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Abstract

The fluid transfers occurring around underground galleries are of paramount

importance when envisaging the long-term sustainability of underground struc-

tures for nuclear waste disposal. These transfers are mainly conditioned by the

behaviour of the surrounding material and by its interaction with the gallery

air. The hydro-mechanical behaviour of the excavation damaged zone, which

develops around galleries due to the drilling process, is thenceforward critical

because it is composed of fractures having a significant irreversible impact on

flow characteristics and transfer kinetics. Besides, the material interaction with

the gallery air may engender water drainage and desaturation. Thus, a gallery

air ventilation experiment, preceded by its excavation, is numerically modelled

in an unsaturated argillaceous rock to study its influence on hydraulic transfers.

The fractures are numerically represented with shear strain localisation bands

by means of a microstructure enriched model including a regularisation method.

The impact of fracturing on the transport properties is addressed by associat-

ing the intrinsic permeability increase with mechanical deformation which is

amplified in the strain localisation discontinuities. Such dependence permits to

reproduce a significant permeability increase of several orders of magnitude in

the excavation damaged zone, in agreement with available experimental mea-
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surements. After the excavation, the hydraulic transfers are studied through

the reproduction of a gallery air ventilation experiment that implies drainage

and desaturation of the surrounding rock. These transfers depend on liquid

water and water vapour exchanges at gallery wall that are introduced through

a non-classical boundary condition. The model prediction successfully captures

the drainage and desaturation kinetics of undisturbed and damaged rock.

Keywords: Permeability modification, excavation damaged zone, rock-air

interaction, unsaturated behaviour, modelling, shear banding

1. Introduction

In the context of long-term nuclear waste management, deep underground

repository of high-level radioactive waste is envisaged in geological media having

good confining characteristics. The behaviour of the surrounding material has

to be precisely characterised in order to assess the long-term sustainability of the5

underground structures. Nowadays, it is commonly assumed that underground

drilling process engenders cracks and eventually fractures [1] that deteriorates

the hydro-mechanical properties of the surrounding host material. These mod-

ifications take place in a zone called Excavation Damaged Zone (EDZ), located

around the galleries, which is affected by important modifications of the mate-10

rial flow characteristics such as permeability increase [2]. Since a low hydraulic

conductivity is required to ensure a safe long-term disposal, the EDZ behaviour

is a major issue because it may constitute a preferential flow path for radionu-

clide migration. Consequently, the characterisation of the material transport

properties and of the transfer kinetics that occur around galleries still need to15

be investigated.

The flow transfers are also conditioned by the interaction with the gallery

air. At repository scale, air ventilation is usually realised in galleries during the

excavation and the maintenance phases. This ventilation can affect the material

behaviour by draining its water and causing desaturation. Therefore, large-scale20

air ventilation experiments are performed in Underground Research Laborato-
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ries (URL). The latter have been developed to investigate the suitability of host

formations for nuclear waste disposal and to evaluate the repository feasibility

[3]. A numerical reproduction of an air ventilation test performed in a low per-

meability rock will be realised in order to study the air interaction as well as the25

effects it engenders on the host formation behaviour. The studied rock is the

Callovo-Oxfordian claystone (COx) which is envisaged for deep underground

repository of nuclear wastes in France [4].

Before modelling this ventilation experiment, the material transport prop-

erties have to be characterised. They mainly depend on the fracturing process30

and on the hydraulic permeability increase it engenders. Considering the frac-

turing process, shear strain localisation can be considered as a precursor to

fractures. In fact, material rupture is generally preceded by localised defor-

mation in shear band mode [5] that can lead to material damage, microcracks

and fractures. With such macroscopic description, the evolution of permeability35

within the EDZ can be associated to the strain localisation discontinuities with

a dependence to the mechanical deformation.

Numerous modelling of the EDZ behaviour have been realised in the past

decades. Theses modelling often include separately hydro-mechanical coupling

[6, 7], permeability variation [8], flow transfers [9], or strain localisation [10]. For40

strain localisation approaches, there is a lack of numerical modelling which takes

into account these different aspects simultaneously, at large scale, and which

reproduce in situ experimental measurements. The coupled and simultaneous

reproduction of these phenomena constitutes the objective and originality of the

proposed modelling.45

In the present study, a particular attention is given to the characterisation

of the EDZ and of the flow transfers during gallery excavation and ventila-

tion. It will be investigated with a non-linear finite element method (code

Lagamine) for the Callovo-Oxfordian claystone, a low permeability rock ex-

hibiting a transversely isotropic behaviour. EDZ evidences and the considered50

large-scale air ventilation experiment are firstly detailed in section 2. Then, the

hydro-mechanical constitutive model is developed in section 3 for an unsaturated
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porous media.

Finally, the gallery excavation and the air ventilation experiment are nu-

merically modelled in the section 4. The first numerical phase is the gallery55

excavation modelling during which the development of the fractures that com-

pose the EDZ is reproduced by shear banding [10]. Considering the fractured

rock as a continuous medium at the macroscale, the intrinsic hydraulic perme-

ability evolution is reproduced through a strain-dependent relation. Succeeding

to the excavation, the air ventilation experiment is reproduced in the under-60

ground gallery. In this second numerical phase, the exchanges at gallery wall

between the claystone and the cavity air are characterised with a non-classical

mixed hydraulic boundary condition [11, 12]. Then, the influence of the con-

trolled ventilation on the claystone behaviour is analysed, including a particular

focus on the drainage and desaturation kinetics.65

2. Underground drilling and air ventilation

The material behaviour around underground structures is significantly influ-

enced by the drilling process and by the air-material interaction. On one hand,

the drilling leads to the appearance of cracks or fractures concentrated in an

Excavation Damaged Zone (EDZ) that develops around galleries. On the other70

hand, the interaction with air may engender drainage and desaturation. Both

of these aspects modify the transport properties of the underground material.

In the context of research on deep underground nuclear waste repository,

Underground Research Laboratories (URL) have been constructed in very low

permeability media with the objective of characterising the possible host forma-75

tions and evaluating the feasibility of a safe repository [3]. Because air ventila-

tion is performed during the construction and operational phases of the galleries

that compose the underground structures, air ventilation experiments are per-

formed in URL to investigate the interaction with air and its effects on the

host material. In the following, we will particularly focus on the behaviour of80

the Callovo-Oxfordian claystone. In the Meuse/Haute-Marne URL, the French
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national radioactive waste management agency (Andra) performs a large-scale

ventilation experiment called Saturation Damaged Zone experiment (SDZ) in

an experimental gallery (GED) [9, 13]. This experiment will be studied and

numerically reproduced in the following work.85

Hereafter, the excavation damaged zone developing around the experimental

gallery and the SDZ ventilation experiment are described.

2.1. Excavation damaged zone

It has been widely observed that underground drilling leads to stress redis-

tribution, damage propagation, cracks, and eventually to the development of90

fractures (macrocracks) around drifts [1]. Thence, an excavation damaged zone

expands in the surrounding medium with significant irreversible modifications of

hydro-mechanical and geochemical properties due to the fracturing process [2].

These changes inevitably induce major modifications of the material transport

and flow characteristics such as the hydraulic permeability [14, 15, 16]. When95

considering the long-term waste repository and the safety function of the host

formation, the EDZ behaviour is a crucial issue because it could constitute a

preferential flow path [17]. Modelling the damaged zone and its hydraulic prop-

erty modifications is therefore important when considering hydraulic transfers

around underground drifts.100

The EDZ has been carefully investigated in URL through, for instance, frac-

ture measurements, permeability analysis, and flow transfers. For the Callovo-

Oxfordian claystone, induced extension and shear fractures are detected in the

proximity of the galleries composing the Andra’s URL, with shearing as the

principal failure mechanism because of the high in situ stress environment [1].105

In the fractured zone, the hydraulic permeability can severely increase up to

several orders of magnitude, especially due to the presence of interconnected

extensional fractures [18].

Concerning the SDZ ventilation experiment, it is performed in the GED ex-

perimental gallery which is oriented parallel to the minor horizontal principal110

stress. Around this gallery and the SDZ experimental zone, the permeabil-
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ity increase has been highlighted by measurements performed under saturated

conditions in boreholes that are drilled in different orientations (Fig. 1 (a)).

