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Abstract

In the context of the deep geological repository of nuclear wastes, Andra con-

ducts a benchmark called "Transverse action" to characterise and model the

behaviour of the Callovo-Oxfordian claystone. The main objectives are to de-

velop and calibrate numerical models with the purpose of modelling under-

ground structures, by the reproduction of the drilling phase and Excavation

Damaged Zone (EDZ) around the galleries. The proposed model is a cross-

anisotropic elasto-viscoplastic model including the anisotropy of both elastic

and plastic behaviours. A viscoplastic mechanism is considered to reproduce

the creep deformation of the material in the long term. The parameters of

the model are calibrated based on laboratory test results provided by Andra.

Once the model is calibrated, the drilling process at large scale is reproduced

with a finite element method. The shear fractures that develop around the gal-

leries are reproduced with strain localisation in shear bands. The purpose of

the modelling is to highlight the contributions of shear banding, viscosity, and

material anisotropy for the reproduction of the EDZ and claystone behaviour

at repository scale. The numerical modelling indicates that the EDZ and the

gallery convergence can not be correctly represented if the fractures are not re-

produced. A classical continuous approach without shear band modelling fails
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to reproduce the EDZ behaviour. Modelling shear banding around the gallery

is an important aspect that leads to a better description of the EDZ for the con-

sidered claystone. Moreover, considering the material viscosity allows a better

reproduction of the gallery convergence in the long term.

Keywords: Excavation damaged zone, strain localisation, shear banding,

viscosity, cross-anisotropy, numerical modelling

1. Introduction

The underground repository of nuclear wastes in deep geological formations

is nowadays a crucial issues. To assure a safe repository on the long term, the

behaviour of the possible host formations and of the underground structures,

where the most hazardous type of wastes will be stored, need to be defined and5

predicted. The underground structures are composed of a network of galleries

whose drilling inevitably engenders stress redistribution, damage, and fractures

in the surrounding medium. Different low-permeability host materials are en-

visaged for the deep geological repository and, among them, the behaviour and

drilling of the Callovo-Oxfordian claystone is studied. This geological medium is10

studied in France by the national radioactive waste management agency Andra.

Andra conducts various scientific research programs to ensure the feasibility of a

safe repository in the Callovo-Oxfordian claystone. The benchmark "Transverse

action" consists in developing numerical models to characterise the claystone be-

haviour, to calibrate them based on experimental results, and finally to use them15

to numerically model underground structures by the reproduction of the drilling

phase.

Many experimental measurements and observations in the considered argilla-

ceous rock have highlighted that damage and fracturing around the galleries play

an important role in the hydro-mechanical behaviour of the Excavation Dam-20

aged Zone (EDZ) [1, 2]. The latter is a zone that develops around underground

galleries due to the drilling process and which is dominated by irreversible hydro-

mechanical property changes. The shape and extent of the EDZ is also domi-
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nated by the material anisotropy either of the in situ initial stress state or of

the mechanical behaviour. Taking into account the material anisotropy and the25

representation of the fractures are therefore necessary to correctly predict the

behaviour of the EDZ.

The proposed constitutive model is a cross-anisotropic and elasto-viscoplastic

model. The anisotropy is considered both for the elastic and plastic behaviours

of the material. For the plastic behaviour, the evolution of a strength parameter30

is considered with a microstructure fabric tensor. Creep deformations are also

considered by the introduction of a viscoplastic mechanism in order to repro-

duce the increase of gallery convergence which is observed in the long term.

The different aspects of the model are calibrated based on experimental results

obtained in laboratory, on small-scale samples, and provided by Andra.35

Among various possibilities to represent the fractures, it is chosen to repre-

sent them at large scale around galleries with strain localisation in shear bands

[3]. This approach is chosen because shear banding is usually observed in ge-

omaterials and develops before localised rupture or fractures [4]. Furthermore,

the fracturing process in the Callovo-Oxfordian claystone is dominated by shear40

fractures around the galleries [2]; thus, shear banding can be an adequate man-

ner to represent these fractures [5].

The proposed approach aims to highlight the contributions of material anisotropy,

viscosity, and shear banding in the reproduction of the claystone behaviour as

well as in the development of the EDZ. The numerical modelling are realised45

with the non-linear finite element code Lagamine developed at the University of

Liège [6]. The results indicate that the EDZ behaviour and the gallery conver-

gence can not be well represented without considering the reproduction of the

fractures in the rock.

2. Constitutive models50

The Callovo-Oxfordian claystone is assumed to be a biphasic porous medium

composed of solid particles and liquid water under unsaturated conditions. The
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constitutive equations of the hydro-mechanical model are described in this sec-

tion. Firstly, the balance equations are established, then the mechanical and

hydraulic models are detailed for a cross-anisotropic rock exhibiting creep de-55

formation. Moreover, gravity is not taken into account in the problem.

2.1. Balance equations

The balance equations are described hereafter for classical poromechanics

defined at macroscale and for microstructure medium. The latter is relevant for

the modelling of strain localisation in geomaterials.60

2.1.1. Classical medium

The balance equations of the mixture momentum and of the water mass are:

∫
Ω

σij ε
∗
ij dΩ =

∫
Γσ

ti u
∗
i dΓ (1)

∫
Ω

(
Ṁw p∗w − fw,i

∂p∗w
∂xi

)
dΩ =

∫
Ω

Qw p∗w dΩ−
∫

Γqw

qw p∗w dΓ (2)

where the general notation a∗ represents the kinematically admissible virtual

quantity a, Ω is the porous material configuration, ui is the macroscale dis-

placement field, εij is the strain field, σij is the total stress field (σij > 0 for

compression), and ti is the classical external traction force per unit area acting65

on a part Γσ of the total boundary Γ. Further, pw is the pore water pressure

field (pw < 0 if suction), fw,i is the mass flow of water, Ṁw is the variation of

the water mass, qw is an input water mass per unit area on a part Γqw of Γ, and

Qw is a water sink term.

The effective stress field σ
′

ij is defined by Biot’s postulate [7] under unsatu-

rated conditions and takes into account the solid phase compressibility:

σij = σ
′

ij + bij Sr,w pw (3)

where bij is the Biot’s tensor for anisotropic materials (Eq. ??), and Sr,w is the70

degree of water saturation.
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2.1.2. Microstructure enhanced medium

In geomaterials, shear strain localisation is often observed before the lo-

calised failure of the material and fracturing. When subjected to external so-

licitations, homogeneous deformation are firstly visible in geomaterials; then,75

once the damage threshold is reached, material damage by microcracking devel-

ops. Further, if microcracks coalesce, it can lead to strain localisation in shear

bands and to the onset of interconnected fractures (macrocracks). It is therefore

proposed to represent the shear fractures around the galleries in a continuous

manner (weak discontinuities) with strain localisation in shear bands [8, 9].80

In classical finite element methods, the strain localisation suffers a mesh sen-

sitivity [10] which can be avoided by regularising the numerical method with the

introduction of an internal length scale. The latter allows a proper reproduction

of the post-localisation material behaviour. Among the various regularisation

methods that exist, an enrichment with microstructure kinematics is considered85

[11, 12]. The coupled local second gradient model is used and introduces mi-

croscale kinematics in addition to the classical macroscale kinematics [13, 14, 3].

