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Around galleries excavated at depth in geological media, the creation of a damaged zone with significant
irreversible deformation is generally unavoidable. In the case of a geological disposal system for
high-level radioactive waste, the resulting change in the host rock properties in this damaged zone
may potentially be important with respect to the long-term evolution and the performance of that sys-
tem. In this context, predicting the extent of the so-called Excavation Damaged Zone (EDZ) and, possibly,
the fractures’ network topology remains a challenge. This study is aimed to simulate numerically the
extension of this zone at the large scale’s excavation, around the Connecting gallery (HADES URL, Mol,
Belgium), in Boom clay host rock through analyzing the evolution of strain localization in shear bands
mode. To realistically model the involved phenomena, the concrete lining is considered on the gallery
wall highlighting its impacts on the evolution of convergence and EDZ around the gallery. The focus of
the current paper is made on analyzing the coupled hydro-mechanical behavior of Boom clay host rock
during and after the gallery excavation with respect to the evolution of localized shear bands around the
gallery. This study is accompanied by the analysis of the contact mechanism on the interface between the
clay massive and the lining. The obtained results reveal some interesting features regarding the contact
phenomenon relatively to the evolution pattern of shear bands within the clay around the gallery. To
assess the reliability of the proposed approach, a discussion on some in-situ observations during the
gallery’s construction is also performed based on which a good agreement is found between the
in-situ evidence and simulated results.
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[1]. A very low hydraulic conductivity is one of the desirable prop-
erties for candidate host rocks [2] which ensures a limited radionu-

1. Introduction

In all countries equipped with nuclear power plants, the pro-
duction of highly radioactive waste is an unavoidable outcome of
the contribution of this energy to the global electricity generation.
In the framework of the long-term management of these high-level
nuclear wastes, storing them in deep stable geological formations
is generally considered as a possible solution. Geological disposal
facilities (GDFs) combine a suitable system of engineered barriers
with an host rock with favorable confinement properties at a depth
that ensures adequate isolation from man and the environment.
These facilities are regarded by some as an acceptable solution
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clide transport rates in the event that a loss of containment occurs
due to the degradation of the engineered barrier system.

The underground excavation process is expected to induce
stress redistribution within a perturbed zone around the openings
which leads to trigger the damage propagation. A zone with the
significant irreversible deformations and important modifications
in the hydro-mechanical and geo-chemical host rock’s properties
is expected to be created resulting to the macro and
micro-fracturing and a rearrangement of rock structures. This zone
is called as Excavation Damaged Zone (EDZ) [3]. In fact, as the rock
is damaged, crack networks are created. They could then constitute
preferential flow paths depending on the network connectivity and
consequently, they could alter the favorable original flow and
transport properties of the rock masses. This issue is of a para-
mount importance in the context of long-term management of
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the high-lived and high-level nuclear waste disposal. Thence, the
simulation of fracturing structure and extension of this zone at
the large scale’s excavation is the basic objective of this study.

Clay formations are considered to be well-suited for hosting
radioactive waste repositories in a number of European countries
[4], because of their natural advantageous properties among which
there is a very low hydraulic conductivity. Boom clay is a plastic
clay located in the north of Belgium. Boom clay formation is being
studied as an candidate for this purpose considering its low
hydraulic conductivity [2] and important self-sealing capacities
(sealing is defined as the reduction of fracture permeability by
any of hydro-mechanical, hydro-chemical, or hydro-biochemical
processes [5]).

The localized shear bands are commonly observed as a phe-
nomenon leading up to failure in geomaterials, in the laboratory
tests or in the fields [6-8]. During the construction of
Connecting gallery in Boom clay host rock, the shear induced frac-
tures were observed [9]. Indeed, this type of fracturing, or discon-
tinuities as often called, are frequently preceded by development
of the localization of strains in narrow so-called shear bands.
Therefore, in a progressive failure, these shear zones with local-
ized plastic strain are realistically giving rise to the discontinu-
ities, the rupture zones. Hence, to better understand the
mechanisms leading to this fractures network, we propose to
analyze the EDZ and its extension around the Connecting gallery,
during its construction and in the long-term, by numerical model-
ing, in the framework of a strain localization approach in shear
band mode. As a consequence, the shear bands with finite
thickness are modeled, within the theory of continuum mechan-
ics, to simulate the probable surface of the localized failure and
discontinuities. Another approach can be modeling explicitly the
ruptured zone with discontinuities in displacements. The latter
was the subject of some early studies in order to model the strain
localization induced by tunneling [10,11].

Using a regularization method to properly model the strain
localization phenomenon, the hydro-mechanical processes are
analyzed in interaction with the evolution of localized shear bands.
The coupled hydro-mechanical behavior of Boom clay is studied
through the finite element simulation applying an elasto-plastic
constitutive model including strain hardening/softening. Over the
past decades, many experimental investigations have been con-
ducted to understand the mechanism of localized failure in geoma-
terials [7] from which one of the essential factors affecting the
process can be the anisotropy of material [12]. So the material
cross-anisotropy is also considered in our numerical computation.

The concrete lining has an essential role in case of the deep
excavation of the underground galleries in the plastic Boom clay.
Indeed, it could highly decrease the extent of damaged zone and
the convergence around the gallery [13]. Hence, studying the con-
tact mechanism on the interface between the clay mass and the
lining around the gallery’s opening is also aimed in this paper. In
fact, during the excavation, the clay mass converges towards the
lining which is followed by the generation of some contact pres-
sure on the interface between two bodies upon contact. The phys-
ical relation between this contact phenomenon and the onset of
localized shear bands in Boom clay mass is discussed in this study
as an open issue of particular interest.

2. Theoretical framework

Taking into account a deformable two-phase medium (i.e., solid
and water) where the mass transfers occurs [14,15], the finite ele-
ment method has been chosen to simulate the hydro-mechanical
process governing the phenomena. The finite element code
LAGAMINE, developed at Université de Liége is used in our study

[16,17]. Interested readers are referred to [15] for a detailed finite
element framework incorporated into the LAGAMINE code.

