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Abstract 

Clay formations are one of the options currently being considered for the storage of radioactive wastes 
worldwide. In France, the National Radioactive Waste Management Agency (Andra) operates the 
Meuse/Haute-Marne Underground Research Laboratory in the Callovo-Oxfordian (COx) clay formation 
to assess the feasibility and safety of an industrial radioactive waste repository. A good level of 
understanding of the thermo-hydro-mechanical behaviour of the host rock is paramount for the safety 
assessment. 
A new anisotropic elastoplastic, damage and viscoplastic model is proposed to describe the 
hydromechanical behaviour of the COx claystone based on a large dataset of experimental evidence. The 
model is based on the Hoek and Brown criterion and considers recent findings of the COx 
hydromechanical behaviour. The key mechanisms considered are: plastic strain hardening prior to 
reaching the peak strength, a post-peak behaviour characterized by strain softening in the frame of 
continuum damage mechanics, and a residual stage represented by a perfectly plastic behaviour. Time-
dependent deformations are also included based on a creep model, which in this work is coupled with 
damage. The proposed model was implemented with a regularisation scheme based on the non-local 
implicit gradient in Comsol Multiphysics® with the purpose of performing THM modelling (1D, 2D and 
3D) in the framework of the Cigéo project. The numerical implementation is first validated based on 
several simulations of creep tests at different deviatoric stress and triaxial compression tests at different 

confining pressure and angle between the loading direction and the bedding, . Then, the GCS drift 
hydromechanical behaviour is simulated considering transverse isotropic conditions. It is shown that the 
model is capable of reproducing the measured peak of pore pressure in sensors near the GCS wall as well 
as the drift convergence. Importantly, the predicted extent of damaged zones around the drift is 
consistent with the in situ observations. The impact of damage on the time-dependent behaviour and 
the permeability was investigated numerically. It was found that the magnitude and anisotropy of drift 
convergence and the pore pressure drop are sensitive to this coupling and the best agreement was 
obtained when this effect was taken into account. Finally, the performance of the regularisation scheme 
is demonstrated with a set of simulations of the drift with different mesh refinement. It is concluded that 
the proposed model captures the key features of the hydromechanical behaviour of the COx claystone.  
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Highlights   

• An advanced constitutive model that takes into account the recent findings on the key mechanisms of 

deformation and failure of COx claystone is proposed. 

• Strain hardening/softening, Anisotropic elasticity and plasticity, Damage described in the framework 

of CDM and Time-dependent behaviour of COx claystone are considered. 

• The effect of damage and shear fracturation on the transport and viscous properties are also 

addressed in the model. 

• The model with a regularisation scheme is implemented in Comsol Multiphysics®, which allows several 

physics to be considered, then to perform 1D, 2D and 3D THMC modellings. 

• The operational nature of the proposed model is successfully evidenced on the GCS drift of M-HM 

URL for which the in situ observations are the most challenging to reproduce. 

 

Keywords 

Constitutive model; anisotropy; elastoplasticity; damage; viscoplasticity; permeability changes; 

regularisation 

 

1. Introduction 

Within the perspective of deep geological radioactive waste disposal, the French National Radioactive 

Waste Management Agency (Andra) is conducting a research program that includes in situ experiments 

at the Meuse/Haute-Marne Underground Research Laboratory (MHM URL). The objectives of this URL 

are firstly to demonstrate the feasibility of constructing and operating a high-level and intermediate-

level long-lived waste disposal facility, secondly to assess the safety of an industrial radioactive waste 

repository (Cigéo), and finally to optimize different components of Cigéo. A thorough scientific research 

program, including specific in situ experiments and laboratory tests, has been undertaken since 2000 to 

characterize and to understand the thermo-hydro-mechanical (THM) behaviour of the Callovo 

Oxfordian (COx) claystone (Armand et al. 2013, 2015, 2017a, b). In parallel, theoretical analyses, 

constitutive models and numerical modelling have been developed to describe the key THM processes 

expected to occur under repository conditions and various time scales (Seyedi et al. 2017, Pardoen and 

Collin 2017, Manica et al. 2021, etc.).  

More specifically, understanding of the excavation-induced fractures zone (EFZ) around the galleries is 

crucial in the context of deep geological disposal of nuclear waste, as fractures can potentially act as 

migration pathways for radionuclides. Thus, part of the in situ investigations was devoted to their 

characterization around the drifts of the MHM URL, which has been essentially excavated following the 

two main directions of major (H) and minor (h) horizontal stresses (Armand et al. 2014). It has been 
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shown that excavation at the main level of the MHM URL (-490 m) induces an EFZ around the drifts, 

which according to Armand et al. (2014) can be divided into two sub-domains. A connected fracture 

zone (CFZ) where both extensional and shear fractures co-exist, with an extension of about 0.4xD from 

the drift wall (D is the drift diameter) in the direction of the initial minor principal stress of the drift 

section. A more extended discrete fractured zone (DFZ) between the CFZ and the intact rock with only 

shear fractures, is additionally formed. The average extension of the DFZ is about 0.8xD from drift wall 

in the direction of the initial minor principal stress. In the direction of major principal stress of the drift 

section, very limited or no CFZ has been reported, and the maximum DFZ extent is 0.5xD. The CFZ is 

characterized by a high fracture density that significantly affects permeability (e.g., Tsang et al. 2005). 

An increase of up to 3 to 4 orders of magnitude compared to the intrinsic permeability of the intact rock 

has been reported in the CFZ, mainly attributed to the hydraulic transmissivity of the induced fractures 

(de la Vaissière et al 2015). In turn, the increase in permeability in the DFZ remains moderate. 

Permeability measurements during triaxial compression tests show only slight changes during the elastic 

and the plastic hardening stages and a drastic increase in the post-peak stage. The latter is attributed to 

the development of cracks and shear bands. Anisotropies of CFZ and DFZ extents have been observed 

systematically around all the galleries of the main level: whether they are parallel to h, as in the GED 

drift (which is expected because of the high initial stress anisotropy in its section) or parallel to H, such 

as the GCS drift while the initial stress state is almost isotropic in the drift section. Consequently, 

anisotropies in drift convergence and pore pressure distribution have also been evidenced by field 

measurements (Armand et al. 2013, 2015, 2017a, b; Seyedi et al. 2017; Vu et al. 2020).  

Due to the isotropic in situ stress state in the GCS drift section, the observed large anisotropies of DFZ 

and CFZ extension, convergences and pore pressure distributions around this drift are the most 

challenging to reproduce (Vu et al. 2020, Manica et al. 2021). Some of the in situ observations and 

measurements around the GCS drift parallel to H are illustrated in Figure 1 which we will address later 

(at the main level, H ~ 16.2 MPa, h ~ 12.4 MPa, and v ~ 12.7 MPa, Wileveau et al. 2007).  

Since 2000, numerous campaigns of laboratory tests have been undertaken to characterize and 

understand the mechanical, hydromechanical and THM behaviour of the COx claystone. Based on these 

experimental results as well as on in situ evidences, several constitutive models have been developed 

for the COx claystone under saturated and unsaturated conditions. These are mainly phenomenological 

elastoplastic, elastoviscoplastic, viscoplastic and damage models (Hoxha et al. 2007, Bian et al. 2017, 

Cuvilliez et al. 2017, Souley et al. 2017, Trivellato et al. 2019), coupled elastoplastic and damage models 

(Chiarelli et al. 2003, Conil et al. 2004, Jia et al. 2009), anisotropic elastic or elastoplastic and viscoplastic 

models (Manica et al. 2017, 2021; Pardoen and Collin 2017, Yu et al. 2021) and anisotropic elastoplastic 

taking into account planes of weakness (Souley et al. 2022). Other types of models based on 
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micromechanics (Yanqiu and Shao 2013) or discrete elements (Yao et al. 2017, Dinç and Scholtes 2018) 

have also been applied to COx claystone.  

Strain localization in geomaterials has been extensively investigated experimentally (Desrues and 

Viggiani 2004), theoretically (Sulem 2010) and numerically (Sabet and de Borst 2019). It is well known 

that modelling of geomaterials exhibiting a strain-softening behaviour with continuous approaches 

leads to numerical solutions heavily dependent on the size of the mesh elements and sometimes to 

numerical instabilities. The post-peak regime is usually characterized by strain localization bands which 

thickness has been shown to depend on the mesh size (Pietruczack and Mroz 1981, de Borst and 

Mühlhaus 1992, Wu and Wang 2010, Sabet and de Borst 2019). This instability is due to the ill-posed 

mathematical problem that leads to convergence towards not physically sound solutions, and thus to a 

loss of uniqueness of the solution, i.e., ellipticity or hyperbolicity loss of the governing differential 

equations (Pietruczack and Mroz 1981, Aifantis, 1984, Read and Hegemier 1984, de Borst et al. 1993, 

Peerlings et al. 1996a,b, Valanis and Peters 1996, Lu et al. 2009; Summersgill et al. 2017, Sabet and De 

Borst 2019). One way to remedy this is to use regularisation methods. Regularisation methods are 

solved simultaneously with the constitutive law and incorporate a characteristic length that depends on 

the material (Patzák and Jirásek 2004) to prevent localization of strain into an arbitrarily small volume 

(Jirásek 2007). These models are typically non-local, in the sense that the value of the regularised 

variable at a given point depends on the values in a neighbouring region defined by the characteristic 

length. Regularisation techniques can be broadly divided into non-local integral models (Peerlings et al. 

1996a, Bazant et al. 1984, Pijaudier-Cabot and Bazant 1987, Bazant and Jirasek 2002, Summersgill et al. 

2017, Lu et al. 2009 or Mánica et al. 2018) and differential or gradient-enhanced models (Aifantis 1984; 

de Borst and Mühlhaus 1992; Peerlings et al. 1996b, Miehe et al. 2013). The latter can be implemented 

in either the explicit or implicit forms (Peerlings et al. 1996, Askes and Sluys 2002, Simone 2007). The 

phase field method is another approach to model strain localization and has proved particularly well 

suited to study localization and coalescence of cracks in brittle materials (Zhou et al. 2018, 2019; Yu et 

al. 2021).  

Similar to other quasi-brittle geomaterials, the mechanical behaviour of COx claystone is characterized 

by the initiation, growth and coalescence of microcracks and/or the formation of shear bands in the 

post-peak regime (Bésuelle and Lanata 2014; Desbois et al. 2017; Zhang 2016, Zhang et al. 2019). 

Appropriate modelling of this material behaviour requires the use of a regularisation technique to 

overcome the problem of mesh dependence and thus to better represent the development of the EFZ 

around the structures of MHM URL. Recently, Manica et al. (2021) regularised their rheological model 

by a non-local integral formulation in the finite element code PLAXIS, Pardoen and Collin (2017) used 

the local second gradient in the finite element code LAGAMINE and Yu et al. (2021) regularised their 

model by using the phase field method.  
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The present paper is a part of ongoing collaborative scientific research on the development of advanced 

constitutive models for COx claystone behaviour and robust numerical tools suitable for the THMC 

modelling in the Cigéo project in 1D, 2D and 3D. The objective of this paper is therefore to develop an 

advanced constitutive model that takes into account the key mechanisms of deformation and failure of 

COx claystone. This model needs to be available in an industrial software for future THM or THMC 

modelling in the framework of the Cigéo project. 

Based on available experimental data, an anisotropic elastoplastic, damage and viscoplastic model is 

proposed to describe the hydromechanical behaviour of the COx claystone. The model considers state-

of-the-art knowledge of the mechanical and hydromechanical behaviour of COx claystone and focuses 

on the key mechanisms. The pre-peak behaviour is characterized by plastic hardening with a non-

associated flow rule. Damage starts in the post-peak (softening) regime, which is described in the 

framework of Continuum Damage Mechanics (CDM). This is followed by a residual phase represented 

by perfect plasticity. Brittle behaviour under low confining pressure (3) becomes gradually ductile with 

the increase of 3. The anisotropic character of the model stems from several laboratory tests 

performed on COx that indicate minimum compressive strengths at about 30-45° to the bedding plane. 

Maximum values are reached in the direction parallel or perpendicular to bedding. Here, the peak 

strength and elastic limit are assumed to have the same evolution with respect to the angle between 

the loading direction and the bedding, . The model also considers time-dependent deformations based 

on the isotropic Lemaître's model as suggested by creep tests. The creep strain depends on damage and 

shear fracture (Souley et al. 2017). The proposed model was implemented in the commercial code, 

Comsol Multiphysics®, which allows several physics to be considered. 

