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Abstract. In the context of underground exploitation, the behaviour of rocks near galleries and tunnels
conditions their stability. Underground drilling generates deformations, damage, fracturing, and significant
modification of flow characteristics in the surrounding rock. However, the influence of small-scale
characteristics and behaviour on the rock deformations and damage at engineering scale remains a complex
issue. Consequently, the multiscale behaviour of a clay rock is modelled starting from the large scale of the
excavation damaged zone around galleries and then enriching the approach by considering microstructural
characteristics from the scale of mineral inclusions. Lastly, a double-scale numerical framework is considered.
It allows to relate small- to large-scale rock behaviour in terms of deformations and material rupture. In fact,
the development of damage and cracking at microscale allows to predict large-scale fracturing. The developed
method focuses on a claystone in the particular context of long-term management of high-level nuclear wastes
by deep geological repository. The results highlight the possibilities of double-scale computing in the
prediction of the behaviour of underground engineering structures.

1 Context

The long-term management of high-level nuclear wastes
is envisaged by deep geological repository. In this
context, shales and clay rocks are considered as
favourable host media. Due to the safety function of the
host formation, the behaviour of the Excavation Damaged
Zone (EDZ) that develops around underground galleries
during their drilling is of paramount importance [1]. The
EDZ is dominated by fracturing process which engenders
irreversible modifications of the hydro-mechanical
properties of the porous rock. In this zone, a significant
hydraulic permeability increase of several orders of
magnitude is observed [1,2]. It may alter the safety
function of the host formation by creating preferential
flow paths for the migration of radionuclides towards the
biosphere. Therefore, the understanding and prediction of
the EDZ hydro-mechanical behaviour are crucial issues
for the long-term safe management of nuclear wastes.
Among the different low-permeability media that are
envisaged for the deep repository, the Callovo-Oxfordian
claystone (COx) is studied (Andra, France). It is an
indurated fine-grained sedimentary rock with low-
permeability, cross-anisotropic structure, and quasi-
horizontal bedding planes. Claystones have a complex
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microstructure exhibiting multi-scale heterogeneities [3].
At meso-scale (i.e. the scale of mineral inclusions), the
COx claystone is composed of several types of minerals
with scattered mineralogical characteristics.

It is well known that large-scale phenomena
(deformation, failure, hydro-mechanical coupling, etc.)
take their origin from small scale processes, at grain and
pore scale. Questions have risen on how microstructural
characteristics of heterogeneous rocks can enrich the
macroscale constitutive behaviour to predict deformation
and failure processes. Consequently, the modelling of the
hydro-mechanical behaviour of the clay rock is realised
by considering its microstructural characteristics.

In the following, the behaviour of the COx claystone
and its damage under mechanical solicitations are
modelled at two scales. Following an engineering point of
view, the macroscale behaviour of the EDZ is firstly
studied with the development of shear fractures and
permeability evolution [4-10]. Then, an insight of micro-
damage and micro-cracking is given by small-scale
modelling [11-13]. This work is a synthesis of research
results which highlights the possibilities of numerical
prediction (deformation, rupture, and water flow) of EDZ
in claystone, at small and large scales. Theoretical details
are left aside but can be found in [4-15].

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).
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2 Macroscale

A large-scale hydro-mechanical analysis of the EDZ is
performed by reproducing numerically its behaviour
(Lagamine FE code). Gallery excavations induce stress
redistribution and fracturing in the surrounding rock. In
the COx claystone, most of the observed fractures are in
shear mode [1]. Thus, it is proposed to represent them in
a continuous manner (by FEM) by strain localisation in
shear bands [4-10]. Then, the development of fractures
implies coupled processes and evolution of water
transfers which are predicted around the underground
excavation.

2.1. Fracturing

An appropriate model allowing to properly reproduce the
strain localisation in geomaterials with finite element
methods is used. It is an enhanced model for
microstructure media called the coupled local second
gradient model and which involves a regularisation
method [16-17,8]. It allows considering unsaturated
anisotropic rocks with compressible solid grains and
permeability evolution [6-8].

The wused mechanical constitutive model is an
anisotropic elasto-plastic internal friction model (Van
Eeckelen yield surface) with non-associated plastic flow.
It allows hardening and softening of friction angle and
cohesion, calibrated on experimental data. A second
gradient mechanical law is also defined. It is an isotropic
linear elastic law function of the (micro) second gradient
of the displacement field. It introduces an internal length
scale to which the shear band thickness is related.
Furthermore, the hydraulic flow is governed by advection
(Darcy law), water retention and permeability curves
(Mualem - Van Genuchten’s model). The effective
stresses under unsaturated conditions are defined by
Biot’s definition [8]. It includes the compressibility of the
solid grains relative to the skeleton compressibility.

