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ARTICLE INFO ABSTRACT

Keywords: In this paper we propose a new nonlinear elasto-viscoplastic damage model, based on a modified Mohr-Coulomb
Clayey rock criterion, to study the creep and seepage in clayey rock during construction of a high-level radioactive waste
Permeability evolution repository through laboratory experiments and field tests. First, three types of damage evolution equations are
Damage ) . constructed by using the relationship between the damage variable and the strain. Then, a self-healing model is
?g;g?é:::;amca] coupling investigated for the clayey rock by considering the damage, confining pressure, pore water, and duration of

saturated state. By introducing the damage, permeability evolution and self-healing as the key factors, a fully
coupled hydro-mechanical model for clayey rock is developed with the commercial software ABAQUS. The
hydro-mechanical behaviour in the surrounding rock is simulated with the proposed model considering the
actual construction of the repository. The numerical results show that the construction quality has a significant
effect on the stability of the rock formation, and that the extent of the horizontal gallery disturbed by shield
tunnelling is less than that of the test drift disturbed by using jackhammers method. The creep damage of the
surrounding rock increases rapidly at the early stage and tends to stabilize gradually after 15 years, and the
damage in the middle part of the surrounding rock is larger than that in the bottom and top parts. In addition,
due to the self-healing effect of clayey rock, around three years later, the permeability of the excavation dis-
turbed zone (EDZ) is close to that of the original clayey rock with an order of magnitude 10~ '® m® The present
model can also be used to predict the long-term stability of tunnels.

1. Introduction 2015). Therefore, study on the hydro-mechanical coupling and time-

dependent creep characteristics of clayey rock is of great interest and

Characterization of hydro-mechanical coupling of rocks has become
one of the most important topics in underground engineering (Kolditz
et al., 2015) such as resource extraction, nuclear waste disposal and
deep storage of natural gas or oil. Clayey rock, a class of soft rock that
often causes instability problems in many underground engineering
projects (Zhang and Rothfuchs, 2004; Fan et al., 2010; Yang et al.,
2014; Liu et al., 2015), also involves this coupling process and parti-
cularly its creep properties are affected by the hydro-mechanical in-
teraction. As underground engineering activities go deeper and deeper,
the hydro-mechanical behaviours of clayey rock become more com-
plicated because of damage evolution and pore fluid flowing in the
disturbed rock mass (Wileveau and Bernier, 2008; Pardoen et al., 2015;
Lisjak et al., 2015). Furthermore, the permeability and fracture self-
healing of disturbed rock are significantly affected by damage
(Bastiaens et al., 2007; Zhang and Rothfuchs, 2008; Elkhoury et al.,

importance for physical repository design.

As one of the major soft rocks, clayey rock has obvious creep be-
haviour, which usually causes surrounding rock instability and supports
structure failure in the tunnel, thus leading to high economic and en-
vironmental costs. Many researchers have investigated the creep char-
acteristics of clayey rock through triaxial creep tests. It is found that
there exist stress thresholds when the creep deformation occurs, and
that different creep stages such as steady-state creep and accelerating
creep have different stress thresholds. Although the creep behaviour of
clayey rock has been widely investigated (Rejeb, 2003; Gasc-Barbier et
al., 2004; Fabre and Pellet, 2006; Fan et al., 2010), there are few ex-
perimental studies under hydro-mechanical (HM) coupling conditions.
Drained and undrained triaxial creep tests are most widely used for
clayey rock. Extensive work has been conducted by the Belgian Agency
for radioactive wastes management to characterize the creep behaviour
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Fig. 1. Stress-strain curves of clayey rock under various confining pressures.

of Boom clay considering the HM interaction. Giraud and Rousset
(1996) studied the creep behaviour under complex stress paths, and
found that the creep deformation was significant under undrained
conditions. Gong (2015) stated that the creep rate of clayey rock under
drained condition was smaller than that under undrained condition.
From the triaxial creep tests under HM coupling, Jia (2009) and Yu et
al. (2015) found that there existed a deviatoric stress threshold below
which no obvious creep was observed. When the deviatoric stress ex-
ceeds the threshold value, the creep deformation increases gradually
with time, and the creep behaviour becomes more and more significant
when the deviatoric stress increases. In addition, the mechanical
properties of clayey rock are deteriorated by creep deformation and are
nonlinearly dependent on the coupling of damage and hardening
(Renner et al., 2000; Gasc-Barbier et al., 2004; Fabre and Pellet, 2006;
Fan et al., 2010; Yu et al., 2015).