The momentum balance equation of the mixture is:∫
Ω

(
σij

∂u∗i
∂xj

+ Σijk
∂υ∗ij
∂xk

)
dΩ =

∫
Γσ

(
ti u

∗
i + T i υ

∗
ik nk

)
dΓ (4)

where Σijk is the double stress, υij = ∂ui
∂xj

is the gradient field of the microkine-

matics, nk is the normal unit vector to the boundary, and T i is the additional

external double force per unit area. The double stress Σijk involves an addi-90

tional constitutive law in which the internal length scale is introduced.

It is assumed that the pore fluid does not have an influence at microscale

[15]. Second gradient effects are only assumed for the solid phase and the water

mass balance equation 2 of classical poromechanics is conserved.

2.2. Mechanical models95

The Callovo-Oxfordian claystone is a sedimentary material which exhibits a

cross-anisotropy, i.e. transverse isotropy, with quasi-horizontal isotropic planes
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(bedding planes). Creep deformations have also been observed for this mate-

rial. Therefore, the rock behaviour is defined with an elasto-viscoplastic hydro-

mechanical model including cross-anisotropy.100

2.2.1. First gradient

The elasto-plastic behaviour is defined for a transversely isotropic material,

which properties depend on the loading orientation relative to the preferential

axes of the material structure.

The elastic law is classically defined with the Hooke’s linear relation [16, 17]105

and the compressibility of the solid grains is defined through the Biot’s tensor

[18]. The parameters that describe the elasticity are detailed in Table 2 for the

considered rock. The subscripts ‖ and ⊥ indicate the directions parallel and

perpendicular to the isotropic planes, respectively.

A non-associated plasticity is considered with a plastic behaviour defined by

an internal friction model and by a Van Eekelen yield surface [19]:

F ≡ IIσ̂ −m
(
Iσ′ +

3 c

tanϕc

)
= 0 (5)

where c is the rock cohesion, ϕc is the friction angle in compression, Iσ′ and

IIσ̂ are the first and second stress invariants, and m is a model parameter

which introduces the dependence to the Lode angle. An isotropic hardening or

softening is allowed for the cohesion and the friction angles. The evolutions of

the strength parameters follow hyperbolic functions [20] which are defined as

follows:

a = a0 +
(af − a0) 〈ε̂peq − deca〉
Ba + 〈ε̂peq − deca〉

(6)

where a is a strength parameter, af and a0 are its final and initial values,110

ε̂peq =
√

2
3 ε̂

p
ij ε̂

p
ij is the Von Mises’ equivalent deviatoric plastic strain, ε̂pij =

εpij −
εpkk
3 δij is the deviatoric part of the plastic strain tensor εpij , Ba is an

evolution parameter, and deca is the value of ε̂peq from which hardening/softening

starts.

The inherent anisotropy of the plastic behaviour is introduced with a sec-

ond order fabric tensor Aij which represents the microstructure of the material
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[21, 22, 23]. The anisotropy and spacial distribution of the cohesion are de-

fined with this tensor. Moreover, the cohesion also depends on the direction

of loading relative to the orientation of the material microstructure [24]. For

cross-anisotropic rocks, the evolution of the initial and final cohesions, c0 and

cf , are given by:

c0 = c̄

(
1 +A‖‖

(
1− 3 l2‖

)
+ b1 A

2
‖‖

(
1− 3 l2‖

)2
)

(7)

cf =
c0
ξ

(8)

where A‖‖ is the component of the microstructure fabric tensor in the isotropic115

planes, c̄ and b1 are constant parameters, ξ is the ratio of cohesion softening,

and l‖ is the component of a generalised unit loading vector li [25] on a facet

parallel to the isotropic planes. The loading vector is defined as the resultant

of the stress state on the material facets.

Viscoplasticity is also taken into account to reproduce the creep deformation

of the claystone [26, 27]. The plastic strain is assumed to be composed of an

instantaneous strain εpij independent of time and of a time-dependent creep

strain εvpij [28]. The viscoplastic loading surface is defined as [29, 30]:

F vp ≡
√

3 IIσ̂ − αvp Rc

√
A

(
Cs +

Iσ′

3Rc

)
= 0 (9)

where Rc is the uniaxial compressive strength, A is an internal friction coeffi-

cient, Cs is a constant cohesion coefficient, αvp is a delayed hardening function

defined as:

αvp = αvp0 + (1− αvp0 )
εvpeq

Bvp + εvpeq
(10)

where αvp0 is the initial threshold for the viscoplastic flow, Bvp is a hardening120

parameter, and εvpeq is the equivalent viscoplastic strain. A complete description

of the viscoplastic model is available in [29] and [30].

2.2.2. Second gradient

For microstructure media, a constitutive stress-strain relation between the

kinematics and the stress at microscale is required in addition to the classical
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stress-strain relation. This law relates the rate of the micro second gradient ∂υ̇ij∂xk

to the Jaumann double stress rate Σ̃ijk. It is an isotropic linear elastic equation

defined in [31]:

Σ̃ijk = Dijklmn
∂υ̇lm
∂xn

(11)

This second gradient law is decoupled of the classical first gradient part and it is

assumed that the pore fluid does not have an influence at the microscale. Thus,125

the second gradient mechanical law is not related to the pore water pressure.

The matrix Dijklmn in Eq. 11 is composed of only one elastic parameter D in its

simplified version proposed in [32]. This elastic modulus represents the physical

microstructure of the material and is linked to an internal length scale intro-

duced to regularise the post-localisation material behaviour [33, 34]. The shear130

band width is related to this parameter which allows a correct representation of

the strain localisation process by restoring mesh objectivity [14].

2.3. Hydraulic model

The transfer of the liquid water by advection is modelled in unsaturated

porous media by the generalised Darcy’s law. The latter depends on the anisotropic135

tensor of saturated (intrinsic) water permeability kij and on the relative water

permeability kr,w. For cross-anisotropic rocks, kij is defined by k‖‖ and k⊥⊥.

Furthermore, the partial saturation of the rock is defined by a relative water

permeability curve and a retention curve from Mualem - van Genuchten’s model

[35].140

3. Calibration of model parameters

The Callovo-Oxfordian claystone is a sedimentary material having horizontal

bedding planes. Thus, the main orientations of anisotropy are located in the

horizontal isotropic planes and along the vertical direction. It goes without

saying that the calibration of the claystone parameters has to take into account145

these preferential material directions.
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The anisotropic and elasto-viscoplastic mechanical parameters are calibrated

based on compression tests performed in laboratory on small-scale samples. For

these tests, the global stress-strain curves of the specimen response exhibit peak

stresses that corresponds to the appearance of shear bands in the samples. After150

the peak stress, the post-peak behaviour is governed mainly by the development

of shear bands and shear fractures within the samples.

