KSCE Journal of Civil Engineering (2015) 19(1):318-331
Copyright (©2015 Korean Society of Civil Engineers
DOI 10.1007/s12205-014-0606-z

Tunnel Engineering

PISSN 1226-7988, eISSN 1976-3808
www.springer.com/12205

EDZ Formation and Associated Hydromechanical Behaviour around ED-B Tunnel:
A Numerical Study based on a Two-Part Hooke's Model (TPHM)

Lianchong Li* and Hui-Hai Liu**

Received September 24, 2013/Revised January 9, 2014/Accepted January 16, 2014/Published Online July 7, 2014

Abstract

The accuracy in modeling coupled processes in a clay/shale repository is largely determined by the validity of the constitutive
relationships and related parameter values. As an attempt to more accurately model the Excavation Damaged Zone (EDZ) formation
and associated hydromechanical behavior induced by excavation in clay/shale, a recently developed stress-strain relationship (a two-
part Hooke’s model, abbreviated as TPHM) and associated formulations regarding rock hydraulic/mechanical properties were
incorporated and implemented in FLAC3D in detail. TPHM is based on a macroscopic-scale approximation using a natural-strain-
based Hooke’s law to describe elastic deformation for a fraction of pores subject to a large degree of deformation; an engineering-
strain-based Hooke’s law is used for the other part. The usefulness and validity of the TPHM and associated formulations are
demonstrated by the consistency between simulation results and field observations from the ED-B tunnel at the Mont Terri site. The
simulation results, which are sensitive to the constitutive relationships used in the model, capture both the observed displacements
and the size of the damage zone, whereas the approach based on the conventional Hooke’s law underestimates both. The fracture
modeling provide insight into the evolution of fractured zone that are impossible to be observed in field and are difficult to be

considered with static stress analysis approaches.
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1. Introduction

Clay/shale has been considered as potential host rock for
geological disposal of high-level radioactive waste throughout
the world, because of its low permeability, low diffusion coefficient,
high retention capacity for radionuclides, and capability to self-
seal fractures. Coupled Thermal, Hydrological, Mechanical, and
Chemical (THMC) processes are expected to have a significant
impact on the long-term safety of a clay repository (Kim et al.,
2011). For example, the excavation damaged zone (EDZ, the
EDZ is also sometimes referred as the “Disturbed Rock Zone”
(DRZ)) near repository tunnels can modify local permeability
(resulting from induced fractures), potentially leading to less con-
finement capability (Stormont, 1997; Tsang et al., 2005; Kruschwitz
and Yaramanci, 2004; Kim ef al., 2011; Lee et al., 2013).
Fracture properties in the EDZ are quite dynamic and evolve
over time as hydromechanical conditions change. Understanding
and modeling the coupled processes and their impact on repository
performance are critical for any defensible performance assess-
ment of a radioactive waste repository in clay/shale host rock.

Modeling of the formation and evolution of EDZ is very
challenging. In recent years, extensive work on the EDZ
modelling has been performed by the researchers all over the

world and several Workshops on EDZ were held. There is a large
body of research literature available on the EDZ (Martino and
Martin, 1996; Martino, 2003; Davies and Bernier, 2005; Tsang et
al., 2005; Lee et al., 2013). Based on the previous studies, it is
generally accepted that it is important to ensure the numerical
model is capable of characterizing the entire fracturing process
involving the initiation, propagation, and coalescence of micro-
cracks in the host rock, and that modeling results indeed
represent the physics of the involved processes (Tsang et al.,
2012; Kim et al., 2011; Lee et al., 2013). For numerous cases,
the progressive failure mechanisms of local damage lead to a
global failure of tunnel. This progressive failure explains the
physical mechanism between the initial localized surface
spalling and the entire EDZ formation (Martino, 2003; Kim et
al.,2011; Liet al., 2013; Lin et al., 2013; 2014).

In addition to the typical challenges of EDZ analysis in rock,
modeling of the EDZ extent depends on the constitutive law used
and there has been further concern regarding the short-term
stress-strain behavior of rock, because analysis using linear-
elastic or elasto-plastic methods based on conventional Hooke’s
law has, as previously indicated, generally been unsatisfactory in
capturing the nonlinear deformation behavior of a rock mass. It
has been widely reported that in many cases, during the
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excavation of underground tunnel openings, unusually large
deformations have been observed around these openings
(Nawrocki et al., 1998; Lionco and Assis, 2000; Corkum and
Martin, 2007; Weng et al., 2008; Tsang et al., 2012).

To further improve the understanding and modeling the EDZ
in clay/shale host rock, in this study, a recently proposed stress-
strain relationship, called the two-part Hooke’s model (TPHM),
is introduced and implemented in a geomechanical simulator.
Then, using field measured data from ED-B tunnel at Mont Terri
URL (Bossart and Thury, 2008), the model is calibrated and
validated for its ability to predict the nonlinear deformation and
EDZ behaviour of clay rock to excavation. The incorporation of
the TPHM in the analysis is expected to more accurately capture
the deformation, failure mode, and associated hydromechanical
behavior of the rock mass around ED-B tunnel.

2. Two-Part Hooke’s Model (TPHM) and Its Imple-
mentation in the Three-Dimensional Finite Dif-
ference Program, FLAC3D

2.1 A Brief Introduction to the Two-Part Hooke's Model
(TPHM)

The stress-strain relationship is the most fundamental part of
constitutive relationships. Hooke's law has been generally used
to describe this stress-strain relationship for elastic mechanical
processes. According to Hooke’s law, for elastic material, the
proportionality in the stress-strain relationship should be constant.
However, this proportionality is in fact not always constant in
many cases, but rather stress-dependent (e.g., Cazacu, 1999;
Liongo and Assis, 2000; Brown et al., 1989; Johnson and
Rasolofosaon, 1996; Brady, 1969). A number of efforts have
been made to relate this stress-dependent behavior to the
microstructures of “cracks” in porous rock (Walsh, 1965; Nur,
1971; Mavko and Nur, 1978) —an excellent review of these
efforts is provided in a chapter entitled “Micromechanical
Models” in Jaeger et al. (2007). Because it is generally difficult
to characterize small-scale structures accurately and then relate
their properties to large-scale mechanical properties that are of
practical interest, it is desirable to have a macroscopic-scale
theory that does not rely on the detailed description of small-
scale structures, and that can physically incorporate the stress-
dependent behavior of relevant mechanical properties. A theory
of this kind was developed within the framework of Hooke's law
by Liu ef al. (2009) and is referred to as “TPHM” in this study.