The gallery excavation modelling is performed by
reducing the pressure at gallery wall following a
deconfinement rate related to the drilling speed. Firstly, a
modelling in 2D plane-strain state is performed
considering both structural and stress state anisotropies
(Gho=0Cver=12MPa, Guo=15.6MPa). The results of the
EDZ development (shear bands) at the end of excavation
are detailed in Fig. 1 for two gallery orientations (in terms

of total deviatoric strain &,, = \E &;¢;). Fig. 1a concerns a
gallery parallel to the minor principal horizontal stress
(onor) With an anisotropic initial stress state in the gallery
section (Cno>Over). The chevron shear fractures appear
during the excavation and develop preferentially above
the gallery, in the direction of the minor principal stress
[8]. Fig. 1b concerns a gallery parallel to the major
principal horizontal stress (Ghor) With an isotropic initial
stress state in the gallery section (Gha=0vert). In this case,
the shear bands develop preferentially in the horizontal
direction, the direction of material weakness [7].

This is related to the anisotropic evolution of material
cohesion (plastic anisotropy) during material unloading.

It means that the development and shape of the EDZ are
mainly dictated by the anisotropy of both in situ stress
state and material resistance.
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Fig. 1. EDZ in claystone by shear band representation for
galleries parallel to the (a) minor on and (b) major ou principal
horizontal stresses [5-8].

The gallery convergences are also detailed in Fig. 2
for the gallery oriented parallel ouor (Fig. 1b). Both
horizontal and vertical convergences (variations of gallery
diameter) are depicted and compared to experimental data
[18]. The latter are in situ measurements performed by the
Andra in their Underground Research Laboratory (GCS
gallery). The numerical results indicate that the anisotropy
of the gallery convergence is well captured with a larger
convergence in the direction of the fractures appearance
[5-8]. This cannot be reproduced without the development
of shear bands. Moreover, creep deformations have been
introduced with a viscoplastic mechanism (i.e. delayed
viscoplastic strain) to reproduce the increase of
convergence in the long term [5].
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Fig. 2. Long-term evolution of horizontal and vertical
convergences of a gallery parallel to the major horizontal

principal stress ou [5].

Furthermore, fracturing around galleries develops in
all directions, not only around them but also in front of the
excavation front [1]. A 3D modelling of gallery
excavation is thus also performed. The geometry of a
quarter of a gallery parallel to Guor is fixed (0x>0y in the
gallery section) and the pressure at gallery wall is
progressively reduced as previously. Fig. 3 highlights the
development of shear bands around a gallery at successive
stage of the excavation: (a) 70%, (b) 75%, (c) 80%, and
(d) 85% of deconfinement. On this figure, the view point
is located at the gallery axis and looks over the curved
gallery wall and the flat gallery front (see the black lines).
One can observe the development of shear bands in the



E3S Web of Conferences 205, 10003 (2020)
ICEGT 2020

https://doi.org/10.1051/e3sconf/202020510003

rock parallel to the gallery wall and ahead of the
excavation front.

The results indicate that the numerical modelling of
the fractured zone with shear banding provides
information about its shape, extent, fracturing structure,
and behaviour that are in good agreement with in situ
measurements (Fig. 1, Fig. 2, Fig. 3). In particular, the
shape of the EDZ in the claystone is governed by its
anisotropy and the gallery convergence strongly depends
on the appearance of the shear bands.

© (d)

Fig. 3. 3D modelling of the development of the EDZ by shear
banding around a gallery at successive stages of excavation: (a)
70%, (b) 75%, (c) 80%, and (d) 85% of deconfinement.