Moreover, the permeability measurements in the fractured zone are representa-

tive of the fracture permeability, not of the permeability of the continuous rock115

matrix. Three zones can be defined: an undisturbed zone with a permeabil-

ity lower than 10−19 m2 far from the gallery, a slightly disturbed zone with a

permeability ranging from 10−19 m2 to 10−17 m2, and a highly disturbed zone

close to the gallery with a permeability higher than 10−17 m2 (increase higher

than 2 orders of magnitude). The extents of the zones are detailed in Fig. 1 (b)120

and superposed to the experimental data in Fig. 1 (a). A parallelism between

hydraulic measurements and fracture measurements can be evidenced and the

permeability zones can then be related to shear and tensile fracture zones (Fig. 1

(b)). The damaged zone shape also differs depending on the induced fracture

network which is related to the orientations of the galleries and to the stress125

state anisotropy [18].

2.2. Ventilation experiment

At nuclear waste repository scale, air ventilation is performed in the under-

ground galleries during the excavation and maintenance phases. This ventilation

could impact the behaviour of the underground structures by draining the water130

from the rock. In case of important drainage, it can even lead to rock desat-

uration, stress modification, as well as modification of the fracturing structure

close the the drifts. As a consequence, the damaged zone behaviour could be

affected [19].

In order to investigate the rock-atmosphere interactions, large-scale ventila-135

tion experiments are performed in underground research laboratories. Among

them are the Ventilation Experiment (VE) carried out at Mont Terri URL in

Switzerland [20] and the Saturation Damaged Zone experiment (SDZ) conducted

in Andra’s URL [9, 13]. The major objective is to characterise the influence of

a controlled ventilation on the hydro-mechanical behaviour of the rock mass140

and on the hydraulic transfers taking place around the galleries, especially in
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Figure 1: Intrinsic hydraulic permeability around the GED drift and the SDZ experimental

zone in Callovo-Oxfordian claystone [18]: (a) evolution along boreholes and (b) extensions of

permeability and fracture zones.
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the excavation damaged zone. A particular attention is paid to the material

deformation, drainage, and desaturation processes during the tests.

The ventilation experiment we are interested in is the SDZ test which is

performed at the end of the GED drift in the Andra’s URL (Fig. 2 (a)). An145

experimental zone is isolated from the rest of the laboratory and is subjected

to a controlled ventilation. Different levels of hygrometry are applied in order

to highlight the effect of drainage and wetting, or of desaturation and possible

resaturation. The experimental zone presented in Fig. 2 (a) is divided in two

parts: one with concrete covering and impervious geotextile on the gallery wall,150

and another without covering where the air-rock exchanges can be directly stud-

ied. An airlock is also present to isolate the experimental zone from the rest

of the laboratory. The ventilation can be sequenced in different phases (Fig. 2

(b)): (1) the first phase corresponds to the global laboratory ventilation before

the airlock closure, (2) once the airlock is closed the ventilation is stopped in155

the experimental zone and the exchanges with the GED gallery occur through

the excavation damaged zone, later a controlled ventilation is imposed with hy-

grometric conditions of (3) 30 % of relative humidity and 23◦ then of (4) 60 %

of relative humidity and 22◦. The air temperature T and relative humidity RH

evolutions are monitored in the experimental zone in different gallery sections.160

The measurements are illustrated in Fig. 2 (b) with the four different ventilation

phases.

Several in situ experimental measurements are realised during the test. The

pore water pressure evolution inside the rock mass, around the experimental

zone without covering, is monitored in different boreholes having different ori-165

entations [9]. These boreholes are drilled from the gallery wall some time after

its excavation and are instrumented with pore water pressure sensors. The sen-

sors are set up at different depths and can acquire measurements in a range

going from 0 to 10 MPa. These measurements are illustrated in Fig. 3. The

set-up operations require a certain amount of time and the beginning of the170

measurements starts about 200 days after the excavation of the gallery. Once

the measurement starts, a first phase corresponding to the equilibrium of the
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Figure 2: SDZ experiment: (a) geometry of the experimental zone located at the end of

the GED drift in Callovo-Oxfordian claystone [9] and (b) temperature and relative humidity

evolution in the experimental zone.

sensors with the rock mass (pressurising of the sensors) is observed. It results

in an increase of the pore water pressure in the sensors up to the rock mass pore

pressure. Once the equilibrium is reached, the progressive drainage of the rock175

is monitored with a decrease of the pore water pressure.

One can observe in Fig. 3 that the drainage is not important in the far field,

where the pore water pressures are close to the initial rock water pressure. It

is more important close to the gallery where the measurements are close to

the atmospheric pressure (in a 3 m ring). In the excavation damaged zone,180

we can expect that the increase of permeability and the drainage lead to rock

desaturation. Unfortunately, the sensors can not acquire negative measurements

and can not characterise the desaturation. In the long term, the two controlled

ventilation phases (phases (3) and (4) in Fig. 2 (b)) only have a minor effect

on the measured pore water pressure. The decrease of the pore water pressure185

measurements is slightly reduced when the wetting phase with RH = 60 % is

applied (phase (4) after 1680 days).

To characterise the desaturation, water content measurements have also been
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performed on core samples coming from horizontal boreholes drilled in the ex-

perimental zone without covering. The experimental results are illustrated in190

Fig. 4. They indicate, firstly, a strong desaturation close to the gallery wall

with 3 % ≤ w ≤ 5 % that can extend up to 0.5 m depth, secondly, a moderated

desaturation deeper in the rock, and thirdly, a limited desaturation or no desat-

uration deeper than 2 m with 6.7 % ≤ w ≤ 8.2 % for the saturated claystone.

Furthermore, a geological survey of the fractured zone as well as measurements195

of the gallery convergence are also performed by the Andra after the gallery

excavation.

2.3. Modelling issues

The observations mentioned here above clearly indicate the need for a mod-

elling of the excavation damaged zone and of its interaction with the gallery200

air. The first step is to consider the excavation process and the development

of the EDZ with fractures induced by rock deconfinement. To do so, because

shearing is the principal failure mechanism for the considered material and be-

cause localised deformations are usually observed before material rupture [5], we

choose to represent the fractures with shear banding. Shear banding consists205

in shear strain localisation and accumulation in band mode. Then, the hy-

draulic properties evolution and inhomogeneity inside the damaged zone have

to be reproduced. For strain localisation approach, it can be addressed with

a hydro-mechanical coupling involving a strain-dependent evolution of the ma-

terial intrinsic permeability. Such evolution will engender a more pronounced210

permeability increase inside the fractures (shear bands) due to strain localisation

effect.

The second step is the modelling of the gallery air ventilation. The SDZ

experiment in the experimental zone without covering will be reproduced after

the gallery excavation. The air-rock interaction has also to be characterised to215

reproduce the exchanges at gallery wall correctly. The ventilation experiment

has already been studied in [9] but only for the uncontrolled ventilation phase

(phase (2)), with an EDZ a priori defined in the numerical model (higher in-
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trinsic permeability), without fracture description, and without considering the

EDZ desaturation. In the following numerical modelling, these different aspects220

will be investigated with a more elaborate description of the hydro-mechanical

coupling, especially within the EDZ. In fact, the coupling between mechanical

deformation, permeability, and hydraulic flow, which was not taken into ac-

count in earlier modelling, is indubitably of paramount importance to obtain an

adequate representation of the EDZ hydro-mechanical behaviour.225

The followed objective is not to develop a complex constitutive model for

the Callovo-Oxfordian claystone. It is to investigate if shear banding can be an

adequate numerical tool for the reproduction of the EDZ and of the hydraulic

transfer at large scale around excavated galleries. The originality of the pro-

posed approach is therefore to represent the EDZ with shear banding and to230

couple the permeability degradation to strain localisation effects. This type of

modelling has not been widely performed at large repository scale with the ob-

jective of reproducing in situ measurements. The numerical novelties include

also the simultaneous consideration of initial anisotropy, strain localisation ef-

fect in microstructure medium, permeability evolution, transfer at gallery wall,235

and material viscosity. Putting together these various ingredients in finite ele-

ment method for coupled hydro-mechanical problems at large repository scale
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constitutes an originality of the numerical work.