The reproduction of shear bands in the material should be considered to cal-

ibrate the model parameters. The calibration would depend upon the structure

of shear bands in the Callovo-Oxfordian claystone. Unfortunately, complete155

experimental information on shear banding is seldom available for rocks. Fur-

thermore, the strain localisation process is a three-dimensional problem that

would require three-dimensional numerical modelling to accurately predict the

post-peak behaviour. The latter is quite complex and requires to extend the sec-

ond gradient model to three-dimensional modelling which is beyond the scope160

of the present study.

A more classical approach is to consider the material as homogeneous. For

this approach, the peak stress and post-peak behaviour can be represented by

the softening of strength parameters in the constitutive model. Due to the

complexity of relating the model calibration to shear banding, the homogeneous165

approach is considered for classical material (section 2.1.1). Localised solutions

with shear bands will be analysed in the numerical modelling of the gallery

excavation problem in section 4.3.

The calibration of the model parameters is envisaged in different steps. The

hydraulic parameters and the elastic mechanical parameters are described at170

first, taking into account their anisotropy. Then, the plastic mechanical param-

eters are evaluated based on experimental results (section 3.3). Firstly, the hard-

ening and softening of the plastic behaviour under compression is analysed with

anisotropic elasticity and isotropic plasticity (no cohesion anisotropy). This first

calibration considers that the post-peak behaviour is reproduced with cohesion175

softening for a homogeneous material. As mentioned previously, the post-peak

behaviour should be related to the appearance of shear banding. Moreover, a
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Table 1: Hydraulic parameters.

Symbol Name Value Unit

k‖‖ Parallel intrinsic water permeability 4× 10−20 m2

k⊥⊥ Perpendicular intrinsic water permeability 1.33× 10−20 m2

Φ Porosity 0.173 −

Pr Air entry pressure 15 MPa

M van Genuchten coefficient 0.33 −

Smax Maximum degree of water saturation 1 −

Sres Residual degree of water saturation 0.01 −

χ−1
w Water compressibility 5× 10−10 Pa−1

softening behaviour engenders the appropriate conditions for the onset of strain

localisation. Consequently, the softening parameters have to be adapted to

trigger strain localisation for the considered application of a gallery excavation.180

The cohesion softening will therefore not be reproduced for the other calibra-

tions at small scale and shear banding will be modelled later for the gallery

drilling. Secondly, after the calibration of the plastic properties under compres-

sion, the extensional plastic properties are evaluated. Thirdly, the parameters

of the cohesion anisotropy are calibrated. Finally, the viscoplastic parameters185

are evaluated in section 3.4.

3.1. Hydraulic parameters

The hydraulic parameters of the Callovo-Oxfordian claystone required for

the model come from [36] where a synthesis of the claystone parameters is

detailed. The calibration is obtained from laboratory experiments and from190

results available in the literature. The parameters are summarised in Table 1.

3.2. Elastic parameters

To evaluate the anisotropic elastic parameters, compression experiments

have been realised on samples for different loading directions with regard to
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Table 2: Anisotropic elastic mechanical parameters.

Symbol Name Value Unit

E‖ Parallel Young’s modulus 5 GPa

E⊥ Perpendicular Young’s modulus 4 GPa

G‖⊥ Shear modulus 1.92 GPa

ν‖‖ Poisson’s ratio 0.3 −

ν⊥‖ Poisson’s ratio 0.24 −

b‖‖ Parallel Biot’s coefficient 0.60 −

b⊥⊥ Perpendicular Biot’s coefficient 0.66 −

ρs Solid grain density 2750 kg/m3

the orientation of the isotropic planes. The main parameters of the rock that195

will be used are detailed in Table 2. They come from the literature and from

syntheses of laboratory test results [36, 37].

Following the reference document of Andra [37] and syntheses of the main

elastic parameters, the ratio of Young’s modulus parallel and perpendicular

to the bedding planes ranges from 1.05 to 1.4, with average values of about200

E⊥ = 4 GPa, E‖ = 5 GPa, and E‖/E⊥ = 1.25. For the other anisotropic

elastic parameters, a certain dispersion is observed and a clear tendency is not

straightforward [38]. The values that are finally chosen are detailed in Table 2.

Moreover, the Biot’s coefficient in the orientation of the isotropic bedding planes

corresponds to the isotropic value prescribed by Andra b‖‖ = 0.6, which gives205

b⊥⊥ = 0.66 by the micro-isotropy assumed in Eq. ??.

3.3. Plastic parameters

The calibration of the plastic parameters is realised based on the experimen-

tal data provided by Andra in the context of the benchmark and on additional

compression tests. The different experimental results are detailed in this section210

together with the calibration of the numerical model.
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3.3.1. Hardening and softening

The hardening and softening plastic behaviour of the Callovo-Oxfordian clay-

stone is calibrated based on triaxial compression tests. The reference tests

are performed at different confining pressures, under a relative humidity of

RH = 90 %, and are assumed to be realised under undrained conditions. Their

characteristics and results are available in Table 3 and Fig. 1, where ε1 is the

axial strain, ε3 is the lateral strain, and q is the deviatoric stress corresponding

to the difference between the axial stress σ1 and the confining stress σ3:

q = σ1 − σ3 (12)

The tests are numerically reproduced by finite element method, with a

hydro-mechanical modelling in two-dimensional axisymetric state. The sam-

ples are slightly desaturated with a value of RH = 90 % corresponds to pw =215

−14.2 MPa by Kelvin’s law (by taking into account only the capillary effects)

and to Sr,w = 81 % by the retention curve of the material. Kelvin’s law as-

sumes an instantaneous hydraulic equilibrium between liquid water and water

vapour inside a porous material. Furthermore, the material is considered with

an anisotropic elasticity and an isotropic plasticity (no cohesion anisotropy) to220

calibrate firstly the hardening/softening parameters.

On the experimental curves of Fig. 1, one can observe that the pre-peak

behaviour is not linear which can be related to the damage of elastic properties or

to the hardening of plastic properties. Damage of material characteristics is not

taken into account in the model; then, the pre-peak behaviour can be captured225

by hardening of a strength parameter. The friction angle and the cohesion define

the plastic criterion and the friction angle is chosen as the hardening variable.

The post-peak behaviour highlights a material strength decrease that will be

captured by softening of a plastic characteristic. For granular materials, it can

be assumed that the friction angle does not decrease significantly in the post-230

peak regime. On the other hand, the cohesion is affected and a lower residual

value is generally observed. As a consequence, the residual strength is mostly

affected by the cohesion which is therefore chosen as the softening variable, and
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Table 3: Triaxial compression tests and calibration of plastic parameters for elastoplastic

mechanical model.

