additionally, the REA with 100 cells 14 (100REA_1) presents a tendency to develop a shear strain concentration in the primary direction with a 15 value of . Finally, for the more representative REAs with 250 cells, the highest value of

I 13 1 = 29.35 I d a 16
is found for 250REA_1 in the secondary direction (with a value of ), while for 250REA_2 I 10 2 = 17.70 17 it was found in the primary direction (with the value of ). I 9 1 = 13.67 18

To validate the above predictions made from the geometry of the mesostructure, the 19 development of mesocrack patterns and the evolution of homogenised shear strain of the REA under 20 deviatoric-shear loading are analysed hereafter. The homogenised shear strain of the REA, derived 21 during the biaxial compression modelling, indicates the direction tendency of the strain localisation at 22 macroscale. The evolution of the shear strains versus the imposed vertical strain is illustrated in ε 12 ε 22 23 the Figure 9. The 50REA_3, 50REA_4, 50REA_5, and 250REA_1 present a shear strain with a negative 24 value (secondary mesocrack direction), while the others present a positive value ε 12 < 0 ε 12 > 0 25 (primary mesocrack direction). The Figure 7 (b,c) shows the sign convention related to the mesocrack 26 directions in a simple shear case. Therefore, the proposed geometrical indicator for the direction of crack 27 development allows to predict the REA global shearing, as it can be seen in Figure 8 (b) and Figure 9. The results of the double-scale analysis using the 20x10 discretisation model (see Figure 10), 2 are illustrated in Figure 11. The results are presented in terms of deviatoric stress-vertical strain relations. 3 Additionally, in Figure 11, the numerical results are compared with experimental data derived from 4 triaxial compression tests performed on laboratory specimen of COx clay rock 33,46 . The comparison 5 between numerical and experimental results is important in order to validate the proposed numerical 6 approach, even if the loading conditions are not quite similar. In Figure 11, it can be seen that, the meso-7

and the double-scale responses are similar until they separate at the onset of strain localisation in the 8 double-scale computations. One can note that the incipient shear bands developing across the sample 9 initiate before the constitutive stress peak (of the mesoscale responses) and induces a strain softening of 10 the double-scale responses. 14

The numerical results are also compared with the experimental data in Table 2. The 15 experimental data consist of 3 tests; therefore, average values of these 3 experimental curves are 16 indicated in the Table 2. The initial stiffness is estimated by the Young modulus that corresponds to the 17 vertical strain equal to 0.2%. It can be seen that the stiffness is well captured by all the numerical ε 22 = 18 models with an average deviation between the numerical and experimental values to be equal to 12%. 19

Additionally, the shear strength is captured by the numerical models within 13% accuracy margin. 20

However, the modelling slightly overestimates the vertical strain that corresponds to the shear strength 21 value . These REAs were calibrated to have a resilient plastic behaviour with a small strain ε peak 22 22 softening in order to allow shear strain localisation (shear band) at macroscale (in the double-scale 23 analysis) without snapback.

24 predicted crack orientation in the mesoscale (Figure 8) using the proposed model. It has to be noted that 7 the material is initially homogenous in the macroscale mesh, without imperfection. The anisotropy of 8 the mesostructure, controlled mainly by the grain morphology, is the main factor affecting the shear 9 band inclination at macroscale. However, the solutions obtained, showing a spontaneous strain 10 localisation, should not make us forget that the uniqueness of the solutions is not guaranteed. Even if 11 material anisotropy plays a role in guiding the type of solution 43 , it cannot be excluded that other 12 localised solutions are possible 32 .

Vertical strain ε 22 = 2.25% 3 Finally, the deformation of each REA in the integration points, inside and outside the shear 4 band, is also presented in Figure 13 for the cases of the 50REA_1 and 50REA_5. Evidently, the 5 orientation of the mesocrack paths corresponds to the same orientation as the one that it is predicted 6 previously with the proposed strategy (section 5.1). 7

It should be noted that although the overall vertical strain of the sample (macroscale model) 8 reaches the value of 3.25%, the strain is not homogeneous in the sample and is concentrated inside the 9 shear band. Thus, the deformation of the corresponding REAs is (3 times) larger inside the shear band. 12 Finally, the water pressure at ε 22 =3.25% of overall vertical strain is illustrated in Figure 14 It 13 can be seen that a very small negative water pressure develops within the strain localisation zone. The purpose of this study is to examine the shear band orientation as derived from REAs with 12 opposite mesocracking orientation tendencies. The REAs present different material mechanical 13 responses in terms of stiffness, shear strength, and deformability. In this way, this study is going to 14 reveal the material mesoscale characteristic of the REA that triggers the development of one of the two 15 diagonal orientations of the shear band. The latter orientation corresponds with the respective 16 mesocracking tendency of the REA located inside the shear band. Finally, a case study between one 17 REA and its "mirror" configuration is also examined in order to use REAs with the same mechanical 18 response. In this way, the only parameter that affects the orientation of the shear band is the distribution 19 of the REAs and their opposite mesocracking tendencies and anisotropy. A schematic representation of the macroscale spatial variability of REA for the three cases is 4 illustrated in the Figure 15. It shows a (a) random, (b) horizontal, and (c) vertical distribution of the 5 50REA_1 (50% in proportion) and 50REA_5 (50% in proportion). These REAs are considered as 6 "weak" and "strong" REA respectively, for the aforementioned reasons, in this study. Furthermore, the 7 biaxial compression test of a macroscale rock sample is conducted for these models and a discretisation 8 of 40x20 finite elements is used as described in Figure 10 11