2.1. Elasto-plastic constitutive model

The Drucker-Prager yield limit [18] in the framework of a fric-
tional elasto-plastic model is used as the constitutive mechanical
law for the rock (compressive stress are taken as positive):

3c
m<1r, *mm) _o, (1)

where I, = g;0; is the first stress invariant, Il is the second devia-
toric stress invariant defined by Eq. (2) in which 6 is the deviatoric
stress tensor, m is given as Eq. (3), c is the cohesion, and ¢, is the
compression friction angle.
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In order to introduce the plastic cross-anisotropy of the mate-
rial in our modeling, the cohesion is defined depending on the
angle between major principle stress and the normal to the bed-
ding plane (Eq. (4)) [12]. The behavior is considered to be isotropic
in the plane of bedding and the direction of anisotropy is perpen-
dicular to the bedding.
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where ¢ is the initial cohesion, and c is the final cohesion (see Eq.
(10)), and ay, is the angle between the direction of major principle
stress and the normal vector to the bedding plane. The cohesion is
assumed to be varied linearly in function of the angle o,,, between
the cohesion values which are defined for «,, = 0°, 04, = 45°, and
og, =90°.

The behavior of the solid matrix is considered to be governed by
the Terzaghi’'s postulate with the assumption of a fully
water-saturated medium:

G} = Oi — PuOij; (5)

Coorf = MaX [(

+Coorf(0°)5

where o is the total stress tensor, aj; is the effective stress tensor,
Py is the pore water pressure, and J; is the Kronecker symbol.

The plastic potential surface g is defined as Eq. (6) considering a
general non-associated plasticity framework.

g=1Il,—ml, =0, (6)
with:
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where  is the dilatancy angle. The hardening and/or softening are
introduced in this model via an hyperbolic variation of friction
angle and/or cohesion (Egs. (9) and (10)) as a function of Von
Mises equivalent plastic strain &b, [19]:
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where ¢, is the initial compression friction angle, ¢ is the final
compression friction angle, and B, /B, are the values of equivalent
plastic strain for which half of hardening/softening on friction angle
and/or cohesion is achieved.

2.2. Second gradient method

Concerning the numerical computation of localized shear zones
in geomaterials, the classical finite element method suffers from a
pathological sensitivity to the mesh size in modeling of strain
localization [20]. Therefore, a specific approach is needed to over-
come this problem in order to properly model the localization phe-
nomenon and post-peak shear strength behavior. To adjust this
problem, many investigations have been done in the past propos-
ing different enhanced models incorporated an internal length. A
last family of enriched models comes from continua with
microstructure which is the case of local second gradient method
[21-23]. This method is used in our coupled hydro-mechanical
study as the regularization technique in which the continuum is
enriched by the microstructure effects. Thus, the kinematics
includes macrokinematics as well as microkinematics [24,25]. In
the framework of microstructure continuum theory, a microkine-
matic gradient field v; is defined to describe strain and rotation
at the microscale. With reference to the classical continuum
mechanics, additional terms are then added in the internal virtual
work of a given body [22].

In the used local second gradient model, it is assumed that
microkinematic gradient is equal to the macrodeformation gradi-
ent, i.e. v = Fj = 0u;/0x;. As a result, the virtual microkinematic
gradient is also equal to the virtual macrodeformation gradient
(vj = F;-' = 9du}/9x;). Consequently, the balance equations of the
coupled second gradient model in the weak form are obtained fol-
lowing the principle of virtual work as:
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where Q is the current solid configuration (volume), u is the vir-
tual displacement field, t; is the external (classical) traction forces
per unit area, T; is an additional external (double) force per unit
area that both &; and T; applied on a part I'; of the boundary of
Q,Du’ is the normal derivative of u,?‘,M is the time derivative of
the water mass inside Q,p} is the virtual pore water pressure
field, m; is the mass flow (see Eq. (16)), Q is a sink term, and I,
is the part of the boundary where the input water mass per unit
area q is prescribed. In addition, Xy is the double stress, dual of
the virtual (micro) second gradient which needs an additional con-
stitutive law, and it has no link with the pore water pressure. It is
defined with an elastic law [21] as a function of (micro) second
gradient of the virtual displacement. This second gradient law
depends on one elastic parameter D to which the shear band
width is proportional [24,26].

Eqgs. (11) and (12) should be solved for every kinematically
admissible virtual displacement field u* and virtual pore water
pressure field pX. However, since the second derivative of displace-
ment is demanded for Eq. (11), this Equation needs the use of C'
function, for the displacement field, to be incorporated into a finite
element code. To avoid this procedure, the assumptions v; = F;;
and u; = F,.;‘ are introduced through a field of Lagrange multipliers
Zij [24]. Hence, the governing equations of the local second gradient
coupled model could be given by:

i azi dQ = tu} + T;Dul)drr (11)
ijk ij{)xk - ,/p” ( i ! i ’

o our v our
oy UV do — =8 — p* )\ dQ
/Q <GU (9Xj * ijk an /Q U((?Xj UU)

- / (Eu¥ + Tine)dr, (13)
I's
/QA; <g—)l: - l),-j> dQ =0, (14)
. *
| (ot~ m %) aa - [ aptae— [ apyar. (15)
t q

where n, is the normal vector to the surface I';. Egs. (13)-(15) are
held for any time t; the virtual quantities in these equations are
dependent on the history of boundary conditions and then on the
time t.

Using the Darcy’s law which governs the water motion relation
in an anisotropic porous medium, the water mass flow is given by:

L kaij 8pw .
"=, o)

where k,, is the intrinsic water permeability, and p,, is the water
dynamic viscosity.