Symbol Name Triax 01 Triax 02 Triax 03 Triax 04 Triax 05 Average Unit

Laboratory LML LML LML LAEGO LAEGO

RH Relative humidity 90 90 90 %

ε̇ Strain rate 1× 10−6 1× 10−6 1× 10−6 20× 10−6 3.5× 10−6 s−1

σ3 Confining pressure 12 12 6 2 12 MPa

α Orientation of ⊥ ‖ ⊥ ⊥ ⊥ ◦

the loading

ψc Dilatancy angle 0.5 0.5 0.5 0.5 0.5 0.5 ◦

in compression

ϕc,0 Initial compression 10 10 10 10 6 10 ◦

friction angle

ϕc,f Final compression 23 22 24 23 24 23 ◦

friction angle

Bϕ Friction angle 0.0010 0.0015 0.0007 0.0005 0.0015 0.0010 −

hardening coefficient

decϕ Friction angle 0 0 0 0 0 0 −

hardening shifting

c0 Initial cohesion 4 4 4 4.5 5 4.2 MPa

cf Final cohesion 1 0.04 0.04 1 2.5 0.04− 2 MPa

Bc Cohesion softening 0.001 0.0005 0.002 0.002 0.001 0.001 −

coefficient

decc Cohesion softening 0.016 0.014 0.007 0.004 0.015 0.011 −

shifting
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Figure 1: Fitting of triaxial compression tests for elastoplastic mechanical model.
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no softening of the friction angle is assumed. The pre-peak non-linear behaviour

is therefore controlled by friction angle hardening and the post-peak behaviour235

is represented by cohesion softening. The start of the softening can be delayed

to reproduce the position of the peak stress on the global response curve of the

specimens. This is realised thanks to the softening shifting parameter for the

cohesion, decc (Eq. 6).

Because the material is subjected to compression, only the compressive resis-240

tance is calibrated. The calibration results for each individual triaxial compres-

sion test are available in Fig. 1 and Table 3 where one can observe that the values

of cf are widely scattered. However, as mentioned previously, cohesion soften-

ing may results in the appearance of strain localisation and non-homogeneous

solutions. Therefore, it will be introduced later to model shear banding in rock245

(section 4.3). Only the friction angle hardening is included in the following cali-

brations for a homogeneous material. The average values of Table 3 are kept for

the hardening parameters and a global calibration with this set of parameters

is illustrated in Fig. 1, without softening. In that figure are also detailed the

results for an anisotropic plasticity which will be discussed further.250

3.3.2. Extensional properties

The extensional material properties are evaluated from triaxial extension

tests that are performed at constant mean stress σ = σii
3 . Two test results are

analysed, one with σ = 12 MPa and another with σ = 13 MPa, for an axial

load perpendicular to the bedding planes and assuming a relative humidity of255

RH = 90% as well as undrained conditions (as for the triaxial compression

tests). During these tests, the axial load decreases and the confining pressure

increases; therefore, the extension is in the axial direction.

The modelling is performed for an isotropic plasticity and with the average

parameters of Table 3. The numerical results without cohesion softening are260

illustrated in Fig. 2 where they are compared to the experimental results. The

final friction angles in compression and extension are equal but the initial friction

angle in extension is decreased to better match the experimental curves: ϕe,f =

15
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Figure 2: Fitting of triaxial extension tests for elastoplastic mechanical model.

ϕc,f = 23◦, ϕe,0 = 7◦, and ϕc,0 = 10◦. The other hardening parameters Bϕ and

decϕ are the same in extension than in compression (Table 3). The dilatancy265

angles in compression and extension are also equal ψc = ψe = 0.5◦.

3.3.3. Anisotropy of cohesion

Among the triaxial compression tests provided by Andra, only one is per-

formed with a compression in the direction parallel to the isotropic planes.

Consequently, the calibration of the anisotropic plastic parameters for the co-270

hesion in Eq. 7 requires additional compression experiments. Based on uniaxial

compression results, an evolution of the cohesion of the Callovo-Oxfordian clay-

stone with the loading orientation is proposed in [5]. The cohesion evolves

according to Fig. 3 where α corresponds to the angle between the compression

direction and the normal to the bedding planes. It can be observed that the275

minimum value of the cohesion occurs for a loading of about 45◦ which corre-

sponds to experimental results on other transversal isotropic argillaceous rock.

For this evolution, the constants of the microstructure fabric tensor (Eq. 7) are:

c̄ = 4.1MPa, A‖‖ = 0.117, and b1 = 14.24.

To validate these anisotropic parameters, the triaxial compression tests used280

to determine the hardening and softening parameters can be modelled with the

anisotropic model. Only one global fitting is performed with the Van Eeke-
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Figure 3: Evolution of the material cohesion with the angle between the direction of loading

and the normal to the isotropic bedding planes [5].

len criterion and without softening; the results are available in Fig. 1. Among

the five triaxial compression tests, the resistance is overestimated only for the

compression test performed parallel to the bedding planes. To improve this,285

the value of the cohesion parallel to the bedding planes c90◦ can be decreased

without altering the reproduction of the compression tests performed perpendic-

ularly to the bedding. Nevertheless, the reduction of the cohesion c90◦ leads to a

cohesion evolution that does not correspond to classical measured values for the

considered material because it does not exhibit a lower value around α = 45◦290

anymore. Besides, only one compression test performed parallel to the strat-

ification is modelled here which does not capture the dispersion of laboratory

results. On the other hand, the anisotropic cohesion parameters determined

from the uniaxial compression tests come from a large number of laboratory

tests. Consequently, the first set of parameters seems to better suit for the295

material and is kept.

3.4. Viscoplastic parameters

As for the plastic parameters, the viscoplastic parameters are determined

based on experimental data provided by Andra in the context of the benchmark.

Additionally, typical values of viscoplastic parameters for the Callovo-Oxfordian300

claystone under -450 m depth are available in [29]. Those parameters come
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from a particular fitting procedure and are therefore adjusted based on the

provided reference creep tests. These creep tests are performed at a confining

pressure of 12 MPa and at different constant stress deviators to highlight creep

deformation in the long term. The stress deviators q = σ1 − σ3 correspond305

to 50 %, 75 %, and 90 % of a considered deviatoric peak stress of 34 MPa,

which gives 17, 25.5, and 30.6 MPa. Once again, a relative humidity of 90 % is

considered however drained conditions are assumed due to the long-term testing

procedure. To reproduce the constant stresses in the different directions, the

tests are numerically modelled at small scale with a three-dimensional structure310

corresponding to one cubic finite element. A hydro-mechanical modelling is

realised, with the average values of Table 3 for the friction angle hardening

parameters and no cohesion softening.