3. Constitutive models

Geomaterials can be considered as a porous structure composed of solid240

grains and pore fluid [21], generally water. The modelling of underground

drilling and ventilation therefore requires a hydro-mechanical model describing

the constitutive equations of the coupled problem for an unsaturated porous me-

dia. Various models can be used to numerically predict the EDZ and the rock

behaviours around galleries. Among others, hydro-mechanical damage models245

can be used to study the EDZ behaviour in unsaturated porous rock, as done in

[22] for granite and in [23] for argillite for instance. The modelling of the mate-

rial behaviour can even include thermal and chemical aspects through complex

thermal-hydrological-mechanical-chemical (THMC) models, as detailed in [24],

or in [25] for a fractured volcanic tuff formation. Moreover, the failure process250

in porous granular rocks can be diverse. It can be related to weak discontinu-

ities (deformation bands) or to strong discontinuities and depends on the type

of material and solicitation. A synthesis of the failure modes in granular rock is

exposed in [26] and more details on the modelling of deformation bands can be

found in the work of Borja and co-workers [27].255

The approach considered in the following modelling involves strain locali-

sation in shear bands. For the latter, the appropriate reproduction of shear

banding in geomaterials with finite element method requires a regularisation

technique. The balance equations are firstly recalled for an enriched model

which introduces an enrichment of the continuum kinematics with microstruc-260

ture effects and an internal length scale [28]. Furthermore, the considered ap-

proach aims to evaluate the strain localisation capability to predict the EDZ

behaviour with a usual hydro-mechanical model.

The mechanical part is defined by an elasto-viscoplastic model taking into

account the transversely isotropic behaviour of the rock in both elastic and plas-265

tic behaviours. A viscoplastic mechanism is introduced to improve the long-term
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behaviour of the material and the reproduction of the convergence increase. The

hydraulic part of the model defines the water flow in unsaturated porous rock.

As mentioned in section 2, the hydraulic flow kinetics around the gallery are

conditioned by permeability evolution and air-rock interaction. The modifica-270

tion of the permeability in the damaged zone as well as the fluid transfer at

gallery wall must be taken into account.

3.1. Balance equations

Strain localisation, generally in shear band mode, is in many cases the pre-

cursor of material rupture and failure. In this work, we propose to represent275

the fractures around galleries with shear strain localisation [29, 30, 31], which

requires an appropriate numerical method to avoid mesh dependency. In fact, a

pathological problem of mesh dependency is inherent to strain localisation mod-

elling with classical finite element methods [32, 33]. The dependence to the finite

element discretisation can be tackled by using a proper regularisation technique.280

Such method has to introduce an internal length scale in the problem to model

the post-localisation behaviour correctly. Two principal categories of enhanced

models exist: the first one consists in the enrichment of the constitutive law

using gradient plasticity or non-local approaches for instance, the second one

consists in the enrichment of the continuum kinematics using microstructure285

effects. Among the existing methods of this second category, the coupled local

second gradient model is used [28]. It consists in a continuum kinematic en-

richment with a microscale kinematics characterisation [34, 35] of rotation and

strain in addition to the classical macroscale kinematics. The model is largely

described in [36], [37], and [10].290

For every kinematically admissible virtual displacement and pore water pres-

sure fields, u∗i and p∗w, the balance equations are:∫
Ω

(
σij

∂u∗i
∂xj

+ Σijk
∂υ∗ij
∂xk

)
dΩ =

∫
Γσ

(
ti u

∗
i + T i υ

∗
ik nk

)
dΓ (1)

∫
Ω

(
Ṁw p∗w −mw,i

∂p∗w
∂xi

)
dΩ =

∫
Ω

Q p∗w dΩ−
∫
Γq

q p∗w dΓ (2)

14



where a∗ corresponds to the virtual quantity a, σij is the Cauchy total stress

field, ui is the macroscale displacement field, υij = ∂ui
∂xj

is the microkinematic

gradient field, Σijk is the double stress, Ω is the porous material configuration,

ti and T i are the classical external traction force and the additional external

double force per unit area acting on Γσ, a part of the boundary Γ of Ω, nk is the295

normal unit vector to the boundary. Further, Ṁw is the water mass variation,

pw is the pore water pressure (pw < 0 if suction), mw,i is the water mass flow,

Q is a water sink term, and q̄ is the input water mass per unit area imposed

on the part of the boundary Γq. The double stress Σijk is independent of the

pore water pressure but requires an additional constitutive law introducing the300

internal length scale.

The pore fluid pressure effect on the total stress field σij is characterised

by Biot’s definition of effective stress [38] which considers the solid phase com-

pressibility. For unsaturated and anisotropic materials it reads:

σij = σ
′

ij + bij Sr,w pw (3)

where Sr,w is the degree of water saturation, bij is the Biot’s tensor, and σ
′

ij is

the effective stress field (σij > 0 and σ
′

ij > 0 for compression).

3.2. Mechanical model

An elasto-viscoplastic model with transverse isotropy and horizontal isotropic305

(bedding) planes is considered for the Callovo-Oxfordian claystone. Anisotropic

geomaterials often exhibit limited forms of anisotropy such as orthotropy or

transverse isotropy, i.e. cross-anisotropy [39]. For these types of anisotropy, the

material characteristics are associated to the orthotropic axes [40]. The material

properties depend on the material axes as well as on the orientation.310

The linear elastic behaviour of the rock is expressed with the classical Hooke’s

law [41, 42]. The solid grain compressibility is described through the symmetric

Biot’s tensor [43] which reduces to a diagonal matrix for transverse isotropy.

The parameters describing the elastic material behaviour in the directions per-

pendicular ⊥ and parallel ‖ to the isotropic planes, i.e. vertical and horizontal315
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Table 1: Elastic mechanical parameters [44].

Symbol Name Value Unit

E‖ Parallel Young’s modulus 5000 MPa

E⊥ Perpendicular Young’s modulus 4000 MPa

G‖⊥ Shear modulus 1630 MPa

ν‖‖ Poisson’s ratio 0.24 −

ν‖⊥ Poisson’s ratio 0.33 −

b‖ Parallel Biot’s coefficient 0.60 −

b⊥ Perpendicular Biot’s coefficient 0.64 −

ρs Specific mass 2750 kg/m3

D Second gradient elastic modulus 5000 N

respectively, are available in the Table 1 for the Callovo-Oxfordian claystone.

The plastic model is an internal friction model with a Van Eekelen yield

surface [45] and a non-associated plasticity. The yield surface is defined as:

F ≡ IIσ̂ −m
(
Iσ′ +

3 c

tanϕc

)
= 0 (4)

where ϕc is the compression friction angle, c is the cohesion, m is a parameter

depending on the Lode angle, Iσ′ and IIσ̂ are the first and second stress invari-

ants. The friction angles and the cohesion can undergo an isotropic softening or

hardening introduced with hyperbolic functions [46]. For the cohesion, it reads:

c = c0 +
(cf − c0) ε̂peq
Bc + ε̂peq

(5)

where cf and c0 are the final and initial cohesions, Bc is an evolution parameter,

and ε̂peq is the Von Mises’ equivalent deviatoric plastic strain. Its rate form reads:

˙̂εpeq =

√
2

3
˙̂εpij

˙̂εpij (6)

where ˙̂εpij = ε̇pij −
ε̇pkk
3 δij is the deviatoric part of the plastic strain tensor. A

similar expression than Eq. 5 is used for the friction angle.
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The anisotropic plastic behaviour is defined for the cohesion by means of a

second order microstructure fabric tensor aij . The latter represents the material

fabric and describes the spacial distribution of the strength parameter. Besides,

the cohesion also depends on the loading direction with regard to the material

microstructure orientation [47, 48]. It is given by the following second order

expression:

c0 = c̄
(

1 +Aij li lj + b1 (Aij li lj)
2
)

(7)

where b1 and c̄ are constant microstructure parameters, and Aij is a trace-

less symmetric tensor (Aii = 0) corresponding to the deviatoric part of the

microstructure fabric tensor aij :

Aij =
aij
c̄
− δij (8)

c̄ =
aii
3

(9)

Furthermore, li is a generalised unit loading vector corresponding to the stress

resultant acting on the material facets [49, 50, 51]:

li =

√
σ

′2
i1 + σ

′2
i2 + σ

′2
i3

σ
′
ij σ

′
ij

(10)

For transversely isotropic materials, the fabric tensor Aij simplifies thanks to

the material symmetry. It becomes a diagonal tensor (Aij = 0 for i 6= j) which

can be defined with only one parameter. The latter is the microstructure fabric

tensor component in the isotropic planes A‖‖. The expression of Eq. 7 becomes:

c0 = c̄

(
1 +A‖‖

(
1− 3 l2‖

)
+ b1 A

2
‖‖

(
1− 3 l2‖

)2
)

(11)

where l‖ is the component of the generalised unit loading vector li acting on a

facet parallel to the isotropic planes [49, 50, 51].320

The final cohesion cf (Eq. 5) also depends on material fabric and loading

orientation by considering cf = c0
ξ , with ξ being a constant ratio of cohesion

softening. All the plastic parameters of the claystone are available in Table 2
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Table 2: Plastic mechanical parameters [44].