2.2. Fluid transfers

The fluid transfers and the coupled hydro-mechanical
processes are investigated in the EDZ. The impact of the
rock fracturing on its hydraulic properties is addressed by
taking into account strain localisation effects at
macroscale. The evolution of the intrinsic water
permeability is expressed by a strain-dependent relation
which engenders a more pronounced increase of the
permeability inside the shear bands [6]. Fig. 4 details the
evolution of intrinsic water permeability in the rock, in
terms of orders of magnitude. The later is represented by
the ratio of the intrinsic (saturated) water permeability
tensor k;; by its initial value kjjo. Results are shown at 66%
and at the end of excavation. The numerical results
concern the vertical direction of a gallery parallel to the
minor horizontal principal stress on. They are compared
to experimental data from the Andra [1,6] measured along
vertical boreholes drilled around the GED experimental
drift [6]. In agreement with these experimental
measurements, an important increase is reproduced in the
excavation damaged zone (Fig. 4), especially in the shear
bands (near field). The increase amplitude is
representative of the fracture permeability. Moreover, the
continuous rock matrix permeability of damaged (mid

field) and undamaged rock (far field) are also well
captured.

After gallery excavation, the hydraulic transfers in the
rock surrounding the galleries are investigated by
considering the interaction between the rock and the
gallery air. These transfers are studied at large scale
during the reproduction of gallery air ventilation. The
Andra performed a large-scale ventilation experiment
called Saturation Damaged Zone experiment (SDZ) in an
experimental gallery (GED) [6,9] to investigate the
unsaturated behaviour of COx claystone. Depending on
the air hygrometry, the gallery air ventilation implies
drainage and desaturation of the surrounding rock.
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Fig. 4. EDZ in claystone by reproduction of the water intrinsic
permeability evolution in the vertical direction around a gallery
parallel to on [6].

The hydraulic transfers in the rock which depend on
the water exchanges at gallery wall are also studied. The
air-rock water transfers are considered through a non-
classical mixed hydraulic boundary condition [6,9,19].
This condition implies that two modes of exchange can
occur at the gallery wall of ventilated cavities: liquid
water and water vapour exchanges. The latter consist of
progressive hydraulic transfer kinetics for which, in the
long term, a thermodynamic equilibrium is reached
between the gallery wall rock and the gallery air. In the
modelling, the evolution of gallery air hygrometry (i.e.
relative air humidity) during time is applied through this
condition.

The water drainage (i.e. pore water pressure pw
reduction) in the rock caused by the gallery air ventilation
is reproduced in Fig. 5. The numerical results are
compared to experimental measurements performed in a
horizontal borehole drilled from the SDZ experimental
zone. Several sensors were placed at increasing distances
in the rock (3 to 20 m depth). They allow to evaluate the
influence depth of the ventilation and the desaturation of
the EDZ [6]. In fact, one can observe suction (pw<0)
deeper than 3m after 1500 days of ventilation. This rock
desaturation is due to the increase of permeability in the
EDZ and to the water drainage [6].

These results prove the ability of the model to predict
coupled processes and fluid transfers in the EDZ and
deeper in the surrounding rock [6].
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Fig. 5. Water drainage in claystone compared to experimental
measurements in a horizontal borehole and at different distances
from the gallery wall [6].

3 Microscale

Clayey rocks have a heterogeneous structure at various
scales. When considering the scale of mineral inclusions
in COx, which are embedded in a clay matrix,
deformations often engenders microdamage and
microcracking, responsible of permeability change.
Modelling these processes requires considering
microscale properties and their effect on the
micromechanical response [11-15]. The main objectives
are to consider realistic heterogeneous microstructures
allowing the prediction of deformation and damage
mechanisms from the microscale.

3.1. Representative microstructure

Heterogeneous numerical microstructures are generated
with a distribution of grain morphological properties
satisfying experimental characterisations of the material
[11-13,20,21]. These microstructures are considered as
2D microscale Elementary Areas (EA) which are defined
in order to be both a realistic and simple representation of
the clay rock’s microstructure. An example of realistic
microstructure of COx claystone with a characteristic size
of 100x100um is visible in Fig. 6a.
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Fig. 6. Microstructure representativeness: (a) example of
numerical elementary area and (b,c) comparison of experimental
and numerical morphological characteristics of calcite [11].

The EAs are developed to represent the grains and the
failure modes at meso-scale [14,15]. The EAs contain
solid grains defined by cells, each cell representing a
mineral inclusion or a clay grain (Fig. 6a). The solid
grains are elastic deformable solids separated by
damageable cohesive interfaces. Cohesive forces are
described by a damage law, allowing softening of the
material due to deformation. Boundary conditions are
periodic. Large deformations may develop at microscale
and are mainly concentrated at grain contacts. Thus,
potential cracks are considered at grain interfaces which
allows two failure types as observed in the clay rock [22]:
decohesion around inclusions and intergranular
microcracking within the clay matrix. A variability of the
mineralogical characteristics is also considered to
reproduce the inclusion morphology (orientation,
elongation) and the spatial distribution of clay and
minerals (Fig. 6b-c, [11]).