Liu et al. (2009) argued that different varieties of Hooke's law
should be applied within regions of the rock having significantly
different stress-strain behavior, and that a rock body could be
conceptualized into two distinct parts. These two parts are called
a “hard part,” which undergoes only small deformation, and a
“soft part,” which undergoes large deformation. The natural
strain (volume change divided by rock volume at the current
stress state), rather than the engineering strain (volume change
divided by the unstressed rock volume), should be used in
Hooke's law for accurate modeling of the elastic deformation of
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the pore volume’s soft part, subject to a relatively large degree of
relative deformation (i.e., cracks or fractures). This approach
permits the derivation of constitutive relationships between stress
and a variety of mechanical and/or hydraulic rock properties.
The theoretical predictions using this method are generally
consistent with empirical expressions and also laboratory rock
experimental data (Liu et al., 2009; Zhao and Liu, 2012).

2.2 Implementation of TPHM in FLAC3D

In this study, all numerical simulations were conducted using
the three-dimensional finite difference program, FLAC3D (Itasca
Consulting Group, 2005), a powerful numerical tool that has been
widely used in the fields of geotechnical, geomechanical, civil and
mining engineering. FLAC3D uses dynamic equations of motion
in its explicit, time-marching scheme. The solution of solid body
problems in FLAC3D invokes the equations of motion (Newton’s
law of motion), constitutive relationships, and boundary conditions.

When running the FLAC3D code in its mechanical or thermo-
mechanical configuration mode, it solves the equation of motion,

dv

dt M

V- O+ Pug = Pu
in an iterative manner with the G stress-strain relationship, where
0, 1s average density of the rock mass and v is solid velocity with
respect to a fixed system. The incremental stress and strain
during a time step is governed by various elastic or elasto-plastic
constitutive laws, which can be written in a general form as:

Ac' = H(c',£Ar) Q)

in which H contains given material functions, £ is the infinitesimal
strain-rate tensor, and A¢ is a time increment. The constitutive
laws in Eq. (2) work on the effective stress, which can be
calculated as:

o =o+laP 3)

where ¢is Biot’s effective stress parameter (Biot, 1941) and P is
pore pressure.

FLAC3D provides material models such as Mohr-Coulomb
and Hoek-Brown failure criteria that are suitable for geotechnical
materials. All of these models are provided as Dynamic-Linked
Libraries (DLLs) that are loaded when FLAC3D is first executed.
Users can modify these models or create their own constitutive
models as DLLs.

All constitutive models in FLAC3D share the same incremental
numerical algorithm. Given the stress state at time ¢, and the strain
increment for a time step Af, the purpose of the constitutive
models is to determine the corresponding stress increment and the
new stress state at time #+A¢. When plastic deformations are in-
volved, only the elastic part of the strain increment will contribute to
the stress increment. In this case, a correction must be made to the
elastic stress increment (as computed from the total strain incre-
ment) in order to obtain the actual stress state for the new time step.

As a stress-strain relationship, the TPHM can be implemented
into any models provided by FLAC3D. There are thirteen basic

-319-



Lianchong Li and Hui-Hai Liu

constitutive models provided in FLAC3D, arranged into null,
elastic, and plastic model groups. The most commonly used
criteria plastic-model groups are those of Mohr-Coulomb, Hoek
and Brown, the Cam-Clay model, in which the Mohr-Coulomb
model is often used to represent failure in soils and rocks because
of its simple form (Vermeer and deBorst, 1984; Sheldon, 2009;
Itasca Consulting Group, 2005). In this study, TPHM was
implemented into the Mohr-Coulomb model.

In FLAC3D, the failure envelope for the Mohr-Coulomb model
corresponds to a Mohr-Coulomb criterion (shear yield function)
with tension cutoff (tension yield function). Note that all models
in FLAC3D operate on effective stresses only. The Mohr-
Coulomb criterion in FLAC3D is expressed in terms of the
principal stresses 7,, 0,, and o3, which are the three components
of the generalized stress vector for this model. Mohr-Coulomb
failure criterion is expressed as:

f'= 6N, +2¢.N, 4)
and the tension failure criterion is expressed as:
f '=o-0 (%)

where @ is the friction angle, ¢ is the cohesion, ¢ is the tensile
strength, and N, = (1 +sing)/(1-sing).

In the implementation of the Mohr-Coulomb model in FLAC3D,
a trial stress (g;) is first computed by application of Hooke’s law
to the strain increments Ag;. In the elastic, isotropic model, strain
increments generate stress increments according to the conventional
Hooke’s law (Single-part Hooke’s model, abbreviated as SPHM):

AoyPiM = 2GAg;+ o,Ag,5; 6)

where the Einstein summation convention applies, o is the
Kroenecker delta symbol &, = { e , and ¢, is a material con-
stant related to the bulk modulus, K, and shear modulus, G, as
on=K—-(Q2/3)G.

New stress values, elastic guess (o7), are then obtained from
the relationship

[ = ~0 SPHM
ol = ol +Acy @)

where o0 are the initial stresses at time 7. The principal stresses
o, o4, 0} and corresponding directions are then calculated. If the
stresses o7, 0%, 0% violate the composite yield criterions, Egs. (4)
or (5), plastic deformation takes place. The new principal stress
components are corrected by using the plastic flow rule to ensure
that they lie on the yield surface. If point (0!, &%) is located
below the representation of the composite failure envelope in the
plane (0, 67), no plastic flow takes place for this step, and the
new principal stresses are given by o7, (i= 1,3).
In an anisotropic stress condition, TPHM is given by:

& 2(33‘_5?)[0-, ~v(o, +a,))+ %{' _cx'{_ %H

t

6 =81l o so)s 7{, exp{_%”

3E, 3

e -of

3E,

®)

&= oy V(o + )]+
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where 0}, 05, 0; are effective principal stresses, €, &, & are
principal engineering strains (stresses and strains are assumed to
have the same principal orientation), v is Poisson ratio for the
hard part,  is the ratio of the soft part to the entire rock body in
one principal orientation and has a value, obtained through
experimental tests, on order 10'~107, and E, and E, refer to
Young’s (elastic) modulus for the hard and soft part, respectively
(Zhao and Liu, 2012). Note that for 3 =0, Eq. (8) is reduced to
the conventional stress-strain relationship (the conventional
Hooke’s law, SPHM).