The results of the double-scale analysis of the above cases (Figure 15) are illustrated in Figure 12 16 in the form of deviatoric stress-vertical strain curves (green curve). In Figure 16, the experimental 13 results and the deviatoric stress-vertical strain curves (q,ε 22 ) derived from the double-scale analysis of 14 the biaxial compression test using only the REA_1 (blue curve) and the REA_5 (red curve) are also 15 plotted. For the first two cases Figure 16 (a,b) the green curves are similar and they are located in the 16 middle of the red and blue curves. This average behaviour (i.e. average mechanical response) is 17 explained by the fact that the model contains 50% of each REA. However, in the third case as shown in 18

Figure 16 (c), the green curve does not correspond to an average behaviour since it is close to the blue 19 curve. The latter corresponds to the model with REA_1 only (blue colour in Figure 15). The numerical results are also presented in Table 3. It can be seen that all the material response 4 curves show the same stiffness. The first two curves present the same shear strength which is near the 5 average shear strength of the double-scale models with 50REA_1 and 50REA_5 only. The strain that 6 corresponds to stress peak is close to the one with the double-scale model with 50REA_1. Finally, the 7 third case has the lowest shear strength and the material response reaches its peak stress earlier than the 8 others. 9 17, the shear band that develops for each case is illustrated in terms of 12 Von Mises' equivalent deviatoric strain . It can be seen that, in (b) and (c) cases, the shear band ε eq 13 develops firstly in the primary direction in the upper half of the model, in the zone attributed to the 14 "weak" REA. Then this shear band reflects on the top surface due to the imposed vertical displacement 15 (rigid lubricated platen) to form another part with secondary direction. In case (b), the reflected band 16

propagates in the zone attributed to the "strong" REA, while in the (c) case, the shear band is 17 concentrated only in the zone attributed to the "weak" REA. That explains the fact that the overall shear 18 strength of the sample in case (c) is close to the one with 50REA_1 only (see Figure 16 and Table 3). 19

Additionally, the most active part of the shear band (i.e. with larger equivalent deviatoric strain ε eq ) is 20

the one with the primary direction because it develops first. This direction is both the direction of the 21 shear band at macroscale and of the crack path in mesoscale of the REA_1. It is obvious that the macro 22 shear failure starts in the location of the REA_1 as it presents a lower shear strength than REA_5 which 23 is reached earlier (see Table 3 and Figure 11 (a-b)).

24

For case (a) (random distribution), the localisation process is more complex (Figure 17 (a)). 25

Well before the peak stress of the macroscopic response (ε 22 =2.25%), a dense network of parallel and 26 conjugate bands can be distinguished, showing that both primary and secondary orientations are 27 represented. As the stress peak is approached (ε 22 =2.78%), a main band emerges, which is inclined in 28 the secondary orientation and rapidly induces a softening of the macroscopic response. In this case, the 29 development of macroscale shear banding is affected by the random distribution of the REAs. The 30 difference in stiffness and shear strength between the two REAs triggers the strain localisation. The 31 Figure 17 (last column) shows that the concentration of the "weak" REA_1 (blue colour) attracts the 32 strain localisation. Therefore, having a competition between two REAs, the one that has the less strength 7

Investigation of dominant shear band orientation between different REAs

In order to thoroughly examine the shear band orientation which develops when using different 9

REAs with different characteristics and material mechanical responses, several case studies are 10 performed with the same binary distribution (blue and red REA location as in Figure 15). The Figure 18 11 illustrates the shear bands (in terms of equivalent deviatoric strains ε eq ) which develop, in a COx clay 12 rock sample under biaxial loading, using different REAs. It is interesting to see that different mechanical 13 characteristics of the REAs can lead to different shear bands with different length, shape, and orientation. 14

It is also noted that the strain localisation in the case of a random distribution is in the form of multiple 15 bands that appear before the stress peak of the sample response, and then these bands cease to be active 16 so that a single band takes over the others at the stress peak 43,47,48 . Note that a similar localisation 17 process, with early multiple localisations and then localisation on a single band at peak stress, has been 18 observed experimentally. It has been observed using full field measurements in the COx claystone under 19 some specific loading conditions 48 , as well as in a porous sandstone 47 . 3 If the REA_5 and REA_1 exchange position, a shear band with smaller length appears but in 4 the same orientation (Figure 17 (a) and Figure 18 (a)). In both cases, (Figure 17-last column and Figure 5 18), the strain localisations start to form in the location of the 50REA_1 which has a lower stiffness and 6 a lower shear strength. Therefore, when the sample response is close to reach its maximal deviatoric 7 stress and develop a softening behaviour, the strain localisations have an orientation mainly in the 8 primary direction (see Figure 17 (a) and Figure 18 (a) for a vertical strain ε 22 =2.75%). This primary 9 orientation corresponds also to the predicted cracking orientation of the 50REA_1 in the mesoscale. It 10 can be seen, that these shear localisations are surrounded by elements which are consisted by 50REA_5. 11