Symbol Name Value Unit

c̄ Microstructure-related parameter 4.1 MPa

A‖‖ Microstructure-related parameter 0.117 −

b1 Microstructure-related parameter 14.24 −

ϕc,0 Initial compression friction angle 10 ◦

ϕc,f Final compression friction angle 23 ◦

ϕe,0 Initial extension friction angle 7 ◦

ϕe,f Final extension friction angle 23 ◦

Bϕ Friction angle hardening coefficient 0.001 −

ξ Ratio of cohesion softening 5 −

Bc Cohesion softening coefficient 0.003 −

ψ Dilatancy angle 0.5 ◦

and the evolution of the anisotropic cohesion with the loading orientation is

presented in [44].325

It is to mention that two main types of anisotropies exist: inherent (or ini-

tial) and induced anisotropies. The inherent anisotropy of the rock is taken into

account in the model; however, the induced anisotropy related to the rock frac-

turing is not addressed. Induced anisotropy is often considered in micro-macro

approaches [8] which is not developed. In the present study, the anisotropic for-330

mulation of the material cohesion only accounts for the initial anisotropy which

does not evolve during the loading. The impact of fracturation on material

strength is nevertheless considered by a reduction of the cohesion up to a resid-

ual value (softening) but without modification of the fabric tensor Aij . Even

if it would certainly be of interest to take into account the anisotropy induced335

by micro-cracking, we have focused on the fracturing effect on the cohesion

softening.

The viscoplasticity is introduced by assuming that the plastic strain is com-

posed of a time-independent instantaneous strain εpij and of a time-dependent
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Table 3: Viscoplastic mechanical parameters [7].

Symbol Name Value Unit

Rc Uniaxial compressive strength 21 MPa

A Internal friction coefficient 2.62 −

Cs Cohesion coefficient 0.03 −

βvp Viscoplastic potential parameter 0.7 −

g (θ) Influence of the Lode angle 1 −

αvp0 Initial threshold for the viscoplastic flow 0 −

A0 Reference fluidity 500 s−1

ζ Temperature parameter 63× 103 J/mol

n Creep curve shape parameter 6.6 −

Bvp Viscoplastic hardening function parameter 5.0× 10−3 −

creep strain εvpij . This strain is related to the material viscosity and corresponds

to a delayed plastic deformation [52]. The time development of deformation can

be related to the progressive evolution of the material microstructure or to me-

chanical properties degradation (damage) that are due to diverse chemical and

physical processes [53, 54]. Different processes with different time scales may

exist and lead to different viscoplastic mechanisms. Hereafter, a viscoplastic

flow mechanism is introduced with the following loading surface F vp controlled

by a delayed viscoplastic hardening function αvp:

F vp ≡
√

3 IIσ̂ − αvp g (θ)Rc

√
A

(
Cs +

Iσ′

3Rc

)
= 0 (12)

αvp = αvp0 + (1− αvp0 )
εvpeq

Bvp + εvpeq
(13)

where εvpeq is the equivalent viscoplastic strain. The complete viscoplastic model

is detailed in [7, 55] and all the parameters for the Callovo-Oxfordian claystone

are detailed in Table 3.340

Similarly to classical media for which a constitutive stress-strain relationship

is required, an additional constitutive law has to be defined between the double
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stress Σijk and the microkinematics for a microstructure medium. The internal

length scale is introduced through a second gradient constitutive equation link-

ing the double stress to the micro second gradient ∂υij
∂xk

. The mechanical law is345

an isotropic linear elastic relationship defined as [56]:



Σ̃111

Σ̃112

Σ̃121

Σ̃122

Σ̃211

Σ̃212

Σ̃221

Σ̃222



= D



1 0 0 0 0 1
2

1
2 0

0 1
2

1
2 0 − 1

2 0 0 1
2

0 1
2

1
2 0 − 1

2 0 0 1
2

0 0 0 1 0 − 1
2 − 1

2 0

0 − 1
2 − 1

2 0 1 0 0 0

1
2 0 0 − 1

2 0 1
2

1
2 0

1
2 0 0 − 1

2 0 1
2

1
2 0

0 1
2

1
2 0 0 0 0 1





∂υ̇11
∂x1

∂υ̇11
∂x2

∂υ̇12
∂x1

∂υ̇12
∂x2

∂υ̇21
∂x1

∂υ̇21
∂x2

∂υ̇22
∂x1

∂υ̇22
∂x2



(14)

where Σ̃ijk is the Jaumann double stress rate and ∂υ̇ij
∂xk

is the micro second

gradient rate. The constitutive elastic parameter D (Table 1) represents the

physical microstructure and is associated to an internal length relevant for the

shear band width [36, 57]. Among others, the mesh-independence of strain350

localisation solutions obtained with the second gradient method is illustrated in

[37].

As already mentioned, microstructure media are a category of media for

which the deformation effects at the microscopic scale are taken into account in

the global balance equations. These microstructure effects are introduced by the355

second gradient law which constitutive parameter depends on the microstruc-

ture. However, in the following modelling, this parameter is assumed constant

during the numerical simulation. Further developments would be pertinent to

take into account a coupling between plasticity, damage, and the parameter of

the second gradient law. Such coupling has already been realised for concrete360

applications [58] but is not considered hereafter.
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Table 4: Hydraulic parameters [60, 9].

Symbol Name Value Unit

k‖‖,0 Initial parallel intrinsic water permeability 4× 10−20 m2

k⊥⊥,0 Initial perpendicular intrinsic water permeability 1.33× 10−20 m2

Φ Porosity 0.173 −

M van Genuchten coefficient 0.33 −

Pr Air entry pressure 15 MPa

Smax Maximum degree of water saturation 1 −

Sres Residual degree of water saturation 0.01 −

α Vapour mass transfer coefficient 10−3 m/s

Kpen Seepage penalty coefficient 10−10 s3/kg

3.3. Hydraulic model

The liquid phase transfer (advection) in porous media is defined by Darcy’s

flow:

mw,i = −ρw
kij kr,w
µw

∂pw
∂xj

(15)

where mw,i is the water mass flow, kr,w is the relative water permeability,

kij is the anisotropic intrinsic (saturated) water permeability tensor, ρw is

the water density, ρw = 1000 kg/m3, and µw is the water dynamic viscos-365

ity, µw = 0.001 Pa s. The unsaturated behaviour of the material is reproduced

by defining a retention curve from van Genuchten’s model and a relative water

permeability curve from Mualem - van Genuchten’s model [59]. The claystone

parameters for these models are available in Table 4.

3.3.1. Intrinsic hydraulic permeability evolution370

Modelling the hydraulic property evolution and inhomogeneity inside the

damaged zone is a crucial issue when considering rock drainage and desatura-

tion. Different approaches exist to take into account the influence of cracks and

fractures on hydraulic permeability, depending on their descriptions. In fact,
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the fracturing process instigates discontinuities in a material that can be repre-375

sented theoretically and numerically by various methods. Two mains categories

exist: the continuous and discontinuous (discrete) descriptions of the fractures.

The continuous description includes deformation, material damage, and strain

localisation; while the discrete description actually represents the cracks. Con-

sequently, the permeability evolution law must be related to the chosen cracks380

description.

For porous materials, a first well-known approach is the Kozeny-Carman

relationship that links the intrinsic hydraulic permeability to the soil porosity

[61]. However, it is commonly assumed in soil mechanics that this relation is

approximately valid for sands but not for clay materials; thus, this relation is385

not commonly used [61]. Other relations linked to the porosity can be studied,

for instance a power evolution of intrinsic permeability with porosity is consid-

ered for a gallery excavation in [62]. The numerical results indicate that the

permeability increase can be reproduced around a gallery. Nevertheless, using

a variation with the porosity highlights volumetric deformation effects which390

remain low for slightly dilatant material such as the studied claystone.