The field Egs. (13)-(15) are linearized [27] and then they are
discretized spatially using 2D plane strain isoparametric finite ele-
ments. These elements have eight nodes for the displacement and
pore pressure fields (u; and p,,), four nodes for v; and one node for
Jij (see Fig. 1). The quadratic shape functions [28] are applied for
the u; and p,, interpolation whereas the linear shape functions
are used for vy, and Z; is supposed to be constant. Readers inter-
ested in more details of the coupled finite element scheme may
refer to Collin et al. [27].

ij=12, (16)

2.3. Constitutive laws for the contact problem

With regard to the concrete lining of the studied gallery which
has been emplaced almost simultaneously with the gallery excava-
tion, the contact mechanism between the clay mass and the lining
is an essential issue. The contact is supposed to occur during the
gallery excavation while the clay converges towards the lining pro-
ducing some contact pressure on the interface between two bodies.
We propose using the hydro-mechanical interface elements
between the Boom clay mass and the concrete lining in order to
model their contact phenomenon.

The frictional contact problem are usually treated by mean of
elasto-plasticity analogy [29]. A classical elasto-plastic model with
the Coulomb yield criterion is used in our study as the mechanical
constitutive law for contact behavior (Eq. (17)). We assume that
when the contact occurs and two bodies are stuck, this sticking
phase is equivalent to the elastic domain of the yield criterion
(f < 0). Then, the stick and slip states in the contact process would
be distinguished by the yield surface (f = 0). That is to say when
the threshold value in the modulus of the tangential stress is
reached, the slip conditions is verified.

f=ltr|-¢- Dy (17)

where 77 is the tangential effective stress, ¢ is the coulomb friction
coefficient, and pj, is the normal effective stress.

The current case of contact problem is dealing with the sticking
phase. The Penalty method has been implemented into Lagamine
by Charlier [16] to regularize the sticking contact conditions.
Hence, in the case of contact (pjy > 0), a slight penetration of one
body into the other and, a tangential relative micro displacement
between the contacting bodies could be possibly acceptable.
Then, the rate of effective stresses are generally governed by:
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Fig. 1. 2D second gradient finite element: quadrilateral element (left), correspond-
ing parent element (right).
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where pj, and 77 are the rate of normal and tangential components
of effective stress, &y is the normal relative displacement (interpen-
etration) velocity, ¢r is the (elastic) tangential micro displacements
velocity, and Ky and K7 are the penalty coefficients. Since ¢y takes a
negative value in the case of contact and interpenetration of one
body into the other, there is a negative sign behind the penalty coef-
ficient Ky in the first relation.

Thence, following this incremental relation, the normal effec-
tive stress at the end of a considered time-step during our numer-
ical analysis, called py, is given by Eq. (19) while pjy is the
corresponding value at the beginning of the time-step.

Py =Py + Py At (19)
where the unilateral condition of the contact problem consists in:
Py = (P\) (20)

where (.) are the Macaulay brackets. In fact, in the case of loss of
contact, the tensile stress is not admissible, and the normal and tan-
gential components of effective stress (py, Tr) are set equal to zero.

Concerning the hydraulic constitutive law, the fluid flux in the
current study is resulting from the transversal exchange between
two sides of interface which is technically function of their pres-
sure difference as brought in the following:

fu=Ty Ay - Py, (21)

where T, is the transverse transmissivity, p,, is the pore water pres-
sure, and p,, is the water density.

Then, with application of these constitutive laws, the 2D
isoparametric finite elements with three nodes are used to model
the contact problem. These parabolic elements are defined on the
interface such that they are compatible (common node and same
degree) with the solid finite element used to discretize the corre-
sponding body. Thus, the quadratic interpolation functions [28]
are used for displacements and pore pressure fields. Fig. 2 shows
schematically the interface element, the two sides in contact are
called as structure and foundation here. More details of the finite
element framework employed for these elements, their geometri-
cal and algorithmic implementation are beyond the scope of the
present paper; they can be found in [16,19,30] upon interest.

3. Simulation of EDZ extension through the strain localization
approach

The numerical modeling of the shear bands network and exten-
sion of EDZ in the large scale gallery excavation in Boom clay host
rock is presented in this section through the strain localization
approach. Connecting gallery is one of the main galleries excavated
in the underground research laboratory, HADES URL, close to the
city of Mol (Belgium), in order to study the feasibility of
high-level nuclear waste disposal in the Boom clay layer. Fig. 3
shows a sketch of different galleries including their excavation

Structure

< Interface element

Tf Parent element

: 3

(b)

Fig. 2. 2D parabolic interface element (a) discretization description; (e;,e,) are the
local current basis and (b) interface element and corresponding parent element.
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Fig. 3. Sketch of different galleries in HADES for studying the high-level nuclear
waste disposal in Boom clay [31].

history in this underground facility, HADES, located at a depth of
about 225 m close to the mid-plane of Boom clay formation. The
excavation technique chosen for Connecting gallery to minimize
the extension of the EDZ was using a tunneling machine consisted
of a road header under the protection of a shield. In addition, the
wedge-block technique has been applied for the gallery’s lining.
The concrete segments were assembled to form the rings which
were then expanded against the excavated clay massif through
insertion of one or more key segments. A minimum construction
rate of 2 meters per day (between 2-4 meters per day) could be
achieved in the steady state [31].

The coupled hydro-mechanical model is intended to reproduce
the behavior of the host rock during construction of the gallery and
afterwards. A quarter of the gallery is modeled, by assuming sym-
metry along x- and y-axes, using the Finite Element code,
Lagamine, from the Université de Liége, taking into account the ini-
tial stress anisotropy and material anisotropy. These are able to
cause some directional dependency in the clay behavior.
Moreover, strain localization can induce a loss of symmetry in
the system’s response. On the whole, the system may not be basi-
cally modeled in the axisymmetric conditions and a plane strain
state is considered. In addition, with regard to the latter reason,
our modeling is intended to be also extended to a full gallery in
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order to address the possible influence of strain localization on the
symmetrical aspects of the material response, assumed through
the primitive modeling of a quarter of the gallery.