In the interaction between these elements and the shear localisations, the elements with 50REA_1 12 concentrates a largest amount of deviatoric strains. This is explained by the fact that the 50REA_1 has 13 a lower shear strength than the 50REA_5. Eventually, these shear strain concentrations are gathered in 14 the secondary diagonal direction. It has to be noted that, the two REAs do not present severe difference 15 in the strain that corresponds to their shear strength . This is indicated by the fact that inside the ε peak 22 16

shear band there are both elements with REA_1 and REA_5 (see Figure 18 (a)-last column). 17

For the second case study, the REA_3 has a larger stiffness and shear strength than the REA_1 18 (Figure 18 (b,c)). Furthermore, the REA_1 reaches its shear strength significantly earlier than the 19 REA_3 (see Figure 11). Therefore, every domain with elements of REA_1 is more vulnerable and 20 accumulates more deviatoric strain. It is obvious that the strain localisations are mainly in the primary 21 diagonal direction, as it is predicted by the mesoscale behaviour of REA_1 (see Figure 18 (b,c)). Due to elements with 50REA_1 are gathered without many elements with REA_3 (see Figure 18 (b,c)-last 3 column ). The difference between this case study with the previous (between 50REA_1 and 50REA_5) 4 is that the 50REA_1 reaches its shear strength (and then its post peak softening behaviour) significantly 5 earlier than the 50REA_3. Thus, the elements with 50REA_1 trigger the shear band development. 6

Finally, the last couple of REAs, REA_1 and REA_4 (Figure 18 (d,e)), presents a similar shape 7 and orientation of shear bands as for the case study of REA_1 and REA_5. This means that the predicted 8 mesocrack orientation of the REA_4 prevails. However, in this case the strain localisations start to 9 appear mainly in the secondary diagonal orientation. The REA_4 is weaker than the REA_1 in terms of 10 shear strength and it reaches it under less deformation than the REA_1 (see Figure 11). This leads to a 11 shear band development in the secondary direction. Furthermore, the strain localisations start at both 12 lateral sample faces (right and left) in some areas where elements with REA_4 gather. Then these strain 13 localisations connect in a shear band, following the secondary diagonal direction (see Figure 18 (d,e)-14 last column). 

22

As expected, the two REAs present the same mesocrack paths but with opposite orientations. 23

In fact, both REAs present the same damage state by decohesion (black zones) and the same deviatoric 24 stress-vertical strain response. The Figure 20, shows the shear band development in rock samples under 25 biaxial loading (i.e. the evolution of the equivalent deviatoric strain ε eq ) using REA_1 and "mirror" 26 REA_1.

Vertical strain 

ε 22 = 3% ε 22 = 3.12% ε 22 = 3.5% ε 22 = 3.75% ε 22 = 3.76% ( 

3

In the first case study (random REA distribution, Figure 20 (a)), it can be seen that when the 4 vertical strain is 3%, the deviatoric strains are concentrated in the secondary direction. However, when 5 vertical strain is equal to 3.12%, it can be seen that the largest deviatoric strains are gathered in the top 6 of the model, in the area where mainly 50REA_1 is concentrated. From this concentration, it can be 7 assumed that the shear band develops in the primary direction firstly and then it reflects on the top 8 sample face in the secondary direction. It has to be noted that the shear band in the primary direction 9 includes mainly 50REA_1 (blue colour in Figure 20 (a)), while in the secondary direction there are 10 mainly 50REA_1_mirror (red colour in Figure 20 (a)). Note that in this case of random distribution, 11 there is no preliminary localisation before stress peak, due to the exact equality of the strength between 12 the two REA. 13

In the second and third cases (horizontal and vertical REA distributions, Figure 20 19

Mesoscale effects on excavation damaged zone modelling 20

The large-scale fractures that are developed around underground structures, induced by their 21 excavation, are modelled in this section. The large-scale shear fracture process in the EDZ is numerically 22 represented by strain localisation in shear bands 49 . The double-scale approach is used to simulate the 23 boundary value problem representing the gallery excavation in two-dimensional plane strain conditions. 24