This paper is organised as follows. Section 2 gives an overview of the main characteristics of COx 

claystone behaviour (transversely isotropic elastic, hardening, softening and residual plastic strains, 

brittle-ductile transition, mechanical time-dependent behaviour, hydromechanical coupling, etc.) 

evidenced by the laboratory investigations as well as the constitutive equations governing these 

mechanisms. Section 3 presents the selected regularisation method for the internal variables (damage 

and shear plastic strain). Section 4 discusses the numerical implementation of the proposed model in 

Comsol Multiphysics® and then validates the model implementation through simulations on simple 

loading paths. The operational and practical character of the model is demonstrated in Section 5 based 

on the GCS drift. This study case concerns one of the main challenges of the application of advanced 

constitutive models, which is to reproduce all the relevant in situ observations and measurements 

around the drift. Conclusions and perspectives are finally drawn in Section 6. 
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2. Experimental evidences on the COx claystone behaviour 

The hydromechanical behaviour of COx claystone has been studied experimentally by several authors 

(Chiarelli et al. 2003, Zhang and Rothfuchs 2004, Hoxha et al. 2007, Hu et al. 2014, Menaceur et al. 2015, 

Belmokhtar et al. 2017, Belmokhtar et al. 2018, Zhang 2018, Liu et al. 2019, Zhang et al. 2019) and the 

key characteristics have been summarized by Armand et al. (2013, 2017a).  

 

2.1. Short-term response 

The main features of the short-term mechanical behaviour observed on claystone samples under triaxial 

compression, lateral decompression and extension tests can be summarized as follows: (a) linear elastic 

response under low deviatoric stress; (b) strain hardening from ~50% of the peak strength; (c) strain 

softening for confining pressures lower than 20 MPa; (d) purely frictional residual behaviour governed 

by the induced shear bands and/or macro-cracks (Bésuelle and Lanata 2014; Hu et al. 2014, Menaceur 

et al. 2015, Desbois et al. 2017; Zhang 2016, Zhang et al. 2019). The post-peak behaviour is highly 

dependent on the confining pressure, characterized by a transition from brittle to ductile behaviour 

when the confinement exceeds the transition stress, 𝜎3
𝑏𝑑.  

It has been shown that the classical Hoek and Brown (1980) failure criterion is suitable for describing 

both the elastic limit and peak shear strength of the COx claystone (Armand et al. 2013, 2017a, Souley 

et al. 2011, 2017, 2022, Zhang and Rothfuchs 2004, Zhang 2018). However, since the COx claystone in 

its natural state has no tectonic fractures, the classical meaning of the Hoek and Brown parameters 

cannot be used for interpreting the rock mass strength from laboratory tests. The residual strength can 

be approximated by a linear Mohr-Coulomb criterion for confinements below 𝜎3
𝑏𝑑, while Zhang and 

Rothfuchs (2004) or Zhang (2016) propose a Hoek-Brown envelope. 

 

2.2. Volumetric contractance/dilatance mechanism 

Experimental data of uni and triaxial compression tests typically exhibit a contractant behaviour 

(Chiarelli et al. 2003; Zhang and Rothfuchs 2004; Hoxha et al. 2007). At best, a dilatant response is 

sometimes observed near the residual strength under low confining pressures. Thus, the hypothesis of 

an associated flow rule usually overestimates the material dilatancy. Contractant or dilatant irreversible 

deformations are explained by two independent phenomena that occur during the post-peak phase 

(Conil et al. 2004). Herein, we will assume that there is a transition from volumetric compressibility to 

dilatancy at any given confinement and that this transition occurs earlier the lower confining stresses, 

in agreement with experimental data (Hu et al. 2014). 
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2.3. Damage mechanism 

Triaxial tests with loading-unloading cycles do not indicate changes in elastic moduli before the peak 

strength (Armand et al. 2013, 2017a, Zhang and Rothfuchs 2004, Zhang et al. 2013, Zhang et al. 2019). 

Consequently, the proposed constitutive model does not consider the damage mechanism in the pre-

peak phase. Instead, the observed non-linear stress-strain response is approximated by an elastoplastic 

mechanism with strain hardening. Conversely, biaxial, triaxial and radial extension tests (Bésuelle and 

Lanata 2014, Zhang 2016, Desbois et al. 2017, Zhang et al. 2019) clearly show the formation of shear 

bands and/or macro-cracks (individual or conjugate) in the post-peak phase (Zhang et al. 2019). These 

results are comparable to those obtained by other authors on the same rock (Hu et al. 2014, Menaceur 

et al. 2015, Belmokhtar et al. 2018).  

Permeability measurements during triaxial compression tests have shown only small changes in the pre-

peak stage and a drastic increase in the post-peak due to the occurrence of shear bands and macro 

cracks (Zhang and Rothfuchs 2004, Zhang 2016, Liu et al. 2018, Zhang et al. 2019). These observations 

agree with in situ permeability measurements in the CFZ around the MHM URL drifts (de la Vaissière et 

al. 2015). 

To the authors’ knowledge, there is no data about the strength, cohesion, or stiffness in the shear bands 

during the post-peak phase. Thus, isotropic damage is assumed here and modelled in the framework of 

CDM theory, considering a loss of strength and a reduction of stiffness. 

 

2.4. Inherent anisotropy 

Several experimental studies have been performed by several European laboratories to characterize the 

anisotropy of COx claystone in terms of static and dynamic modules and strengths (David et al. 2005, 

Sarout and Guéguen 2008, Zhang et al. 2012; Zhang et al. 2019, Zhang and Rothfuchs 2004, Menaceur 

et al. 2015, Mohajerani et al. 2012, Belmokhtar et al. 2017, 2018, Liu et al. 2019, Braun et al. 2021). 

These laboratory tests suggest an inherent anisotropy characterised by transverse isotropy and a slight 

anisotropy of the stiffness and strength. The Young’s modulus is higher in the direction parallel to 

bedding than perpendicular to it with a ratio ranging between 1.2 and 2 (Zhang et al. 2012; Armand et 

al. 2013, 2017a, b; Zhang et al. 2019). Regarding the mechanical response, the transversely isotropic 

behaviour requires five independent constants, in general: Young's moduli parallel and perpendicular 

to the bedding (E1, E2), the shear modulus in the anisotropic plane G12 and Poisson's coefficients in the 

isotropic and anisotropic planes (13, 12). The permeability is also anisotropic, with the corresponding 

ratio ranging between 2.5 and 10 (Zhang and Rothfuchs 2004). It should be noted that any induced 

fractures upon loading would add an “induced anisotropy” to the inherent anisotropy.  

Experiments show similar strengths in the directions parallel and perpendicular to bedding. The lowest 

strength is observed at about 30°- 45° with respect to the bedding plane, depending on whether it 
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consists of tensile or compressive strength. The ratio between minimum and maximum strength values 

is close to 0.7 for most of the performed tests (Zhang et al. 2019). 

Andra has recently compiled experimental results of COx claystone peak strength as a function of the 

sample orientation with respect to the bedding plane (Figure 2a). The relative evolution of cohesion and 

tensile strength proposed by Manica et al. (2021) is illustrated in Figure 2b. Herein, we adopt this 

anisotropy for the elastic limit, the uniaxial compressive strength, and the residual cohesion.  

 

2.5. Time-dependent behaviour 

Several experimental studies of the long-term behaviour of the COx claystone have characterized the 

effect of confining pressure, mineralogical composition, or the degree of saturation on creep 

deformations (Gasc-Barbier et al. 2004, Fabre and Pellet 2006, Zhang et al. 2010, Armand et al. 2017a, 

Liu et al. 2018, Zhang et al. 2013, 2019, Zhang 2018), while in situ observations are summarized in 

(Armand et al. 2013, Armand et al. 2017a, b). The main features of the time-dependent response of the 

COx claystone can be summarized as follows (Armand et al. 2013, 2017a): (a) varying the loading rate 

in the range typically used in the laboratory has a small impact on the strength and is comparable with 

that resulting from mineralogical variability; (b) relaxation tests show a stabilization of the deviatoric 

stress a few days after loading; (c) volumetric strains during creep tests are negligible, as shown by 

simultaneous measurements of axial and lateral strains; (d) during secondary creep in some long-term 

tests, a non-linear increase in the creep strain rate with applied deviatoric stresses is observed. 

Fundamentally, creep strain rates slowly decrease with time, both for laboratory creep tests (Gasc-

Barbier et al. 2004, Zhang et al. 2010, Zhang 2018) and in situ measurements of convergences and rock 

mass displacements around the M/HM URL drifts (Armand et al. 2013, Armand et al. 2017a, b).  

A new campaign of creep tests under very low stresses and controlled hydric and thermal conditions is 

planned to further investigate the existence of a laboratory creep threshold. As mentioned in Section 1, 

in situ stress measurements at the MHM URL main level show a clear anisotropy (Wileveau et al. 2007). 

This suggests that if a relaxation of the initial deviatoric in situ stress occurred, then either it has not yet 

stabilized (which would indicate a very low deformation rate of the rock mass), or a deviatoric stress 

threshold below which creep is not activated should exist. Herein, despite this has not yet been 

experimentally demonstrated, we assume that there is a deviatoric stress threshold at which creep 

initiates. This threshold would be equal to the initial (in situ) deviatoric stress for modelling of MHM URL 

structures and zero for the laboratory tests (Souley et al. 2017, 2022). 

Two families of models are mainly used to describe the creep behaviour of COx claystone: those using 

the Perzyna’s overstress theory (Cuvilliez et al. 2017, Pardoen and Collin F 2017, Manica et al. 2021) and 

those based on an extension of the Lemaitre’s model (Souley et al. 2011, 2017, Yu et al. 2021, Manica 



9 

 

et al. 2017, Jung et al. 2022). Herein, we adopt the latter for which the parameters have been identified 

and referenced from numerous tests in Andra's database. 

 

2.6. Hydromechanical coupling 

The coupled hydromechanical behaviour of COx claystone has been thoroughly characterized with 

laboratory experiments based on various hydromechanical loading paths under saturated and 

unsaturated conditions (Chiarelli et al. 2003, Zhang and Rothfuchs 2004, Hoxha et al. 2007, Hu et al. 

2014, Menaceur et al. 2015, Zhang et al. 2007, 2013, Belmokhtar et al. 2017, 2018).Published data 

shows significant scatter that may be related to the combination of different initial states of the cores 

and different experimental procedures (e.g. samples saturation or drainage system) adopted in the 

literature (Menaceur et al. 2015, Conil et al. 2018). Consequently, some values of poromechanical 

parameters are still under debate, such as the Biot coefficient. Escoffier (2002), Bemer et al. (2004), 

Belmokhtar et al. (2017) and Braun (2019) experimentally investigated the Biot coefficient of COx 

claystone under different confining pressures, and they obtained a range from 0.3 to 1 for this 

coefficient, with the mean value 0.6. However, recent research (e.g., Belmokhtar et al. 2017, Braun 

2019) suggested a value of 0.8 for the Biot coefficient of COx claystone, which is currently being 

confirmed by further tests.  

 

3. Proposed constitutive model 

This section presents a phenomenological constitutive model of the transverse isotropic 

hydromechanical behaviour of COx claystone that simultaneously treats the different mechanisms 

discussed in Section 2. The choice of a phenomenological approach is motivated as some improvements 

can be easily incorporated to enrich the model according to new scientific advances. 

 

3.1. Short-term behaviour 

The short-term term behaviour of COx claystone is assumed linear elastic and transversely isotropic 

(requiring five parameters: E1, E2, G12, 13, 12) below the elastic limit, followed by plastic strain 

hardening before the peak strength. The post-peak behaviour is modelled with damage mechanics 

coupled with plastic strain softening. This is followed by a residual perfectly plastic stage. 

As previously discussed, the widely used Hoek-Brown (H-B) criterion (1980) has been applied to identify 

the elastic limit and peak strength of COx claystone based on numerous laboratory tests (Armand et al. 

2013, 2017a, Zhang and Rothfuchs 2004, Zhang et al. 2019):  

𝑓𝑝(𝜎3, 𝜎1) = −𝜎1 + 𝜎3 − √𝑠 𝜎𝑐
2 − 𝜎3 𝑚 𝜎𝑐 = −𝜎1 + 𝜎3 − √𝐵 − 𝜎3 𝐴 (1) 
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where 1 and 3 are the effective minor and major principal stresses (compressive stresses are negative, 

σ1 ≤ σ2 ≤ σ3), 𝑚 and 𝑠 are the H-B material constants, c is the stress corresponding to the elastic 

limit and peak stresses under unconfined compressive condition. A = m c and B = s c
2, are two 

independent parameters (Souley et al. 2011). 