To implement the numerical routine in FLAC3D, we
transform the principal stress/strain coordinate system into a
global coordinate system (x, y, z). Based on Eq. (8), the general
stress-strain relationship in a global coordinate system (x, y, z)
can be calculated as:

R |o+g]+%[l o -2 o -

£, = (- ’,)[a -vle, +o—__)]+%‘[l—cx[u[—%]mf—cx -

3E,
5 =80, _
A

. ’ E
- +V 2 ¥
J2-p i) 2nf o f o _ex,,( A AN
3E, 3 E, \E [T
.
E

3
¥ :2{3_?"1“'“]? +2’v" ex])r—{r' \'—exp[— i Ln,+2?'
3E, "3 L E) . EJ[TT 3
2y

3

_23=p)i+v)

e o ol g%
(©)

where x, y, z denote the directions of coordinate axes in a global
coordinate system (x, y, z), [=cos(i, x), m=cos(i, y), n=cos(i, z),
and /=1, 2, 3 is the index for the direction of the ith principal
stress. The functions cos(Z, x), cos(i, y) and cos(i, z) are the cosine
of the angles between i and the x, y, and z directions, respectively,
and are given as:

|
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cos(i,x) = S 3 :
Yo, -0)0. ~a) 1,7, T +[r,r. 7, (0. -0 +[r,7,. ~7.(0, - 0)F
T, 0, =T, (0. -7)

cosli, y) = = = =
e, —o)o. —a) -t 1 | +[r, 7. -1 (0. ~0)] +[r,r. ~7.(0, -0

r.7.-1.lo, —0a)

cos(i,z) = S > 2
\|'||[(r, —ola, —a)-r . " +rr. -t (o, -a) +[r 1. -t.(o, -a)]

(10)

To incorporate the TPHM into the Mohr-Coulomb model
within FLAC3D, the stress increments, Aoy, in Eq. (7) is
replaced by Aol . The Ac}"™ can be dlrectly obtained by
calculating the followmg equation:

de, = 3 ‘v ][dcr u’o‘ +do. )]+ de,
_T}[da -V (do' +de, }] +de,

de. = {_—”)[dcr ~v|do, +do, )+ de.,

4y~ 26-2)1+v)

SE dr, +dy,, (11
2(3—}')"(1+ )
dy = L dr_+d
’ 3E, e
dy,. = 267 +V}dr _+dy
» 3E, :
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Equation (11) is an incremental formulation of Eq. (9). In Eq.
(11,) the strain increments d&,, d¢, de., dy,, dy., dy,. are known
values, i.e., Ag;; while the last items d&,, dé,, d&,, d¥y» AVes A
are the strain increments for the soft part and can be expressed as:

. P N p \ P 3 1
de, = L L'x|1| = 1.' da, +c.\|1[ = J—f Ldo, + c.\|1| = 1 de,
3E, \ h. . E . E ]

7| ex ——|m da, +ex ——|m de, +up[—i|m da,
E, ) \ E )

de, p( i |a:,'dcr,-c.\ % e, rup % |nde,
=3 "°E ) E, " E,

74 (
dy,, = L’_’[uxp[—ijdo‘ - up(— —]{i’d :|.|' i, +—|:up[
3E, E, | E

de =

W

r

~|-|Q

dor, —upl - —]do“:|f i,

\
2y, A 2y, a,
dy,., === exp| - _' I;!a\—cxd L lder, [y + = 1.\|) -—= \da, - 1.\ do’, I,
3g|UE S EJ 3L E
iy, =L \f ( % Wu’ d
dYu=3p up[—— |(o' —L\PL—T exp .F_” —L\P __. &, (myn,

In Eq. (12), the principal stresses 6;, 0, and ¢; are the known
values. Based on the stress transformations in three dimensions
(Poulos and Davis, 1974; Jaeger ef al., 2007), one can obtain o,
03, and o3 using the stresses o at time ¢. An algorithm function
for calculating g, 05, and o3 has been provided by the module of
the C++ source code for the Mohr-Coulomb model in FLAC3D.
While the principal stress increments do, dos, and do; in Eq.
(12) can be expressed as:

do, =do I} +do m] +do_n] +2dt Lm, +2dr_|n, +2dr _mn,
do, =do I} + dcr_‘_nv.'l2

doy =do I +do m; +do.n; +2dr Iim, +2dr _Ln, +2dt min,
(13)

where /,, m;, and n(i=1, 2, 3) can be calculated by Eq. (10). Based
on Eqs 11, 12 and 13, we can get do,, do, do;, dt,, dt,., and dz,,
that correspond to Ao in Eq. (7).

Here, we need to indicate that TPHM is only applicable to
compression conditions. Under a tension condition, the strain for
the soft part would become unrealistically large because of the
exponential dependence of strain on stress. However, it is
reasonable to consider that the soft part, just like a fracture,
cannot sustain tensions, and thus SPHM is used in this case. In
other words, if one of the principal stresses is in tension, the
strain for the soft part in the same direction as principal stress
will be omitted. Then SPHM is used in this principal orientation
(Eq. (6)), and TPHM is used in the other principal orientations. If
all of the three principal stresses are in tension, the stress
increments are still given by Eq. (6). The computational scheme
implemented FLAC3D is shown in Fig. 1. The modified Mohr-
Coulomb model written in C++ was compiled as a DLL file that
can be loaded whenever it is needed.

Rock consists of crystals, grains, voids, pores, cracks, and the
like. As a consequence, in order to trace isolated fracture processes,
heterogeneity must be represented and introduced appropriately
(Fang and Harrison, 2002; Wong et al., 2006; Ma et al., 2011). In
this study, the new constitutive relationship is incorporated at
element (zone) level. The mechanical parameters of the element,
such as Young’s modulus, strength, and Poisson’s ratio, are

+do.n’ + 2dr l,m, +2dt _Ln, +2dt _m,n,
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Initial stresses & and strain increments Ag

|

The  zone s
subject to tension?

Calculate stress
increments p oSV

Calculate stress
increments g oM

v v

Elastic stress estimate Elastic stress estimate

O',j - O_r.r_:_ll,_\o_ri'mr 0 _U " .'30‘”“'

-+

| Calculate plastic strain |

!

T o Correct the elastic stress guess )
O; =0 1 . R o, =0
! v o; o obtain a) d --

No

Unbalanced force
satisfied or maximum
iteration reached?

Fig. 1. Computational Scheme for the Numerical Implementation
of the TPHM into FLAC3D

heterogeneous and assumed to conform to the Weibull distribution
(Weibull, 1951):

-2 2

where u is the parameter of the element (such as the Young’s
modulus, Poisson’s ratio, strength properties, permeability, and heat
conductivity), the scale parameter , is related to the average of the
element parameter, and the homogeneity index m defines the shape
of the distribution function and represents the degree of material
homogeneity. A heterogeneous material can be produced
numerically in a computer simulation for a material composed of
many elements. Each element is assumed to be isotropic and
homogeneous. Higher homogeneity indices lead to more
homogeneous numerical samples (Tang et al., 2000; Wong et al.,
2006).

