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ABSTRACT: Deep disposal of the high-level nuclear wastes in the potential geological formations is a promis-
ing option for the long-lived radioactive waste management. A damaged zone with significant irreversible
deformations and important host rock’s properties changes is expected to be created around the underground
galleries due to the excavation process that this zone is called as Excavation Damaged Zone (EDZ). The exca-
vation process of the Connecting gallery in the Boom clay formation (Mol, Belgium) is analyzed in this study.
Since during its construction, the localized crack propagation was observed around the gallery, we propose
to analyze the EDZ and its extension around the Connecting gallery in the framework of strain localization
approach. Numerical modeling of strain localization needs a specific approach to overcome the practical prob-
lem of mesh size dependency within the framework of classical finite elements. Therefore, the second gradient
method as an enhanced technique is applied to adjust this problem. This study is aimed to model the coupled
hydro-mechanical behavior of the Boom clay host-rock during the construction of the Connecting gallery. A quar-
ter of the gallery is studied by symmetry in the plane strain conditions and under the initial anisotropic stress
state providing the information on the evolution of strain localization in shear bands mode accomplished by the
extension of EDZ. In addition, considering a concrete lining on the gallery wall, a discussion on the contact
pressure on the interface between the massive and the lining is performed simultaneously by the evolution of
shearing bands in the vicinity of the gallery.

1 INTRODUCTION host-rock formations for the disposal of high-level and
long-lived radioactive waste considering its low per-
Considering the fact that nuclear power is strategically ~ meability, large retention (sorption) capacity for many
and quantitatively an important contributor to some  radionuclides and its self-sealing capacity.
industries like the global electricity generation, treat- The Excavation Damaged Zone (EDZ) as an issue
ing some amount of high-level nuclear waste as the  of a particular interest in the context of the long-term
inevitable outcome is a significant issue nowadays. = management of high-level nuclear waste disposal,
Disposing the high-level and long-lived radioactive  is expected as a consequence of the underground
waste in the potential deep geological stable formation  gallery excavation in these clay formations. Stress
is a promising option in the framework of their long-  redistribution generated around the gallery may lead
term management. The depth of a repository (several  to the creation of a zone with significant irreversible
hundreds of meters) should ensure isolation from the =~ deformations and changes of hydro-mechanical prop-
biosphere, while host rock characteristics such as a  erties. Thus, the extension of the damaged zone and
low permeability is essential so that if ever there isa  the fracturing network in this zone in the underground
loss of containment due to the degradation of the engi-  structure scale remains an essential issue.
neered barrier system, radionuclides release’s rates The localized rupture was mainly observed as the
will remain limited. Clay formations in their natural  essential source of failure during the construction of
state mostly exhibit favorable conditions and proper-  the underground galleries in the Boom clay host-rock.
ties, among which a very low hydraulic conductivityis ~ Furthermore, the localization of deformation within
noticeable. Boom Clay formation located in the north-  the shear bands due to the localized micro-crack prop-
east of Belgium is studied as one of these potential  agation is also confirmed in many experiments as the
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classical mode of failure of geomaterials (Lenoir et al.
2007). Therefore, the structure and extension of the
EDZ during the construction of a gallery excavation
in the deep Boom clay formation in Mol, Belgium is
modeled numerically in this study through the strain
localization approach.

2 NUMERICAL APPROACH FOR MODELING
OF STRAIN LOCALIZATION

The numerical modeling of strain localization within
the framework of the classical finite element is depend-
ing on the mesh size and orientation. Therefore, we
need an enhanced method as well as the the classi-
cal constitutive mechanical law to model properly the
post-peak behavior (Rice 1976, Collin et al. 2009). As
the constitutive mechanical law, the Drucker-Prager
yield surface given by equation (1) is used in the
framework of a frictional elastoplastic model:
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where II; is the second deviatoric stress invariant
defined by equation (3) in which oy is the deviatoric
stress tensor and oy is the total stress field defined
according to the Bishop & Terzaghi’s postulate (equa-
tion (4)), I, = 0;;8;; is the first stress invariant, ¢ is the
cohesion, ¢, is the compression friction angle, and m
is defined as the following:
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where 0{/ is the effective stress, S, is the water
saturation degree, and §;; is the Kronecker symbol.

The friction angle and/or cohesion hardening and/or
softening can be occurred as a function of Von Mises
equivalent plastic strain brought in equation (5) in
which the hyperbolic functions are defined as equa-
tions (6)—(9).
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where ¢, is the initial compression friction angle,
¢ is the final compression friction angle, ¢y is the
initial cohesion, ¢ is the final cohesion, decy/dec.
are the values of equivalent plastic strain from which
hardening/softening starts, and By/B. are the val-
ues of equivalent plastic strain for which half of
hardening/softening on friction angle and cohesion is
achieved (Barnichon 1998).