In our previous works, relation (1) was generalised in the space of three stress invariants (p, q, ), where 

𝑝 is the effective mean stress, 𝑞 the generalized deviatoric stress and 𝜃 the Lode’s angle (−30° ≤ 𝜃 ≤

30°) (Souley et al. 2011, 2017, 2022). Here we adopt the generalised Mohr-Coulomb criterion in (p, q, 

) space but with the cohesion and friction angle (𝑐, 𝜙) derived from the Hoek-Brown parameters (m, 

s, c) and the confining stress 3 in order to preserve the non-linear character of the elastic limit, peak 

and residual strengths of the COx claystone (eq. 1). More precisely and from a numerical point of view, 

the non-linear failure surface of H-B is continuously approximated by the M-C tangent at the current 

stress level, 3 (Hoek 1990, Lee and Bobet 2014). We recall the generalized form of Mohr-Coulomb 

criterion: 

 

𝑓𝑝(𝝈) = 𝑞 + 𝑝 𝑀𝑝 − 𝑁𝑝 

𝑀𝑝 =
sin 𝜙

(
cos 𝜃

√3
−

1
3 sin 𝜃 sin 𝜙)

; 𝑁𝑝 =
 𝑐 cos 𝜙

(
cos 𝜃

√3
−

1
3 sin 𝜃 sin 𝜙)

 
(2) 

Where 𝜙 = 𝜙(𝜎3) and 𝑐 = 𝑐(𝜎3) (expressed in section 5.1) and 𝑝, 𝑞, 𝜃 have the following expressions: 

𝑝 =
𝜎𝑖𝑖

3
, 𝑞 = √3𝐽2 , 𝜃 =

1

3
sin−1 (

−3√3

2

𝐽3

𝐽2
3/2

) 

𝐽2 =
1

2
𝑠𝑖𝑗𝑠𝑖𝑗 , 𝐽3 =

1

3
𝑠𝑖𝑗𝑠𝑗𝑘𝑠𝑘𝑖, 𝑠𝑖𝑗 = 𝜎𝑖𝑗 − 𝑝𝛿𝑖𝑗  

(3) 

Here 𝐽2 and 𝐽3 are the second and third invariants of the deviatoric stress tensor 𝑠𝑖𝑗 , respectively, and 

𝛿𝑖𝑗  is the Kronecker delta. 

For confining stresses higher than 𝜎3
𝑏𝑑, the behavior of the COx remains ductile in consistency with the 

results of triaxial tests on samples (Armand et al. 2014, 2017) and is characterized by a residual strength 

identical to the peak strength (i.e., generalised Mohr-Coulomb deducted from Equation (1) with the 

Hoek-Brown parameters at the peak strength). Conversely, for confinements lower than 𝜎3
𝑏𝑑, the 

residual criterion is a straight line marked by a residual cohesion 𝑐𝑟𝑒𝑠 and a residual friction angle 𝜙𝑟𝑒𝑠 

determined as a function of the peak stress at 𝜎3
𝑏𝑑 and 𝑐𝑟𝑒𝑠: 

𝑓𝑝(𝝈) = 𝑞 + 𝑝 
sin 𝜙𝑟𝑒𝑠

(
cos 𝜃

√3
−

1
3

sin 𝜃 sin 𝜙𝑟𝑒𝑠)
−

 𝑐𝑟𝑒𝑠 cos 𝜙𝑟𝑒𝑠

(
cos 𝜃

√3
−

1
3

sin 𝜃 sin 𝜙𝑟𝑒𝑠)
     (|𝜎3| ≤ 𝜎3

𝑏𝑑) (4) 
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The residual behaviour remains perfectly plastic governed by the residual strength of the material 

(Hoek-Brown peak envelope or Mohr-Coulomb straight line depending on the value of 𝜎3 with respect 

to 𝜎3
𝑏𝑑). All this will be highlighted in section 5.2.2 (Verification of the short term behaviour). 

For tensile stresses, we consider a «cut-off» of the mean effective stress to the value of tensile strength 

𝜎𝑡 (in triaxial condition, i.e., B/A), leading to the following yield surface in tension: 

𝑓𝑡(𝝈) = 𝑝 − 𝜎𝑡 (5) 

In the pre-peak stage, the plastic hardening behaviour is represented by monotonic quadratic functions 

(C2) of the two independent parameters A and B, between the elastic limit and the peak strength (Souley 

et al. 2017):  

𝑥 = 𝑥𝑖𝑛𝑖 + {𝑥𝑝𝑒𝑎𝑘 − 𝑥𝑖𝑛𝑖} {2 −
𝛾𝑝

𝛾𝑝_𝑝𝑒𝑎𝑘
}

𝛾𝑝

𝛾𝑝_𝑝𝑒𝑎𝑘
; 𝑥 = {𝐴 , 𝐵} (6) 

where 𝐴𝑖𝑛𝑖 = 𝑚𝑖𝑛𝑖𝜎𝑐_𝑖𝑛𝑖  and 𝐵𝑖𝑛𝑖 = 𝑠𝑖𝑛𝑖𝜎𝑐_𝑖𝑛𝑖
2  are the parameters A and B at the elastic limit; 𝐴𝑝𝑒𝑎𝑘 =

𝑚𝑝𝑒𝑎𝑘𝜎𝑐_𝑝𝑒𝑎𝑘 and 𝐵𝑝𝑒𝑎𝑘 = 𝑠𝑝𝑒𝑎𝑘𝜎𝑐_𝑝𝑒𝑎𝑘
2  those at the peak, 𝛾𝑝 represents the internal plastic variable 

(i.e., plastic distortion or equivalent shear plastic strain) and 𝛾𝑝_𝑝𝑒𝑎𝑘 its corresponding value at the peak, 

and (𝑚𝑖𝑛𝑖, 𝑠𝑖𝑛𝑖 , 𝜎𝑐_𝑖𝑛𝑖) and (𝑚𝑝𝑒𝑎𝑘 , 𝑠𝑝𝑒𝑎𝑘 , 𝜎𝑐_𝑝𝑒𝑎𝑘) are the H-B parameters (𝑚, 𝑠, 𝜎𝑐) at the elastic limit 

and peak strength, respectively. Thus, the pre-peak behaviour is governed by elasticity and plastic strain 

hardening without damage. 

 

Regarding the post-peak phase between the peak strength and the residual stage, as evidenced by the 

results of laboratory characterisation, we will assume a transition between the strain softening and the 

ductile response depending on the confining pressure. In addition, the strain softening will be 

approached within the framework of isotropic Continuum Damage Mechanics (CDM). More precisely, 

the ductile behaviour (i.e., for confining stress |𝜎3| > 𝜎3
𝑏𝑑) is modelled as perfectly plastic. On the 

contrary, the post peak stage for confining stress|𝜎3| < 𝜎3
𝑏𝑑 is characterised by strain softening governed 

by a damage mechanism that results in a decrease in the effective moduli and a loss of strengths and 

cohesion by a factor of (1 − 𝑑), where 𝑑 represents the scalar damage variable. This damage is 

considered as isotropic and defined by the conjugate thermodynamic force (𝑌𝑑) based on the damage 

model of Mazars (1986) and similarly to Mohamad-Hussein and Shao (2007) or Chen et al. (2015): 

𝑓𝑑 = 𝑑𝑟𝑒𝑠{1 − exp(−𝐵𝑑0(𝑌𝑑 − 𝑌𝑑0))} − 𝑑 ≤ 0 (7) 

where 𝐵𝑑0 is the damage growth rate, 𝑌𝑑0 is the damage threshold related to 𝑌𝑑 at the peak strength, 

and 𝑑𝑟𝑒𝑠 is the maximum damage reached at the beginning of the residual phase, which depends on 

the confining pressure or the effective mean stress.  
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The conjugate thermodynamic force associated with the damage variable is written using a pragmatic 

approach in which the damage evolution is related to the positive part of the total principal strains (i.e., 

extensional strain according to the stresses sign convention), as can be found in Mazars (1986).  

𝑌𝑑 = √〈𝜺〉: 〈𝜺〉 (8) 

where 〈 〉 are the Macauley brackets: 〈휀𝑖〉 = 0 if 휀𝑖 < 0 (compression) and 〈휀𝑖〉 = 휀𝑖 if 휀𝑖 > 0 (extension).  

 

Large values of 𝑑𝑟𝑒𝑠 are associated to low confining stresses and vice versa. However, we assume that 

under large confinements (|𝜎3| ≥ 𝜎3
𝑏𝑑), the material damage should be either absent or limited to 

diffuse damage. Consequently, beyond 𝜎3
𝑏𝑑 there is no damage (𝑑 = 𝑑𝑟𝑒𝑠 = 0). More specifically, the 

brittle-ductile transition in the post-peak behaviour of COx claystone is introduced in the damage-

induced strain softening, through the residual damage parameter 𝑑𝑟𝑒𝑠: 

𝑑𝑟𝑒𝑠 = {
0 ;         𝜎3 ≤ −𝜎3

𝑏𝑑

1 − 𝜂𝑟 ;                −𝜎3
𝑏𝑑 < 𝜎3 < 0

 (9) 

Note that damage in presence of tensile stress (0 < 𝜎3) is not considered in this research. 

The influence of the confining pressure on the post-peak behaviour is then considered through the 

maximum residual damage, implemented by means of the ratio between the residual and the peak 

strengths 𝜂𝑟 (also featuring the brittle-ductile transition):  

𝜂𝑟 =
(𝜎1 − 𝜎3)𝑟𝑒𝑠_𝑀−𝐶

(𝜎1 − 𝜎3)𝑝𝑒𝑎𝑘_𝐻−𝐵
 (10) 

Note that r is defined with the extreme values of principal stresses 1 and 3, used in the classical H-B 

and M-C criteria. This choice is justified for reasons of simplicity and the lack of experimental data to 

quantify a possible dependence of r with the loading path (compression versus extension). 

Equation (7) serves firstly as a criterion for crack propagation (𝑓𝑑 > 0), but also for the evolution of the 

damage variable by solving 𝑓𝑑 = 0, where the unknown is 𝑑. Knowing the damage threshold 𝑌𝑑0 allows 

damage to be initiated and propagated. The damage initiation (𝑌𝑑0) is computed internally the first time 

the peak strength is reached (𝛾𝑝 = 𝛾𝑝_𝑝𝑒𝑎𝑘), then the corresponding value of 𝑌𝑑 in Equation 8 is 

assigned to 𝑌𝑑0. 

Finally, the damage affects the residual strength through a loss of cohesion, but also a degradation of 

the three elastic moduli. The residual cohesion 𝑐𝑟𝑒𝑠 in Equation (4) is replaced by (1 − 𝑑𝑟𝑒𝑠) 𝑐𝑟𝑒𝑠 while 

the elastic modules of the intact rock (undamaged) 𝐸1
0, 𝐸2

0 and 𝐺12
0 are substituted by those of the 

damaged material (1 − 𝑑)𝐸1
0, (1 − 𝑑)𝐸2

0 and (1 − 𝑑)𝐺12
0, respectively. 

 

Based on the discussion in Section 2.2, a non-associated flow rule with the plastic potential proposed 

by Souley et al. (2022) is considered: 
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𝑔(𝝈, 𝛾𝑝) = 𝑞 + 𝛽(𝛾𝑝) 𝑝 (11) 

with 𝛽(𝛾𝑝) the dilatancy rate expressed as: 

𝛽(𝛾𝑝) = {

        𝛽𝑚 − (𝛽𝑚 − 𝛽0)𝑒−𝑏𝛽𝛾𝑝 ; 𝛾𝑝 < 𝛾𝑢𝑙𝑡

𝛽𝑢𝑙𝑡𝑒𝑥𝑝 (1 −
𝛾𝑝

𝛾𝑢𝑙𝑡
) ; 𝛾𝑝 ≥ 𝛾𝑢𝑙𝑡

 (122) 

The dilatancy rate evolves from an initial value 𝛽0 to an asymptotic value 𝛽𝑚 with the plastic distortion 

𝛾𝑝. 𝑏𝛽  is the plastic flow velocity, 𝛾𝑢𝑙𝑡 and 𝛽𝑢𝑙𝑡 represent the ultimate values of plastic deformation and 

dilatancy rate, respectively.  