Another possible approach is to consider rock damage and the appearance of

microcracks in the rock with coupling between microcracking and permeability

[22, 63]. In fact, damage in rock is related to the formation of a network of

cracks that can constitute preferential flow paths in the material. The dam-395

age by microcracking process (initiation, growth, accumulation, propagation,

and coalescence of microcracks) is represented in damage models by the degra-

dation of the material characteristics, either mechanical or hydraulic. Differ-

ent damage models exist in the context of continuum damage mechanics from

purely macroscopic (phenomenological) and continuous approaches [64, 65, 66]400

to multi-scale (micromechanical) approaches. For instance, models with multi-

scale and homogenisation approaches of permeability evolution are developed

[67, 68] and applied to the excavation damaged zone in rock [8]. The macro-

scopic homogenised permeability of a heterogeneous material depends on the

permeability of the solid matrix as well as on the permeability and shape of the405
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microcracks. Numerical results indicate that a significant permeability increase

of several orders of magnitude can be obtained in the excavation damaged zones

developing around boreholes. Nonetheless, rock damage is not incorporated in

the present study and another type of permeability evolution must be computed.

Microcracking process can lead to the coalescence of microcracks. When this410

happens, the distributed damage becomes localised which engenders strain local-

isation and later the onset of interconnected fractures. The latter are also called

macrocracks and can be of different types such as tensile or shear. For tensile

fractures, it can be assumed that the fracture opening leads to a permeability

increase in the fracture direction (anisotropic permeability increase) and there-415

fore that the traction is an important factor leading to preferential flow paths.

The permeability evolution can be described as a function of the crack normal

stress or as a function of the crack aperture [69] and density. Traditionally, the

hydraulic flows in rock joints have been expressed with a cubic law under the

parallel plates approach [70]. Macroscopic [71] and, more recently, multi-scale420

[67] approaches have also been used. For macroscopic approaches, the evolution

of fracture opening can be linked to the tensile strain in the normal direction of

the crack [72, 73, 74]. Such method has been applied to underground borehole

drilling for an indurated clay [75] with anisotropic permeability and which pre-

vailing mechanism of fracture in the excavation damaged zone is extension [76].425

The numerical results indicate that the size of the EDZ, based on the predicted

permeability increase, is overestimated if the tensile strain includes both plastic

and elastic parts. However, considering only the plastic zone underestimates

the size of the EDZ [75, 2]; thus, it seems necessary to consider the plastic zone

and a part of the elastic one to better reproduce the EDZ extent.430

For the Callovo-Oxfordian claystone, shearing is the principal failure mech-

anism around the galleries at the underground laboratory level because of the

high in situ stress [18]. In this study, the shear fractures are represented at

macroscale by shear strain localisation in band mode; thus, the permeability

evolution can be linked to the deformation. In fact, in our approach the strain435

is amplified in the shear bands by the localisation process and the increase of
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permeability in the fractured zone can be reproduced by linking the hydraulic in-

trinsic permeability to the strain. This type of hydro-mechanical coupling takes

into account the effects of strain localisation and will engender a permeability

increase that is more pronounced inside the shear bands.440

Considering the fractured rock at the macroscale as a continuous medium, a

strain-dependent isotropic evolution of the hydraulic permeability tensor (em-

pirical relationship) is taken into account based on a power (cubic) formulation

[62]:

kij = kij,0
(
1 + β 〈γ〉3

)
(16)

where kij,0 is the initial intrinsic water permeability tensor, β is an evolution

parameter, 〈 〉 are the Macaulay brackets, and γ is a deformation parameter.

Exponential and power laws as Eq. 16 are often used to describe permeability

evolution and water transfer in porous media [77, 61, 78, 74]. The validity and

calibration of this empirical relationship will be evaluated in the numerical mod-445

elling by envisaging different expressions of γ and by using in situ experimental

measurements.

As for the cohesion anisotropy, the initial anisotropy of permeability is taken

into account but not the anisotropy induced by micro-cracking. The evolution

which is considered for permeability is isotropic and conserves the initial direc-450

tions of anisotropy as well as the permeability ratio. Nonetheless, it is known

that the principal directions of anisotropy in the excavation damaged zone do

not correspond to the principal directions of the initial anisotropy [15]. Dur-

ing the excavation, the micro-cracking influences the permeability and induces

a modification of the permeability tensor. The permeability increase is indeed455

more important in the longitudinal direction of the cracks and fractures which

engenders an anisotropic modification of the permeability (induced anisotropy).

Nevertheless, during the creation of macro-cracks, the rock permeability in-

creases of several orders of magnitude. In that case, the important aspect is

mainly to correctly reproduce the variation of permeability between the frac-460

tured zones (localised zones) and the undamaged rock. The fact that the initial
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directions of anisotropy are kept can be justified by the important increase of

permeability in the damaged zone with regard to the low ratio of anisotropy.

In fact, the water transfers are principally affected by the important increase

of permeability in the excavation damaged zone. The contrast of permeabil-465

ity between the intact rock and the fractured zone is of such importance that

the anisotropy of the fractured zone does not have an important impact on

the water transfer around the gallery and in the rock formation. Consequently,

the principal directions of anisotropy should not influence the numerical results

significantly.470

As mentioned previously, considering the plastic deformation and a restricted

part of the elastic deformation may allow to better reproduce the EDZ extent.

To do so, if γ is a parameter which represents the total strain, the Eq. 16 can

be adapted as follows:

kij = kij,0
(
1 + β 〈Y I − Y Ithr〉 γ3

)
(17)

where Y I is the yield index and Y Ithr is a threshold value below which the

intrinsic permeability variation is not considered. The yield index corresponds

to the reduced second deviatoric stress invariant:

Y I =
IIσ̂
IIpσ̂

(18)

where IIpσ̂ is the second deviatoric stress invariant value at plastic state (on the

yield surface) for an identical value of Iσ′ (current value). The material current

state is therefore elastic for Y I < 1 and plastic for Y I = 1.

Following Eqs. 16 and 17, the intrinsic permeability could decrease if the

deformation or the yield index decreases by elastic unloading outside the shear

bands. Such phenomenon could be related to fracture closure or to material

sealing / healing but it is not treated in the present study. Thus, to avoid per-

meability decrease, the permeability is, for every computation step, the maximal

value between the current and the last computed permeability k−∆t
ij :

kij = max(k−∆t
ij , kij) (19)
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Furthermore, new numerical developments are necessary to use the perme-

ability relationships in numerical simulations. The developments mainly consist475

in implementing the different models in a finite element code, which implies

to modify the stiffness matrix of the finite elements. These numerical devel-

opments require to develop the finite element formulation of the coupled local

second gradient model for microstructure media [79].

3.3.2. Hydraulic boundary condition480

The air-rock interaction is another crucial issue that conditions the drainage

kinetics in the rock formation. Experimental measurements indicate that pore

water pressure and water content in the rock decrease progressively during the

excavation and the ventilation. In the long term, a thermodynamic equilibrium

is reached between the gallery wall rock and the gallery air. These progressive485

drainage and desaturation seem to imply that the hydraulic transfer between

the air and the rock is also progressive and that an instantaneous equilibrium

between the air and the rock may not be assumed beforehand. Thus, a boundary

condition at gallery wall which takes into account this progressive equilibrium

should be used.490

The exchanges between the cavity and the rock are modelled with a non-

classical hydraulic boundary condition at gallery wall [11, 9]. This condition

implies that two modes of exchange can occur at the gallery wall of ventilated

cavities [12]: water vapour and liquid water exchanges. The total water flow

corresponds to the sum of the two flows (Fig. 5):

q̄ = S̄ + Ē (20)

where S̄ and Ē are the seepage flow (liquid water) and the evaporation flow

(water vapour), respectively. The expression of the hydraulic boundary con-

dition for q̄ is taken into account in the water mass balance equation (Eq. 2).

This type of mixed condition has not been used for large-scale modelling of

gallery ventilation with a strain localisation approach. Using it constitutes an495

originality of the modelling.