To calibrate the different parameters, the value of the initial threshold for

the creep deformation αvp0 in Eq. 10 has to be identified firstly. It should be

determined at the onset of irreversible creep strains during compression tests

but, in practice, it is not simple to define such point precisely. It is therefore

assumed that creep strains start at low deviatoric stress for hard clay [30] and

two types of fitting are analysed. First, in agreement with instantaneous vis-

coplastic deformation mechanism, a value of αvp0 = 0 can be chosen and leads

to an initial viscoplastic flow F vp0 =
√

3 IIσ̂,0 by Eq. 9. The initial second

deviatoric stress invariant IIσ̂,0 and initial viscoplastic flow F vp0 cancel only in

case of initial isotropic effective stress state. Second, anticipating the further

modelling of a gallery excavation in the Callovo-Oxfordian claystone, its initial

anisotropic stresses and pore water pressure are considered. In order to avoid

an initial viscoplastic flow in the rock mass, F vp0 = 0, the value of αvp0 is chosen

as (Eq. 9):

αvp0 =

√
3 IIσ̂,0

Rc

√
A

(
Cs +

Iσ′ ,0
3Rc

) (13)

where the values of the parameters come from [29]: Rc = 21 MPa, A = 2.62,

Cs = 0.03; and the initial stress invariants, Iσ′ ,0 and IIσ̂,0, are determined from
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the initial in situ effective stress state of the argillaceous rock. In the context

of the Andra’s benchmark, the recommended anisotropic total stress state and

pore water pressure are:

σv = 12.7 MPa

σh = 12.4 MPa

σH = 1.3 σh = 16.12 MPa

pw,0 = 4.7 MPa

where σv is the vertical principal total stress, σh is the minor horizontal principal

total stress, σH is the major horizontal principal total stress, and pw,0 is the315

initial pore water pressure. In that case, the initial threshold for the viscoplastic

flow is αvp0 = 0.142. Only this calibration is kept because it avoids an initial

in situ creep deformation in the rock mass. A global calibration is realised for

which the final values of the viscoplastic parameters are available in Table 4 and

the correspondences with the experimental data are illustrated in Fig. 4. The320

parameters A0, ζ, and n in Table 4 are involved in the viscoplastic flow rule

defined in [29, 30].

3.5. Strain localisation

The main drawback of the homogeneous approach of the material behaviour

is that it does not take into account any cracks or strain localisation effect.325

The onset and pattern of strain localisation in shear band is related to several

material characteristics, which are mainly the softening parameters and the

internal length scale. A softening plastic behaviour engenders the appropriate

conditions for the onset of shear strain localisation which governs the post-

peak behaviour. Thus, the calibration of the cohesion softening parameters330

would depend upon the structure of shear banding appearance in the Callovo-

Oxfordian claystone. However, this information is rarely available for rocks

especially for large-scale problems. Qualitative comparison between numerical

and experimental results of compression test that involve shear bands in the

Callovo-Oxfordian claystone are available in [39, 5].335
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Table 4: Calibration of viscoplastic parameters for elasto-viscoplastic mechanical model.

Symbol Name Value Unit

Tests Laboratory LAEGO

description RH Relative humidity 90 %

σ3 Confining pressure 12 MPa

q Stress deviator 17, 25.5, 30.6 MPa

Global Rc Uniaxial compressive strength 21 MPa

parameters A Internal friction coefficient 2.62 −

Cs Cohesion coefficient 0.03 −

βvp Viscoplastic potential parameter 1.1 −

Parameters for αvp0 Initial threshold for the viscoplastic flow 0.142 −

F vp0 = 0 A0 Reference fluidity 700 s−1

(in situ) ζ Temperature parameter 57× 103 J/mol

n Creep curve shape parameter 5.0 −

Bvp Viscoplastic hardening function parameter 7.5× 10−3 −
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Figure 4: Fitting of creep tests for elasto-viscoplastic mechanical model.
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Strain localisation must still be triggered for the modelling which considers

shear banding in a microstructure enriched medium. The values of the softening

parameters are therefore adapted for the numerical application with the pur-

pose of triggering strain localisation. The strain induced in the vicinity of the

gallery during the drilling is lower than for compression experiments performed340

in laboratory. Therefore, the softening of the cohesion has to start earlier to

allow the appearance of shear bands around the gallery. For the numerical mod-

elling (section 4.3), a cohesion softening without delay is introduced with the

softening parameters ξ = c0/cf = 10, Bc = 0.003, and decc = 0.

The second gradient mechanical law of Eq. 11 has also to be defined to cor-345

rectly reproduce shear banding. The elastic constitutive parameterD of this law

is related to the internal length scale and represents the physical microstructure

of the considered material. It should be estimated in relation to the thickness

of the shear bands measured in the claystone, either on small-scale experiments

or on a larger scale around the galleries. As mentioned for the evaluation of350

the softening parameters, information about shear banding thickness is rarely

available in rocks on a large scale. Moreover, it has been demonstrated for

any regularisation method that the thickness of the shear band should include

several finite elements for a precise modelling of the post-localisation behaviour

[40]. For that purpose, a value of D = 5 kN is chosen because it allows to355

properly represent the shear banding with a good numerical precision within

the shear bands.

4. Modelling of the excavation damaged zone

Among the different modelling cases realised in the benchmark "Transverse

action", only some of them are exposed in the following modelling. The purpose360

is to highlight the effects of anisotropy, viscosity, and shear banding appearance

around a gallery, both during and after the drilling. The numerical modelling

considers the drilling of the GCS gallery of the Andra’s Underground Research

Laboratory (URL), with hydro-mechanical coupling and a flexible liner on the
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Figure 5: Numerical model and boundary conditions used for the modelling of a gallery

excavation.

gallery wall after the excavation.365

4.1. Numerical model

The drilling of a gallery is realised in the Callovo-Oxfordian claystone in

two-dimensional plane strain state. The numerical model is illustrated in Fig. 5

with the different boundary conditions. A quarter of the gallery is represented

by symmetry along the x and y axes.370

The GCS gallery has a radius of 2.6 m and is oriented parallel to the ma-

jor horizontal principal stress σH . The initial pore water pressure and the

anisotropic total stress state have already been defined in section 3.4. For the

orientation of the GCS gallery it corresponds to: pw,0 = 4.7 MPa, σx,0 = σh =

12.4 MPa, σy,0 = σv = 12.7 MPa, and σz,0 = σH = 16.12 MPa. The ini-375

tial stress state in the section, i.e. the perpendicular plane, of the gallery is

quasi-isotropic.

Concerning the boundary conditions, the external boundaries of the mesh

are drained (constant pore water pressure) and constant total stresses in the

normal direction of the boundaries are considered. The symmetry is established380

along the symmetry axes by considering impervious boundaries (zero normal

water flow) and no normal displacements. Moreover, for the modelling that
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involves strain localisation (section 4.3) and the second gradient model (defined

in sections 2.1.2 and 2.2.2), the normal derivative of the radial displacement

is equal to zero along the symmetry axes [3]. This supplementary kinematic385

condition is required because of the gradient terms included in the expression

of the equilibrium equation of the second gradient model (Eq. 4).

The drilling of the gallery is realised by decreasing the total radial stress

on the gallery wall following a uniform deconfinement curve adapted from the

convergence-confinement method [41]. For the benchmark "Transverse action",390

the complete excavation is performed in a total of 28 days with the excavation

front crossing the studied section after 14 days. Among the different possible

supports at gallery wall after the excavation, only a flexible liner is considered

(no rigid liner). It is modelled by maintaining a constant total radial stress of

0.3 MPa at gallery wall after the drilling. This radial stress corresponds to the395

25th day in the deconfinement curve after which the radial stress is imposed

constant.

Concerning the pore pressure at gallery wall, it decreases rapidly from its

initial value to zero when the drilling front crosses the studied gallery section.