As discussed in Souley et al. (2022), it can be physically expected that the dilation will gradually vanish 

for large shear strains, reaching a purely frictional behaviour upon complete shearing of the fracture (or 

shear band) roughness. To account for this, a loss of dilation is assumed reflecting a shearing at constant 

volume. The ultimate plastic strain from which the dilatancy decreases is noted 𝛾𝑢𝑙𝑡. As indicated in 

Equation (12), beyond this plastic deformation, the dilatancy rate gradually decreases from the ultimate 

value 𝛽𝑢𝑙𝑡 = 𝛽𝑚 − (𝛽𝑚 − 𝛽0)𝑒−𝑏𝛽 𝛾𝑢𝑙𝑡 to zero. 

The uniaxial compressive stresses of the COx claystone (𝜎𝑐) at the elastic limit and peak strength, as well 

as the residual cohesion, are assumed to depend on the loading orientation with respect to the bedding 

planes (α), as suggested by experimental data (Section 2.4). Consequently, the variation of the 

instantaneous material cohesion and friction, 𝑐(𝜎3) and 𝜙(𝜎3), with the α is based on the concept of a 

tensor fabric (Pietruszczak et al. 2002), widely used to model the inherent and/or induced anisotropy. 

With this concept, directional material parameters are introduced into an anisotropic strength criterion 

based on microstructural observations. Strength anisotropy is therefore introduced using the 

microstructure tensor and by the strength parameters 𝜎𝑐_𝑖𝑛𝑖 at the elastic limit, 𝜎𝑐_𝑝𝑒𝑎𝑘 at the peak and 

the residual cohesion 𝑐𝑟𝑒𝑠: 

        𝜎𝑐_𝑖𝑛𝑖 = 𝜎𝑐0_𝑖𝑛𝑖 (1 + 𝐴𝑖𝑗𝑙𝑖𝑙𝑗 + 𝑎1(𝐴𝑖𝑗𝑙𝑖𝑙𝑗)
2

+ 𝑎2(𝐴𝑖𝑗𝑙𝑖𝑙𝑗)
3

) 

              𝜎𝑐_𝑝𝑒𝑎𝑘 = 𝜎𝑐0_𝑝𝑒𝑎𝑘 (1 + 𝐴𝑖𝑗𝑙𝑖𝑙𝑗 + 𝑎1(𝐴𝑖𝑗𝑙𝑖𝑙𝑗)
2

+ 𝑎2(𝐴𝑖𝑗𝑙𝑖𝑙𝑗)
3

) 

𝑐𝑎𝑛𝑖 = 𝑐𝑟𝑒𝑠 (1 + 𝐴𝑖𝑗𝑙𝑖𝑙𝑗 + 𝑎1(𝐴𝑖𝑗𝑙𝑖𝑙𝑗)
2

+ 𝑎2(𝐴𝑖𝑗𝑙𝑖𝑙𝑗)
3

) 

(13) 

where 𝜎𝑐0_𝑝𝑒𝑎𝑘 and 𝜎𝑐0_𝑖𝑛𝑖 are the mean compressive strengths of the intact material; 𝑐𝑟𝑒𝑠 is the mean 

residual cohesion; 𝐴𝑖𝑗, 𝑎1 and 𝑎2 are the anisotropic parameters related to the material microstructure 

(Pietruszczak et al. 2002). In the absence of experimental data on the variation of yield stress at the 

elastic limit and residual strength with the angle α, only the microstructural parameters of the peak 

criterion are considered. Furthermore, the loading unit vector 𝑙𝑖 is related to the generalized loading 

vector 𝐿𝑖 defined from the stress tensor, �̃� (expressed in the coordinate system of the bedding planes): 

𝑙𝑖 =
𝐿𝑖

√𝐿𝑘𝐿𝑘
,    𝐿𝑖 = 𝐿𝑗𝑒𝑖

(𝑗) = 𝐿1𝑒𝑖
(1) + 𝐿2𝑒𝑖

(2) + 𝐿3𝑒𝑖
(3) (14) 
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𝐿𝑗 = √�̃�𝑗1
2 + �̃�𝑗2

2 + �̃�𝑗3
2,       𝑖, 𝑗 = 1, 2, 3 

where 𝑒𝑖
(𝑘)(𝑘 = 1, 2, 3) are the base vectors in the principal direction of the transverse isotropy. Since 

all quantities are expressed in the anisotropy reference system, 𝑙3 is the component of the loading unit 

vector in the direction perpendicular to bedding. Consequently, if 𝛼 is the angle between the normal 

vector to the bedding and the loading direction, then  𝑐𝑜𝑠 𝛼 = 𝑙3. In more general terms, if 𝑛𝑘 and 𝐿𝑘 

represent respectively a vector normal to the bedding and the direction of loading (i.e., direction of the 

most compressive principal stress), the angle 𝛼 is internally computed from the scalar product between 

these two vectors (𝑐𝑜𝑠 𝛼 =
𝑛𝑘𝐿𝑘

(√𝑛𝑖𝑛𝑖√𝐿𝑗𝐿𝑗)⁄ ). 

In Equation (13), the anisotropy parameter 𝐴𝑖𝑗𝑙𝑖𝑙𝑗 is introduced to represent the projection of the 

microstructure tensor on the loading direction. 

The microstructural tensor (𝐴𝑖𝑗) can be written as a function of their principal values (𝐴11, 𝐴22, 𝐴33) in 

the main axes. For the transverse isotropy of COx claystone, 𝐴11 = 𝐴33 can be considered (Pietruszczak 

and Mroz 2000). In this case, the anisotropy of the initial plastic yield, peak strength and residual 

cohesion can be rewritten as:  

            𝜎𝑐_𝑖𝑛𝑖 = 𝜎𝑐0_𝑖𝑛𝑖(1 + λ + 𝑎1λ2 + 𝑎2λ3) 

             𝜎𝑐_𝑝𝑒𝑎𝑘 = 𝜎𝑐0_𝑝𝑒𝑎𝑘(1 + λ + 𝑎1λ2 + 𝑎2λ3) 

             𝑐𝑎𝑛𝑖 = 𝑐𝑟𝑒𝑠(1 + λ + 𝑎1λ2 + 𝑎2λ3) 

            𝜙𝑎𝑛𝑖 = 𝜙𝑟𝑒𝑠(1 + λ + 𝑎1λ2 + 𝑎2λ3) 

(15) 

where 𝜆 = 𝐴11(1 − 3𝑙3
2). The parameters 𝐴11, 𝑎1, 𝑎2, 𝜎𝑐0_𝑝𝑒𝑎𝑘, 𝜎𝑐0_𝑖𝑛𝑖 and 𝑐𝑟𝑒𝑠 can be calibrated in 

laboratory tests. In this paper, we adopt the same types of evolution of  𝜎𝑐_𝑖𝑛𝑖 𝜎𝑐0_𝑖𝑛𝑖⁄ , 𝜎𝑐_𝑝𝑒𝑎𝑘 𝜎𝑐0_𝑝𝑒𝑎𝑘⁄  

and 𝑐𝑎𝑛𝑖 𝑐𝑟𝑒𝑠⁄  with respect to the angle α as in Manica et al. (2021) (Figure 2b), i.e. the strengths at 0 

are slightly lower than at 90° and the minimum strengths are reached at 45°. 

Let us to recall the main assumptions: (a) the uniaxial compressive strength (at the elastic limit and the 

peak strength, 𝜎𝑐_𝑖𝑛𝑖 and 𝜎𝑐_𝑝𝑒𝑎𝑘) depends on the orientation of the axial loading with respect to the 

bedding plane α, (b) the evolutions of 𝜎𝑐_𝑖𝑛𝑖 and 𝜎𝑐_𝑝𝑒𝑎𝑘 with respect to α are  identical, and (c) for a 

general 3D stress tensor, α is determined by the orientation of the most compressive principal stress. 

The latter one represents a reasonably good approximation particularly in the range of compressive 

stresses. Subsequently, the general yield surfaces are expressed as a function of the full stress tensor 

and the angle α. 
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3.2. Long-term behaviour 

The time-dependent behaviour of COx is governed by deformation processes corresponding to physical 

mechanisms at the microstructural level. Assuming the existence of a deviatoric stress threshold 

(Section 2) below which creep does not occur, a simplified form of the COx creep behaviour proposed 

in Souley et al (2017), an extension of the Lemaitre’s model, is adopted here. The following equation 

was proposed for the viscoplastic strain tensor rate, �̇�𝑣𝑝: 

�̇�𝑣𝑝 = 𝐴𝑣𝑖𝑠𝑐 〈
𝑞 − 𝑞0

𝜎0

〉𝑛 휀𝑒𝑞
𝑣𝑝𝑚 𝜕𝑞

𝜕𝝈
 (16) 

where 𝐴𝑣𝑖𝑠𝑐 is the viscosity, 𝑞0 the creep threshold, 𝜎0 the reference stress (typically one stress unit), 𝑛 

a dimensionless exponent corresponding to the deviatoric stress power factor, 𝑚 the exponent of 

hardening work, 𝝈 the effective stress tensor, 휀𝑒𝑞
𝑣𝑝 = √

2

3
𝜺𝑣𝑝: 𝜺𝑣𝑝 the equivalent deviatoric creep 

strain, and 𝜺𝑣𝑝 the creep strain tensor.  

In Souley et al (2017), the material parameters 𝐴𝑣𝑖𝑠𝑐 and 𝑚 change with the damage rate. As there is 

not sufficient data to establish such relationships, we refer either to the intact material with (𝐴0, 𝑚0) 

or to the damaged material with the couple (𝐴1, 𝑚1) and 𝐴𝑣𝑖𝑠𝑐 and 𝑚 added in the model as a step 

function. More precisely, the parameters 𝐴𝑣𝑖𝑠𝑐 and 𝑚 are therefore binary functions (a simple and 

pragmatic choice in first approximation), which can be improved in the future with new experimental 

data. From a numerical point of view, step functions are used to overcome numerical issues with linear 

variation when damage is between 0 and 0.1%: 

𝐴𝑣𝑖𝑠𝑐 = {

𝐴0                                                                                𝑑 = 0

𝛼𝐴𝑑 + 𝐴0 =
𝐴1 − 𝐴0

10−3
𝑑 + 𝐴0                 0 < 𝑑 < 10−3

𝐴1                                                                          𝑑 ≥ 10−3

 (17) 

𝑚 = {

𝑚0                                                                                𝑑 = 0

𝛼𝑚𝑑 + 𝑚0 =
𝑚1 − 𝑚0

10−3
𝑑 + 𝑚0                 0 < 𝑑 < 10−3

𝑚1                                                                          𝑑 ≥ 10−3

 (18) 

In section 6.4, we will revisit this consideration of the damage impact on creep strains by examining the 

absence of this influence (i.e., 𝛼𝐴 = 𝛼𝑚 = 0,  𝐴𝑣𝑖𝑠𝑐 = 𝐴0, 𝑚 = 𝑚0). 

For the purposes of simplicity, we do not consider here the anisotropy of the long term behaviour of 

the COx claystone as evidenced by recent experimental creep tests with several specimen orientations 

with respect to the bedding planes (Zhang et al. 2019). Nevertheless, as we are going to see in the model 

application, due to the anisotropy (in terms of the damage extent geometry and distribution of 

deviatoric stress) induced by the damage, the material exponent of hardening 𝑚 and viscosity 𝐴𝑣𝑖𝑠𝑐 

introduce a certain anisotropy of the viscoplastic strains and associated velocities. 
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3.3. Hydromechanical behaviour and induced permeability changes 

In Comsol Multiphysics®, the coupling between fluid flow and deformation of porous media is described 

within the poromechanical framework (Coussy 2004; Detournay and Cheng 1993). This coupling is 

represented by (a) the Biot effective stresses concept (b) the effect of volumetric strain of the porous 

matrix on porosity, and (c) pore pressure change induced by the variation of fluid content. 

The single-phase fluid flow in a porous medium is described by Darcy’s law. The Darcy velocity, �⃗�𝑓, is 

related to the pressure gradient according to: 

 

�⃗�𝑓 =
𝛋

𝜇𝑓
(∇⃗⃗⃗𝑝𝑓 + 𝜌𝑓�⃗�) (19) 

where 𝛋 is the permeability tensor, 𝜇𝑓 and 𝜌𝑓 are respectively the fluid dynamic viscosity and density, 

𝑝𝑓 is the fluid pressure in the pores, �⃗� is the gravitational acceleration vector, and  

∇⃗⃗⃗= {
𝜕

𝜕𝑥
,

𝜕

𝜕𝑦
,

𝜕

𝜕𝑧
} is the gradient operator. 