26



The vapour exchange mode between a porous media and the air is based on

desaturation kinetics at the interface. It can be considered that the exchanges

occur in a boundary layer existing on the material porous surface [12] and

that they are not instantaneous. The boundary layer controls the exchanges

and the external conditions are considered in the layer through a vapour mass

transfer coefficient α. The exchange is therefore expressed as a function of this

coefficient and of a transfer potential. Among different formulations proposed

in the literature, the difference between the vapour density in the rock ρrv and

in the cavity air ρcavv is considered [80]:

Ē = α (ρrv − ρcavv ) (21)

The transfer coefficient involved in this expression depends on the external dry-

ing conditions and can be determined from drying flux curves deduced from

laboratory drying experiments [81]. Moreover, the water vapour is only taken

into consideration in the hydraulic boundary condition. No water vapour is500

considered in the clayey rock. The water vapour exchange is included in the

total water flow at gallery wall which affects the pore water pressure in the rock

by Eq. 2.

The liquid exchange at gallery wall is an unilateral seepage flow directed

towards the gallery that only occurs when the material porous surface is fully

saturated. That is to say that a seepage flow exists when the pore water pressure

in the rock at gallery wall exceeds the water pressure in the cavity, prw ≥ pcavw ,

and exceeds the atmospheric pressure, prw ≥ patm. This flow is introduced by

an unilateral boundary condition (Signorini’s type) on the pore water pressure

through a ramp function: S̄ = Kpen (prw − patm)
2

if prw ≥ pcavw and prw ≥ patm
S̄ = 0 if prw < pcavw or prw < patm

(22)

where Kpen is a numerical seepage penalty coefficient (Table 4).
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Figure 5: Evaporation and seepage flows at gallery wall for a constant air ventilation [11].

3.4. Material parameters505

The hydro-mechanical parameters used in this study for the Callovo-Oxfordian

claystone are detailed in Tables 1, 2, 3, and 4. They come from laboratory

testing, experimental data fitting, and numerical modelling of the claystone

behaviour [60, 9, 7, 44].

4. Numerical simulations510

As mentioned previously (section 2), when considering deep underground

repository of nuclear waste, there is a need for a more accurate modelling of

the EDZ and of the gallery air ventilation effect on the flow transfers taking

place around the galleries. Therefore, a hydro-mechanical modelling of gallery

excavation and of the SDZ ventilation test is realised in two-dimensional plane-515

strain state.

4.1. Numerical model

The considered rock is the Callovo-Oxfordian claystone which is a trans-

versely isotropic material with horizontal bedding planes and an initial anisotropic

stress state. For a gallery oriented along the minor horizontal principal stress,

the initial stress state and pore water pressure are:

σx,0 = 15.6 MPa
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Figure 6: Numerical model and boundary conditions.

σy,0 = σz,0 = 12 MPa

pw,0 = 4.5 MPa

where pw,0 is the initial pore water pressure and σx,0, σy,0, σz,0 are the initial

total stresses.

The modelling considers the SDZ experimental zone without covering and520

only one gallery quarter for symmetry reason. The mesh geometry of the 2.3

m radius gallery is illustrated in Fig. 6 with a discretisation involving 2520

elements and 9802 nodes. To establish the symmetry, the symmetry x and y-

axes are considered as impervious (no water flow) and the normal displacement

as well as the normal derivative of the radial displacement cancel along these525

axes [10]. At the mesh external boundaries, the normal total stress and the pore

water pressure are imposed constant.

4.2. Excavation and permeability evolution

As a first step, the drilling process and the EDZ development are modelled.

During the excavation, the major objectives are to characterise the develop-530

ment of fractures induced by rock deconfinement and the modification of the

hydraulic properties. The fractures are represented with shear banding and the

permeability evolution is addressed with a strain-dependent relation.
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Figure 7: Deconfinement curves for stresses [82] and pore water pressure during gallery exca-

vation.

4.2.1. Gallery excavation

The gallery excavation is performed with a convergence-confinement method535

[82] and decreasing stresses at gallery wall with the excavation front crossing the

studied section after one week (Fig. 7). The pore water pressure in the gallery

is assumed to decrease rapidly to one atmospheric pressure when the excavation

front crosses the studied section. It is assumed that the gallery air remains fully

saturated with water vapour because the gallery is not ventilated yet. It means540

that the air relative humidity is of 100 % and the water pressure in the cavity

corresponds to the atmospheric pressure (Fig. 7).

The numerical results in Fig. 8 (a) and (b) present the shear strain locali-

sation bands around the gallery at the end of drilling in terms of plastic zone,

represented by the plastic loading integration points, and of Von Mises’ equiv-

alent deviatoric total strain:

ε̂eq =

√
2

3
ε̂ij ε̂ij (23)

where ε̂ij = εij − εkk
3 δij is the deviatoric part of the strain tensor. During the

drilling the deformation and the plastic zone develop firstly in a diffuse manner

around the gallery. Then, before the end of the excavation, strain localisation545

appears in the vicinity of the gallery with the material under plastic loading

in the shear bands (concentration of plastic strain) and an elastic unloading in

the outer material. The onset of strain localisation is due to the anisotropy
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Figure 8: Localisation zone at the end of excavation: (a) plasticity, (b) equivalent deviatoric

strain, and (c) shear band type.

of the material as well as of the initial stress state [10, 44]. Furthermore, the

plastic zone extent is more important in the vertical direction as observed in550

experimental measurements of fractures around the GED gallery (Fig. 1 (b)).

The nature of a shear band depends on different factors as the material char-

acteristics and the loading. Even if the localisation band is called a shear band,

it does not automatically deform in pure shearing [83]. For instance, a shearing

with dilatancy is generally observed in the shear bands for most geomaterials.555

Compaction and dilation bands in pure closing and opening also exist for other

materials and failure modes. The type of localisation band can be described

thanks to the Rice bifurcation criterion and to an additional velocity gradient

field of the shear band [84, 85]. The latter characterises the discontinuity of

the deformation between the band and the outer material. The discontinuity560

band nature is defined by a parameter S according to the Table 5. The type

of deformation band for the localised solution is illustrated in Fig. 8 (c) with

−0.62 < S < 0.96 inside the shear bands. One can observe that the different

bands are in contractive or dilative mode depending on their orientations. They

are globally contractive above (and below) the gallery and dilative on the gallery565

sides.
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Table 5: Characterisation of the deformation band type [83].

Parameter S value Band mode

-1 Pure closing

]-1;0[ Contractive shearing

0 Pure shear

]0;1[ Dilative shearing

1 Pure opening

4.2.2. Intrinsic permeability evolution

The evolution of the intrinsic hydraulic permeability is firstly reproduced

with Eq. 16. The evolution parameters for the permeability are calibrated

based on the shear banding results and on in situ experimental measurements570

of permeability around the GED gallery (Fig. 1). Different expressions of the

deformation parameter γ are considered hereafter. For those different expres-

sions, the permeability tensor evolutions are illustrated in Fig. 9 at the end of

the excavation, along the symmetry axes and a 45◦ inclined direction (vertical,

horizontal and oblique cross-sections). The permeability variation is analysed at575

the end of excavation because the main part of the material deformation around

a gallery appears during the excavation.

Firstly, the volumetric deformation is used: γ = εv = εii
3 . The results in

Fig. 9 (a) are detailed for β = 1× 1014. One can observe that the permeability

increases of several orders of magnitude around the gallery, especially in the580

shear bands where the deformation is concentrated. In the horizontal direction,

no shear bands are crossed by the x-axis (Fig. 8); then, the increase remains quite

diffuse and expands too deeply in the rock formation, in comparison with the

experimental data of Fig. 1. As already mentioned, the volumetric deformation

remains low for a slightly dilatant material and an important value of β has585

been used to reproduce a permeability increase of several orders of magnitude.

Secondly, to emphasize shear strain effect, the deformation parameter can

be taken as equal to the equivalent deviatoric strain (Eq. 23): γ = ε̂eq. The
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results for β = 1 × 1010 in Fig. 9 (b) show a more important increase of the

permeability in the shear bands but it increases too deeply in the rock in all590

directions.

Thirdly, to consider only the plastic deformation in the permeability evolu-

tion, γ in Eq. 16 can be taken as the equivalent deviatoric plastic strain (Eq. 6):

γ = ε̂peq. The results for β = 1 × 1010 are illustrated in Fig. 9 (c). The ex-

pand of the permeability increase is satisfactory in the vertical and the oblique595

directions but it does not increase sufficiently in the horizontal direction in com-

parison to the experimental measurements of Fig. 1 (a). This would lead to an

underestimation of the drainage in that direction. Moreover, if the permeability

increase is too much concentrated inside the shear bands then the EDZ does

not expand sufficiently. The drainage in the claystone would consequently be600

underestimated because the rock mass outside the shear bands is not be affected

[62].