After the excavation, a zero constant pore water pressure is maintained on the400

gallery wall. It means that the air inside the gallery remains fully saturated

with water vapour after the excavation, which corresponds to an air relative

humidity of 100 % by Kelvin’s law. It consists of a classical flow boundary con-

dition at gallery wall assuming an instantaneous hydraulic equilibrium between

the liquid water inside the porous rock and the water vapour of the cavity air.405

However, this imposition at gallery wall does not correspond to the air venti-

lation usually realised inside underground galleries. The air ventilation could

be taken into account to better represent the hydraulic transfer around the gal-

leries [42]. Furthermore, unsaturated conditions are also considered but their

impact is limited because the claystone remains almost saturated in the absence410

of gallery air ventilation.

More information about the deconfinement curves for the radial stress and

the pore water pressure can be found in the description of the benchmark
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(a) (b) (c)

Figure 6: Plastic zone at the end of excavation for modellings without viscosity and with

several mechanical behaviours: (a) isotropic, (b) anisotropic elastic, and (c) anisotropic elasto-

plastic.

"Transverse action".

4.2. Classical medium without strain localisation415

The modelling of the gallery excavation is firstly realised for a classical

medium (section 2.1.1) without considering strain localisation, neither cohe-

sion softening (ξ = c0/cf = 1). The latter will be considered for the modelling

involving shear bands in section 4.3. However, the hardening of the friction an-

gles and the difference between compressive and extensional characteristics are420

considered. The different components of the material behaviour will be added

step by step to highlight their influences.

For an isotropic mechanical material behaviour without viscosity (E =

4 GPa, ν = 0.3, b = 0.6, k = 4 × 10−20 m2, c = 4.2 MPa, εvp = 0), the

plastic zone appearing around the gallery at the end of excavation (25 days) is425

exposed in Fig. 6 (a). The Gauss integration points under plastic loading are

represented with red squares and the other integration points are under elastic

regime. One can observe that plasticity develops around the gallery during the

excavation with a quasi-circular extension of about 0.9 gallery radius (2.35 m)

in the rock. The extension is slightly more important in the horizontal direction430

because of the hydraulic anisotropy which is taken into account for the intrinsic

water permeability, even if the mechanical anisotropy is not considered.
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Figure 7: Gallery convergences during the excavation for modellings without viscosity and

with several mechanical behaviours: (a) isotropic, (b) anisotropic elastic, and (c) anisotropic

elasto-plastic.

The diametrical convergence of the gallery during the excavation is illus-

trated in Fig. 7 (a) for both the horizontal and vertical directions. The con-

vergences are almost identical; the slight difference is once again related to the435

anisotropy of the intrinsic water permeability. The convergences are constant

in the long term because the material viscosity is not taken into account so far.

The anisotropic properties of the material mechanical behaviour, with hor-

izontal isotropic bedding planes, can also be considered. Let us first consider

the anisotropy of the elastic characteristics of Table 2. The plastic zone and440

the convergences are illustrated in Fig. 6 (b) and Fig. 7 (b). It can be seen

that the shape of the plastic zone is almost not affected by this anisotropy. The

convergences reduce and are anisotropic with a more important convergence in

the vertical direction. The anisotropy of the elastic moduli that has been added

E‖ > E⊥ leads to smaller deformation in the horizontal direction than in the445

vertical direction. Moreover, the material is globally stiffer which causes a slight

decrease of both convergences.

Secondly, the anisotropic characteristics of the plastic behaviour is also added

with the microstructure fabric tensor for the cohesion (Eq. 7 and section 3.3.3).

The plastic zone and the convergences are available in Fig. 6 (c) and Fig. 7 (c).450

The extent of the plastic zone in the vertical direction is slightly reduced because
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(a) (b) (c)

Figure 8: Evolution of the plastic zone after the excavation for an anisotropic rock with

viscosity: (a) end of excavation, (b) 30 days, and (c) 60 days of calculation.

the cohesion increases above and below the gallery during the excavation. The

cohesion increase is less important in the horizontal direction. This difference

of cohesion increase in the two directions also explains the slight reduction of

the convergence anisotropy. The evolution of the cohesion around the gallery455

will be highlighted in the section 4.3.

Lastly, the material viscosity is introduced with the elasto-viscoplastic model

to account for the long-term deformation of the rock (εvp > 0 with the param-

eters of Table 4). For this case, the plastic zone at the end of the drilling is

available in Fig. 8 (a). The extent of the plastic zone is similar to the extent460

obtained for the modelling without viscosity. However, the plasticity can also

be analysed after the gallery excavation. Fig. 8 (b) and (c) illustrate that the

plastic zone close to the gallery progressively becomes elastic again. This is

due to the drainage of the rock around the gallery and to the hydro-mechanical

coupling related to the effective stress definition of Eq. 3. In fact, a decrease465

of water pressure at gallery wall under constant total stress implies an increase

of the effective stress, and therefore of the resistance of the material for the

considered plastic criterion. Consequently, integration points that were under

plastic loading close the the drift undergo an elastic unloading. However, the

shape of this plastic zone as well as the shapes of those obtained previously do470

not match the experimental in situ measurements of the EDZ extent based on

fractures [2].

27



0

10

20

30

40

50

0 10 20 30

C
o

n
v

er
g
en

ce
[m

m
]

Time [days]

0

10

20

30

40

50

0 25 50 75 100

C
o

n
v

er
g
en

ce
[m

m
]

Time [years]

Horizontal

Vertical

Horizontal

Vertical

(a) (b)

Figure 9: Gallery convergences for an anisotropic rock with viscosity: (a) during the excavation

and (b) in the long term.

The diametrical gallery convergences are detailed in Fig. 9, for both short

and long terms. The viscosity effects are mainly apparent in the long term, with

an increase of the convergence after the gallery excavation. It can be noticed475

that the anisotropy of the convergence also increases in the long term due to

the material anisotropy.

Both convergences do not match experimental in situ measurements of con-

vergence of the GCS a gallery. For the different sections of convergence mea-

surement (GCS-OHZ170B to G), the experimental results indicate that the con-480

vergence is anisotropic. The major convergence is measured in the horizontal

direction (Fig. 13) which corresponds to the location of the fractures around

the gallery [1]. Furthermore, experimental measurements also indicate that the

gallery convergence increases in the long term but in a much larger amplitude,

especially in the horizontal direction. Neither the anisotropy of the convergence485

nor its increase in the long term is captured by the numerical modelling, even

if the material viscosity is considered. Consequently, considering the material

anisotropy and a viscosity based on laboratory creep tests are not sufficient to

reproduce the observed shape of the damaged zone and the gallery convergence.
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4.3. Microstructure medium with strain localisation490

The previous modelling with a classical approach has highlighted that tak-

ing into account the anisotropic properties of the material is not sufficient to

reproduce experimental observations related to the excavation damaged zone.