As discussed in Section 2.6, the Biot coefficient (𝛼𝐵) and modulus (𝑀) are both assumed isotropic 

herein. Then, the combination of Darcy's law and the continuity equation for conservation of fluid mass 

reads: 

𝜌𝑓

1

𝑀

𝜕𝑝𝑓

𝜕𝑡
+ ∇⃗⃗⃗. 𝜌𝑓 [

𝛋

𝜇𝑓
(∇⃗⃗⃗𝑝𝑓 + 𝜌𝑓�⃗�)] = 𝑄𝑚 − 𝜌𝑓𝛼𝐵

𝜕휀𝑣𝑜𝑙

𝜕𝑡
 (20) 

with 휀𝑣𝑜𝑙 = 𝑡𝑟(𝜺) is the volumetric strain, 𝜺 the strain tensor, 𝑀 =
𝜛𝑝

𝐾𝑓
+

(1−𝛼𝐵)(𝛼𝐵−𝜛𝑝)

𝐾𝑑
 , 𝜛𝑝 is the 

porosity, 𝐾𝑓 the fluid bulk modulus, 𝐾𝑑 the “equivalent” drained bulk modulus of the porous matrix, 

and 𝑄𝑚 a mass sink/source term. 

Concerning the effect of damage on permeability, several constitutive models have been proposed in 

the literature and applied to laboratory tests and underground structures. These models mainly address 

the relationship between permeability variations and porosity, volumetric strain, damage variable 

(scalar or tensorial), plastic multiplier or deformation, or extensional deformations. Regarding the COx 

claystone, these are evolving with damage variable (Yu et al. 2021), with plastic deformation (Manica et 

al. 2017, 2021, Tourchi et al. 2021, Souley et al. 2017) or a combination between the induced limited 

shear plastic strain and the conceptual model of fracture zones around the MHM URL structures 

(Coarita-Tintaya et al. 2020, Souley et al. 2017). In the latter case and related to the conceptual model 

of EFZ (Armand et al. 2014), the empirical permeability model considers two domains. The first one is 

based on the CFZ concept, with a region of high and moderate increase in hydraulic properties due to 

the formation of macro fractures. The second one represents a region with micro-cracks, where changes 

in mechanical and hydraulic properties are not significant compared to e.g., uncertainty in 

measurements. 
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Permeability changes have been measured around MHM URL structures as a function of both the 

direction and the distance from the drift walls (Armand et al. 2014). In laboratory tests, permeability 

increases when the percolation threshold is reached (Zhang et al. 2019). Despite this experimental 

evidence, it is at present cumbersome to relate these variations to mechanical quantities. In this paper, 

we propose a simple phenomenological formulation based on 2 internal variables that may be potential 

candidates for the evolution of hydraulic properties in the EFZ: 

𝛋 = 𝛋𝟎 𝑓(𝑑𝑟𝑎𝑡
∗)𝑔(𝛾𝑆𝐹

∗) (21) 

where 𝛋𝟎 and 𝛋 are the permeability tensors of the intact material and damaged (cracking and shear 

failure) material. The internal variables are: (a) the damage rate, 𝑑𝑟𝑎𝑡
∗ =

𝑑

𝑑𝑟𝑒𝑠
, representing the value of 

the current damage divided by the maximum damage reached at the beginning of the residual phase 

𝑑𝑟𝑒𝑠. It is the degree of damage where zero value is associated to the intact rock and unity to the 

damaged material and, (b) a so-called fracturing rate, 𝛾𝑆𝐹
∗ =

𝛾𝑝

𝛾𝑢𝑙𝑡
, related to shear failure.  

Finally, 𝑓 and 𝑔 are two independent scalar functions to be fitted from laboratory measurements and 

in situ observations. For simplicity, linear forms are adopted here: 𝑓(𝑥) = 1 + 𝛼𝑑𝑎𝑚 𝑥 and 𝑔(𝑦) = 1 +

𝛼𝑆𝐹 𝑦, with 𝑥 and 𝑦 two variables between 0 and 1, 𝛼𝑑𝑎𝑚 and 𝛼𝑆𝐹 two model constants. 

 

4. Model regularisation 

Selection of a given technique depends among other factors on the calculation code used. For example, 

the non-local integral method can be found e.g., in Cast3M (Giry et al. 2011) or Plaxis (Rezania et al. 

2012, Manica et al. 2018). In Comsol Multiphysics®, regularisation with the implicit gradient method is 

relatively easy to implement and shows good numerical stability and has thus been adopted in this work. 

The implicit gradient technique (Peerlings et al. 1996b) is a robust class of non-local methods (Geers et 

al. 2000), which computes a non-local average of a local equivalent variable, considering the non-local 

value as an additional degree of freedom governed by the solution of the Helmholtz differential 

equation (Zreid and Kaliske 2018). Models based on implicit gradients show good computational 

efficiency and numerical stability (Simone 2007, Schreter et al. 2018). 

In the proposed model, two internal variables are regularised: the damage variable and the equivalent 

shear plastic strain. The regularisation scheme is based on the non-local implicit gradient (e.g., non-local 

average 𝜉𝑒𝑞 of the corresponding local internal variable 𝜉𝑒𝑞 is computed by considering the non-local 

value as an additional degree of freedom governed by the solution of the Helmholtz differential 

equation also known as free energy potential): 

𝜉𝑒𝑞 − 𝑙𝜉
2 ∇2𝜉𝑒𝑞 = 𝜉𝑒𝑞 (22) 

where 𝑙𝜉  is the characteristic length associated to the internal local variable 𝜉𝑒𝑞, representing the length 

scale that determines the influence radius of the interaction. 
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First, we regularised the damage variable using this equation with the local thermodynamic force that 

drives damage (𝑌𝑑): in other words, 𝜉𝑒𝑞 = �̃�𝑑, 𝜉𝑒𝑞 = 𝑌𝑑  and 𝑙𝜉 = 𝑙𝑑. Then the variable 𝑌𝑑 is replaced in 

Equation (7) of the damage evolution. Note that the value of 𝑌𝑑0 parameter is also determined with 

respect to the regularised variable. 

With regards to the internal shear plastic strain variable, which also needs to be regularised, thanks to 

recent developments in Comsol Multiphysics® since the version 6.0, the plastic distortion (or even 

porosity) can be regularised with the implicit gradient (eq. 22) for all elastoplastic models (already 

available in Comsol or Used Defined Models). This Comsol built-in implementation of regularisation 

scheme was therefore used, requiring only the introduction of the characteristic length 𝑙𝜉 = 𝑙𝛾𝑝
. 

The characteristic lengths 𝑙𝑑 and 𝑙𝛾𝑝
 are material parameters that specify the size of the regions over 

which the local variables are averaged. By considering a larger characteristic length than the distance 

between adjacent evaluation nodes (defined by mesh size and element order), mesh-size independency 

can be ensured. Conversely, values of characteristic length close to 0 should correspond to the classical 

local approaches (without regularisation schemes), i.e., numerical solutions dependent on the spatial 

discretization. 

The characteristic length is usually related to material heterogeneities (Bazant and Pijaudier-Cabot 

1989, Geers et al. 1998, Le Bellego et al. 2003). For concrete, the characteristic length has been 

postulated to be proportional to the diameter of the largest aggregates (Bazant and Pijaudier-Cabot, 

1989). For COx, there is no well accepted criterion to define it. The values of 𝑙𝑑 and 𝑙𝛾𝑝
 adopted in this 

study are of the same order of magnitude as those used for the characteristic length in other existing 

advanced models of COx claystone at drift scale (Yu et al. 2021, Manica et al. 2021). In addition, a 

sensitivity analysis on this parameter was carried out and is presented in Section 6.5. Nonetheless, it is 

recognised that a smaller value should be used if localization of damage at laboratory scale (i.e., cm-

scale) was simulated. 

 

5. Numerical implementation and verification 

5.1. Implementation method in Comsol Multiphysics®   

For the numerical implementation and in order to overcome and to overcome the possible negative 

values of the term under the square root of the non-linear Hoek-Brown (H-B) criterion (eq. 1), we adopt 

a simplified approach using an equivalence between the H-B and the Mohr-Coulomb (M-C) criteria for 

each confining stress 3 (Figure 3). In fact, the non-linear failure surface of H-B is continuously 

approximated by the M-C tangent at the current stress level, 3 (Hoek 1990, Lee and Bobet 2014). This 

approximation remains true because the entire mechanical model is built on the assumption of small 

transformations, which means that terms of order greater than 2 are neglected. Such an approach is 
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implemented in e.g., FLAC3D code and makes it possible to easily perform the safety factor computations 

using the non-linear H-B failure criterion.  

The current tangent M-C criterion depending on both the instantaneous angle of friction 𝜙(𝜎3)  and 

cohesion 𝑐(𝜎3) can be expressed as follows: 

𝜎1 = 𝜎3 𝑁𝜙(𝜎3) − 2 𝑐(𝜎3)√𝑁𝜙(𝜎3) ; 𝑁𝜙(𝜎3) =
1 + sin 𝜙(𝜎3)

1 − sin 𝜙(𝜎3)
 (23) 

where 𝜙(𝜎3) and 𝑐(𝜎3) are derived from the current slope of the H-B envelope: 

𝜙(𝜎3) = 2 tan−1 √𝑁𝜙(𝜎3)  − 
𝜋

2
;         𝑐(𝜎3) =

𝜎𝑐
𝑢𝑐𝑠

2√𝑁𝜙(𝜎3)

 (24) 

with 

𝑁𝜙(𝜎3) = 1 +
𝐴

2
(𝐵 − 𝐴 𝜎3)−

1
2;     𝜎𝑐

𝑢𝑐𝑠 = 𝜎3(𝑁𝜙 − 1) + (𝐵 − 𝐴 𝜎3)
1
2 (25) 

Thus, for a given stress level 3, expressions (24) and (25) can be used to determine the local M-C 

criterion with Equation (23). Finally, this local criterion in (𝜎1, 𝜎3) plane can be rewritten in the space of 

stress invariants (p, q, ) according to equation (2) as function of 𝑐(𝜎3) and 𝜙(𝜎3).    

 

Finally, the proposed constitutive model is implemented into Comsol Multiphysics® v6.0 using three 

modules. The Solid Mechanics module solves for the anisotropic elastoplastic, damage and viscoplastic 

model, the Domain ODEs and DAEs are used for storing history variables, and the Helmholtz Equation 

module is used for the regularisation (Figure 4). These modules are written in strong form and solved 

based on finite element method (weak form). A similar implementation strategy was followed by Zhou 

et al. (2018) for a phase-field model. 

The algorithm to solve for the anisotropic elastoplastic and damage model is summarized below.  

1) Previous value of computed damage (𝑑𝑘−1) and current total strain (𝜺𝑘) are used to calculate 

current effective stress tensor (𝝈𝑘). 

2) Elastoplastic anisotropic yield function: 𝑓𝑝,𝑡(𝝈𝑘, 𝛾𝑝𝑘 , 𝑑𝑘−1) = 0 is solved to find current plastic 

strains (𝜺𝑝𝑘).  

3) Current damage (𝑑𝑘) is calculated based on the total strain, to be used in the next time step 

(𝑘 + 1). 

 

As previously mentioned since version 6.0 of Comsol Multiphysics®, a regularisation of the equivalent 

plastic strain is available for elastoplastic models through the implicit gradient method with the 

Helmholtz equation (22). Therefore, we will use the regularisations of the local variables 𝑌𝑑, 𝑌𝑑0 and 𝛾𝑝, 

in the forthcoming applications of the proposed model. 
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5.2. Verification of the numerical implementation  

5.2.1. Input parameters 

All the parameters used are summarized in Table 1. The most common ones used in rock mechanics 

result from laboratory characterizations carried out on COx claystone samples during the last two 

decades and is currently part of Andra's database. Some of the published references of these data can 

be found in Su (2003), Chiarelli et al. (2003), Armand et al. (2013), Armand et al. (2017b), Seyedi et al. 