One of the most challenging feature about the Connecting gal-
lery, excavated in the plastic Boom clay layer, is the concrete lining
of the gallery since it could highly decrease the extension of dam-
aged zone and the convergence around the gallery (see
Section 3.4). It must be noted that a simple elastic constitutive
law using the total stresses is applied to model the concrete behav-
ior. The important role of this lining as a foundation for the clay
mass and the behavior of its interface with the clay during the gal-
lery excavation is an open issue of particular interest which is
focused specifically in our study. The latter concerns analyzing
the contact mechanism of the lining with Boom clay during the
gallery excavation. This phenomenon is discussed in Section 4 by
defining the hydro-mechanical interface elements between the lin-
ing and the clay. This study is then extended for the modeling of a
full gallery.

3.1. Model geometry and properties

Fig. 4 shows the two-dimensional mesh geometry of the model.
The gallery has a total excavated radius of 2.49 m taking into
account 40 cm of the concrete lining and 9cm of the gap
(over-excavation radius) between the clay mass and the lining.
The lining is considered as a continuous structure in stead of the
concrete segments with the joints among them [32]. This simplifi-
cation may more influence the concrete response regarding the rel-
ative deformation of the segments, which are not supposed to be
critical at the level of the present study. Concerning the
over-excavation radius, it is attributed to the total radial displace-
ment (half convergence taking into account the symmetric
response) of the clay observed ahead of the excavation front
(45 mm), in the unsupported zone between the rear end of the
shield and the installed lining (10 mm), and at the level of the rear
end of the shield (35 mm) along the gallery axis during the excava-
tion (see [31] if interested). This feature is supposed to be applied
implicitly in our 2D plane strain model via a pre-introduced gap
between two bodies. During the excavation phase, the clay mass
would converge towards the lining while the considered
hydro-mechanical interface elements between them can reproduce
their contact phenomenon.

The initial boundary conditions are indicated in Fig. 4; the con-
strained normal derivatives are given to define the symmetry of
the radial displacements (u,) around the symmetric boundaries
(i.e. duy/dy = v = 0 along the x axis and du,/dx = vy = 0 along
the y axis). These kinematic boundary conditions are needed to
establish correctly the symmetry along x- and y-axes, according
to Zervos et al. [33]. Indeed, due to the existence of the gradient
terms in the equilibrium conditions, the normal derivative of dis-
placements can be also prescribed besides the classical boundary
conditions of displacements.

The initial stresses and pore water pressure of the clay mass are
defined in the model based on the site measurements. The aniso-
tropic total stresses are applied as gy, =45MPa and
Oy = 3.8475 MPa (K, = 0.855) which are decreased to 100 kPa
(atmospheric pressure) on the gallery wall during the excavation
phase (6 days) and remain constant until the end of simulation
(3.5 years) (see Fig. 5). Furthermore, the initial pore water pressure
is equal to 2.25 MPa followed by a decrease up to the atmospheric
pressure on the gallery wall during the excavation phase. Since the
convergence of the clay mass due to the excavation is mostly taken
place during the excavation phase, it is calculated that the contact
between clay and the lining occurs by there. From then on, the
water pressure remains constant (equal to the atmospheric
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Fig. 4. Geometry of the model.

pressure) on the internal surface of the concrete lining. It must
be noted that the progressive release of the initial stresses and pore
water pressure on the gallery wall is introduced in our 2D plane
strain model in order to account for 3D impact of the excavation
front in its proximity. Moreover, the excavation time interval con-
sidered to release the boundary pore pressure is assumed to be the
same as the one for the stresses. This choice is based on some site
measurements of the pore pressure which have shown the exten-
sion of the excavation face impact on the pore water pressure [31].
Thence, taking into account the aforementioned gallery’s excava-
tion rate, relative time interval, during which the pore pressure
is affected by the excavation front, could be obtained. Although,
the excavation time interval for the boundary pore pressure has
been considered by some to be different from the one applied for
the boundary forces [34].

Given the mechanical constitutive laws described in Section 2,
the model parameters are defined in accordance with the
hydro-mechanical behavior of Boom clay. Tables 1-3 introduce
the mechanical parameters chosen for Boom clay, concrete lining
and the interface in our model. The Boom clay properties were
investigated in many studies and experimental works
[35,36,2,37] with regard to which the clay parameters have been
basically selected in this study. As presented in the former studies
of some of the authors [38,39], this choice could be validated based
on some experimental data on Boom clay. Several simulations have
been also performed in the framework of parametric study to bet-
ter define the essential parameters for modeling the strain

Total stress (MPa)

Time (days)

Fig. 5. Imposed total stresses on the gallery wall.



F. Salehnia et al./Computers and Geotechnics 69 (2015) 396-410 401

Table 1 Table 4
Boom clay mechanical parameters. Boom clay hydraulic parameters.
Parameter Symbol Value Unit Parameter Symbol Value Unit
Young elastic modulus E|| 400 MPa Horizontal water permeability Kwx 5.06 x 10°1° m?
Young elastic modulus EL 200 MPa Vertical water permeability Kwy 23 %1019 m2
Poisson raqO Il 0.125 - Specific mass of water Pw 1x10° Kg/m?3
Poisson ratio 9L 0.0625 - Porosity é 039 B
Sh;ar mpdylus CLl 178 MPa Water compressibility 1 5% 1010 pa!
Initial friction angle Peo 8 ° Tow x d
Final friction angle (o 18 ° Water dynamic viscosity My 1x10°3 Pas
Hardening coefficient B, 0.001 - Atmosphere pressure Pam 1x10° Pa
Initial cohesion co(0° 255 kPa
Initial cohesion co(45°) 240 kPa
Initial cohesion c0(90°) 330 kPa
Final cohesion c(0° 23.18 kPa Table 5
Final cohesion c(45°) 21.8 kPa Concrete hydraulic parameters.
Final cphesion . € (90°) 30 kPa Parameter Symbol Value Unit
Softening coefficient B¢ 0.05 -
Dilatancy angle y 0 ° Water permeability K 4x10°"7 m?
Second gradient elastic modulus D 2000 N Porosity ¢ 0.15 -
Table 2 Table 6 A
Concrete mechanical parameters. Interface hydraulic parameters.
Parameter Symbol Value Unit Parameter Symbol Value Unit
Young elastic modulus E 43,305 MPa Transverse transmissivity Ty, 1x10°® m/Pas
Poisson ratio 9 0.25 -
shown in the latter aforementioned study, the choice of D and
Table 3 ) the mesh size, in the zone where strain localization takes place,
Interface mechanical parameters. . . . .
should be consistent so that the numerical requirement of having
Parameter Symbol Value Unit a minimum of about three elements across the band width is sat-
Penalty coefficient on contact pressure Ky 3% 10° N/m3 isfied. Thereby, more refinement of the mesh would increase this
Penalty coefficient on contact friction Kr 3% 10° N/m3 number without affecting the results. This sort of recommendation
Coulomb friction coefficient 1) 0.2 - is not only addressed in the used method, but also in any non-local