A proper creep constitutive model, which is capable of describing
precisely the time-dependent deformation behaviours, is the key to the
stability analysis of the clayey rock. Because the underground space has
safety and environmental issues, a deep understanding of the rheolo-
gical behaviours of clayey rock becomes vitally inportant. Existing
time-dependent constitutive models include mainly the component
rheological (CR) model, yield surface rheological (YSR) model, em-
pirical rheological (ER) model, and endochronic rheological con-
stitutive (ERC) model (Cristescu and Hunsche, 1998; Rejeb, 2003; Jia,
2009; Rutenberg and Lux, 2011). The CR model is the most popular one
due to its simple concept and capability of revealing the rheological
properties of rock. However, the predicted yield surface is static in the
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Fig. 2. Stress-strain curve of clayey rock in different stages.

Tunnelling and Underground Space Technology 74 (2018) 230-246

V ‘]Z
Mohr-Coulomb yield criterion _
-
P
P
P
-~
P
-
—
-~
P
—
—
P
—
+~
~
—~
//
-7 Modified Mohr-Coulomb yield criterion

Ve I,
Tensile strength 3
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Fig. 4. Smooth treatment of Mohr-Coulomb criterion in the 7 plane.

CR model, which has the deficiency of fast creep convergence or ac-
celerating creep. Compared to the CR model, the YSR model is more
reasonable because the predicted yield surface changes dynamically
with time. The ER model is able to explain the actual rheological be-
haviours under different stress paths, but it requires many creep tests to
build. The ERC model can deal with not only static rheological beha-
viour, but also dynamic one under cyclic loading and unloading and
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Fig. 5. Drained triaxial creep tests of clayey rock.
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Fig. 10. Macroscopic fracture feature of clayey rock: after being exposed in the air for (a)
25min and (b) 1 day.

vibration loading. Compared with the above models, the ERC model is
less used because of its complex programing implementation.

A large number of engineering applications and laboratory tests
show that damage is an important factor for the failure of rock mass,
especially clayey rock (Hunsche and Hampel, 1999; Fabre and Pellet,
2006). The damage of clayey rock has obvious time-dependent char-
acteristics. For example, it makes the rock deform nonlinearly and ac-
cumulates gradually, especially in the third creep stage or accelerated
creep stage until the rock failure occurs (Jia, 2009; Yu et al., 2015).
Most of the previous studies mainly focus on the creep characteristics
and failure mechanism of clayey rock under different stress levels, but
without considering the effect of pore pressure on the creep (Renner et
al., 2000; Wang and Xu, 2013). The seepage process and pore pressure
change make the mechanical behaviours of rock mass complicated.
First, the pore pressure and deviatoric stress have a significant effect on
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the elasticity modulus, cohesive strength and creep parameters which
may change with seepage time. A quantitative relationship can be de-
veloped between the creep parameters, deviatoric stress, and pore
pressure. Second, the creep deformation and rock damage influence the
seepage capacity as the permeability and porosity are changed. Sur-
rounding rock instability has become a serious problem in underground
engineering for nuclear waste disposal, and some countries have built
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Fig. 13. The stress-strain curves of clayey rock under a confining pressure 2.5 MPa.

large-scale underground laboratories (for example the Bure laboratory
in France and Mol laboratory in Belgium) to study the coupled seepage-
creep properties of clayey rock (Jia, 2009). Field data can provide a
supplement to the laboratory creep tests concentrating on conventional
triaxial condition.

The aim of the present work is to develop a coupled numerical
model for studying the creep and seepage in clayey rock during
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Fig. 14. Axial creep strain for the drained triaxial creep test.

excavation and construction process of a high-level radioactive waste
repository. The effect of damage and self-healing of fractures on per-
meability change is also taken into account in this model. The re-
mainder of this paper is organized as follows. Section 2 provides the
formulation of the coupled model including the new yield criterion and
constitutive laws for creep-damage and permeability and self-healing.
For the purpose of clarity, the previous experimental or field results,
based on which the new coupled model are formulated, are briefly
summarized at the beginning of the each subsections. In Section 3 a
second development combined with the commercial package is dealt
with to solve the coupled model by using finite element method. The
coupled model is applied to a physical project in Section 4, which is
followed by a brief conclusion in Section 5.