(2017), Zhang et al. (2010, 2012, 2019), etc. The transverse isotropic characteristics (moduli and 

permeabilities) have been more recently characterized. The values considered correspond to the 

average values reported by Armand et al. (2013). The Poisson's ratios represent the values recently used 

by Manica et al. (2021), Tourchi et al. (2021) and Yu et al. (2021). As mentioned previously, an isotropic 

Biot coefficient with an average value of 0.6 is adopted (Armand et al. 2017, Seyedi et al. 2017). 

Numerous experimental data indicate that a failure criterion based on the parabolic criterion of Hoek 

and Brown (1980) is suitable for describing the shear strength of the Callovo-Oxfordian claystone (Su 

2003, Armand et al. 2013, 2017, Zhang 2016, 2018; Zhang and Rothfuchs 2004). The fitting leads to the 

identification of two sets of parameters 𝑚, 𝑠 and 𝜎𝑐for the elastic limit and peak strength: an “average” 

one obtained by best fit of Hoek and Brown criterion from experimental data and a “lower” one which 

represents the lower bound of these data. As discussed in Souley al. (2022), the “lower” values are most 

suitable to represent the COx claystone relative to the in situ observations: this is also assumed in this 

paper. An initial average residual cohesion 𝑐𝑟𝑒𝑠 of 0.8 MPa is assumed, being reduced by a factor of 

(1 − 𝑑𝑟𝑒𝑠) with the damage mechanism during the softening stage. The parameters related to plastic 

flow were adopted from Souley et al. (2022) since they were suitable to reproduce the laboratory tests. 

The growth rate of the damage 𝐵𝑑0 is taken equal to 150, while the residual friction 𝜙𝑟𝑒𝑠 and damage 

threshold 𝑌𝑑0 are internally computed: the first at the initialization and the second once the peak 

strength is reached. 

Finally, regarding the anisotropy of the yield stress 𝜎𝑐 at the elastic limit (𝜎𝑐_𝑖𝑛𝑖) and peak (𝜎𝑐_𝑝𝑒𝑎𝑘), and 

the residual cohesion (𝑐𝑎𝑛𝑖) as a function of angle 𝛼, the parameters 𝐴11, 𝑎1 and 𝑎2 were calibrated 

according to the dimensionless curve shown in Figure 2b (𝐴11 = 0.2, 𝑎1 = 2 and 𝑎2 = −1.5). In other 

words, these anisotropic parameters of tensor fabric correspond to a minimum strength at 45°, while 

the strength at 0° is slightly lower than that at 90° with a ratio of 1.25 (Manica et al. 2021, Djouadi et al. 

2020). 

For the time-dependent behaviour, parameters are those identified from the first series of creep tests 

(Su 2003) and represent the creep parameters of intact COx claystone. They will be used to simulate a 

more recent series of creep tests (Armand et al. 2017), thus not used in their identification in contrast 

to the values proposed in Souley et al. (2017). The creep parameters related to the damaged material 

are the most difficult to obtain as there is a lack of data on the time-dependent behaviour of the 
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damaged COx claystone, despite an attempt to perform creep tests at 75 and 90% of the COx peak 

strength (Armand et al. 2017). Then, values of 𝐴1 (viscosity) and 𝑚1 (strain hardening exponent) were 

identified by trial-and-error calibration on the measured convergences around the GCS: the retained 

values are 1.88 x 10-25 1 𝑠⁄  and -4.25, respectively. 

Similarly for the evolution of permeability as a function of damage and shear fracture, the following 

values 50 and 2.75 were used for 𝛼𝑑𝑎𝑚 and 𝛼𝑆𝐹, respectively. They could be more precisely determined 

if experimental data in the post-peak regime were available. 

 

5.2.2. Short term response 

The first verification of the proposed model and its numerical implementation aims to demonstrate the 

ability of the model to reproduce the brittle-ductile transition of the material for a transition confining 

stress (3
bd) of 25 MPa. Triaxial compression tests with different confining pressures (-0.001, -1, -2, -5, -

10, -20, and -30 MPa) are simulated. Figure 5a presents the corresponding deviatoric stress - axial strain 

curves for different confining pressures. The post-peak behaviour is confining pressure dependent and 

the transition stress between brittle failure and ductile behaviour is clearly marked. The resulting curves 

display four stages (elastic, hardening in pre-peak, softening in post-peak and residual phases) when the 

confining pressure is below the transition stress level 3
bd, but only three stages (elastic, hardening and 

perfect plastic phase) under high confining pressure. Figure 5b compares the values of the elastic limit, 

the peak and the residual strengths for different confining stress with the theoretical envelopes. A good 

agreement can be observed between numerical results and analytical solutions since the relative error 

for peak strength is less than 0.1%, and 3% for the elastic limit and the residual strength, respectively. 

The reason why the residual envelope is not a straight line with slope 𝜙𝑟𝑒𝑠 for |𝜎3| < |𝜎3
𝑏𝑑| is explained 

by the cohesion decrease with the damage at the beginning of the residual regime, 𝑑𝑟𝑒𝑠. Recall that the 

latter is maximum in the absence of confinement and null at 3
bd.  

The second verification of the instantaneous response using the proposed model focuses on the 

simulation of a triaxial test with different axial loading directions with respect to the bedding, : 0° 

(perpendicular to bedding), 30°, 45°, 60° and 90° (parallel to bedding), for a confinement of -2 MPa. 

Figure 6a presents the corresponding deviatoric stress - axial strain curves for different orientation, 

while Figure 6b shows comparison between the simulated and theoretical plasticity threshold, peak, 

and residual strengths. In particular, the model predicts the orientation dependence of strength, which 

corresponds well with the theoretical initial, peak, and residual anisotropic strengths. 

 

5.2.3. Long term response 

To investigate the model response for the time-dependent behaviour of COx, triaxial compression creep 

tests of 90 days duration at different deviatoric stresses (50%, 75% and 90% of the peak strength 
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estimated to be 36.5 MPa, i.e., 18.25; 27.375 and 32.85 MPa) reported by Armand et al. (2017), were 

selected for numerical prediction. Figure 7a compares the model and the theoretical (eq. 16) results of 

the time evolution of the deviatoric creep strain. A very good agreement is observed (maximum 

deviation below 0.1%). Figure 7b compares the evolution of the axial creep strain as a function of time 

between our simulations and the laboratory tests. Then, the model with the COx creep parameters from 

the Andra database allows to adequately reproduce these tests, despite they were not used to identify 

the input parameters. Finally, differences between modelled and experimental strains are similar to 

those obtained by several authors (Cuvilliez et al. 2017, Manica et al. 2017, Pardoen and Collin 2017, 

Souley et al. 2017, Coarita-Tintaya et al. 2020, Yu et al. 2021), whose input parameters of their model 

were calibrated on these 3 creep tests. This suggests that the deviation is of the same order of 

magnitude as the heterogeneity of this rock. 

 

6. Application to GCS drift 

6.1. Why the choice of GCS drift?  

As mentioned in the introduction, the GCS drift remains a challenge for numerical modelling, since to 

our knowledge, very few authors (Manica et al. 2021 and Yu et al. 2021) have successfully proposed a 

constitutive model of COx claystone behaviour with an appropriate regularisation scheme able to 

properly reproduce most of the in situ observations. Specifically, they are the anisotropies of the EFZ 

extension, of the convergences, of the pore pressure distribution, etc., while the initial stress state in 

the GCS drift section is quasi-isotropic (sv = 12.7 MPa, sh = 12.4 MPa). It is also a very interesting case 

that allows to validate the constitutive models, their numerical implementation and possibly to help in 

the back-calibration of certain model parameters. For all these reasons, we have chosen this gallery for 

an operational hydromechanical application of the model proposed with Comsol Multiphysics® 

software. 

 

6.2. Hydromechanical model  

We refer to the benchmarking specifications carried out by several teams for the numerical modelling 

of GCS drift (parallel to sH) and since then taken up in subsequent publications (Manica et al. 2021, Yu 

et al. 2021). The assumptions and specifications for the hydromechanical modelling under saturated 

conditions are given next and are detailed in Seyedi et al. (2017). A circular gallery is considered with a 

radius of 2.6 m and assuming 2D plane strain configuration. Rock bolts and the support system are not 

explicitly modelled. The initial stress (total) state is the one prevailing at the main level (-490 m) of the 

URL and discussed in the introduction, with an initial pore pressure of 4.7 MPa. The excavation is 

simulated by decreasing the total radial stress to the mean value of 0.3 MPa (a deconfining rate of 98% 

equivalent to a shotcrete/rock bolts support) for a period of 28 days (corresponding to an average 



23 

 

advance speed of 0.357 m/day). Hydraulically, the GCS wall is subjected to a constant water pressure of 

4.7 MPa during the first 13 days and zero after 15 days, with a linear variation between 13 and 15 days. 

The geometrical model and the initial and boundary conditions are shown in Figure 8a, while Figure 8b 

displays the adopted finite element mesh. In the annulus bounded by the radii 2.6 m (gallery wall) and 

7.8 m, there are 40 elements in the radial direction and 60 elements in the orthoradial direction (mesh 

M40x60Q), according to geometric and arithmetic progressions, respectively. In this annulus, finer mesh 

is used in the zone close to the GCS wall. Figure 8c shows the average extension of EFZ from the in situ 

observations (Figure 1) as well as the location of pore pressure measurements along the horizontal 

borehole OHZ1521 used for comparison with the numerical simulations. 

First, the reference case with the mesh M40x60Q will be discussed, considering the impact of damage 

on both permeability and creep strains as well as that of shear failure on permeability. Numerical results 

will be compared with in situ observations and measurements in terms of EFZ extension and time 

evolution of convergences and pore pressure in PR02, PR03, PR04 and PR05 chambers. In a second step, 

these dependencies on viscous strains and permeability will be gradually removed, in order to evaluate 

their influences. Finally, the independence of the results on the mesh size will be examined and 

discussed in the Appendix. The reference mesh (Figure 8b) is characterized in particular by quadrangular 

elements in the annular around the GCS drift. 

 

6.3. Results and discussion 

6.3.1. Extent of damage and plastic zones: comparison with the observed EFZ extent 

The extension of the damaged zones (expressed in terms of the ratio between the damage variable and 

the maximum damage reached at the beginning of the residual phase, 𝑑𝑟𝑎𝑡
∗) from the end of excavation 

(28 days) up to 4 years, is shown in Figure 9a. The iso-values of the plastic shear strain accumulated 

during the pre-peak and residual phases are drawn in Figure 9b. It can be noted that after 2 months 

(one month after the excavation end), the extensions of damaged and plastic zones reach almost steady 

state. Most of the damage and plastic strain are concentrated around the wall of GCS drift. It can be 

seen that the damage next to the lateral walls of the drift shows no localization but rather a continuous 

pattern. Moderate band-pattern distribution can be found at the outer region, the width of these bands 

being related to the characteristic length (0.08 m). These continuous-like results are similar to Yu et al. 

(2021), who used a regularisation scheme of their finite element solution based on the phase field. On 

the contrary, Pardoen and Collin (2017) and Manica et al. (2021) obtained rather localized discrete 

bands of shear plastic strain in this region. Manica et al. (2021) regularised their rheological model by a 

non-local integral formulation in the finite element code PLAXIS while Pardoen and Collin (2017) used 

the local second gradient in the finite element code LAGAMINE. A pattern with more localized discrete 
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bands would have been obtained for a different ratio between characteristic length and mesh size (see 

Appendix). 

 

In the following, the predicted extents of damaged or shear failed zones (post-peak and/or residual 

phases) will be referred to by DZ, while the plastic shear zones in the pre-peak phase are designated by 

ZSF. Table 2 summarises the various zones of fractures around the GCS drift, both observed and 

numerically predicted. For structures of MHM URL oriented in the direction of the principal major 

horizontal stress, the average and maximum values of the CFZ and DFZ extensions observed are also 

given in this table.  

Comparison of the damaged and plastic zones predicted by models based on continuous approaches 

with the in situ observations of discrete and/or connected explicit fractures zones around underground 

structures in semi-brittle rocks is cumbersome. Nevertheless, these damaged and/or plastic zones in 

continuous approaches can be regarded or interpreted as homogenized (or upscaled) fracture zones. 

Thus, as adopted in Souley et al. (2022), the zone closest to the drift wall, where the excavation induces 

softening and residual regimes (DZ extent in the proposed model), can be considered as the observed 

CFZ. In turn, the zone where only hardening regime occurs during the excavation (ZSF extent in the 

proposed model), is associated to the DFZ. By drawing this analogy between model and in situ 

observations (Armand et al. 2014), a good agreement can be observed, as shown in Figure 10. The DZ 

extent obtained with the model agrees well with in situ observations. The average and maximum of CFZ 

extent observed at the main level of MHM URL for drifts oriented parallel to H, are 0.2xD and 0.4xD at 

the drift sides (respectively, 0.1xD and 0.15xD at the roof), D being the diameter of the drift (Figure 10a). 