Moreover, as it has been already mentioned, a spe-
cific approach is needed for correctly modeling the
localization phenomenon. Among the different tech-
nics, the second gradient model (Chambon et al. 1998,
Chambon et al. 2001) is used as the regularization
method in which the continuum is enriched by the
microstructure effects. Thus, the kinematics includes
macrokinematics as well as microkinematics (Mindlin
1964, Germain 1973).

Equations (10) and (11) are two balance equations
in the weak form which should be solved in the cou-
pled second gradient model for every kinematically
admissible virtual displacement field u; and virtual
pore water pressure field p}:
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where 2 is the current solid configuration (volume),
G; is the body force per unit volume, 7; is the external
traction (classical) forces per unit area, 7 is an addi-
tional external (double) force per unit area that both 7;
and T applied on a part I', of the boundary of 2, Du
is the normal derivative of u}, M is the time deriva-
tive of the water mass inside €2, m; is the mass flow, O
is a sink term, and I, is the part of the boundary where
the input water mass per unit area ¢ is prescribed. In
addition, }_; is the double stress, dual of the (micro)
second gradient, which needs an additional constitu-
tive law, and it has no link with the pore water pressure.
It is defined with an elastic law (Mindlin 1964) as a
function of (micro) second gradient of the virtual dis-
placement where it depends on one elastic parameter D
that the shear band width is proportional to this elastic
parameter (Chambon et al. 1998, Kotronis et al. 2007).

3 NUMERICAL SIMULATION OF
EXCAVATION OF THE CONNECTING
GALLERY

In this section, the hydro-mechanical behavior of
Boom clay during the excavation of Connecting
gallery-one of the main galleries excavated in the
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Figure 1. Geometry of the model.

underground research laboratory (URL) close to the
city of Mol, Belgium, in order to study the feasibil-
ity of high-level nuclear waste disposal in the Boom
Clay layer is analyzed. A quarter of the gallery is
modeled by symmetry in the plain strain state using
the Finite Element code, Lagamine, from the Univer-
sit¢ de Liege, and in the coupled hydro-mechanical
conditions.

3.1 The models geometry and initial conditions

The two-dimensional mesh geometry of the model is
brought in figure 1. The gallery has an over-excavated
radius of 2.49 m taken into account 40 cm of the con-
crete lining and 9 cm of the convergence between the
massive and the lining; the hydro-mechanical inter-
face elements are considered on the interface between
the massive and the lining. The initial boundary condi-
tions are indicated in figure 1; the constrained normal
derivative are given based on the fact of symme-
try of the radial displacements around the symmetric
boundaries (Zervos et al. 2001). The anisotropic ini-
tial stresses are applied as o0,, =4.5MPa and o,, =
3.825 MPa. MPa which are decreased to 100 KPa on
the gallery wall during the excavation phase (1 day)
and remain constant until the end of simulation (3.5
years). Furthermore, the initial pore water pressure
is equal to 2.25 MPa which there is a decrease up
to the atmospheric pressure on the gallery wall dur-
ing the excavation phase. Since the convergence of the
massive due to the excavation is mostly taken place
during the excavation phase, it is supposed that the
contact between the massive and the lining is occurred
by there and from then on, the water pressure remains
constant (equal to the atmospheric pressure) only on
the internal surface of the concrete lining.

3.2 The model properties

The model is analyzed using the frictional elasto-
plastic model with the Drucker-Prager yield sur-
face and the second gradient method as it has been
described in section 2. The applied flow model lets
reproducing the existed transfers in porous media.

Table 1. Mechanical parameters of the model.

Parameter Symbol  Value  Unit
Young modulus E 300 MPa
Poisson ratio ¥ 0.125 -
Specific mass P 2682 %
Initial friction angle ®o 8 °
Final friction angle or 18 °
Hardening/softening coefficient By 0.001 -
Initial cohesion co 300 kPa
Final cohesion ¢r 30 kPa
Hardening/softening coefficient B, 0.01 -
Dilatancy angle v 0 °
Second gradient elastic modulus D 2000 N
Table 2. Hydraulic parameters of the model.

Parameter Symbol  Value Unit
Water permeability ko 3x 1079 m?
Specific mass of water Py 1 x103 %
Porosity ] 0.39 -
Water compressibility iw 5x 10710 pa~!
Van Genuchten parameter*  m 0.47 -
Van Genuchten parameter® n 1.887 -
Van Genuchten parameter® P = é 7 x 10° kPa

* Water retention curve and water permeability with reference
to the Van Genuchten model (Van Genuchten 1980).