2. Coupled model for the creep and seepage in clayey rock
2.1. Yield criterion

The yield criterion used in the present work is obtained based on the
undrained shear tests performed under a confining pressure (CP) ran-
ging from 0.89 MPa to 5.42 MPa (Jia, 2009). The stress-strain curves of
clayey rock under different confining pressures are shown in Fig. 1. The
deformation process is divided into four stages as shown in Fig. 2: (a)
elastic deformation before initial yield stress oo (A); (b) nonlinear de-
formation AB; (c) strain softening phase BC; and (d) plastic flow phase
CD.

An elastoplastic damage model is developed to describe the stress-
strain relationship of clayey rock. As the residual strain in the stage AB
is very small, it can be ignored and thus an elastic damage model is used
to describe the nonlinear behaviour for this stage. Then, a plastic da-
mage model is used for the subsequent stages, i.e. strain softening and
plastic flow, where the elastic stiffness, yield function and potential

Table 1
Material and model parameters of clayey rock.
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function of clayey rock are updated by considering the plastic damage.
Two assumptions are made in this elastoplastic damage model: (a) the
compression strength of clayey rock meets the Mohr-Coulomb (MC)
criterion during strain softening deformation; and (b) the residual
strength also meets the MC criterion in the plastic flow stage CD.

As the conventional MC criterion overestimates the tensile strength
of rock, we use a modified Mohr—Coulomb (MMC) yield criterion (Fig.
3) that considers the real tensile strength of clayey rock (Jia et al., 2010;
Pardoen et al., 2015). The MMC yield function F is defined as follows
(Munoz, 2006)

F= %sinq& + \/JZKZ(O) + (ccotgp—y)? sin? ¢ —ccosg o))
where [ is the first stress invariant, J, is the second stress invariant, 6 is
the lode angle. y, ¢ and c denote the tensile strength, friction angle and
cohesion, respectively. K (6) is a function defined later.

There are six corners in the conventional MC yield surface, which
makes the computation difficult to converge. To make the MMC yield
surface smooth, continuous and close to the conventional MC yield
surface as shown in Fig. 4, a piecewise functions K (0) is defined
(Munoz, 2006; Jia et al., 2010)

A—Bsin36, onl6l > 61
K(6) = o
cosf—1/+/3singsin® onlbl < Ot (2)

where 07 is equal to 25° considering the computational efficiency, and

A= %cos@-r [3 + tanBrtan36t + %sign (6)(tan361—3tanb1)sing
3
= —— | sign(6)sinbr + LsinngcosG
3c08307 & T3 ! ()]
) f1, ex0e
sign(0) = {_ 1L 6<0° )

A damage surface function f¢ is assumed to be in the strain space
similar to a plastic yield surface. When the state point of stress is on the
damage surface, the damage continues and the surface expands with the
damage growth during the deformation process (Millard et al., 2009).
The damage growth is controlled by the following criterion (Chiarelli et
al., 2003; Jia, 2009)

f9€(t,De) = B, (t—10)—D, < 0

ap _ T-Tp
f (T’Dp) T ap+ By (t—70p) Dp <0

(6)

where 7 = | /¢;E;uey is the energy index with ¢; being the strain tensor
and E;;, the elasticity matrix. 7o and 7, denote the thresholds of elastic
damage, D., and plastic damage, D,, respectively. 8, is a model para-
meter for elastic damage, o, and 8, are model parameters for plastic
damage.

The plastic potential function G is determined from the above
modified yield function

E (MPa) u ¢ (MPa) ¢ XQ! 7o (MPa'’?) B T0p (MPa'’?)
300 0.13 0.3 18 2.88 0.227 0.86 0.362

" a B2 Ay/(107%) B G n 2

0.6 0.96 1.233 5.26 3.41 —0.46 3.1 0.39

s (MPa) kon/(10™ ' m?) koy/(1079m?) 14 a a as as

1.0 9.95 3.80 3.0 0.36 0.0105 0.101 0.585
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Table 2
Material and model parameters of different lining.