In this section, to investigate the effect of the REA on the excavation damage zone (EDZ) development, 25 several REAs are tested, which correspond to different shear band orientations in the biaxial 26 compression test. Two preliminary remarks must be made. Firstly, the loading paths that will be 27 followed in the vicinity of the gallery wall are far from the biaxial compression type loading conditions 28 discussed earlier. As the mode of mesofissure coalescence is dependent on the type of loading, the 29 damage patterns at the mesoscopic scale will be very different from what has been shown above. 30 Therefore, the notion of primary or secondary damage orientation, which was presented on a biaxial 31 compression path, is not as relevant here. However, for reasons of consistency with the presentation of 32 the previous paragraph, we continue to retain this distinction which refers to different anisotropies of 33 the mesostructure. Moreover, a limitation of the model in its current version is that it can only increase 34 the pore volume occupied by the pore fluid. As a consequence, decreases in pore pressure in the 35 deforming zones, in particular within the localisation bands, are to be expected and probably The mesh extension is 50 m, both horizontally and vertically and the discretisation is performed with a 16 total of 9801 nodes and 2480 elements. The initial stresses and pore water pressure are imposed at the 17 mesh external boundary (drained boundary) and the mesh has a more refined discretisation close to the 18 gallery. To establish the symmetry, the normal displacements and the normal water flows are blocked 19 to a value of zero along the symmetry axes, which are therefore impervious. Furthermore, an additional 20 kinematic condition is also implemented to establish symmetry in the model considering the gradient 21 terms in the equilibrium equations 50 . Therefore, the radial displacement must be symmetric on both 22 sides of the symmetry axes, which implies that the normal derivative of the radial displacement is null 23 on the symmetry axes. For this numerical analysis, the value of D = 5000 N is chosen (see 3.1 for 24 definition of D). It has to be pointed out that the investigation that is described below, studies the 25 mechanical behaviour of the COx material during the excavation. 1 For this gallery modelling, the 50REA_1 is used with the same material parameters (see Table 2 1) that are used in the previous chapters. The evolution of the Von Mises equivalent deviatoric strain ε eq 3 field until the end of the excavation is illustrated in Figure 22. The stress reduction at gallery wall, from 4 the initial stresses σ x/y , 0 , is defined by σ x/y,wall = (1 -λ) σ x/y,0 with the deconfinement rate λ which evolves 5 from 0 to 1, following a deconfining curve. At the first unloading stages during the excavation, quasi 6 axisymmetric diffuse strains develop around the gallery. However, close to the end of the excavation, 7 shear bands (representing the shear and mixed fractures) appear with a preferential development in the 8 sub-vertical direction. The latter corresponds to the direction of the minor principal stress σ v in the 9 gallery section. It is obvious that the stress anisotropy in the gallery section dictates the preferential 10 development of the EDZ above the gallery (see Figure 21 5 It can also be observed that, compared to the deviatoric strain localisation presented in Figure 6 23, in this case (see Figure 25) no strain localisation develops towards the side of the gallery (area 4-7 yellow colour and area 5-grey colour in Figure 21 (d)). The mesostructures in this area (see Figure 23) 8 present a clear diagonal cracking similar to the one in the biaxial compression test. Therefore, it can be 9 assumed that, the shear band in this area in the present case (see Figure 25), is deactivated by selecting 10 an REA with the tendency to develop a crack path in the secondary direction. 11

Replacing a mesostructure with another mesostructure, close to each other but with different 12 mesofissure coalescence patterns, induces both similarities and differences in the localisation pattern. In 13 both cases, the dominant main band is quite similar and initiates at approximately the same time, location 14 and orientation. In contrast, other smaller bands may or may not initiate in a dissimilar manner in the 15 gallery wall. In order to investigate the interaction between these two REAs and their effects on shear banding 25 development, they are both used in the same analysis with a random distribution. According to the Table 26 2, the 50REA_4 has a Young modulus 12% larger than the 50REA_1, a shear strength q max 10% lower 27 than the one of 50REA_1, and it reaches its peak deviatoric stress with a vertical strain 33% lower ε peak 22 28 than for the 50REA_1 in the biaxial compression test. The random distribution of the two REAs is 29 illustrated in Figure 26. 3

The evolution of the Von Mises equivalent deviatoric strain ε eq until the end of the excavation 4 is illustrated in Figure 27. Similar to the previous gallery modelling, it can be seen that in the first 5 unloading stages, a quite axisymmetric distribution of the shear deviatoric strains is visible around the 6 gallery. However, it is evident that, due to the difference of stiffness of these two REAs, the deviatoric 7 strain contours present significant fluctuations. Additionally, close to the end of the excavation, the 8 deviatoric strains are gathered in three small areas near the top of the gallery and shear bands develop. Finally, the developed water pressure at different stages during and after the excavation, is 5 illustrated in Figure 32. It can be seen that, at the end of the excavation, there is a small zone above the 6 gallery wall that presents negative water pressure, reaching p w = -0.1 MPa. This zone corresponds to an 7 area where macro strain localisation develops and where the REAs present mixed and severe fracture 8 modes (see Figure 31). This leads to a dilatant behaviour of the material and pore pressure decrease. In 9 fact, the mesostructure deformation is due to relative displacements of the minerals (numerical cells), 10 which can cause an increase of the voids (cracks) in the microstructure (REA). However, this negative 11 overpressure decreases after the excavation, due to drainage at gallery wall, and finally fully dissipate. 12 Additionally, the water pressure decreases in the rock further away from the gallery wall as drainage 13 occurs in the long term, after the excavation. Further investigations of the hydromechanical coupling 14 effects should be addressed in future studies. This should also include the evolution of the hydraulic 15 permeability of the rock due to its dilatant behaviour at mesoscale, during the gallery excavation. 3