An appropriate solution may be an intermediate case between considering

all the deformation and only the plastic strain. To consider the plastic strain

and a part of the elastic strain, the Eq. 17 is used with the equivalent deviatoric

strain γ = ε̂eq, leading to:

kij = kij,0
(
1 + β 〈Y I − Y Ithr〉 ε̂eq.3

)
(24)

The results for β = 1 × 1010 and Y Ithr = 0.95 illustrated in Fig. 9 (d) show

a permeability increase in a quite good agreement with the experimental mea-

surements for all the directions (Fig. 1). The permeability evolution during the605

excavation and the comparison to experimental data are illustrated in Fig. 10

(a-c) where a good match is observed. In the far field, the permeability corre-

sponds to the undamaged rock and is well captured in the modelling. In the

near field, the permeability corresponds to the fractured rock (EDZ). It is to

mention that, for fractured rock, two permeabilities have to be distinguished:610

the continuous rock matrix permeability and the fracture permeability. In the

fractured zone, the permeability measurements are representative of the fracture

permeability. In our approach, specific peaks of intrinsic permeability are ob-
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Figure 9: Intrinsic permeability at the end of excavation for permeability evolution with: (a)

volumetric deformation, (b) deviatoric strain, (c) deviatoric plastic strain, and (d) deviatoric

strain with yield index threshold.
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tained in the shear bands. This strong permeability increase is of several orders

of magnitude which corresponds to experimental measurements. The evolution615

parameters for the permeability have been calibrated to reproduce this increase.

The numerical results indicate that plastic strain and a limited part of the

elastic strain allow a good reproduction of the EDZ extent. The relations of

Eq. 24 and 19 with β = 1 × 1010 and Y Ithr = 0.95 will consequently be kept

for the following modelling. For this permeability evolution, the permeability620

distribution of the ratio kij/kij,0 around the gallery is represented at the end of

excavation in Fig. 10 (d) (logarithmic scale). An increase of at least 2 orders of

magnitude inside the shear bands is obtained.

Furthermore, it can be observe in in Fig. 10 that, even if the peaks of perme-

ability increase are representative of the fracture permeability, their positions do625

not exactly correspond to the in situ measurements. In fact, the peak positions

are related to the shear band positions which are not controlled in a regularised

calculation; only the internal length of the shear bands (i.e. the width of the

strain localisation band) is controlled. The uniqueness of the solution in a regu-

larised post-peak calculation is not restored. It implies that the position of the630

shear bands can not be imposed. As detailed in the following results (Figs. 12,

13, and 15), the chosen set of hydro-mechanical parameters allows to obtain a

satisfactory numerical solution regarding the hydraulic and mechanical in situ

measurements.

For the Callovo-Oxfordian claystone, the proposed calibration can be used635

for other galleries having other orientations. The proposed permeability evo-

lution can also be applied to other clay materials with other parameter cali-

brations. The approach highlights mainly which type of formulation is valid

for permeability modification in clay materials. More particularly, it indicates

which mechanical components (evolution parameters) can be used in an empir-640

ical formulation to reproduce the permeability evolution.
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4.3. Ventilation and air-rock interaction

The second part of the numerical modelling consists in applying, after the

excavation, an air ventilation in the underground gallery that corresponds to

the SDZ ventilation experiment. In previous modelling of this experiment [9],645

the EDZ was a priori defined in the numerical model with a higher intrinsic

permeability than the undisturbed host rock and without description of the

fractures. Now, the fracture description as well as the permeability evolution

and inhomogeneity in the EDZ have been taken into account. The following

challenge is to analyse whether the introduced hydro-mechanical coupling and650

EDZ description allow to reproduce the drainage and desaturation provoked

in the surrounding media by the air ventilation. The principal objectives of

the SDZ test modelling are to characterise, firstly, the air-rock transfers at

gallery wall, and secondly, the influence of a controlled gallery ventilation on

the claystone behaviour. The transfers at gallery wall are considered through655

the non-classical mixed boundary condition detailed in section 3.3.2. The same

numerical model and material parameters are indeed used hereafter.

Once the excavation front has reached the studied section during the drilling,

the gallery is not ventilated yet and the gallery air remains saturated with water

vapour (Fig. 7). After the drilling, the ventilation is progressively applied in the

underground gallery with a drying of the air which is numerically reproduced

by a ventilation initiation phase. During this initiation phase (between 21 and

50 days of simulation), the water pressure in the gallery air decreases from the

atmospheric pressure to a value corresponding to the first measurement of air

humidity. Then, the air ventilation is applied in the gallery by means of the

hygrometric measurements. During the ventilation, the pore water pressure and

the water vapour density in the cavity correspond to the relative humidity of

the cavity air by Kelvin’s law:

RH =
ρcavv
ρv,0

= exp

(
pcavw Mv

ρw R T

)
(25)

where ρv,0 is the saturated water vapour density, Mv is the water vapour molar

mass, Mv = 0.018 kg/mol, R is the gas constant, R = 8.314 J/mol K, and T is
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Figure 11: Pore water pressure evolution in the SDZ experimental zone.

the absolute temperature expressed in Kelvin. The pore water pressure in the660

gallery illustrated in Fig. 11 is obtained based on the experimental measurements

of temperature and relative humidity (Fig. 2 (b)).

The time evolution of the pore water pressure and of the relative humidity

in the gallery are very similar. This is due to the high time variations of relative

humidity in comparison to the low variations of temperature in the gallery665

(Fig. 2 (b)). Therefore, the temperature has only a minor influence on the

pore pressure in the experimental zone and it is the relative humidity that

mainly influences the water pressure (Fig. 11). Evaluating the impact of relative

humidity variations on the rock drainage is one objective of the SDZ ventilation

experiment performed by the Andra.670

The first result that can be analysed is the claystone progressive drainage

which occurs due to the ventilation. In Fig. 12 is illustrated the comparison

between numerical results and experimental measurements of pore water pres-

sure evolution in boreholes drilled around the drift (see section 2.2 and Fig. 3).

It is obvious that the equilibrium phase of the measure (increase of pw) is not675

reproduced by the numerical modelling which starts with the initial pore water

pressure value of the clayey rock, pw,0 = 4.5 MPa. Only the drainage is re-
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produced and has to be compared to experimental values after about 275 days

of modelling. A close correspondence is observed between the numerical results

and the experimental measurements in the different directions. The pore over-680

pressures observed after the excavation in the vertical direction (Fig. 12 (b))

result of hydro-mechanical couplings mainly related to the anisotropy of the

initial stress state. In this direction, the matching with the experimental data

is slightly less good which may be related to the lower vertical permeability

(k⊥⊥ < k‖‖, see Table 4) and to the positions of the shear bands that condition685

the intrinsic permeability evolution.

The vapour mass transfer coefficient (Eq. 21) used to obtain the results of

Fig. 12 is of α = 10−3 m/s. This transfer coefficient has indeed an influence

on the drainage and its value is chosen to obtain a good reproduction of the

experimental data. In the long term, the two controlled ventilation phases690

(phases (3) and (4) in Fig. 11) do not have a visible effect on the numerical

results.

The pore water pressure sensors being unable to acquire negative measure-

ments, other measurements should be taken into account to characterise the

EDZ desaturation. The water content w measurements performed around the695

experimental zone can be used; it is a direct measure of the water saturation

degree through the relation Sr,w = ρs
ρw

1−Φ
Φ w . The numerical and experimental

results are illustrated in Fig. 13 (a) for eight boreholes drilled shortly after the

excavation (less than 220 days) and in Fig. 13 (b) for five boreholes drilled later

(between 2 and 4.25 years). Even if a quite important dispersion of the exper-700

imental measurements is visible, a good reproduction is obtained numerically,

especially in the short term. An important evolution of the desaturation close

to the cavity is reproduced during the excavation and the ventilation initiation

phases. In the long term and because of the gallery ventilation, the numerical

results highlight a decrease of the water content corresponding to a progres-705

sive desaturation. However, it is observed experimentally that the desaturation

propagation in the rock is limited after the excavation which may be due to

low vapour transfers at gallery wall, to fracture closure or to material sealing
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Figure 13: Water content evolution in the horizontal direction with comparison to exper-

imental measurements: (a,b) in the rock mass in short and long terms and (c) at gallery

wall.