localization phenomenon in Boom clay layer like cohesion soften-
ing (parameters ¢; and B.) [39]. This parametric study confirmed
the important role of the cohesion softening for initiating the strain
localization in the vicinity of the gallery. Then, the cohesion
softening, and friction angle hardening calibrated from the former
laboratory triaxial compression tests [37]| were introduced to the
model. In addition, the zero dilatancy angle - in the range of values
proposed in the literature [2]| — has been considered since introduc-
ing a non-zero dilatancy angle in the model could delay (or, pre-
vent) the onset of strain localization during the excavation phase
in the numerical simulation [39], which does seem unrealistic.
Moreover, the material anisotropy is considered to model more
realistically the response of clay mass to the excavation process
accompanied by the onset of localized bands. With this perspec-
tive, the anisotropic degree of Young’s modulus and initial cohe-
sions were chosen based on the study of Francois et al. [12] to
provide the elastic and plastic cross-anisotropy of the material in
Drucker-Prager model implemented in Lagamine. The elastic stiff-
ness matrix considers cross-anisotropy elasticity while the plastic
cross-anisotropy is defined by the material cohesion which
depends on the angle between major principle stress and the nor-
mal to the bedding orientation (see Section 2.1).

The second gradient elastic modulus D is another parameter
studied particularly because of its significant effect on modeling
of strain localization [40]. The width of the localized shear band
is controlled by this constant parameter based on the study of
Chambon et al. [24]. The numerical response of the material is
therefore mesh independent as it has been demonstrated by
Bésuelle et al. [41]. In fact, if some measurements of the band
thickness were experimentally performed, the modulus D would
be chosen to respect the observed internal length. Moreover, as

regularization technique. As a result, it can provide a more numer-
ical accuracy in the localization pattern of the solution and
post-peak behavior. Within this framework, the second gradient
elastic modulus was then chosen equal to 2000 N based on our
parametric study [39,40].

The hydraulic parameters governing the coupled hydro-
mechanical behavior of the clay mass are presented in Table 4
based on the past studies [2]. The anisotropic water permeability
[42] is introduced to the model to better capture the coupled phe-
nomenon in Boom clay. Tables 5 and 6 lists the hydraulic parame-
ters applied to the model for the concrete lining and the interface.

3.2. Analysis of the evolution of localized shear bands

Considering the importance of the scale effect in the problems
governed by the strain localization and softening [33], numerical
analysis of the localization phenomenon during the excavation of
a real scale gallery in Boom clay layer is focused in this study. In
the following, the results of the modeling are presented.
Visualization of the different solutions during the computation is
performed by observation of the normalized increment of devia-
toric strain, the total deviatoric strain and the plastic loading index
in the vicinity of the gallery wall as it is presented in Figs. 6-8,
respectively.

The activity and distribution of the localized shear bands, and
their evolutionary appearance and disappearance in different time
steps can be observed by the contours of increment of deviatoric
strain (Fig. 6). However, the total deviatoric strain in each time step
highlights the synthesis of the whole history of the shear bands’
activity in the accumulated time (Fig. 7). The latter can underline
the total extension of the localized shear bands around the gallery
in a considered time. Although, among these localized bands, there
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Fig. 8. Plastic loading index after (a) 4 days, (b) 5 days, (c) 6 days, and (d) 3.5 years.

are some which may not be currently active. Moreover, the plastic
loading index addresses the immediate response of the Gauss
points in each element (here there are four Gauss points per ele-
ment) in terms of the plasticity during the simulation. When a
Gauss point undergoes a plastic loading, then a small square is
plotted, otherwise, for a Gauss point which undergoes either elastic
unloading or reloading, nothing is drawn in the contour (Fig. 8).

The above phenomena are noticeable in Figs. 6-8 where the
evolution of localized shear bands in Boom clay mass, in the radius
of 10 m from the gallery wall, is presented after 4, 5 and 6 days
(end of the excavation phase), and 3.5 years (end of the simula-
tion); four significant aspects are observed. First, the onset of local-
ized shear bands is clearly noticed after about 4 days (see Fig. 6a)
although this solution is not unique for whole of the excavation
time (until 6 days), some of shear bands are not any more active
or they are getting less active in the later time steps. Besides, the
total deviatoric strain shows an accumulation of the whole activity
of the shear bands which occurs mostly during the excavation (see
Fig. 7a-c). Second, the evolutionary process of the extension of
localized zone is quite limited to the excavation period since no
considerable activity is observed after excavation: the increment
of deviatoric strain does not show any remarkable activity of the
shear bands after 6 days (see Fig. 6d). Therefore, the total devia-
toric strain at the end of simulation is almost the same as the
one at the end of excavation (compare Fig. 7c and d). Third, plastic
loading index (Fig. 8) indicates the appearance of plasticity at the
excavation time which is followed by the elastic unloading at some
Gauss points giving birth to the localized bands (see Fig. 8b); i.e.
there is possibly an elastic unloading outside of the localized
bands. This plasticity index corresponds to the response observed
in the current time step similarly to the normalized increment of
deviatoric strain. Hence, the current activity of the localized shear
bands is quite reflected on the plastic points in each time step.
Forth, the loss of symmetry observed in the clay response is
induced by three definite phenomena: material anisotropy - cohe-
sion depending on the angle between major principle stress and
the normal to the bedding orientation, cross-anisotropy of the elas-
tic properties, and anisotropy of the hydraulic conductivity - the
anisotropic initial stress, and non-symmetric pattern of strain
localization process. The latter which is also depending on the
post-peak behavior and cohesion softening characteristics within
the shear bands prompts the non-symmetric orientation of the
shear bands with regard to the hydro-mechanical response of the
clay mass and lining.