Conclusions

This study demonstrates the ability to reproduce the development of the EDZ induced during 5 gallery excavation, using a double-scale hydro-mechanical (HM) modelling by computational 6 homogeneisation (FE 2 ), by considering explicitly the heterogeneity at the mesoscale based on the 7 morphology of REAs and mesostructural behaviour. A strategy is proposed in order to predict a clay 8 rock macroscale behaviour and failure by strain localisation. The rock macroscale behaviour 9 (constitutive response) results from the homogenised response of a deformed REA (BVP) that mimic 10 the mesostructure of the material. It is found out that the geometry of REAs, which controls the quantity 11 and the orientation of possible mesocrack (grain debonding or intra-phase cracking), favours some 12 specific coalescence patterns. These preferential cracking paths, identified as primary or secondary 13 inclined orientation, control the induced anisotropy of the REA response after crack coalescence. The 14 latter controls the macroscale constitutive response, especially in highly deformed zones, and influences 15 the possible orientation of the deformation band at macroscale. 16

The proposed strategy is tested for several mesostructures, having different characteristic sizes 17 (with L EA =50, 70, and 100 μm, i.e. 50, 100, and 250 numerical cells in REAs). Firstly, the REAs 18 behaviour under shearing are studied at mesoscale following a biaxial compression loading. It is 19 concluded that the coalesced mesocrack paths can be well anticipated from a purely geometrical analysis are studied under a biaxial compression using previously studied REAs. The comparison shows that the 3 orientation of the developed deformation band is well in adequation with preferential mesocrack path 4 for each case. It has to be highlighted that the anisotropy of the mesostructure, derived mainly by the 5 grain morphology, is the main factor affecting the shear band left or right inclination at macroscale, at 6 least for this homogeneous macroscale BVP. 7

Furthermore, an intermediate heterogeneity between the mesoscale and macroscscale is studied. 8

It consists in introducing a non-homogeneous distribution of several REAs at each Gauss point of the 9 macroscopic problem. This approach tends to take into account a dispersion of characteristics observed 10 in natural materials. By such a way, a competition study is discussed in order to examine the mesoscale 11 parameters that lead to the development of different shear band orientations, following the preferential 12 mesocracks coalescence tendency of the REAs. It is found out that, the difference in stiffness of each 13 REA triggers the development of shear strain localisations. Two localisation stages appear: the first well 14 before the stress peak in a multiple band pattern, the last around the stress peak, with essentially one or 15 a few dominant bands. This is similar to recent experimental observations based on in situ full field 16 measurements on a clay rock and a porous rock. Therefore, the weaker REAs in terms of stiffness and 17 shear strength attract significant strain localisations. However, if one REA reaches shear failure under a 18 lower strain than others, then it also reaches its strain softening post-peak behaviour earlier. This leads 19 to strain localisations in areas occupied by cluster of weaker REA. Additionally, similar competition 20 studies are conducted using one REA and its symmetrical mirror REA. This way, the two REAs present 21 the exact same stress-strain behaviour but they have an opposite mesocrack path orientation (reverse 22 anisotropy). It can be seen that these analyses develop shear bands in macroscale rock samples with an 23 orientation which is affected by the mesocrack tendency of the REAs. Additionally, the study presents 24 the water pressure evolution in the strain localisation zone, during the modelling of the biaxial 25 compression laboratory test. The hydraulic permeability increase is also shown in mesostructures 26 undergoing mesocracking. 27

Finally, a gallery excavation is modelled to study the development of the excavation damage 28 zone (EDZ) and the relation between macro and meso deformations. Various REAs are examined in 29 order to test the ability of the double-scale approach to capture the EDZ around galleries by strain 30 localisation. Furthermore, it is derived from this investigation that the use of different REAs (random 31 distribution) with different stiffnesses and shear strengths can trigger the development of strain 32 localisations, especially in areas where the weaker REAs in terms of shear strength are located. In 33 addition, the developed EDZ near the top of the gallery includes REAs with mixed-mode fractures 34 (opening and shear fracture modes) which agrees with the fractures observed in the EDZ around galleries 35 of the Andra URL 6,46 . It can be observed that the EDZ is reasonably reproduced compared to the 36 experimental evidence derived by measurements of fractures around deep galleries in COx clay rock. In 37 particular, the use of several REAs with different mesostructural behaviours and morphologies, which 38 could improve the representativeness of the COx clay rock behaviour, triggers the development of shear 39 bands. These shear bands develop preferentially in the direction of the minor principal stress in the 40 gallery section, as observed in situ around galleries 6,46 . Finally, the evolution of water pressure and of 41 permeability in several REAs inside the shear bands are presented. The results indicate that the 42 mesoscale volumetric behaviour of the material is affecting its hydraulic properties. 43