Considering the representation of material discontinuities seems necessary to

improve the excavation damaged zone modelling. Hereafter, it is proposed to495

model the shear fractures by considering shear strain localisation bands as a pre-

cursor to material rupture. A strain softening behaviour is required to engender

the conditions for the onset of strain localisation. It is introduced through cohe-

sion softening in the yield surface of the plastic material behaviour. Moreover,

the regularisation method described in sections 2.1.2 and 2.2.2 is used to prop-500

erly model the strain localisation. Let us recall that, for the modelling involving

shear banding, the values of the softening parameters and of the second gradient

elastic modulus are defined in section 3.5.

A modelling of the EDZ with shear banding in the Callovo-Oxfordian clay-

stone has been performed in [5]. The numerical results highlight how the ma-505

terial anisotropy influences the strain localisation appearance during gallery

excavation in case of an isotropic initial stress state. When considering the

Callovo-Oxfordian claystone, its anisotropic stress state must also be taken into

account because it influences the fracturing structure. For strain localisation ap-

proach, the stress anisotropy has been considered for a gallery oriented parallel510

to the minor horizontal principal stress σh in [3, 42] but not for a gallery parallel

to the major horizontal principal stress σH . For a gallery parallel to σh and for

an isotropic mechanical behaviour of the rock, the results in [3, 43] indicate that

the initial stress state anisotropy in the gallery section controls the fracturing

appearance and pattern. For a gallery parallel to σH , the major stress is in515

the axial direction and the stress state is quasi-isotropic in the gallery section

(σh ≈ σv). It requires an anisotropic mechanical behaviour of the material to

exhibit strain localisation during the excavation. The modelling detailed here-

after includes the major horizontal principal stress in the longitudinal (axial)

direction of the gallery.520
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4.3.1. Shear banding pattern

The evolutions of the total deviatoric strain and plastic zone during the

drilling are illustrated in Fig. 10 (a) and (b). The plastic zone is represented by

the plastic loading integration points (red squares) and the Von Mises’ equivalent

deviatoric total strain, i.e. total deviatoric strain, is defined as:

ε̂eq =

√
2

3
ε̂ij ε̂ij (14)

where ε̂ij = εij − εkk
3 δij is the deviatoric part of the total strain field εij . In

Fig. 10, one can observe the appearance and the development of the shear bands

before the end of the excavation (25 days). In fact, the complete formation of

shear bands occurs between 19.6 and 25 days that correspond to a radial to-525

tal stress at gallery wall of 0.84 MPa and 0.3 MPa, respectively. The strain

localisation develops preferentially in the horizontal direction. This strain lo-

calisation development is governed by the cross-anisotropic plastic mechanical

characteristics of the claystone [5].

To better understand the preferential development of the EDZ in the hori-530

zontal direction, let us consider the cohesion around the gallery at the beginning

of the strain localisation appearance (19.6 days) in Fig. 10 (c). During the ex-

cavation, the radial stress decreases at gallery wall and the orthoradial stress

increases. It engenders a loading that tends to be parallel to the bedding planes

in the vertical direction and perpendicular to the bedding planes in the hori-535

zontal direction. Above and below the gallery, the cohesion increases due to the

loading evolution which prevents the development of shear bands in this direc-

tion. In the horizontal direction, the cohesion slightly increases but less than

in the vertical direction because of the stress component in the axial direction

of the gallery. At 45◦ with the horizontal, the cohesion remains low. Conse-540

quently, the shear bands start appearing where the resistance of the material is

the lowest (at about 45◦) and the development of the strain localisation zone

propagates in the horizontal direction during the rest of the drilling (from 19.6

to 25 days). In the shear bands, the cohesion decreases because of softening

plasticity (Fig. 10 (c)).545
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                     (a)                      (b)                      (c) 

Figure 10: Development of shear bands around a gallery parallel to the major horizontal

principal stress: (a) total deviatoric strain, (b) plastic zone, and (c) cohesion.
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Figure 11: Shear banding around a gallery parallel to the major horizontal principal stress.

After the drilling, the pattern of shear bands does not evolve significantly

and an increase of the deformation is observed within the shear bands because

of plastic strain localisation. Furthermore, the material becomes progressively

elastic close to the gallery (Fig. 10 (b) for 60 days and 100 years of calcula-

tion) but the process of elastic unloading takes more time than for the previous550

modelling (Fig. 8). The latter is related to the cohesion softening in the shear

bands (Fig. 10 (c)) which maintains the rock in plastic regime. The decrease of

cohesion opposes the effect of drainage and delays the elastic unloading in the

strain localisation zones.

The full shear band pattern is recomposed by symmetry in Fig. 11. The555

observed shape is in good agreement with experimental measurements of the

shear fracture pattern and extent around the gallery [2]. The extent of the nu-

merical shear banding zone is compared in Table 5 to the in situ measurements

of shear and tensile fractures around the gallery [2]. It indicates a satisfactory

agreement. The shear banding zone extent lies between the mixed (shear and560

tensile) fracture zone and the shear fracture zone.

4.3.2. Gallery convergence and rock deformation

The diametrical convergence of the gallery is illustrated in Fig. 13 and com-

pared to experimental measurements of the GCS gallery convergence [1]. Be-

cause the convergence measurement sections are installed after the excavation565

front, the beginning of the measurements corresponds to the 14th day of the
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Figure 12: Evolution of pore water pressure around a gallery parallel to the major horizontal

principal stress.
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Table 5: Comparison between the thickness of the numerical shear strain localisation zone

and the extents of the fractured zones around a gallery (GCS) parallel to the major horizontal

principal stress.

Zone Horizontal left [m] Horizontal right [m] Vertical [m]

Numerical shear banding 3 3 0

Mixed fractures 1.4 1.4 < 0.5

Shear fractures 4.7 4.5 < 0.5
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Figure 13: Evolution of the convergence of a gallery parallel to the major horizontal principal

stress in (a) horizontal and (b) vertical directions.

numerical modelling. In fact, the excavation front crosses the studied gallery sec-

tion after 14 days in the numerical modelling as described in the deconfinement

curve used in the present benchmark. Two numerical convergences are detailed

in Fig. 13: one from the beginning of the calculation (day 0) that includes the570

rock deformation developing before the excavation front crosses the studied sec-

tion, and another from the excavation front (day 14) that corresponds only to

the gallery convergence. The numerical modelling captures correctly the con-

vergences for both directions; nonetheless, the viscosity effects seems to remain

limited in the long term.575

In the Andra’s URL, displacement measurements in the rock mass around

galleries are also realised in addition to the measurements of diametrical con-
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vergence. They are performed with borehole extensometers drilled from the

considered gallery or from a pre-existing gallery. These extensometers record

the radial displacements between the gallery wall (tip of the extensometer) and580

the anchors located at different depths in the rock formation. These measure-

ments permit to quantify the displacement and the deformation of the rock.