Tables 1 and 2 show the hydraulic and mechanical
parameters of the material used in the modeling which
have been chosen basically with reference to Bernier
et al. (2007). The cohesion softening and friction
angle hardening are then applied. In addition, several
simulations were performed in the framework of para-
metric study to better define the essential parameters
for modeling the strain localization phenomenon like
cohesion softening (parameters ¢, and B.) and sec-
ond gradient elastic modulus D. The second gradient
parameter has a significant influence on the width
of the shear strain localization bands. In addition,
the study showed the role of the cohesion softening
in order to initiate the strain localization around the
gallery and consequently, the initial cohesion was sup-
posed to be divided by factor 10 to give the final
cohesion as it is brought in table 1.

3.3 Analysis of the results

The evolution of the shearing bands during the exca-
vation and afterwards are brought in figure 2 in terms
of total deviatoric strain for four different time during
the simulation (0.6 day, 1 day as the end of excavation
phase, 100 days, and 3.5 years).

As it is observed in figure 2, the evolution of the
bands and extension of the EDZ is quite limited to
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Figure 2. Total deviatoric strain.

the excavation phase since after one day, the activ-
ity of the bands of localization is not evident. This
phenomenon is better clarified in figure 3 where the
evolution of the bands of localization are brought in
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Figure 3. Increment of deviatoric strain.

terms of the increment of deviatoric strain that it is not
showing any obvious activity of the bands after the
end of excavation phase. Therefore, the extension of
the EDZ can be estimated as about 3.4 m horizontally



Figure 4. Vertical cross-section of observed fractures
around the Connecting gallery (Mertens et al. 2004).
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Figure 5. Increment of deviatoric strain; Gallery without
the lining.

and 1m vertically (figure 2), which is similar to the
in-situ observations regarding the radial extension of
the EDZ that is about one meter (figure 4).

Moreover, the study aimed to highlight the essen-
tial influence of the concrete lining in decreasing the
extension of the damaged zone and the convergence
of the massive around the gallery. Figure 5 shows the
increment of deviatoric strain for the case without
the lining after 3.5 years. The bands of localization
are still active at the end of simulation which can con-
firm a larger extension of the EDZ comparing to the
case with the lining (figure 2). In fact, adding the lin-
ing can prevent the high amount of convergence in the
vicinity of the gallery and thus, the evolution of the
shearing bands would be more limited. On the other
words, the contact between the massive and the lining
is launched to be taken place during the excavation
establishing the contact pressure on the the interface
elements. This phenomenon has a significant role in
decreasing the extension of EDZ. Figure 6 shows the
normal contact pressure on the interface elements at
the end of excavation phase.

Figure 7 shows 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 times during the simulation.
As it is observed, there is an increase pattern in the
evolution process of water pressure in the horizon-
tal cross-section, which is interacted by the decrease
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Figure 6. Diagram of the normal contact pressure on the
interface contact elements.

of water pressure (suction tendency in the vicinity of
the gallery after the end of excavation) in the vertical
section. The reason can be found in the deformation
pattern of the massive which makes the contact to
be taken place in the horizontal axis sooner than the
vertical one. Consequently, the internal water flow is
conducted towards the horizontal axis from the vertical
one which can justify the pattern of evolution of pore
water pressure. In addition, the appearance of local-
ization bands and its development is reflected in the
evolution of pore water pressure with some ups and
downs, specially in the horizontal axis where the shear
bands are more developed.

4 CONCLUSIONS

In the framework of deep disposal of high-level nuclear
waste in the potential geological formations, Boom
clay is studied as a potential host rock due to its favor-
able properties, among which its very low hydraulic
conductivity. Since the creation of an Excavated Dam-
aged Zone (EDZ) around the galleries is inevitable,
the initial properties of the host-rock may be locally
modified during the excavation which can be impor-
tant in the framework of long-term performance of
these underground repositories. In this way, studying
the evolution of fracture network in the framework of
strain localization subsequent to rock’s damage per-
mits a better understanding of the rock’s hydraulic
conductivity changes.

The excavation process of Connecting gallery in
the Boom clay host-rock in the underground research
laboratory in Mol; Belgium; was modeled hydro-
mechanically. The results have provided realistic
information on the extension of the Excavation Dam-
aged Zone and strain localization bands around the
gallery during and after the excavation. Moreover,
the important influence of the concrete lining around
the galley in the Boom clay host-rock was emphasized
in order to decrease the extension of the damaged zone
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Figure 7. Pore water pressure evolution.

and convergence of the massive. A discussion on the
contact pressure on the interface elements between the
massive and the lining has also confirmed the role
of the lining. The convergence pattern of the massive

towards the lining could also be observed in the pro-
cess of evolution of pore water pressure in the vicinity
of the gallery.
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