Position E (GPa) u y (kN'm %) k (107 ¥m?)
Shaft 35.0 0.3 25 0.00
Test 2.35 0.3 20 3.62
Connecting 49.24 0.3 25 1.10
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0.3 4
[}
o
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Fig. 15. Damage evolution curve of lining material.
— b 2 2 qin2
G = ;smqo + \/JZK (0) + (ccotp—y)?*sin’¢ %)

where ¢ is the dilation angle of rock.
2.2. Creep damage model

The creep damage model to be developed is based on the drained
triaxial creep tests performed under various deviatoric stress with a
confining pressure close to the in-situ effective mean stress 2.5 MPa
(Jia, 2009). The creep strain variation with time is shown in Fig. 5,
where we find that there exists a deviatoric stress threshold between
1 and 1.5 MPa for the onset of creeping. When the deviatoric stress is
larger than this threshold value, the creep deformation is activated and
the creep rate will be dependent on time and accumulated creep de-
formation. However, when the stress level is low, the creep rate decays
to zero very quickly and the creep deformation is so small that it can be
neglected.

As mentioned above, the creep flow of clayey rock is consistent with
its plastic flow. The equivalent creep surface is defined by homo-
geneously scaling down the yield surface (ABAQUS, 2004), which is
parallel to the shear failure surface in the meridional plane as shown in
Fig. 6. This creep surface consists of points that share the same creep
intensity measured in terms of equivalent creep stress G,

K2(0)
cos? ¢

Ocr = %tanrp + \/Jz + (ccotgp—y)*tan®¢.

®
The creep deformation of clayey rock is nonlinear because of the
continuous changing and rebuilding of its internal structure. The creep
damage is the result of the internal cracks that have developed. The
following creep damage criterion is used for clayey rock (Xie, 1990)

L )—1—££-<0

Ecmax* @

e (eDe) = exp(

(€)]

where Ay = exp(—1/w), w is the model parameter. ¢ is creep strain,
€cmax 1S the maximum creep strain, and D, is the creep damage.

In order to characterize the complex creep deformation of clayey

rock and the influence of seepage on the creep behaviour, a modified
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Fig. 16. Numerical model: (a) a view of the whole model, (b) shaft and lining model, and
(c) excavation model.

empirical power function is used (Rejeb, 2003; Tian et al., 2015)

=4 (Ecr)nth (acr_E:r)/(l_Dc)
m = Bie. + Gy

10

where ¢ is time, £, is the creep strain rate, 4;, B, C; and n are the model
parameters, g, is the threshold value of the equivalent creep stress, H is
the Heaviside function. The parameter m determines which stage the
creep deformation is at. When —1 < m < 0, m = 0 and m > 0, clayey
rock is in the primary, secondary and tertiary creep stages, respectively.

To obtain the damage evolution equation in three-dimensional
space, an equivalent creep strain g, is defined (Xie, 1990; Tian et al.,
2015)

11)
where
& fo0)
T 12)
cr L . a_G
= G. Oo 13)
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Fig. 17. Deformation distribution of Section B-B with time: (a) after the test drift was constructed, (b) 10 years after the test drift was constructed (since 1987), (c) after the connecting
drift was constructed and (d) 10 years after the connecting drift was constructed (since 2002).

2.3. Permeability evolution by considering the damage and self-healing
effect

Excavation unloading inevitably leads to stress redistribution, da-
mage and permeability change in the surrounding rock. Many experi-
ments on clayey rock show that (a) during elastic deformation, the
permeability change is so small that it can be ignored; and (b) after that,
the permeability will increase gradually and then rapidly when the
initiation and propagation of cracks or damage occurs (Renner et al.,
2000; Zhang and Rothfuchs, 2004; Hou and Lux, 2004; Li et al., 2011;
Liu et al., 2015). After tunnel construction and lining supporting, the
surrounding rock continues to deform with the coupling effect of creep
and consolidation. Therefore, the creep damage of clayey rock increases
gradually, so does the permeability at the early stage (Xu et al., 2012).
The damage evolution is mainly affected by the unloading damage, D,
resulting from excavation and the creep damage, D,. In the excavation
stage, the accumulated creep strain is very small under fast unloading
and thus the transient unloading damage Dy, (c,0) is the major factor
(Hou and Lux, 2004; Munoz, 2006; Li et al., 2011; Jia et al., 2015).
However, the creep damage D. cannot be ignored under slow or con-
tinuous loading after lining support. The evolution equation of dama-
ge—permeability is defined as follows (Fig. 7)