It is generally known that the progressive degradation of material
properties results from the initiation, growth, and coalescence of
microcracks, which eventually induce the macroscopic failure.
In terms of degradation, it is seen from stress-strain curves that,
in uniaxial compression, the rock displays sudden degradation in
both strength and stiffness (i.e., very brittle behavior) after attain-

(14)
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ment of the peak stress. The mechanical behavior of rock evolves
from elastic-brittle to elastic-brittle-ductile with increasing confining
pressure. Using this observation in conjunction with idealized
piece-wise linear differential stress-strain curves, studies have
been shown that degradation in both strength and stiffness can be
unified through a degradation index ry (Fang and Harrison,
2002), which may be formulated as:

oo, oS
_ 9% _ 9%
ry o, o5 (15)

As shown in the diagram of Fig. 2, o, and ¢, are the peak
strength and residual strength under uniaxial stress state, and o,
and g, are the hypothetical peak strength and residual strength
with confining pressure. The terms do, and g, are the strength
differences for the uniaxial and general triaxial conditions,
respectively. Terms JS¢(=Sy— Soq) and B,(=S, - S,q) are the
corresponding stiffness differences. The definition of the
degradation index implies that the value of ry ranges from zero
(no degradation, ductile failure) to unity (complete degradation,
brittle failure). It has been suggested (Fang and Harrison, 2002)
that the relationship between the degradation index and confining
pressure can conveniently be expressed as:

(16)

where nq is a degradation parameter and o; is the confining pressure.
This index has been shown to be capable of describing the degrading
behavior of rock under laboratory tests, as well as serving as a
functional relationship for modeling the process of rock fracturing.

The degradation of strength and stiffness is an essential com-
ponent of the local degradation approach. This degradation
means that intact rock alters into a more deformable and weaker
material. This altered material can conceptually be regarded as
being fractured, with the result that other material properties
should take on values that are appropriate for a fractured
material. Once an element (zone) becomes the conceptual
fracture, the residual elemental stiffness, S,, and the normalized
residual strength, g, are thus given by:

S, =S,(1-r,) }

0, = g,(1-r,)

ry = exp(-ny0o3)

a7

[+

, -
l 60.;

/" general degradation

5y .
@ i Spa /}
=
@ < confining
o -
= pressure
E S increases
a o
b0y
e
. 1
Oc
uniaxial degradation
Axial strain

Fig. 2. Sketch of the Definition of the Degradation Indices (Yuan
and Harrison, 2005)
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On the basis of the above equations that quantify the post-peak
degradation, a material suffers from elasticity (no degradation,
r~0) to complete damage (complete degradation, ,/~1).

In modeling studies with FLAC3D, elements whose ultimate
tensile or shear strength has been attained are displayed as cracks
with grey or black color in post-processing figures. One of the
main features of this type of model is that there is no need for a
pre-existing crack to simulate the crack initiation and propagation.
This approach to simulating cracks is similar to a smeared crack
model, i.e., no special singular element is used — which has the
advantage of leaving the mesh topology untouched. Brittle
fractures yielded from the initiation and propagation of cracks in
arbitrary and complex paths could be properly simulated without
additional processes. Microstructure and defects can be represented
by different sets of zones with their own material properties.
Hence, it is efficient to simulate the heterogeneous materials. A
similar principle has been addressed and applied to modeling
concrete damage (Pietruszczak and Xu, 1995; Pearce et dl.,
2000). With the recent advances in computer performance, an
increasing number of researchers have attempted to use a similar
principle to solve discontinuous problems through continuum
mechanics (Fang and Harrison, 2002; Zhu and Tang, 2004; Ma
et al.,2011; Pan et al., 2009; 2012).

When an element of rock undergoes dilatancy due to the
degradation of strength and stiffness, its hydraulic properties will
change. Experimental results indicate that dilatancy leads to an
increase in permeability. These changes in hydraulic properties
can be directly related to either stress or strain (Louis 1974;
Stormont and Daemen, 1992; Zhu and Wong, 1997; Otto
Schulze et al., 2001; Tang et al., 2002). Most of the theories
regarding stress-induced variations in permeability correspond to
the pre-failure phase. During elastic deformation, rock permeability
decreases when the rock is compacted and increases when the
rock is extended. In order to develop a relation between elastic
contraction and permeability, we first employ Eq. (18) to
represent the variation in porosity in response to stress.

¢= o~ 7 (o~ 7)C.(0+ 03+ T3)

Lol )-on{ ool Z]
3 E, E, E,

where ¢, is the porosity under unstressed conditions, and C, is
the compressibility for the hard fraction of pore volume. The above
relationship was derived based on Eq. (8). This new relationship
is satisfactorily supported by various types of experimental data
for rock from different sources (Liu et al., 2009).

Based on the analysis of a great number of experimental clay-
rock data, Yang and Aplin (2010) pointed out that much of the
permeability range observed at a given porosity could be
explained by variation in lithology. Using clay content as the
quantitative lithology descriptor, they proposed that permeability
is a function of porosity and clay content:

(18)

K=exp(—69.59—26.79F.+44.07F25+ (—53.61 —80.03 F.+ 132.78 F05)
-yt (86.61+81.91F.—163.61F25)- %) (19)
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where, F. is the clay content, = ¢/(1 — ¢). In this study, Eq. (19)
is employed to represent the permeability variation in the rock
matrix under an elastic state.

In the post-peak stage, rock elements undergo both instanta-
neous strength degradation and volumetric expansion. Although
many experiments have shown that there is a clear correlation
between volumetric dilatancy and the increase in permeability of
brittle rocks at the micro-scale, it is generally difficult to charac-
terize small-scale elements accurately and then relate their properties
to macroscopic hydraulic properties that are of practical interest
(Shao et al., 2005; Jaeger et al., 2007). The degradation is
physically manifested as the development of fractures, and this is
one of the important concepts addressed in this study. To apply
appropriate post-peak hydraulic characteristics, we may find the
use of a strain-based formulation for the permeability variation
more suitable (Minkoff ef al., 2003, Yuan ef al., 2005; Chen et
al., 2007). On the basis of deformation-dependent permeability
proposed by Yuan et al. (2005), we assume that a damaged rock
element may be represented hydraulically as a volume of rock
containing one fracture. This representation is shown conceptually
in Fig. 3. Assuming that the fracture is planar and has parallel
sides, the aperture () of the fractures is given approximately by:

(20)

where &, is the volume strain, } is the volume change of the
element due to dilatation, and / is the side length of the element
before dilatation.