Conversely, the numerical simulation underestimates the extension of ZSF compared to the observed 

DFZ. As discussed in Section 6.3.3, this will have a significant impact on the evolution of the pore 

pressure around the interface between DFZ and intact rock. 

 

6.3.2. Convergences around the GCS drift  

Figure 11 compares the modelled and in situ measured evolution of horizontal and vertical 

convergences of the GCS drift wall. The strong anisotropic response (which is related to the EFZ shape) 

observed in situ is well reproduced by the model. The measured anisotropic convergence has a ratio 

Ch/Cv ~1.5-2.1, whereas the model results in ratios of 1.3-1.9. The latter value is reached at the beginning 

of the stabilisation of the DZ extent associated with a post-peak behaviour (60 days). The predicted 

evolution of the horizontal and vertical convergences, as well as their magnitudes are in quite good 

agreement with in situ measurements. This has only been reproduced by few rheological models with 

a post-peak phase and requiring a regularisation method (Pardoen and Collin 2017, Manica et al. 2021 

and Yu et al. 2021) or introducing the anisotropy of viscosity into the predefined EFZ (Jung et al. 2022). 
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6.3.3. Pore pressure in borehole OHZ1521 and other horizontal boreholes 

Figure 12 compares the modelled and the in situ measured pore pressure evolution at 4 points of the 

horizontal profile (OHZ 1521). These points correspond to chambers located at distances of 1.1; 1.9; 4.8 

and 9.9 m from the GCS wall, i.e., distances of: 0.2xD, 0.4xD, 0.9xD and 1.9xD. In relation to the observed 

and predicted EFZ, the first two points are located inside the CFZ and DZ zones, respectively. Inversely, 

the third point (PRE_04) would be inside the DFZ zone, whereas numerically it is predicted to be in the 

intact matrix at about one radius from the ZSF. The simulation allows to reproduce the pore pressure 

peak in the chambers located close to the GCS wall (PRE02 and PRE03): 6.2 MPa against the 6.6 MPa 

observed in situ. It also reproduces the pore pressure drops after the forehead passage. On the other 

hand, the model does not reproduce the measured overpressure in chamber PRE04. In reality, this zone 

is possibly subject to elastic contraction during the passage of the front, which would reduce the 

porosity and therefore the intrinsic permeability, thus increasing the Skempton effect (interstitial 

suppression). Furthermore, the modelled extent of the DFZ remains underestimated compared to the 

in situ observations, leading to an underestimation of the damage-induced permeability increase and 

thus the pressure drop highlighted by Vu et al. (2020) or Manica et al. (2021).  

Figure 13 illustrates the evolution of the modelled (at 200 days, 1, 2, 3 and 4 years) and in situ measured 

pore pressures around the GCS drift as a function of time. This figure clearly indicates a zone of drainage 

(with almost zero pore pressure) or hydraulically disturbed zone in the horizontal direction of the GCS 

drift. This zone is of one diameter extension, coinciding with the EFZ extent observed in situ. Conversely, 

numerically this drainage zone would be limited to the DZ domain, i.e., the average extension of the 

observed CFZ. Thus, to be able to reproduce this observed hydraulically disturbed zone from the 

pressure measurements (Figure 13), it would be necessary to further calibrate the evolution of the 

permeability both in the DZ and in the EFZ, while also calibrating the extension of the latter (decrease 

of the elastic limit for example). 

Finally, the proposed model allows to reproduce qualitatively and quantitatively most of the pore 

pressure measurements conducted in situ around the GCS drift. 

 

6.3.4. Radial displacements (extensometer) in the rock mass along the horizontal borehole OHZ1501 

The radial displacement inside the rock mass has been followed by the installation of borehole 

extensometers, in which mine-by-test experiment is installed before the excavation of the GCS drift 

from other existing drift (borehole OHZ1501 in Figure 1c). In this section, only the radial displacements 

in the first chambers (DFO_01 to 05) of the horizontal borehole OHZ1501 are analyzed. These points 

inside the COx are located at distances of 0.2; 0.8; 1.8; 3.3 and 4.8 m (i.e., 0.04xD, 0.15xD, 0.35xD, 0.6xD 
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and 0.9xD, respectively) from the wall of the GCS. Those of the additional 5 chambers (DFO_06 to 10) 

located between 5.8 and 24.8 m from the GCS wall measured virtually zero displacements and have not 

been represented for clarity. 

Figure 14 displays measured and predicted relative radial displacement between the head of the 

extensometer (wall) and points inside the COx for horizontal borehole (OHZ1501). Except for the near-

wall point (DFO_01), where the radial displacement is well correlated with the horizontal convergence, 

the radial displacements for the 3 points DFO_02, DFO_03 and DFO_04 appear to be underestimated 

by the model. As these points are all located within the zone of connected fractures (based on the 

maximum extension of CFZ), we can therefore be questioned about the influence of the behaviour of 

these fractures (their openings in particular) on their displacements, which cannot be correctly 

reproduced assuming a continuous model. On the other hand, the relative displacement of the point 

located in the intact rock (DFO_05) is better reproduced by the model compared to the three previous 

ones and to the results of Jung et al. (2022). 

Even if the magnitude of the measured displacements is not properly reproduced with the model, it can 

be noted that the predicted radial displacement velocities along borehole OHZ1501 remain consistent 

with the observations. 

 

6.4. Effect of damage and fractures on the viscoplastic strain and permeability changes 

In order to evaluate the sensitivity of taking into account the impact of damage and shear failure on the 

results, 3 additional calculations were performed. Case 1 stems from the reference case but without 

considering the coupling between permeability and the rates 𝑑𝑟𝑎𝑡
∗ and 𝛾𝑆𝐹

∗. Case 2 restates the 

reference case by deactivating the influence of damage on the creep deformations (𝑚1 = 𝑚0; 𝐴1 =

𝐴0) but maintaining a variable permeability tensor. Finally, Case 3 is a combination of cases 1 and 2, i.e. 

no coupling between damage and shear failure on the creep strains and on the permeability tensor is 

considered. The reference case (Ref) is the one studied in the previous section and integrates the effects 

of damage and shear failure on the viscoplastic deformations and the permeability tensor. This section 

allows also to check the consistency between the input parameters values and the numerical results, 

and a first impact of the individual input parameters. 

Figure 15 highlights the impact of shear yield and damage on the permeability and viscous strains. As in 

the reference case, the extension of the plastic and damaged zones reaches steady state one month 

after the end of excavation. Still, the magnitudes of the damage variable and the plastic strain increase 

with time in these zones. The impact of permeability (constant versus variable) is clearly illustrated by 

comparing the reference case with Case 1 and, Case 2 with Case 3. In both instances, the constant 

permeability (therefore of lower amplitude) tends to accentuate the undrained response inside the rock 

mass in the direction of the minor stress (𝜎ℎ), which is also associated with the lower modulus of 
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deformation (anisotropy of elastic moduli). In other words, more interstitial overpressures are then 

dissipated in the near field, leading to larger damage and plastic strains. This is clearly illustrated in 

Figure 16, representing the pressure profile in the horizontal direction at 4 different times. It also shows 

the reduction of the drainage rate when the permeability is kept constant and equal to that of the intact 

matrix. 

The effect of damage and shear failure on viscoplastic strains and permeability changes, is also examined 

through the evolution in time of GCS convergences (Figure 17). In relation to the extensions of damaged 

and shear failed zones discussed below, it can be noted that, when comparing the reference scenario 

to Case 1, the increase in the extent of the damaged zones one month after excavation is accompanied 

by an increase in convergence, despite the decrease in displacements induced by drainage (less 

important in Case 2): here the predominant mechanism is damage-induced creep. The similarity 

between the two simulations on the vertical convergence is explained by the fact that the roof is not 

damaged, and the plastic strains remain low, thus leading to limited permeability variations. Finally, 

Figure 18 illustrates the results of the sensitivity analysis on the deformation within the rock. The same 

trends are found as for the convergences. 

In conclusion, this sensitivity analysis demonstrates the complex interplay between damage, creep and 

diffusion of the fluid mass. In particular, with a constant permeability (equal to that of the intact rock), 

considering the creep of the damaged rock increases the displacements (Case 1 versus Case 3). 

Conversely, by not considering the creep of the damaged or sheared rock (Case 2 versus Case 3), the 

use of a variable permeability field (damaged and/or plastic rock being more permeable than intact 

ones) reduces the magnitude of displacements despite a more important drainage, which is less 

intuitive. Therefore, the couplings between damage, creep, and transport properties on the one hand, 

but also between creep and permeability changes on the other hand, need to be investigated in further 

depth. Finally, for the overpressure and under-pressure inside the rock mass respectively in the 

directions parallel and perpendicular to the bedding, it could be interesting to investigate the impact of 

the instantaneous elastic volumetric deformation (thus variation of porosity) on the field of initial 

permeability (i.e., induced changes of permeability due to the elastic volumetric strain). 

 

6.5. Sensitivity analysis on characteristic length: effect on the volumetric and plastic shear strains, damage, and 

permeability changes  

In this section we examine the influence of characteristic length on the distribution of volumetric strain, 

plastic shear strain, permeability in the bedding plane and damage rate. The reference case (used in all 

the simulations discussed previously) consists of the mesh shown in Figure 8b and two identical 

characteristic lengths 𝑙𝛾𝑝
= 𝑙𝑑 = 8 cm. In this sensitivity analysis, we also consider identical characteristic 
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lengths, 𝑙𝑐 for the local damage and plastic strain variables. Lower and higher values than the reference 

value, are studied: 2, 6, 10, 15 cm (i.e., from ¼ to 2 times the reference value). 

In Figure 19 we summarised the distribution of the considered variables along the horizontal profile 

(where the highest variations are expected in relation to the induced damage) for the last time of 

simulation (t=1500 d). For sake of reading, we have limited ourselves to 1.2xD from the GCS wall 

(variations beyond this distance are negligible). For each of the four quantities represented in this figure, 

three distinct domains can be distinguished: one corresponding to the quasi-continuous damaged zone 

adjacent to the GCS wall, the second associated with strain hardening (plasticity) and elasticity, and the 

third representing a transition zone between the two previous ones. In the first two, the distribution of 

damage and/or plastic distortion is continuous, leading to a monotonic evolution of these variables. The 

transition zone is instead associated with localised bands of damage and plastic strain already illustrated 

in Figure 9, which lead to a series of jumps in the studied variables. It is precisely in this transition zone 

that the influence of 𝑙𝑐 on the results remains most marked. 

Independently to the value of 𝑙𝑐, the variation in volume (Figure 19a) remains governed by the damage 

mechanism, with dilatant volumetric strain in the first domain. Moreover, in this domain, the volumetric 

plastic deformation is also dilatant, but 2.5 to 5 times lower than the total volumetric strain. In the 

second domain (plastic), the volumetric behaviour is still globally contractant (even if it is dilating after 

an initial elastic contraction).  

The evolution of permeability (Figure 19c) is also highly correlated with the distribution of damage 

(Figure 19d). 

In conclusion, despite the damage scattering associated to localised bands in the transition zone, the 

results remain globally independent to the value of characteristic length in the investigated range 

(between ¼ and twice the reference value)). 

 

7. Conclusion 

In France, the National Radioactive Waste Management Agency (Andra) oversees the study of a disposal 

for intermediate-level long-lived (IL-LLW) and high-level activity radioactive waste (HLW) in a deep 

claystone formation (Callovo-Oxfordian claystone, COx) in the framework of the Cigéo project. Several 

in situ and laboratory THM characterization studies have been undertaken in this formation since 2000. 

In parallel, theoretical analyses, constitutive models and numerical modelling have been developed to 

describe different processes during the life of the disposal. 