The presented modelling approach enlightens the possibility of using computational double-44 scale modelling for engineering applications, while considering mechanical and morphological 45 information of the geomaterial mesostructure. The approach also investigates the role of an intermediate 46 heterogeneity between macro and mesoscale on the failure pattern by strain localisation. Furthermore, a 47 deeper study on the occurrence and significance of hydro-mechanical coupling phenomena should be 48 considered in a future work as well as a more realistic consideration of heterogeneities at the 49 intermediary scale. 
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 2 Figure 2. Linear damage constitutive models for interface cohesion for: (a) tangential and (b) normal directions
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 4 Figure 4. Schematic representation of a representative mesostructure (REA) with its components in its (a)
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 5 Figure 5. Numerical model of a plane-strain biaxial compression performed on a mesostructure: (a) isotropic
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 6 Figure 6. Mesocrack patterns in REAs, having reached shear failure, with the same cell distribution but with
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 7 Figure 7. Mesocrack prediction: (a) presentation of the algorithm, (b,c) schematic representation of two possible

Figure 8 .

 8 Figure 8. Mesocracking prediction: (a) structure of selected REAs used for validation, (b) possible mesocrack
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  The schematic representation of the possible mesocrack paths with the corresponding prediction 2 indicators are shown in the Figure 8 (b). For the 50REA_1 and 50REA_2, the largest value of the is I d a 3 found for a=3[45°-67.5°], d=1 (see Figure 7 (d,e)), and a=1[0°-22.5°], d=13, respectively, in the primary 4 direction. The values of the prediction indicators are calculated as (50REA_1) and I 1 3 = 48.19
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Figure 9 .

 9 Figure 9. Homogenised shear strain of several REAs under deviatoric-biaxial loading. 𝜀 1229The crack patterns of the REAs that are derived from the biaxial compression test, can be seen 30 in Figure8 (c). As concerned the 50cell-REAs, the dominant crack paths are well predicted for the 31 50REA_1, 50REA_4, and 50REA_5 counting both "main" and "alternative" crack paths (see Figure832 (b)). Furthermore, it can be seen that for the case of the 100REA_1 and 250REA_1 the main diagonal 33 cracks are captured by the "alternative" crack path. As concerned the 250REA_2, the possible crack 34 path (shown in the Figure8 (b)) is close to the one (the shortest one) of the two main cracks derived 35 from the biaxial analysis. It can be observed that, in many cases, the crack paths change orientation

Figure 11 .

 11 Figure 11. Comparison of the meso-and double-scale material responses (200 element mesh) under biaxial

Figure 12 .

 12 Figure 12. Evolution of equivalent deviatoric strain fields during the biaxial compression test through the

Figure 13 .

 13 Figure 13. Equivalent deviatoric strain fields and deformed configuration of the REAs, inside and outside the

  values of the major (maximum) homogenised hydraulic permeability k max of different 2 REAs are indicated in Figure14. These permeabilities evolve due to deformation and crack 3 developments, as the interfaces between minerals open. The initial permeability of the undeformed 4 material (by defining a minimum hydraulic interface opening) in this study is 1.0e -17 m 2 . It can be seen 5 that, the value of the major liquid water permeability has a greater value in the center of the specimen, 6 about twice as large, where the REAs are damaged and cracked in the shear band.

Figure 14 .

 14 Figure 14. Water pressure and deformed configuration of the REAs, inside and outside the shear band, for two
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Figure 15 .

 15 Figure 15. Dominant shear band orientation for 50REA_1 and 50REA_5 mesostructures (equally in proportion)

Figure 16 .

 16 Figure 16. Macro-(double) scale material response under biaxial compression with: (a) random, (b) horizontal,
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Figure 17 .

 17 Figure 17. Evolution of equivalent deviatoric strain fields during the biaxial compression test through the

Figure 18 .

 18 Figure 18. Evolution of equivalent deviatoric strain fields during the biaxial compression test for several

  of the two REAs, these shear bands develop in the areas where clearest paths of 2

Figure 19 .

 19 Figure 19. Structure of the 50REA_1 and mirror 50REA_1 as well as their deformed and damaged states.

Figure 20 .

 20 Figure 20. Evolution of equivalent deviatoric strain fields during the biaxial compression test for the case

  (b,c)), it is 14 clear that the shear bands are formed according to the REA distribution and they have the orientation 15 following the mesocrack path tendency of each REA. For the second case (Figure 20 (b)), the shear 16 bands reflect on the top and the lateral sample faces, creating shear bands in both orientations around 17 the central (vertical) axis of symmetry. As concerned the third case (Figure 20 (c)), it is evident that the 18 shear band orientations agree with the mesocracking tendencies.

Figure 21 .

 21 Figure 21. Schematic representation of the gallery excavation model: (a) mesh and boundary conditions, (b)
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 2 Effect of mesostructure with primary crack path orientation

Figure 22 .Figure 23 .