Once the fracture initiated, its aperture will vary with the stress
state. Fracture permeability is largely determined by fracture
aperture. A number of empirical expressions exist in the
literature for describing observed relationships between normal
stress and fracture closure (that are linearly related to the average
fracture aperture) (Goodman, 1976; Barton ef al., 1985). In this
subsection, we employ such a relationship to represent variations
in fracture aperture. Considering a fracture to be embedded into a
rock sample subject to normal stress g, we again divide fracture
space into “hard” and “soft” parts along the direction normal to
the fracture plane. Then, the volumetrically averaged fracture
aperture (b) is given by:

b= bo,e+b0,texp( ﬂ) @1

_KF’

2!

fractured rock element

Intact rock element

Fig. 3. Schematic lllustration of Fracture Aperture and Permeabil-
ity of a Rock Element due to Failure
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where, by, is the fracture aperture of the “hard” part (the value is
determined by Eq. (20)), by, is the fracture aperture of “soft” part,
and K, is the stiffness of the “soft” part in the fracture. Eq. (21)
was derived from the TPHM. The “soft” part corresponds to a
range of apertures whose relative changes with stress are signifi-
cant for low normal stress (or small contacting areas) and the
“hard” part corresponds to the range of apertures associated with
stabilized contact areas as stress changes. The stress-dependent
behavior of the fracture aperture is controlled by the second term
at low stress. The expression has been used successfully to match
laboratory measurements (Liu et al., 2011; 2013; Wei et al.,
2013).

The so-called cubic law gives the flow rate between smooth
parallel plates as:

_ b'pgAH
124 1

where H is the fluid (water) head loss across the two ends. In Eq.
(22), the hydraulic conductivity is given by the term % 0g/12,.
Therefore, incorporating the fracture aperture governed by Eq.
(21), the hydraulic conductivity for a damaged rock element can
be expressed as:

22)

k,= b3p/g
C12

In this study, Eq. (23) is employed to represent the permeability
variation for a damaged rock element.

The establishment of an appropriate model to reflect the per-
meability evolution in fractured rocks is a challenging task. Parti-
cularly the permeability change within damage zone may involve
very complex mechanisms of normal closure and opening of micro/
macro fractures, and shear dilations of fractures in addition to the
interactions in the existing fracture network as shown in Jing et
al. (2013). Here, we need to indicate that only the effect of normal
stress on permeability change is incorporated in this study. To
facilitate the calculation of permeability variation, the element
damage is abstracted to be a planar fracture perpendicular to the
minimum principal stress. More studies along this line are
needed to more accurately calculate permeability variations for
damaged elements.

(23)

3. A TPHM-Based Modeling of the EDZ Evolution
around the ED-B Tunnel

3.1 A Brief Introduction to the ED-B Tunnel at Mont Terri Site

In many countries, argillaceous formations are being considered
as potential host rocks for deep geological disposal of radioactive
waste. The Mont Terri rock laboratory started operation in
January 1996 as part of the international Mont Terri project. The
laboratory is located near the town of St. Ursanne in the Jura
Mountains of northwestern Switzerland. The aim of the project
is the geological, hydrogeological, geochemical, and geotechnical
characterization of clay formations, specifically Opalinus clay.
As shown in Fig. 4 (Bossart and Thury, 2008), the Reconnaissance
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Fig. 4. Vertical Cross Section of the Mont Terri Anticline along the
Motorway Tunnel (After Bossart and Thury, 2008)

Gallery (or Security Gallery) was originally constructed as part
of the motorway tunnel and the underground laboratory has been
developed over the last decade. Where it intersects the laboratory,
the Opalinus Clay is about 250 m thick along the length of the
tunnel. As a result of differing sedimentation, the Opalinus Clay
can be grouped into three facies: sandy facies, carbonate-rich
sandy facies and shaly facies, the latter being of most interest for
repository construction.

In 1997-1998, a Mine-by experiment tunnel, known as the ED-
B tunnel (as shown in Figs. 4 and 5), was excavated at the Mont
Terri Rock Laboratory to assess the issues associated with tunnel
excavation. The ED-B tunnel is located entirely within the shaly
facies. No major fault zone runs through the ED-B tunnel. Struc-
turally controlled instability does not generally play a significant
role at the laboratory (Bossart and Thury, 2008). The ED-B tunnel
consisted of a 35 m long, 3.6 m diameter circular excavation at a
depth of ~270 m. The surrounding rock mass of the tunnel was
instrumented prior to tunnel driving, allowing for monitoring of
the rock-mass response with tunnel advance (Fierz, 1999). The
instrumentation records contain unique deformation signatures
that provide insight into the mechanical responses of the Opalinus

Micrometers/Inclinometers
and Extensometer

Reconnaissance

Gallery/OP Miche ED-B Tunnel

Fig. 5. Layout of ED-B Mine-by Experiment Instrumentation and
Tunnel System (Corkum and Martin, 2007)
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clay to unloading and the formation of an EDZ —a region of
micro- and macro-fractured rock mass that forms around the
tunnel boundary due to excavation-induced stress redistribution.
The resulting data from the experiment can now be used to
model the mechanical response to tunnel excavation.

3.2. Numerical Models

To evaluate how accurately the TPHM can reproduce macro-
mechanical response of surrounding rock mass around ED-B
tunnel, a pseudo 3D numerical model is developed. The geometry
and model domain is shown in Fig. 5. The numerical models
contain one circular tunnel, consisting of 16,860 zones and
33,978 grid points. The Z-axis is set as vertical in the model,
while the horizontal Y- and X-axes are aligned parallel and
perpendicular to the tunnel, respectively. The dimensions of the
model are 60 m in the X-direction, 1 m in the Y-direction, and 60
m in the Z-direction, respectively. Following the previous studies
on tunnels in Opalinus clay (Corkum and Martin, 2007; Bossart
et al, 2002; Popp et al., 2008), the mechanical boundary
conditions employed in our study include a total stress of 5,=2.2
MPa, 6,=4.3 MPa, and 0;=6.5 MPa, at the outer boundaries. The
underground water table is assumed to be located 100 m above
the top boundary of the model, and the rock matrix is assumed to
be fully saturated. A pore-pressure distribution of P,,=1000000+
(60 — 2)p,g Pa (where Z is height) is directly incorporated into
the numerical model. The outer boundary condition is the imposed
pressure distribution without change over time. A constant pressure
boundary is imposed at the tunnel wall, as the tunnel is excavated.

3.3 Calibration of the Mechanical Parameter Values

Bock (2001) has observed that the stress-strain curves of
unconfined compression tests on samples of Opalinus clay have
unusually nonlinear stiffness in the low stress region. This
behavior is illustrated by the unconfined compression test stress-
strain curve for a sample of Opalinus clay, shown in Fig. 6. It can
be seen that the deformation behavior of Opalinus clay at low
stress levels is characterized by a shallow sloping stress-strain
curve near the origin (0<o <2 MPa).