On the whole, the total deviatoric strain after the end of excava-
tion phase can be a reference of the extension of localized zone (the
shear bands do not have any distinguished activity afterwards).
Thus, the eye-shape (anisotropic) extension of the Excavation
Damaged Zone (EDZ) around the Connecting gallery can be esti-
mated as about 2.8 m horizontally and 0.6 m vertically.

3.3. Numerical modeling compared to the in-situ observations

The fracturing pattern observations around the Connecting gal-
lery consists of two main conjugated shear planes. These fracture
planes are dipped crossing the mid-height of the gallery. Further
away from the gallery axis, they are curved at their intersection
with the vertical and horizontal planes passing through the gallery
axis, although this curve was found to be more accentuated verti-
cally than horizontally [31]. Therefore, the vertical extension of
EDZ with respect to the gallery axis is less than the horizontal
one, with respect to which the results of our numerical simulation
are consistent so far. Fig. 9 presents schematically the fracturing
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Fig. 9. Schematic representation of the fracturing pattern observed along a (a)
vertical cross-section parallel to the gallery axis and (b) a cross-section perpendic-
ular to the gallery axis [2].

pattern observed around the Connecting gallery during its con-
struction. The observation along a vertical cross-section parallel
to the gallery axis (in the y-z plane with reference to the sketch
brought in Fig. 3) shows that radial extension of less than one
meter or more precisely 0.6 m [9] was identified in the vertical
direction, which confirms the numerical prediction.

Besides the in-situ evidence of an eye-shape extension of the
EDZ around the gallery (Fig. 9b) which can justify our numerical
prediction (see Figs. 7d, and 18), the similar pattern has been
observed in the small-scale laboratory experiments as well [43].

During the excavation of the Connecting gallery, the radial con-
vergence of the clay in the unsupported zone between the rear end
of the shield and the installed lining was observed to be higher in
the horizontal direction (parallel to bedding)) than the vertical one
(perpendicular to bedding). In fact, the horizontal diameter seemed
to be small to emplace the key segments of the lining although the
vertical diameter was large enough. Consequently, a trimming of
the clay sidewalls (10-20 mm) was even necessary over a portion
of the gallery before placing the lining [9,31]. This anisotropic con-
vergence of the clay sidewalls is also noticed in our numerical sim-
ulations. Fig. 10 presents the radial displacement (or, half
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g. 10. Horizontal and vertical displacement of the clay sidewalls after 6 days.

convergence under the assumption of a symmetric response) of
the clay after the simulated excavation phase (i.e. 6 days) for two
studied node (in the horizontal and vertical directions) along the
gallery wall. As it is observed, the total horizontal displacement
is more than the vertical one. Moreover, a maximum deformation
of about 10 mm is estimated for the lining in the horizontal
direction — upon contact with the clay - with respect to 90 mm
of the initial gap considered between the clay and the lining in
the numerical simulation (see Section 3.1). This 10 mm of the hor-
izontal displacement over the considered over-excavation radius is
identified in an equivalent manner as the trimming of the clay
sidewall evidenced during the gallery’s construction. On the con-
trary, similarly to the in-situ observations, Fig. 10 shows that the
total vertical displacement is less than the over-excavation radius
(90 mm).

3.4. Role of the concrete lining

The gallery excavation in Boom clay as a plastic clay can result
in a relatively high convergence [44]. Therefore, the concrete lining
of the excavated underground galleries has an essential role in
order to decrease the convergence of the host rock around the gal-
lery wall. In addition, thanks to the lining, the extension of the
damaged zone around the gallery is also effectively reduced conse-
quently to the contact between the clay and the lining initiated
during the excavation. This phenomenon is accompanied by the
contact pressure developed on the interface between these two
bodies. The latter will be more discussed in the next section.

To better clarify the significant influence of the lining, the
numerical simulation of the extension of the localized zone around
the Connecting gallery, excavated in Boom clay formation, without
the concrete lining is presented here. The similar initial boundary
conditions as the real gallery case (i.e. with the lining) has been
applied to the model. Figs. 11-13 show the evolution of localized
shear bands within the clay in the radius of 20 m around the stud-
ied gallery without the lining. The results are brought in terms of
the increment of deviatoric strain (Fig. 11), total deviatoric strain
(Fig. 12) and plastic loading index (Fig. 13) after 4, 5 and 6 days
(end of the excavation phase), and 3.5 years (end of the simula-
tion). The study shows that the shear bands are still active even
some years after the end of excavation (see Figs. 11d and 13d). In
fact, the evolution of the total deviatoric strain and consequently,
the extension of the damaged zone are considerable at the end of
simulation compared to the end of excavation (compare Fig. 11c
and d). Hence, the estimated anisotropic extension of the localized
shear bands around the gallery without the lining is about 16 m
horizontally and 4.4 m vertically. This is averagely more than 6.5
times of the EDZ predicted around the gallery with the concrete
lining (Section 3.2), which was consistent with the in-situ observa-
tion (see Section 3.3). Moreover, as a consequence of this high
extension of the damaged zone, the total radial displacement of
the clay sidewalls is about 0.9 m horizontally and 0.6 m vertically
that is considerably increased compared to the case of gallery with
the lining (Section 3.3).