The first borehole extensometer that is studied was drilled in the context of

the mine-by experiment of the GCS drift. This experiment is a state-of-the-art

project that aims to characterise the various impacts of underground drilling585

on the rock [1]. Before the GCS drift was excavated, different instrumented

boreholes were drilled from surrounding galleries towards the location of the

future drift. These boreholes contain extensometers, pore pressure sensors, and

inclinometers. Among them, the borehole extensometer OHZ1501 was drilled

horizontally from the GAT gallery, located 30 m away from the GCS location.590

The different anchors are set up from the GAT drift wall up to 30 m in the rock

as illustrated in Fig. 14. The measurements of radial displacements between

the GAT drift wall and the anchors are available in [1]. They can be easily

transformed in radial displacements between the GED drift wall and the anchors

by assuming that the anchor located at 30 m depth from the GAT drift wall595

corresponds to the GED drift wall. The second borehole extensometer that

is considered is the OHZ1707. It is drilled vertically upward from a gallery

measurement section that is installed inside the GCS gallery during its drilling

progress, which means just after the excavation front. The different anchors are

set up from the GCS drift wall up to a depth of about 30 m in the claystone600

(Fig. 14 (b)).

In the numerical modelling, the relative radial displacement between any

location and the gallery wall corresponds to:

∆ur = ur − uΓ
r (15)

where ur and uΓ
r are the current radial displacements of a considered material

point and of the gallery wall for the same orientation. The relative radial dis-

placements are compared to the experimental measurements for both boreholes
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Figure 14: Positions of the extensometer boreholes around the GCS drift: (a) in a horizontal

plane and (b) in the cross section of the drift with the extensometers and the radial distances

of the anchors to the gallery wall.

in Fig. 15 where:

∆ux = ux − uΓ
x (16)

∆uy = uy − uΓ
y (17)

and the different distances from the gallery wall correspond to the anchors of the

extensometers. The numerical results are detailed only after the excavation front

crosses the studied gallery section: from 14 days in Fig. 15 (a) and from 17.4

days in Fig. 15 (b). The latter time corresponds to the position of the second605

borehole, in fact it was drilled 1.2 m behind the gallery front, which corresponds

to 17.4 days in the convergence confinement curve described in the benchmark

"Transverse action". As for the gallery convergence, the displacements are sat-

isfactorily reproduced unless for the long-term horizontal displacements.

4.3.3. Viscosity effect610

The elasto-viscoplastic model can be tested for different sets of viscoplas-

tic parameters to highlight their influences on deformation and gallery conver-

36



0

4

8

12

16

20

0 200 400 600 800 1000 1200

Time [days]

2.0m
3.5m
5.0m
8.0m

Numerical:

Experimental:

0 200 400 600 800 1000 1200

Time [days]

D
u

[m
]

x

1.8m
3.3m
4.8m
5.8m

10.8m
14.8m
21.8m
24.8m

Numerical:

Experimental:

0.8m

1.8m
3.3m
4.8m
5.8m

10.8m
14.8m
21.8m
24.8m

0.8m

2.0m
3.5m
5.0m
8.0m

15.0m
29.7m

11.0m

15.0m
29.7m

11.0m

(a)

(b)

D
u

[m
]

y

0

10

20

30

40

50

Figure 15: Evolution of relative radial displacements to gallery wall for two borehole exten-
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gence. In fact, the increases of convergence and relative displacements in the

long term could be better reproduced by adjusting the viscoplastic parame-

ters of Table 4. These parameters come from experimental data fitting based615

on laboratory creep tests (section 3.4) that last a hundred days, not a thou-

sand days like the in situ experimental measurements around the underground

gallery. Different sets of viscoplastic parameters are tested and their results in

terms of gallery convergence are illustrated in Fig. 16. They are compared to

experimental measurements from the 14th day of the numerical excavation.620

Firstly, comparing the results with the viscoplastic parameters based on

the creep tests to the results without taking into account material viscosity

indicates that these parameters generate only a limited long-term deformation.

In fact, the numerical curves for both convergences are relatively close in the

long term. The viscoplastic parameters must be adapted to increase the long-625

term deformation and have a better reproduction of the gallery convergence.

This modification is consistent with a possible coupling between plasticity (or

damage) and viscosity, even if this coupling is not actually reproduced.

For the considered viscoplastic mechanism, increasing the parameter Bvp will

slow down the evolution of the function αvp (Eq. 10) as well as the hardening of630

the viscoplastic loading surface (Eq. 9). This will have the effect of increasing the

viscoplastic flow F vp and deformation εvpij . Multiplying by ten this parameter

(Bvp = 7.5×10−2) leads to larger long-term deformations and to a better match

with the in situ measurements of convergences, in both horizontal and vertical

directions (Fig. 16). The convergences from the beginning of the calculation635

(day 0) are also displayed in Fig. 16 for this last set of viscoplastic parameters.

The relative radial displacements for the two borehole extensometers are

reproduced with this new set of viscoplastic parameters. Fig. 17 illustrates that

the prediction of the horizontal displacements is improved, but the prediction of

the vertical displacements is deteriorated. Vertical displacements were already640

well reproduced in Fig. 15 (b) so increasing the viscosity can only deteriorate

the agreement with the experimental measurements of the vertical borehole.

Nevertheless, this borehole extensometer concerns only one measurement section
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in the GCS gallery while the convergence measurements in Fig. 16 are related

to several measurement sections, which make them more reliable in a general645

sense.

5. Conclusions

The benchmark "Transverse action" conducted by Andra, the French na-

tional radioactive waste management agency, consists in developing and cali-

brating numerical models for the Callovo-Oxfordian claystone with the purpose650

of using them to model underground structures. These structures are under-

ground galleries which are modelled by the reproduction of the drilling phase.

The proposed constitutive model is a cross-anisotropic and elasto-viscoplastic

model which is calibrated based on experimental results obtained in laboratory,

on small-scale samples. The excavation of a gallery is modelled at large scale655

with finite element method. The numerical modelling takes into account the

development of shear bands to represent macroscale shear fractures.

In the presented modelling approach, the focus is on the contributions of

material anisotropy, of viscosity, and especially of shear bands to represent the

rock behaviour and the shear fractures. The excavation of a gallery oriented660

along the major horizontal principal stress of the rock and having a quasi-
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isotropic stress state in its section is studied. A classical approach with an

anisotropic model is used at first. The numerical results indicate that, even if

the material viscosity is taken into account, neither the Excavation Damaged

Zone (EDZ) nor the gallery convergence are well reproduced with this approach.665

For instance, the anisotropy of the diametrical convergence of the gallery can

not be reproduced by such continuous model.

Modelling shear banding in the rock around the gallery is an important as-

pect that allows to represent the shear fractures with strain discontinuities and

that leads to a better reproduction of the EDZ in the claystone. The shear670

strain localisation bands are properly represented by a regularisation method

involving a microstructure medium. The shear bands correctly reproduce the

extent of the macroscale shear fractures measured in the rock. For the consid-

ered gallery, the preferential development of the shear bands in the horizontal

direction is explained by the plastic anisotropy of the material. In fact, the675

strain localisation zone develops preferentially in the direction of lower material

resistance.

The gallery convergence and rock deformation are also well reproduced. The

convergence anisotropy is reproduced thanks to the shear banding appearance

with a larger convergence in the direction of the location of the shear bands.680

Furthermore, creep deformations have been introduced with a viscoplastic mech-

anism which allows to reproduce the increase of convergence in the long term.
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