 2223 Figure 22. Evolution of strain localisation pattern during the gallery excavation using the 50REA_1
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 32425 Figure24. Evolution of strain localisation pattern during the gallery excavation using the 50REA_4

Figure 26 .

 26 Figure 26. Case study for the 50REA_1 and 50REA_4 mesostructures with random distribution (equally in

Figure 27 .Figure 28 .

 2728 Figure 27. Evolution of strain localisation pattern during the gallery excavation using the 50REA_1 and 50REA_4

  investigate further the effect of different damage mechanisms in the mesoscale (of 5 the REA) on the shear band development, four REAs are selected: REA_1, REA_2, REA_4, and 6 REA_5. The random distribution of the 4 REAs are illustrated in Figure 29.
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Figure 29 .Figure 30 .Figure 31 .

 293031 Figure 29. Gallery excavation by using the 50REA_1, 50REA_2, 50REA_4, and 50REA_5 mesostructures with
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Figure 32 .

 32 Figure32. Evolution of water pressure during and after the gallery excavation using the 50REA_1, 50REA_2,

  Then, the shear strength and failure by strain localisation of macroscale digital rock samples 2

  These REAs are 40 mechanically solicited to capture the clay rock shear behaviour under deviatoric loading (biaxial 41 compression) in mesoscale and double-scale analysis. Finally, these REAs are also used to model the 42 EDZ that develops in the clay rock around underground galleries. The effect of the different failure 43 mechanisms around the gallery and its connection to the failure of the REA is examined. a potential host rock for the repository of nuclear waste, thanks to its low permeability and 2 retaining capabilities of radionuclides. The rock damage induced by the underground excavation process 3 can affect the safety of underground repository facilities. Andra developed an Undergroung Research 4 Laboratory (URL) at approximately 490 m below ground surface which corresponds to the median depth 5 of the COx formation 2 . 6
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	44	various studies with different REAs which produce different failure mechanisms (at meso-and macro-
	45	scales) are presented. It has to be noted that the presented study focuses on the mechanical behaviour of
	46	clay rock material.
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2. Callovo-Oxfordian clay rock

48

The current study intends to numerically reproduce the behaviour of the Callovo-Oxfordian clay 49 rock (COx). This rock is considered by Andra (the French national radioactive waste management

  . The above experimental evidence shows that potential decohesion 20 mechanisms can develop around mineral inclusions and micro-cracks within the clay matrix.
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	33 34 35	Obviously, such double-scale numerical methods require model validation, intensive scientific computing, and high-performance parallelisation of computation code. O n Various multiscale methods (e.g. with FEM or finite volume methods) have been developed to l
	36 37	accurately describe solid behaviour and fluid transports (e.g. composite materials, subsurface flow in heterogeneous porous media, etc.) 26 . Other multiscale FEM studies focus on the heterogeneous medium, y
	38	permeability variation, structures with random porosity structures or internal crack, studies include
	39	simulation problems in fractured porous media, of transport problems. An exhaustive literature review
	40	about the above topics is presented in Zhang et al. 27 . For other (civil) engineering applications, the
	41	mechanical behaviour of advanced composite materials 28,29 and multi-layered anisotropic structures 30
	42	has also been modelled though multiscale approaches. Specifically, for geomaterials, macroscale FEM
	43	are often combined with discrete or finite element methods (respectively, DEM or FEM) at smaller
	44	scale, depending on the structure at small scale. Thus, FEMxDEM and FEMxFEM (or FE²) methods are
	45	often used for rocks and soils 7,15,25 .
	49	3.1. Macroscale model

21

3. Double-scale model 22 Among the computational homogenisation approaches, finite element methods (FEM) are often 23 used at larger scale combined with various numerical approaches at smaller scale

12,15,[23][START_REF] Pardoen | Heterogeneity and Variability 25 of Clay Rock Microstructure in a Hydro-Mechanical Double Scale FEM × FEM Analysis[END_REF][25] 

. From a 24 constitutive point of view, multiscale methods allow a scale transition (based on the notion of scale 25 separation) for which the homogenised small-scale response (e.g. mesoscopic) serves as an implicit 26 constitutive law at larger scale (e.g. macroscopic by computational homogenisation). Numerical 27 mesostructural models (usually periodic) generally require the definition of a Representative Volume 28 Element (RVE) and its boundary conditions to define the behaviour of the mesostructure. At micro-and 29 meso-scopic scales in geomaterials, RVEs represent solid constituent assemblages and include their 30 micromechanical properties. Multiphysical couplings (e.g. hydromechanical) can be considered at the 31 small scale, then the introduced relative complexity can induce a richness of the macroscopic behaviour 32 which is difficult to be obtained by phenomenological laws (anisotropy, cyclic behaviour, etc.). 46

In the next sections, a brief description of the FE 2 method which is used to model accurately the 47 heterogeneous COx clay rock by describing several types of minerals with different sizes, shapes, 48 orientations, and mineral-contact decohesion mechanisms, is presented.