4. Analysis of the contact pressure on the interface

The coupled contact process between the clay mass and the
concrete lining simultaneously with the gallery excavation and
onset of the localized shear bands, and in the long-term is an open
crucial topic which needs to be analyzed. The contact occurs during
the excavation time inducing the contact pressure on the interface
between two bodies. From then on, it does not allow important
evolution of shear bands around the gallery in the clay mass.
Thus, it can have an essential impact on the reduction of EDZ.
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Fig. 13. Plastic loading index around the gallery without the concrete lining after
(a) 4 days, (b) 5 days, (c) 6 days, and (d) 3.5 years.

Fig. 14 shows the diagram of the normal contact pressure on the
interface between the lining of Connecting gallery and Boom clay
mass after 5days and 6 days (i.e end of excavation). As it is
observed, the contact is initiated on the horizontal side and then,
it is developed on the whole interface until the end of excavation.
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—=-5 days
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Fig. 15. The development of the normal contact pressure on the interface.

This phenomenon confirms the anisotropic response of the clay
during the excavation as it was discussed in Section 3.2. In fact,
due to the ovalization pattern in deformation of the clay mass dur-
ing the excavation, the bottom elements firstly come in contact
with the lining and normal contact pressure is established on the
interface.

The normal contact pressure on the interface elements (on the
first integration point of each element; there are two integration
points per element) throughout the excavation phase and after-
wards is brought in Fig. 15 to better clarify the pressure’s
time-dependent evolution process. The maximum of contact pres-
sure is primarily taken place on the interface bottom side during
the excavation which can induce a left-side horizontal movement
of the lining as well. Consequently, there is an upward vertical
movement of the lining. The clay mass and lining are tended to
behave oppositely in long-term which prompts the increase of con-
tact pressure on the top elements of interface throughout the time
after the end of excavation.

Moreover, some oscillations are observed in the evolution pat-
tern of normal contact pressure on the interface. The oscillatory
type of response has been studied to find out any possible numer-
ical or physical origin. Our theory is that the physical aspect gives
birth to these oscillations. That is to say the evolution pattern of
the localized shear bands around the gallery (see Section 3.2). In
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fact, the oscillation of normal contact pressure on the interface is
comparatively related to the shear bands created around the gal-
lery. Fig. 16 shows superposition of the normal contact pressure
on the interface (Fig. 14) and the total deviatoric strain in Boom
clay mass around the gallery (Fig. 7b—c) during the excavation.
An essential accordance is noticed between these two phenomena.
Indeed, the larger shear bands are reasonably compared with the
peaks of the contact pressure produced on the interface.
Furthermore, the both features affirm the anisotropic pattern of
the clay response.

In addition to the basic physical origin of the observed oscilla-
tions, there are generally several numerical characteristics which
might also induce this kind of oscillations, based on the literature.
The number of integration points considered for the interface
elements and the applied numerical integration scheme may have
some impacts on the oscillatory form of response [45]. However,
several simulations performed in our study with the application
of different numerical approach (Newton-Cotes, Lobatto, and
Gauss integration schemes; the latter is our fundamental scheme)
have shown that the number of integration points and the applied
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Fig. 16. Superposition of the localized shear bands and normal contact pressure on
the interface after, (a) 5 days and (b) 6 days.

numerical integration scheme cannot improve the observed oscil-
lations in our numerical case. Furthermore, the penalty coefficient
introduced into the model is another candidate to be fairly respon-
sible for the observed response. Practically, this coefficient should
be defined big enough (compared to the rigidity of solid) in order
to limit the interpenetration of the two bodies in contact [16].
Nevertheless, increasing of this coefficient has some limitations
since it may generally result in some numerical convergence trou-
bles and ill-conditioned system. It may be noteworthy to declare
that in this study, convergence criteria for the displacements and
forces are governed by:

2
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where éu is the increment of displacement — which refers to the
mechanical displacements, pore pressure variations and the change
in second gradient terms - between the current and previous iter-
ations, Au is the displacement occurred between the current itera-
tion and the end of previous step, Fogr is the out-of-balance force,
Frea is the reaction force, Nogr and Niza are the number of
out-of-balance forces and reactions corresponding to each degree
of freedom, Np, is the number of degrees of freedom, Nynq is the
number of facet types involved in our analysis; i.e. three in our case:
mechanical (displacements), hydraulic (pore pressure), and second
gradient terms, and Tolp/Tolr are the input tolerance parameters;
it is defined as 1 x 10> in our model. The (time) step then con-
verges if Convep and Conwver are satisfied.

Therefore, the penalty coefficient should be carefully intro-
duced in the model in order to satisfy the convergence criterion
while the interpenetration of two bodies in contact is also possibly
minimized. Our study showed that this coefficient has an impact
on the oscillatory pattern of contact pressure on the interface.
See Fig. 17 for the development of the normal contact pressure
on the interface with the application of three different penalty
coefficients (3 x 10° N/m3 has been basically defined in our mod-
elings as it was brought in Table 3). Decreasing the penalty
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Fig. 17. The influence of penalty coefficient on development of the normal contact
pressure on the interface.
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coefficient by one order of magnitude could fairly reduce the
amplitude of the pressure’s oscillation produced on the interface.
However, more reduction could not make an important change
in the observed oscillations, and it can rather increase the inter-
penetration of two bodies in contact. On the other hand, by
increasing the penalty coefficient after a limit (around
3 x 10° N/m3 in our case), there is a considerable negative influ-
ence on the amplitude of pressures’ oscillations produced on the
interface; besides, there may be sort of numerical convergence
restriction as well. It is noteworthy that the applied penalty
method to regularize the contact problem in the present paper
can be compared with another regularization technique developed
by [46] with a particular focus on the unsaturated flow in porous
medium. On the whole, the value given to the penalty coefficient
so far seems convenient and as yet, it has partially reduced the
oscillations’ amplitude. However, from a fundamental point of
view, these oscillations have been identified to result from the evo-
lution pattern of the localized shear bands around the gallery inde-
pendent of the applied numerical approach.