Additionally, the grain interfaces form a porous
network allowing fluid transport prescribed by the
variation of interface opening which leads to a variation
of the material permeability. In fact, the hydraulic
permeability of the material (homogenised over the EA)
is the direct result of the water flow within the
microstructure through the interfaces [14]. With fluid
pressure acting on the solid parts, this gives a coupled
hydro-mechanical system at the micro level [14,15].

3.2. Response and damage

The clay rock micromechanical behaviour is analysed
through the responses of EAs under solicitation. The
overall stress-strain response is obtained by numerical
homogenisation ~with  microscale finite element
computation [14,15]. A 2D plane-strain biaxial
compression is modelled with a confining phase of ;=12
MPa followed by a vertical compression. The variability
of material response and deformation under deviatoric
solicitation —are analysed regarding small-scale
characteristics [11].

For calibrated micromechanical parameters (of
mineral constituents and their contacts) [11], stress-strain
deviatoric response curves are detailed in Fig. 7. They
present the evolution of the global deviatoric stress g=o-
o3 with the homogenised vertical €; and lateral €3 strains
of the EAs. Numerical results in Fig. 7a indicate that, for
a constant EA size of 100x100 pum, the microscale overall
response shows some dispersion due to the variability of
the microstructures (variable inclusion positions, mineral
contents, and grain morphology). In particular, the clay
content varies from 40% to 60% [20]. Since mineral
inclusions are stiffer than the clay matrix, a lower clay
content leads to a stiffer response of the EAs [11]. This
scattering suggests that the chosen EA size, based on grain
morphology, may not be sufficient regarding the
mechanical response.

In fact, the representativeness of the microstructure in
the elementary area and of its mechanical response
depends on its size. The effect of microstructure size is
then analysed in Fig. 7b for 50x50, 70x70, and 100x100
um with a fixed 50% of clay content. For each case, the
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range of response curves is illustrated. They correspond
to the most and least resistant responses of sets of 10
tested EAs for each microstructure size. The variability of
the overall response reduces with increasing size which
mitigates the partial lack of EA representativeness.
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Fig. 7. Microscale response variability: to (a) randomness of EA

generation and mineral contents and (b) microstructure size [11].
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Then, small-scale material deformation and failure
within  the microstructure are analysed. One
microstructure with 60% of clay content is studied to
enlighten grain movements and micro-damage of grain
contacts. The response curve and the small-scale
deformation are detailed in Fig. 8. A peak deviatoric
stress followed by strain softening occurs (Fig. 8a), with
the amplitude of material softening depending on the
grain interface properties. Furthermore, microscale
deformations are detailed at several stages of the vertical
loading (Fig. 8b), before (¢,=0.01) and after peak stress
(61=0.05, 0.1). Cohesion softening and complete
decohesion at grain contacts (i.e. partially and fully
damaged contacts) are indicated by graphical symbols in
Fig. 8b. Before peak stress, the microstructure
deformation remains limited. Then, damage increases,
coalesces, and forms a microcrack propagating through
the entire EA. This induces important grain displacements
(mainly sliding, Fig. 8b) and a global softening behaviour
of the micro-structure (Fig. 8a). A dominant shear
deformation and damage mode is observed between
grains. However, microscopic deformations are localised
in the EA with only a small proportion of interfaces
reaching complete decohesion (Fig. 8b).

A deeper analysis of the influence of microscale
characteristics on the homogenised material response and
microcracking pattern is investigated in [11].
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Fig. 8. Microscale behaviour: (a) material response and (b)
development of micro-damage and micro-cracking [11].

4 Double scale

The overall response of the microstructure can be used in
a double-scale approach to predict the material behaviour
at larger scale. This is embedded in a double-scale finite
element (FE?, Lagamine code) approach by computational
homogenisation [14,15,23,24]. The overall response of
the microscale EA serves as a homogenised numerical
constitutive law for the macroscale. However, the chosen
EA size has to remain limited due to numerical constrains
for double-scale approach. At macroscale, a poro-
mechanical continuum is defined with fully coupled
hydro-mechanical behaviour and a regularisation method
(second gradient model [16-17,8]). The proposed
numerical approach allows to take into account the small-
scale heterogeneity and spatial variability with its effects
from small to large scale ([11-13]).