To capture the highly nonlinear, low stiffhess stress-strain response
of Opalinus clay at low stress levels, we employed the newly
developed constitutive model, TPHM, to conduct numerical

25 \l\

20 MPa

N

N 10 MPa
——

& MPa

Deviatoric strass (MPa)

1.0 15 20
Axial strain (%)

Fig. 6. Stress-Strain Plots of the Opalinus Clay for a Range of o3
Values (0-20 MPa) (Olalla et al., 1999)
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simulation in this study. First, we set up a 2D numerical specimen
with a width of 80 mm and height of 160 mm, composed of
40 x 80 elements that are produced randomly by a computer,
according to the Weibull distribution for a given homogeneity
index. The homogeneity index, m, is a key parameter in this
modeling. The analysis and microstructural observations conducted
by Wong et al. (2006) indicate that values for the Weibull
parameter m are greater than 2.0, but fall in the typical range of m
=2.0~6.0 (McClintock and Argon, 1966; Liu et al., 2004). We
selected the Weibull parameter m=3.0 to describe the heterogeneous
material properties of rock in this study. Each elemental zone has
individual strength properties, bulk modulus, shear modulus,
Poisson’s ratio, and dilation angle. During the simulation, the
bulk and shear moduli of an elemental zone may degrade once
the strength criterion is violated, but the other parameters, such
as Poisson’s ratio and dilation angle, remain constant throughout
the entire course of a simulation. Axial loading is performed with
incremental axial displacements being applied in a sequence of
steps to the outer surface of the specimen. The rock specimen is
represented by the modified FLAC Mohr-Coulomb model (a
Mohr-Coulomb model based on TPHM).

Experimental results imply that degradation index, n, is a
mechanical property of the rock, and that different rocks have
different values for 7, in Eq. (16). Laboratory testing is required
to determine this parameter for a specific rock. Stress-strain plots
for consolidated undrained triaxial tests of Opalinus clay samples
at confining stresses of 0, 6, 10, and 20 MPa are shown in Fig. 6.
Based on laboratory test results and Eqs. (15) and (16), the
degradation index, 7, is plotted in Fig. 7 showing a value of #,
for Opalinus clay of about 0.0752.

The numerically obtained stress-strain curves for the uniaxial
case and the case with a confining stress of 10 MPa are shown in
Fig. 8(a). The stress-strain curve of Opalinus clay in uniaxial
condition, although it is considered to be a relatively weak rock,
is similar to that of brittle rock. It can be seen that the deforma-
tion behavior of Opalinus clay at low stress levels is characterized
by a shallow sloping stress-strain curve near the origin (0<o<2
MPa).The non-linearity at low stresses can be the result of the
closure of internal voids, flaws or fractures in the sample.
However, in the case with a confining stress, the nonlinear part in
the stress-strain curve is disappeared. The corresponding simulated

14 Cure for ng=0.0752
w
508 / o o
=
206
=
&
204
\ .
0.2
Laboratory test data
1}

1] 5 10 15 20 25
Confining stress (MPa)

Fig. 7. Variation in the Degradation Index for Opalinus Clay with
Confining Stress
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fracture process for uniaxial case is shown in Fig. 8(b), and the
numerical results for the case with a confining stress of 10 MPa
is shown in Fig. 8(c). Splitting feature is more obvious for the
uniaxial case, while shear failure becomes more prominent for
the case with a confining stress. Two types of plots are given in
the simulation results. One is the cumulative failure pattern,
which is a plot of all those elements that have failed during the
previous loading history; the other is the active failure pattern,
which indicates those elements undergoing degradation within
the current time step. In the plots shown here, elements showing
historical failure are marked by a grey color, and actively failing
elements are marked by a dark color. It is shown that the
numerical results based on TPHM are generally consistent with
the laboratory results.

Stress-strain data from experimental sources and numerical
results show mild to strong non-linear behaviour up to an axial
stress of between 1 and 2 MPa. Above this stress threshold,
samples are linear elastic with slight nonlinearity after about
® pes data-OMPa
@ test data- 10MPa

— 20 — numerical resul-0MPa
— numgrical resuli-10MPa
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with a Confining Stress of 10 MPa
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80% to 90% of peak strength. It is interesting to note that the
stress level associated with crack closure corresponds approximately
with the minimum in situ stress at Mont Terri (o3=1-3 MPa
(Bossart et al., 2004)). The low-stress region is of most interest
in the context of unloading around tunnels. Precisely the
consequence of unloading process (excavation) is to create a
super-low stress region, i.e. the tunnel opening. Once the tunnel
opening is formed, the rock mass near the both sidewalls of
tunnel opening are almost in uniaxial compression, then the
function of the soft part in the TPHM may becomes more
prominent and consequently a relatively large deformation in the
same direction may be obtained.

Geophysical measurements reported and discussed by Corkum
and Martin (2007) indicate an average isotropic Young’s modulus
for the rock mass of 4 GPa. As a result, an elastic Young’s modulus
(E) of 4 GPa was used for all analyses with elasto-plastic consti-
tutive models. Incorporating a large number of investigations on
the properties of Opalinus clay that have been published (Bock et
al.,2010; Zhang et al., 2008; Jobmann ef al., 2010), the mechanical
properties used in the numerical model are summarized in Table
1. The detailed procedure to determine mechanical property values
for the soft and hard parts in TPHM, based on observed stress-
strain relationships, is given in Liu ez al. (2009) and Zhao and
Liu (2012).

3.4 Numerical Results and Discussion

The deformation around a tunnel induced by excavation was
first investigated. The simulated displacement of the rock mass
around the tunnel is shown in Fig. 9(a), in which the length of the
arrow denotes the magnitude of displacement and the orientation
of the arrow denotes the direction of deformation. Obviously, the
largest inward displacement occurs at the sidewalls of the tunnel
because the sidewalls are subjected to deviatoric stresses capable
of inducing extensional fractures, which confirmed by field fracture
mapping (Bossar ef al., 2004). To make a detailed observation on
deformation of the rock mass around the tunnel, we select the
points located on the micrometer and inclinometers in the model (as
shown in Fig. 9b), as the key points for monitoring displacement
variations. As a comparison, the response described by conven-