The present paper is a part of ongoing collaborative scientific research on the development of advanced 

constitutive models for COx claystone behaviour and robust numerical tools suitable for the THMC 

modelling (1D, 2D and 3D) in the Cigéo project and available in an industrial software. Based on available 

experimental data, an anisotropic elastoplastic, damage and viscoplastic model is then proposed to 
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describe the mechanical behaviour of the COx claystone. The model considers state-of-the-art 

knowledge of the THM behaviour of COx claystone and focuses on the key mechanisms. Among these 

mechanisms, we can mention: the nonlinear instantaneous and delayed mechanical responses, the 

anisotropy of the THM behaviour as well as the anisotropy of strengths. As for most semi-brittle 

geomaterials, the mechanical behaviour of COx claystone is marked by a strain softening mechanism, 

after the peak strength. Consequently, appropriate modelling of these geomaterials behaviour requires 

the use of a regularisation technique to overcome the problem of mesh dependence and hence to 

better represent the development of the EFZ (Excavation-induced Fractured Zones) particularly around 

the structures of MHM-URL. The proposed model was implemented with a regularisation scheme based 

on the non-local implicit gradient for two internal variables (damage viewed in the framework of 

Continuum Damage Mechanics and equivalent shear plastic strain) in the commercial finite element 

code, Comsol Multiphysics®, which allows multiple physics to be simultaneously considered.  

 

After validating the implemented model on simple stress paths (triaxial compression and creep tests), 

its operational nature is successfully evidenced on the GCS drift (// H) for which the in situ observations 

and measurements are the most challenging to reproduce (Manica et al. 2021). Specifically, by drawing 

an analogy between the numerical damaged zone and the observed connected fracture zone (CFZ), a 

good agreement is obtained between observations and the numerical simulation. The model allows to 

reproduce the pore pressure peak in sensors near the GCS wall as well as the pore pressure drop after 

the forehead passing. The convergences are also well reproduced as well as their ratios 

(horizontal/vertical). Typically, the observed ratios ranged between 1.3 and 2.1 while those predicted 

are comprised between 1.3 and 1.9.  

The perspective will be to incorporate the creep strain anisotropy, the temperature-dependent creep 

strain, as well as an extension to hydromechanical coupling under unsaturated conditions. 
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9. Appendix 

Illustration of mesh-independency on the results of GCS drift simulation 

This section is dedicated to the evaluation of the effect of the mesh size on the numerical results 

presented in this paper in terms of extensions of damaged and plastic zones, drift convergences, pore 

pressure distribution and deformation of the rock mass in the near and far fields. For this, we started 

from the last configuration discussed above (Case 3). The reference mesh is the one used in all the 

simulations previously discussed, i.e., M40x60Q consisting of 40 x 60 quadrilateral elements in an 

annulus of one GCS diameter from the wall (i.e., 40 radial elements with a geometric progression, 60 

orthoradial elements with an arithmetic distribution). Coarser and finer meshes were used, especially 

around the GCS drift wall. They are summarized in Table A1. 

 

For these different meshes, the extension of the damaged and plastic zones, the pressure along the 

horizontal profile for different times, the evolution of the GCS convergences and the displacement in 

the massif are shown in Figures A1 to A4. They indicate a quasi-absence of mesh dependence, which 

was not the case when no regularisation scheme was used (Coarita-Tintaya et al. 2020). However, 

moderate differences are obtained in terms of 2D distribution of the damaged zone. For the cases in 

which the selected characteristic length (0.08 m) is close to the distance between evaluation nodes, an 

almost continuous pattern is found. In turn, for the most spatially refined case, the large ratio between 

characteristic length and mesh size results in a more localized discrete band pattern in which its width 

is defined by the characteristic length selected. 

 

 



 

 

 

Table 1 - List of input parameters and the used values. 

Parameter Value Unit Description 

𝐸1
0 8000 MPa Young's modulus in the plane of isotropy (𝐸∥) for undamaged rock 

𝐸2
0 4000 MPa Young's modulus normal to the isotropy plane (𝐸⊥) for undamaged rock 

𝜈12 0.35  Poisson coefficient normal to the isotropy plane (𝜈∥⊥) 

𝜈13 0.24  Poisson coefficient in the isotropy plane (𝜈∥∥) 

𝐺12
0 1806.5(1)  MPa Shear modulus normal to the isotropy plane (𝐺∥⊥) for undamaged rock 

𝑚𝑖𝑛𝑖 1.5  Hoek-Brown parameter at the elastic limit  

𝑚𝑝𝑒𝑎𝑘  2  Hoek-Brown parameter at the peak strength 

𝑠𝑖𝑛𝑖 1  Hoek-Brown parameter at the elastic limit 

𝑠𝑝𝑒𝑎𝑘  0.128  Hoek-Brown parameter at the peak strength 

𝜎𝑐0_𝑖𝑛𝑖 9.6 MPa Elastic limit stress under unconfined compressive condition 

𝜎𝑐0_𝑝𝑒𝑎𝑘  33.5 MPa Peak stress under unconfined compressive condition 

𝑐𝑟𝑒𝑠 0.8 MPa Residual cohesion  

𝜎3
𝑏𝑑 25 MPa Transitional stress between brittle – ductile behaviour 

𝛾𝑝𝑒𝑎𝑘  0.00225  Peak plastic distortion 

𝛾𝑢𝑙𝑡  0.01125  Ultimate plastic distortion 

𝛽0 -0.1  Initial compressibility/dilatancy rate 

𝛽𝑚 0.3  Asymptotic compressibility/dilatancy rate 

𝑏𝛽 600  Plastic flow velocity 

𝐵𝑑0 150  Damage growth velocity 

𝐴11 0.119(2)   Anisotropic parameter related to the microstructure tensor 

𝑎1 10.442(2)  Anisotropic parameter 

𝑎2 6.195(2)  Anisotropic parameter 

𝐴0 8 x 10-25 1/s Viscosity at room temperature of the intact (undamaged) rock 

𝑛 6.8  Exponent of the deviatoric stress  

𝑚0 -2.7  Exponent for hardening work of the undamaged material 

𝜛𝑝 0.18  Porosity 

𝛼𝐵 0.6  Equivalent isotropic Biot coefficient 

𝑘// 4 x 10-20 m2 Intrinsic permeability in the plane of isotropy 

𝑘⊥ 1.333 x 10-20 m2 Intrinsic permeability in any plane normal to the isotropy plane 

𝑙𝛾𝑝 = 𝑙𝑑 0.08 m Characteristic lengths for model regularisation 

(1) In absence of experimental data, 𝐺12 can be expressed as a function of the 4 other elastic constants through the empirical 
relation proposed by Lekhnitskii (1981) which is a particular case of de St Venant (1863).   
(2) fitted parameters based on the U-shape of the peak strength measured on COx samples (Figure 2a).  

 

  



 

 

 

Table 2 - Abbreviations of different zones around the GCS drift. 

Abbreviations Description 

EFZ Excavation-induced Fractures Zone (observation or numerical) 

CFZ 
Connected Fractured Zone, refer to the conceptual model of fracturation observed 
around the M/HM URL excavations (Armand et al. 2014) 

DFZ 
Discrete Fractured Zone, refer also to the conceptual model of fracturation (Armand 
et al. 2014) 

DZ 
Damaged Zone, refer to the numerically predicted extents of damaged or shear 
failed zones (post-peak and/or residual phases)  

ZSF 
Zone of Shear Failure, refer to the numerically predicted extents of shear failed 
zones during the pre-peak regime (or hardening phase) 

 

 

 

Table A1 - Sensitivity analysis on mesh size. 

In graph legends Name Number of radial 
elements 

Number of 
orthoradial elements 

Mesh-3 M11x16Q 11 16 

Mesh-2 M13x20Q 13 20 

Mesh-1 M25x40Q 25 40 

Ref M40x60Q 40 69 

Mesh+1 M56x80Q 56 80 

Mesh+2 M84x120Q 84 120 

 

 

CFZ DFZ

Conceptual model of EFZ for drifts 
parallel to sH (Armand et al. 2014)



 

 

 

 

Figure 1 - In situ observations around the GCS drift, after Armand et al. (2014). (a) Conceptual model of the 
induced fractures network around a drift parallel to the major horizontal stress, (b) measured hydraulic 
conductivities with distance from the GCS drift wall along horizontal and vertical directions; (c) location of the in 
situ measurements around the GCS drift (displacements, pore pressure); (d) measured horizontal and vertical 
convergences 
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Figure 2 – (a) Synthesis of peak strength of COx claystone as function of the orientation of the major principal 
stress with respect to the bedding plane (Andra database) and a fitting with identical strengths at 0 and 90°, and 
minimum at 45°; (b) variation of cohesion and tensile strength with loading direction, relative to their reference 
value (after Manica et al. 2021) 

 

 

 

Figure 3 – Mohr-Coulomb criterion tangent to Hoek-Brown one at 3   

 

 

 

Figure 4 – Schematics of the Comsol implementation of the model using three modules 
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Figure 5 - Model verification on triaxial compression stress path for different confining pressure: (a) deviatoric 
stress vs axial strain curves and (b) elastic limit, peak, and residual strengths: numerical and theoretical solutions 

 

 

Figure 6 - Model verification for strengths anisotropy - triaxial compression for a confinement of -2 MPa and for 
different loading orientations with respect to the bedding: (a) deviatoric stress vs axial strain curves and (b) 
elastic limit, peak, and residual strengths: numerical and theoretical solutions, for a U-shaped strength evolution 
as the laboratory tests shown Figure 2a 

 

 

Figure 7- Creep tests on COx claystone: (a) comparison between the model (solid line) and the analytical 
expression eq. 16 (star); (b) comparison between the model and the creep tests of Armand et al. (2017) 



 

 

 

Figure 8 - (a) Geomechanical model of GCS drift, initial and boundary conditions; (b) finite element mesh used; 
(c) average observed EZF extent and location of pore pressure chambers in the borehole OHZ1521 

 

 

Figure 9 – Extent of damage rate (a) and plastic shear strain (b) at the end of excavation, 60 days, 1 year and 4 
years  

 

 

 

Ref: M40x60Q

(b)

60 m

60 m

h

p

v            p

x

y

r = 2.6 m

x = h = -12.4 MPa
z = H = -16.1 MPa
y = v = -12.7 MPa

p= 4.7 MPa

GCS drift

(a)

(c) EFZ extent (see Fig. 1)

60 Elts

Damage rate drat
* = d/dres

(a)

Shear plastic strain gp(b)



 

 

 

Figure 10 – Excavation induced Fractured Zone (EFZ): (a) in situ observations (Armand et al. 2014), (b) numerical 
prediction  

 

 

Figure 11 – Evolution of horizontal and vertical convergences around the GCS. Comparison between the field 
measurements and the numerical prediction  
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Figure 12 – Pore pressure measurements in the horizontal borehole OHZ1521: comparison with the numerical 
simulation 

 

 

 

Figure 13 – Comparison of modelled and in situ measured pore pressure evolution along a radial profile of the 
GCS drift at different times  
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Figure14 – Variation in relative radial displacement (from the GCS wall) in rock mass along the borehole OHZ1501. 
Comparison with numerical simulation  

 

  

Figure 15 – Extent of damaged and plastic zones around GCS drift at 4 years. Sensitivity analysis on the effect of 
damage and shear failure on delayed deformations and permeability changes  
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Figure 16 – Pore pressure evolution along the horizon profile for times 200 days, 1, 2 and 4 years. Sensitivity 
analysis on the effect of damage and shear failure on delayed deformations and permeability changes  

 

 

Figure 17 – Horizontal and vertical convergences around the GCS. Sensitivity analysis on the effect of damage 
and shear failure on delayed deformations and permeability changes  
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Figure 18 – Relative radial displacement (from the GCS wall) in rock mass along the borehole OHZ1501. Sensitivity 
analysis on the effect of damage and shear failure on delayed deformations and permeability changes  

 

 

 

 

Figure 19 – Sensitivity analysis on the characteristic length (𝑙𝛾𝑝 = 𝑙𝑑 = 𝑙𝑐). Distribution of (a) total volumetric 

strain; (b) plastic shear strain, 𝛾𝑝; (c) intrinsic permeability in the plane of isotropy, 𝑘//; (d) damage rate, 𝑑𝑟𝑎𝑡
∗, 

along the horizontal profile at the end of simulation (t = 1500 d). D is the GCS drift diameter 
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Figure A1 – Extent of damaged and plastic zones around GCS drift at 4 years. Effect of mesh size  

 

 

 

Figure A2 – Pore pressure evolution along the horizon profile. Effect of mesh size 
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Figure A3 – Horizontal and vertical convergences around the GCS. Effect of mesh size  

 

 

Figure A4 – Relative radial displacement (from the GCS wall) in rock mass along the borehole OHZ1501. Effect of 
mesh size  
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