/ healing. These two last phenomena are not addressed in the present analy-

sis; therefore, the comparison in the long term should be regarded with some710

reserve.

The evolution of the water content at gallery wall is also represented in

Fig. 13 (c). The experimental values correspond to the measurements performed

the closest to the gallery wall for each borehole. For three of them (SDZ1285

to 87), the first samples were taken at about 25 cm depth therefore the water715

content values have been corrected. A good reproduction of the desaturation

is obtained. Besides, the effect of the controlled ventilation phases is more

pronounced on the numerical results of water content at gallery wall than it

was on the pore water pressure in the rock mass. In fact, the ventilation effect

is more marked closer to the gallery, especially in the damaged zone where720

the permeability is important and where desaturation occurs. A decrease of

water content is observed on the numerical results during the ventilation phase

with RH = 30 % (phase (3) between 1130 and 1680 days), with values around

w = 2.8 % corresponding to Sr,w = 0.4. An increase is observed during the

last phase with RH = 60 % (phase(4)), with values around w = 3.6 % and725

Sr,w = 0.5. Rock resaturation is thenceforward not observed for the considered
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values of imposed relative humidity.

In addition to the permeability evolution in the EDZ, the drainage kinetics

in the rock formation is significantly conditioned by the air-rock interaction and

the transfers at gallery wall. The evolutions of the different flows and of the730

cumulative total flow are represented in Fig. 14 for the complete gallery (total

circumference).

Let us first consider the seepage flow S̄. During the excavation, the claystone

is initially fully saturated; then, once the pore water pressure decreases in the

gallery air (between 6 and 8 days, Fig. 7), it becomes smaller than the pore water735

pressure in the rock which engenders a seepage flow directed towards the gallery

(Fig. 14 (a)). After the excavation, the ventilation is applied and the pore water

pressure in the rock decreases progressively. It leads to a desaturation of the

gallery wall (prw < patm) which cancels the seepage flow (Fig. 14 (a) and (b)).

On the other hand, the evaporation flow Ē remains low during the excavation,740

as long as the rock at gallery wall remains saturated (Fig. 14 (a)). Once the

ventilation is initiated, the gallery wall desaturates and a vapour flow directed

towards the gallery to ensure thermodynamic equilibrium appears. During the

ventilation initiation phase (between 21 and 50 days) the pore water pressure

in the gallery air decreases from the atmospheric pressure to about -130 MPa.745

This generates important gradients and a rapid increase of the evaporation flow.

Later, the vapour exchange decreases until the equilibrium is reached between

the air and the rock (Fig. 14 (b)).

The two transfer processes are decoupled in the sense that the total flow

q̄ corresponds to the seepage during the excavation, while the rock at gallery750

wall remains fully saturated, and to the vapour flow during the ventilation. In

the long term, the hydraulic exchanges as well as the progressive drainage are

therefore dominated by the evaporation process and the cumulative total flow

is mainly composed of water vapour. The liquid water exchange occurs only

during the excavation period and has therefore only a minor influence on the755

progressive rock drainage and desaturation. A boundary condition at gallery

wall without liquid water flow might probably lead to similar results in the long
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term. The vapour mass transfer coefficient α controlling the vapour transfer

at gallery wall has indubitably a significant influence. A low value implies low

vapour transfers and low rock desaturation, while a high value implies important760

vapour transfers, drainage, and desaturation of the rock.

Once more, the effect of the controlled ventilation phases is noticeable at

gallery wall, on the vapour transfers (Fig. 14 (b)). The uncontrolled ventilation

phase (phase (2) between 280 and 1130 days) displays an average relative hu-

midity of 50 % (Fig. 2 (b)); then, when humidity decreases to 30 % in the next765

ventilation phase, it results in a decrease of ρcavv and in an increase of Ē (Eq. 25

and 21). The inverse effect is observed for the last ventilation phase when RH

increases.

Another result that can be discussed is the gallery convergence (variation

of the gallery diameter). It could have been discussed earlier because most770

part of the convergence is due to the excavation process but the ventilation

and the viscoplasticity have an impact on the long-term convergence. For the

considered gallery, the convergences that have been measured in several sec-

tions are illustrated in Fig. 15 [86]. Three convergence measurement sections

are located in the GED gallery and three in the SDZ experimental zone. The775

measurements indicate that the convergence is anisotropic with a more impor-

tant vertical convergence, and that it increases in the long term especially in

the vertical direction.

The numerical results in Fig. 15 (a) reproduce fairly well this anisotropic

convergence in the short term, mainly thanks to the strain localisation bands780

located above the gallery. The increase of vertical convergence in the long term

is however not well reproduced. This can be explained by the ventilation of

the gallery air and the rock desaturation close to the gallery. In fact, under a

constant normal total stress at gallery wall and because of the suction imposed

by the air ventilation, the compressive effective stress increases in the vicinity785

of the gallery by Eq. 3. It engenders an elastic unloading close to the gallery

which restricts the further plastic deformation [10].

During the relatively short excavation period, the creep deformations seem to
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Figure 14: Flows and total cumulative flow evolutions at gallery wall for the complete gallery:

(a) in the short term and (b) in the long term.
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Figure 15: Convergence evolution with comparison to experimental measurements: (a) initial

viscoplastic parameters and (b) increase of viscosity.

be negligible, which was also concluded by [7] for a modelling of shaft excavation

in Callovo-Oxfordian claystone. Nevertheless, the viscosity and creep behaviour790

have an impact on the long-term deformations. It is therefore possible to in-

crease the long-term convergence by adjusting the viscoplastic parameters (Ta-

ble 3). For instance, modifying the two following parameters Bvp = 5.0× 10−2

and ζ = 55×103 J/mol leads to larger convergences as illustrated in Fig. 15 (b).

The viscoplastic model allows to reproduce the increase of vertical convergence.795

Unfortunately, from the results of Fig. 15 (a), it is clear that amplifying the

delayed viscoplastic strain will improve the correspondence with in situ mea-

surements in the vertical direction but inevitably deteriorates it in the horizontal

direction.
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5. Conclusions800

The presented study is devoted to the numerical modelling of failure process

and hydraulic transfer occurring around underground galleries subjected to air

ventilation, in a cross-anisotropic argillaceous rock.

The fractures induced by the excavation process in the vicinity of the gallery

are reproduced by shear banding, and the strain localisation is properly mod-805

elled by means of a regularisation method. The evolutions of flow transfers

and transport properties have been characterised around the underground drift,

especially in the excavation damaged zone. The evolution of intrinsic permeabil-

ity is addressed by taking into account strain localisation effects and by using a

strain-dependent relation that involves plastic strain as well as a restricted part810

of the elastic strain. At the end of excavation, the permeability increase is of

several orders of magnitude in the shear bands as measured experimentally.

The flow transfers in the damaged zone and in the undisturbed material are

studied through the modelling of a large-scale gallery air ventilation experiment

(SDZ). The air-rock interaction at gallery wall involves both water vapour and815

liquid water transfers that are implemented with a mixed hydraulic boundary

condition. Such condition is relevant for the reproduction of the transfers be-

cause an instantaneous equilibrium between the air and the rock may not be

assumed beforehand. An equilibrium is reached in the long term by evaporation

process during the gallery air ventilation. Regarding the different ventilation820

phases, it has been observed that the progressive rock drainage is mostly af-

fected by the long-term ventilation, not by the constant ventilation phases of

the SDZ experiment.

The numerical results which are presented indicate that a strain localisa-

tion approach for the EDZ modelling, linked to an intrinsic permeability evolu-825

tion, allows to predict the hydraulic transfer in the Callovo-Oxfordian claystone.

The hydro-mechanical model accurately reproduces the drainage kinetics of the

undisturbed rock mass and the rock desaturation within the EDZ. Moreover, the

reproduction of both mechanical and hydraulic aspects with strain localisation
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in shear bands is quite complex because the two problems are coupled and influ-830

ence each other. The permeability variation and the water transfers around the

gallery are conditioned by the strain localisation and the shear banding pattern.

Consequently, the simultaneous reproduction of all these aspects constitutes a

challenge in the context of strain localisation in unsaturated biphasic media,

which is tackled in the modelling.835
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