Table 1. Physico-Mechanical Parameters Employed in Simulations

Parameter Value Unit
Bulk density (,0,,) 2450 kg/m’
Initial porosity (¢) 0.16
Young’s modulus (£,) 4 GPa
Poisson’s ratio (v) 0.27
Tensional strength (o) 1.5 MPa
Cohesion (c) 3.6 MPa
Friction angle (¢) 25 °
Clay content (F}) 60%
Young’s modulus for the soft parts (E,) 0.002 GPa
/A 0.01
Homogeneity index (1) 3.0
Degradation index (ng) 0.0752
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Fig. 9. Deformation Mode of ED-B Tunnel after Excavation and
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tions around the Tunnel
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tional Hooke’s law (SPHM) is also numerically obtained with
FLAC3D. Fig. 10 is a comparison of deformation distribution
based on measured data, TPHM, and SPHM, respectively. It is
shown that while the general distribution trend of displacement is
similar for both models, the magnitude is clearly different. Numerical
results based on TPHM show that the roof and floor of the tunnel
recorded a maximum of 7.52 mm of inward movement with the
maximum deformation in line with the direction of ;. The
calculated inward displacements based on the TPHM are larger
throughout the tunnel section (including the roof, floor, and
sidewalls) compared to those displacements predicted by SPHM.
Considering that the displacement was monitored as a function
of time and found to increase with time (Corkum and Martin,
2007; Bossart and Thury, 2008; Fierz, 1999), we pay attention
only to the observed displacement at the beginning of monitoring.
Clearly, the TPHM model results are much closer to the field
observations.

Assuming that the pre-peak nonlinearity to be represented by
the modulus as a function of the confining stress, the distance from
the opening wall, or the combined effects of the hydrostatic,
confining, and deviatoric stresses, many studies have captured
the stress variation and large deformation around underground
openings in rock matrix (Corkuma and Martin, 2007; Lionco and
Assis, 2000; Weng et al., 2008). Our numerical results are
consistent with these previous studies, although the constitutive
model employed in this study is different. It can be expected that
the incorporation of the TPHM in analyzing the behavior of
underground excavations affects not only the displacements and
stress distribution, but also the size of the damage zone.

One simple way of estimating the evolution of the EDZ is to
use an elastic stress analysis to determine the induced stresses
and compare them with the rock-mass strength. The stress is
sufficient to create a very thin failed zone in the region of the notch
within EDZ, which, however, may significantly underestimate the
size of the actual breakout or failed zone. One method, often
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used to overcome the limitation of elastic analyses, is to simulate
the progressive nature of slabbing and spalling in the EDZ
formation (Hajiabdolmajid et al., 2002). This method is used in
this study, i.e., the EDZ is considered as an interconnected fracture
network composed of elements (zones) in plastic state.

In this study, any previously failed neighboring elements (zones)
were taken into consideration. After the initial redistribution of
stress, some elements may fail due to stress variation. Thus, at
each loading step, the stress redistribution procedure is repeated
until all of the elements for which the criteria presented in Eq. (4)
or (5) are met. The failed elements release stress, and the
released stresses are distributed between the intact neighbors,
such that global equilibrium of the model is achieved. As the
next loading step is achieved, the broken elements form clusters
that grow and coalesce with increasing load. Ultimately, the
“critical” cluster of the broken elements is formed at a certain
loading step. A brittle fracture initiation and propagation is the
end result of the micro damage accumulation process, rather than
a single event.

The mesh (grid) dependency is unavoidable. Many previous
studies focused on aspects related to the mesh effect (Fang and
Harrison, 2002; Zhu and Tang, 2004). In general, a finer
numerical grid will give higher modeling accuracy, but makes
the computation more expensive and time-consuming. In the
modeling of EDZ documented in this study, we employed a grid
block size of ~0.05 m for the near-field rock mass around the
tunnel.

The numerically modeled EDZ evolution around the tunnel is
shown in Fig. 11(a). The results indicate that for the given grid
system, the damage zone can be fairly well captured by the
numerical model, but not individual fractures. The modeled EDZ
evolution in this study is the result of quasi-static response of
unloading. Initially, tensile damage of scattered elements is
observed in the roof and floor, as is the shear damage of scattered
elements at the sidewalls. They are individual and do not coalesce
with each other to form a crack. Subsequently, more elements in
the roof and floor of the opening undergo damage in tensile
mode, which eventually leads to the formation of primary (tensile)
cracks in the roof and floor. But the cracks in the roof and floor
remain stable and do not propagate any further into the surrounding
rock mass. In contrast, scattered damaged elements at the
sidewalls gradually coalesce with each other to form macroscopic

Vol. 19, No. 1 /January 2015

fractures and continue to propagate into the surrounding rock
mass. The shear modes of element damage in the zones of high
compression, located at the sidewalls, result in slabbing and
crushing. Finally, V-shaped notch zones form at the sidewalls.

The induced damage decreases when moving from the tunnel
boundary towards the notch tip. This is in general agreement
with the characterization results reported by Hajiabdolmajid et
al. (2002), which demonstrated that outside the notch, the rock
mass was essentially undamaged. The arrest of the observed
slabbing process, after a new, more stable, geometry is reached,
can be explained by an increase in confinement (progressive
frictional strengthening) coupled with a decrease in the induced
damage (plastic strain), and thus a decrease in cohesion loss,
arresting the failure process and the growth of the notch. Beyond
the damaged zone (beyond the notch in the intact rock), where
there is no plastic straining, there is no mobilized frictional
strength, and the cohesive strength is not affected.

Due to the heterogeneity of the rock, the pattern of fracturing
in the rock around the opening is not totally symmetrical. The
variation in the fracture mode is highly sensitive to the interac-
tion between the isolated fractures and the local disorder features
of the rock matrix within the high-stress field. As a result, the
fracturing path is flexural (instead of straight), and the fracture
surface is rough. In reality, there are high-stress and low-strength
failure types, which occur in different materials. In a homogeneous
material, failure begins at a high-stress site, whereas in a heter-
ogeneous material such as rock, failure may start at the weaker
locations because of the presence of pores, micro-fractures, grain
boundaries, and so on. For this reason, Fairhurst (1964) introduced
the notion of “stress severity,” which represents the ratio of the
theoretical stress at the moment of failure to the stress that would
theoretically be necessary for failure to occur at any given point.
Heterogeneity is the main reason for the failure that occurs in
locations at which the stress is not necessarily the greatest.