  . Additionally, this
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	14	kinematic restriction is introduced through a field of Lagrange multipliers	related to a weak form of

ij  15

constraint 36 in order to make the displacement field of the second gradient model a continuously 16 differentiable function. Therefore, the field equations of the numerical coupled problem for every 17 kinematically admissible virtual displacement field and pore water pressure field are:

Table 1 .

 1 Microscale mechanical parameters 16 .

	Minerals		E (GPa)	v (-)	%
	Tectosilicates (quartz)		95		0.074	18
	Carbonates (calcite)		84		0.317	30
	Heavy minerals (pyrite)		305		0.154	2
	Clay matrix		2.3		0.110	50
			/ c t n	/ t n D	max t c	max n c
	Interfaces	(-)	(-)	(MPa)	(MPa)
		0.1	0.001	2.5	1.0
	30				
	31				

7,16 

. 29

Prediction of shear failure from meso-to macro-scales 2

  The shear failure of the Callovo-Oxfordian clay rock across scales is modelled hereafter. It is 3 predicted from mesocracking, within the clay matrix and between mineral inclusions, to larger-scale 4 fractures, as those observed on laboratory rock samples (pluricentimetric scale) and around underground 5 excavations (plurimetric scale). In order to illustrate how the anisotropy resulting from the morphology 6 of a REA can influence the macroscopic behaviour and more particularly the localisation of the 7 macroscopic deformation, a mesocrack-prediction strategy (based on the REA geometry) is proposed 8 for rock mesostructures subjected to deviatoric biaxial compression. Then, the effects of mesocracking 9 on macro-shear banding development are analysed on larger laboratory samples. The shear fracture 10 process that develops at macroscale is numerically represented by strain localisation in shear bands 11 (continuous approaches)(Pardoen et al. 43 ). Fracturing around underground gallery is studied in section

	12	6.
	13	5.1. Mesoscale geometrical analysis
	14	5.1.1.Biaxial compression
		(a)	(b)
	26	

15

The numerical model of the biaxial compression test of the REA under 2D plane-strain state is 16 defined in Figure

5

. The vertical displacement of the bottom corners of the REA is blocked and the 17 displacement of a corner node is blocked in both directions to avoid rigid body displacement. The biaxial 18 compression is performed by applying firstly an isotropic confining pressure σ 11 on the external 19 boundary Γ of the REA, then a deviatoric phase by increasing progressively the vertical strain ε 22 on the 20 top surface of the REA. This leads to an increase of deviatoric load q. For the considered triaxial loading 21 test, the deviatoric loading is equal to the differential one: q=σ 22 -σ 11 . Concerning the hydraulic 22 conditions, the clay rock is considered in a water saturated state without considering pore water over-23 pressures (globally drained condition with constant p w on the REA external boundary Γ). Results in 24 terms of (q-ε 22 ) homogenised REA response curve and meso-cracking developments are available in 25 Pardoen et al.

16 

.

Table 2 .

 2 Double-scale stiffness and shear strength of selected REAs with comparison to experimental data.

	Experimental (Avg.)	E 0.2% (MPa) 4080.70	q max (MPa) 34.71	(%) 2.11 ε peak 22	Deviation of E (%)	Deviation of q (%)	Deviation of ε 22 peak (%)
	50REA_1	3837.06	34.93	2.75	-6.0	0.6	30.3
	50REA_2	4621.49	27.71	2.50	13.3	-20.2	18.5
	50REA_3	4937.01	39.56	3.25	21.0	14.0	54.0
	50REA_4	4300.78	31.41	1.84	5.4	-9.5	-12.8
	50REA_5	4240.10	41.18	2.81	3.9	18.6	33.2
	100REA_1	4717.36	38.03	2.63	15.6	9.6	24.6
	250REA_1	5179.61	39.27	3.00	26.9	13.1	42.2
	250REA_2	4483.12	37.60	3.25	9.9	8.3	54.0
	25						

Table 3

 3 

	10	distributions of 50REA_1 and 50REA_5 mesostructures.
		50REA_1 & 50REA_5 E 0.2% (MPa) q max (MPa)	ε peak 22	(%)
		(a) Random distr.	4037.01	37.66	2.72
		(b) Hor. distr.	4037.26	37.6	2.74
		(c) Ver. distr.	4026.92	34.14	2.13
	11	Furthermore, in Figure	

. Macro-(double) scale stiffness and shear strength for: (a) random, (b) horizontal, and (c) vertical

Random macro-variability of different mesostructures for the gallery excavation

  

	16 6.4. 17	In this subsection, different REAs with different mechanical behaviour characteristics (e.g.
	18	shear strength, stiffness) and mesocracking tendencies are randomly distributed in the rock around the
	19	gallery. In this way, the characteristics that trigger the development of the shear bands that form the
	20	EDZ around the gallery can be examined. Additionally, the random spread of different REAs increases
	21	the representativeness of the COx claystone behaviour by taking into account a heterogeneity of the
	22	natural material at the macroscale, which would increase the accuracy of the double scale method.
	23		6.4.1.

Case study of 2 REAs 24
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