A double-scale computation of a biaxial compression
(confining pressure of 63=12 MPa) on a larger laboratory
specimen (centimetric scale) is considered in a 2D plane-
strain state. The clay rock specimen is initially saturated
(nil initial pore water pressure) and is globally drained on
its bottom and top surfaces (lateral surfaces are
impervious). The results in Fig. 9 highlight the claystone
response curve at micro and macro scales [12]. The
macroscale global response of the specimen (double-scale
approach) is compared to the numerical microscale EA
response and to experimental data of compression tests
[25]. The experimental results are satisfactorily
reproduced by the modelling. The difference between the
macro and micro scales response curves is due to strain
localisation at macroscale (Fig. 10), with the post-peak
behaviour related to the macro shear banding process.
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Fig. 9. Double-scale response: influence of macroscale shear
banding with comparison to microscale response and

experimental data [12].

Fig. 10 highlights material deformation and failure
with a focus on the relation between the microscopic and
macroscopic scale processes. At macroscale, the shear
deformations &, are detailed (Fig. 10a) during the
compression test (increasing values of specimen’s vertical
deformation €;) and indicate the formation of a shear band
throughout the specimen, after peak stress. At microscale
(i.e. EA scale), the behaviour is detailed with the
microstructure evolution within the shear band (Fig. 10b).
Microscale deformations are considerable in macroscopic
finite elements inside the shear band. However, the
microstructure remains almost undeformed far from the
shear band, where macroscopic deformation is low.
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Fig. 10. Double-scale behaviour: relation between (a)
macroscopic shear banding and (b) microcracking in post-peak

regime [12].

After reproducing the clay rock behaviour at meso-
scale and at laboratory scale, such double-scale method
can also be used to predict the damage and fracturing at
the engineering scale. Preliminary computations of
gallery excavations with relatively simple microstructures
of COx claystone have been realised in [15]. They
highlight the micro-macro damage relation and the
possible reproduction of the shear fractures around
underground structures as depicted in Fig. 11.

.

Fig. 11. Fractured zone around underground (quarter) gallery
with microstructural effects in the scope of a double-scale FE?
modelling [15].

5 Conclusion and perspectives

The proposed approach aims to highlight the important
multi-scale aspects to consider for the reproduction of the
EDZ behaviour in clay rock. The focus is placed on the
numerical modelling of both microscopic and
macroscopic behaviours of damaged rock, based on
experimental measurements. At the scale of underground
structures, the macroscale model allows to reproduce the
shape of the shear fracture zone, its size, its hydraulic
permeability increase, as well as the drainage of the
surrounding rock. At the scale of mineral inclusions, the
microscale model allows to reproduce the micro-damage
and micro-cracking while considering the morphology
and heterogeneity of mineral inclusions. Furthermore, the
double-scale modelling shows the relation between small-
and large-scale behaviours in terms of deformations and
material response. The results highlight the possibilities to
consider microstructural characteristics in the modelling
of rock damaged zone related to engineering applications.

To go further, various perspectives are envisaged:
- Large-scale drilling modelling can now be performed
with the developed more realistic microstructures.
- On large or intermediate scales, the natural
heterogeneity of clay rocks can be improved by a spatial
variability of the EAs (at the Gauss points of the macro-
FE-model). This can partially solve the lack of EA
representativeness related to its restricted size for double-
scale computing.
- Small-scale characteristics of grain morphology (e.g.
elongation, orientation) should be studied to explain the
macroscale anisotropic response of sedimentary rock.
- The properties of mineral contacts condition the overall
microscale deformations and response. They should be
deeper analysed based on experimental evidences and
related to the mechanical energy dissipation phenomena
during crack opening.
- Hydraulic permeability of rock masses increases with
the degree of fracturing. Efforts should be done to relate
microcracking and macroscale permeability evolution
[14]. Microcracks can lead to grain contact apertures in
the EA. The latter engender an increase of the overall
hydraulic conductivity and water flow through the
microstructure. However, the fracture water permeability
of COx claystone decreases with material swelling and
self-sealing of cracks during resaturation [26]. This
reduction is firstly induced by the swelling of certain clay
minerals present in the argillite (due to clay-water
interactions). One of the major current issues for Andra is
to take into account this recovery of fracture water
permeability (i.e. self-healing) in constitutive models. The
micro-macro approaches and the consideration of
mineralogical distribution are certainly interesting
pathways to represent these important processes for the
evaluation of transfers in the repository.
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