The development of fractures is associated with strain softening
of the surrounding rock. Localization of micro-cracks and
formation of a macroshear plane (“shear band”) leads eventually
to the full mobilization of the frictional strength after the initial
cohesion is lost and reaches its residual value. The process of
slabbing around underground openings cannot directly be com-
pared with the shear banding process in laboratory compression
tests, even though it also involves a process of cohesion loss and
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Fig. 11. Numerically Obtained EDZ Evolution: (a) EDZ, (b) Minimum Principal Stress
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frictional strength mobilization. Actually, the initially local failure  confinement environments, where the brittle fracturing (extensile
within the “shear band” is tension failure, as shown in Fig. 12.  cracking) is the dominant mode of failure (Tang and Kou, 1998;
The cohesional component of strength is the predominant strength ~ Hajiabdolmajid ez al., 2002; Healy et al., 2006).

component at the early stage of brittle failure, with cohesion loss Figure 11(b) shows the stress variation across the opening
the predominant failure process leading to the observed brittle  during EDZ development, which sheds some light on the failure
behavior. The cohesive strength is gradually destroyed by tensile ~ mechanism of the tunnel. Initially, the stress concentrates around
cracking and crack coalescence. The normal stress-dependent  the opening adjacent to the tunnel surface. Although the stress
frictional strength can only be fully mobilized after the cohesional  distribution at the initial stage is statistically homogeneous on a
component of strength is significantly reduced, much damage macroscale, it varies on a microscale due to the microscale heter-
has accumulated, and rock fragments can move relative to each  ogeneity in a rock mass. Then, the stress evolution reflects the
other in shear. The delay in mobilization of the frictional strength  fracture propagation process. Because of the initiation, propagation,
is a characteristic of brittle failure in geomaterials in relatively low-  and coalescence of the fracture, a high-stress concentration is

induced, and the high-stress concentration zones continuously move
forward into surround rock mass. The stress field concentrates
around the newly formed fractures, producing further microfracture
damage around and ahead of its tips. This continuous stress
concentration leads to another new clustering of microfractures.
When large fracture zones develop, highly non-uniform stress
distributions also develop, especially when the fracture zone is
not immediately stress free.

Previous studies show that the hydraulic conductivity values
are especially high in the EDZ of the ED-B tunnel, varying
between 2.39x10™"* m? and 7.45x10™"* m? which means that
hydraulic conductivities within the EDZ of ED-B tunnel are

Fig. 12. Failure Type in the EDZ (Tension failure marked by RED ~ orders of magnitude higher when compared to those of un-
color and shear failure marked by BLUE color.) disturbed rock (Bossart et al., 2002; Bossart et al., 2004). The
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Fig. 13. Distribution of Hydraulic Conductivity after the Formation of
EDZ

numerically obtained hydraulic conductivity distribution around
the tunnel after EDZ formation is shown in Fig. 13. An
interconnected fracture network, connecting to tunnel, with an
average extent of 1 m within the tunnel sidewalls is formed. The
distribution of hydraulic conductivity generally corresponds with
the EDZ mode, in this context, the zone where the hydraulic
conductivity is larger than its initial values can be considered as
an indicator of the EDZ.

Attempt to predict the maximum depth to which the failure
process will propagate is one of the main concerns in the stability
of underground opening. Fig. 14 is a conceptual model of EDZ
fractures such as steeply inclined unloading joints and shear
fractures on both side walls of the ED-B tunnel (Bossart et al.,
2004). A simple deviatoric stress criterion has been used to
estimate the extent of the EDZ fractures in the tunnel walls. An
EDZ fracture depth of 0.5~1.0 m in the ED-B tunnel walls was
estimated, based on a suggested deviatoric stress value of 8~10
MPa (the value is comparable with the average uniaxial com-
pressive strength of Opalinus clay). Estimated EDZ depth is in
good agreement with the inner zone of the EDZ, where an
interconnected fracture network is observed in the first meter of
the tunnel wall (Bossart ef al., 2002). In this study, the depth of
failure (dy) was carefully recorded in a progressive, nondestruc-
tive manner. To compare the EDZ mode, we also present the
results based on SPHM, as shown in Fig. 15. We find that the
EDZ extension as calculated by TPHM is relatively larger than
that obtained by using the SPHM. The final maximum d, near
sidewalls determined by TPHM is ~1.0 m, while the final
maximum d;is just ~0.5 m for the case based on the SPHM. /n situ
measurement has revealed that the extent of the EDZ is ~1.0 m,
but varies between 0.6 and 2.2 m (Schuster ef al., 2001; Bossart
et al., 2002; Bossart et al., 2004; Martin and Lanyon, 2004).

l“‘.. |

Ty r]
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@ 26-TMPa
@, =1-3MPa

Fig. 14. Conceptual Model of the EDZ and EDZ Fractures in the
Tunnel Walls Induced by Stress Redistributions; around ED-
B Tunnel after Excavation (Bossart et al., 2004)
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Fig. 15. The Final EDZ Mode based on: (a) TPHM and (b) SPHM,
Respectively

4. Conclusions

Coupled THM processes are critical for EDZ formation and
evolution in a clay repository. Understanding and establishing
the constitutive relationships involved in these coupled processes
are the key elements in modeling these processes. This study has
documented an implementation and validation of one recently
proposed constitutive relationship (TPHM) and associated numerical
results. Based on this study, the following specific conclusions
can be made:

1. The TPHM and associated formulations regarding rock
hydraulic/mechanical properties were implemented into
FLACS3D. This provided the capability for modeling the cou-
pled processes with newly developed constitutive relation-
ships. While TPHM was developed for elastic processes,
some features for describing property degradation due to
damage and stress-dependence of hydraulic properties of frac-
tures were also considered in the implementation, although
this consideration is preliminary at this stage.

2. The usefulness and validity of the TPHM and associated for-
mulations are demonstrated by the consistency between simu-
lation results and field observations from the tunnel excavation
at the Mont Terri site. The simulation results, which are sensi-
tive to the constitutive relationships used in the model, capture
both the observed displacements and the size of the damage
zone, whereas the approach based on the conventional
Hooke’s law underestimates both. The comparison between
simulated and observed results also indicates that laboratory-
measured mechanical properties can be used to accurately
predict field-scale mechanical deformations, as long as valid
constitutive relationships are employed.

3. The EDZ formation and its evolution were numerically mod-
eled, which provides supplementary information on the stress
distribution and failure-induced stress redistribution, and
shows in detail the propagation of the fracture zone and the
interaction of the fractures surrounding the tunnel. The simu-
lations show that the fracturing process in EDZ is caused by
the high deviatoric stresses during unloading process (excava-
tion), and that the cohesive strength is gradually destroyed by
tensile cracking and crack coalescence. They also indicate
that there exist two important mechanisms controlling the per-
meability variation around the underground opening: (a) the
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stress dependency of permeability, which is dominant before
the formation of the damage zone around the opening, and (b)
the damage-induced permeability increase. The fracture mod-
eling provide insight into the evolution of fractured zone that
are impossible to observe in field and are difficult to be con-
sidered with static stress analysis approaches.
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