To ensure that aforesaid phenomena are true for the modeling
of a full gallery, the latter’s result is presented in Fig. 18. It shows
the extension of the localized shear bands at the end of excavation
(6 days) with reference to the total deviatoric strain, superposed by
the normal contact pressure on the interface. In terms of the strain
localization, an eye-shape extension of the EDZ has been being
expected to be created around the gallery with respect to what
has been already observed for a quarter of the gallery (see
Section 3.2), and this is noticed in Fig. 18. All at once, a general
quasi-symmetric pattern is observed with regard to the model of
a quarter of the gallery (Fig. 16b). However, a totally full symmet-
rical response of the system is not necessarily expected when the
strain localization plays an important role in the modeling [47].
Hence, some non-symmetric aspects are supposed to be observed
in the development of normal contact pressure on the interface
where there is a loss of symmetry in the pattern of localized shear
bands within the surrounding clay (i.e. mostly in the vertical direc-
tion in our case). This results from the physical relation between
the structure of normal contact pressure on the interface and the
localized shear bands around the gallery.

Fig. 18. Superposition of the localized shear bands and normal contact pressure on
the interface after 6 days: The modeling of a full gallery.
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5. Pore water pressure evolution around the gallery

This part of the study reveals some hydraulic aspect of the
coupled hydro-mechanical analysis of Boom clay behavior during
the excavation of Connecting gallery, and afterwards. Fig. 19 show
the evolution of pore water pressure for three cross-sections —
horizontal, inclined (45°) and vertical - in function of the distance
from the gallery wall, and for different time steps during the
simulation. The results are presented for a total radius of 100 m
around the gallery, in addition to a close-up of the results in the
vicinity of the gallery wall.

Pore water pressure is tended to be stabilized approaching its
initial value by getting far from the gallery because of the less
influence of excavation process. Moreover, a local increase of pore
pressure is observed near to the gallery wall along the horizontal
cross-section, specially shortly after the excavation phase. On the
contrary, a local decrease of pore pressure is noticed along the ver-
tical cross-section. It must be noted that the material remains still
in the saturated state even though some negative pore pressure is
attained in the vertical proximity of the gallery. The latter is due to
the quite high air entry value defined for Boom clay in our model
(3 MPa), based on some available experimental results [37].

The influence of the hydro-mechanical coupled response could
make an accumulation of pore pressure along the horizontal direc-
tion where the most accentuated localized shear bands appear dur-
ing the excavation. In fact, pore pressure’s evolution is consistent
with the mechanical ovalized deformation of the host rock due
to the excavation. Consequently to the contact mechanism which
is first initiated on the horizontal side (see Section 4), the horizon-
tal displacement of the rock is restricted and such global decrease
of pore pressure in the gallery’s proximity — which could be caused
by excavation - is not observed. In addition, an immediate
undrained hydraulic response of the clay also influences the pat-
tern of pore water pressure variations around the gallery. In the
long term, these phenomena could be followed by an internal
water flow conducted from the vertical side towards the horizontal
axis. The contour of the pore water pressure in the vicinity of the
gallery at the end of excavation (i.e. 6 days) is shown in Fig. 20.

Furthermore, the impact of localized bands could be slightly
noticed through the instantaneous evolution of the pore water
pressure upon the excavation, in the form of some small fluctua-
tions (see Fig. 19a), similarly to the results presented in some
former studies [40,48,49].

* 1.000E+04

Fig. 20. Contour of pore water pressure around the gallery at the end of excavation
(6 days).

6. Conclusions

The creation of an Excavation Damaged Zone is an inevitable
outcome of the gallery excavation in the deep geological formation.
Given the importance of this issue in the framework of disposal of
high-level nuclear waste, the coupled hydro-mechanical behavior
of Boom clay, as one of the potential host rocks for this purpose,
has been investigated. This paper has firstly presented the exten-
sion of the fractures’ network and localized shear bands due to
the excavation of Connecting gallery (HADES URL, Mol, Belgium)
in Boom clay host rock. To do this, a finite element approach was
used into which an elasto-plastic model with the Drucker-Prager
yield surface in conjunction with the second gradient method have
been incorporated. The gallery contains a concrete lining which is
being in contact with the soil during the excavation phase. Then,
the interface elements has been proposed in order to model the
coupled contact phenomenon on the interface between two bodies
and the relative response of Boom clay. Using the proposed
approach, the formation and evolution of shear zones within the
clay mass were reliably simulated and the development of normal
contact pressure on the interface between the lining and the mas-
sive was well characterized. The numerical prediction of the frac-
turing pattern and extension of the localized shear bands within
the clay around the gallery is in a good agreement with the
in-situ observations. Furthermore, the significant role of the gal-
lery’s lining has been highlighted in decreasing the convergence
of the clay and thus, the extension of damaged zone around the
gallery.

The progressive development of contact pressure on the lining
generated since the excavation time was analyzed with a particular
focus on the origin of the observed oscillations in its evolution pat-
tern. The effect of localized shear bands was fundamentally recog-
nized as the basis of these oscillations as well as partial influence of
the numerical penalty coefficient on the amplitude of the
oscillations.

The evolution of pore water pressure within Boom clay around
the gallery has been analyzed during the excavation and after-
wards. The hydro-mechanical coupled response could be noticed
by the pore water pressure development in the vicinity of the
gallery. Indeed, the latter is consistent with the mechanical
anisotropic convergence and shearing pattern. Thence, a local
increase of pore pressure is tended, in the gallery’s proximity,
along the horizontal direction on the contrary to the vertical one.
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