236

kg = ko 105U 7T5HE) (14)
where kj is the initial rock permeability, £ is the order of magnitude for
increased permeability, @, A" and B’ are model parameters, and
A = —B’ = (e"V/*~1)1. The total damage Dr is defined by (Hou, 2003;
Souley et al., 2011; Xu et al., 2012)

Dt = D.(o,t) + Dy (0,0) = D + De + D, (15)

Many field and laboratory tests have shown that, due to significant
self-healing effect of fractures in the saturated state, the permeability
tends to be close to that of undisturbed clayey rock (Bastiaens et al.,
2007; Li et al., 2011; Elkhoury et al., 2015; Jia et al., 2015). The self-
healing of clayey rock is mainly related to the saturated time and stress
state. The surrounding rock will return to the saturated state for a
period of time after lining support. With increasing the radial com-
pressive stress and reducing the deviatoric stress, the fractures tend to
close and the permeability decreases gradually (Fig. 8).

The data from self-healing tests (Jia, 2009) is used to characterize
the effect of self-healing on the permeability of clayey rock. In these
tests, an artificial fracture was made to cross the axis of cylindrical
samples, which were placed in the triaxial cell under saturated state.
Fig. 9 shows the permeability evolution with time under a confining
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Fig. 18. Deformation distribution of Section C-C with time: (a) after the connecting drift
was constructed and (b) 10 years after the connecting drift was constructed (since 2002).

pressure of 4.5MPa. It can be seen that the permeability decreases
roughly in exponential form with time because of the self-healing effect.
When the sample was taken out of the triaxial cell, no macroscopic
fracture was observed. However, after being exposed to the air for one
day, one fracture could be observed. The longer the exposure time, the
more obvious the fracture, as shown in Fig. 10.

The relationship between the permeability and the self-healing ef-
fect is described by the following equation (Li et al., 2011; Jia et al.,
2015)

k = ko + (ka—ko)h(p.q.t) (16)
where the self-healing factor h(p,q,t) is defined as (Jia, 2009)
h(p,g.t) = exp(—al p® t)

q® a7n

where a;, a, and a; are model parameters. p and q denote the hydro-
static pressure and Mises stress, respectively.

From Egs. (16) and (17), the fractures are more likely to close and
heal with high hydrostatic pressure and low deviatoric stress. The
longer the saturated time is, the easier the self-healing becomes.

2.4. Discussion about the drained and undrained conditions due to
excavation in clayey rock

In this study, the term “drained conditions” means that the pore
fluid is allowed to flow into or out of the clayey rock. The response of

Tunnelling and Underground Space Technology 74 (2018) 230-246

clayey rock due to excavation contains two phases: short-term response
as a result of excavation and support and long-term response which
could last for tens of years. Given the low permeability (for example
1072 m?) of clayey rock and relatively fast tunneling, the excavation
response occurs under almost undrained conditions. The undrained
condition is relevant to the water flow characteristics which are in-
vestigated for short-term response. Although the damaged zone will be
partially drained (Mertens et al., 2004; Bastiaens et al., 2007), the
clayey rock is assumed to deform in undrained condition immediately
after excavation. Because of this, an undrained solution to the ex-
cavation problem of clayey rock galleries can be used (Labiouse and
Giraud, 1998; Barnichon and Volckaert, 2003). Therefore, the un-
drained triaxial shear test can simulate the stress-strain state and
measure the shear strength of saturated clayey rock for actual en-
gineering conditions such as fast construction (Zhang and Rothfuchs,
2004; Yu et al., 2012).

As the permeability of linings is one order of magnitude larger than
that of clayey rock (Li et al., 2011; Jia et al., 2015), drained condition is
taken for the long-term stability analysis of the gallery. In addition, the
drained triaxial creep tests can determine the creep parameters which
are required for predicting the long-term HM behaviour of clayey rock
under drained conditions.

3. Numerical method
3.1. Finite element formulation

According to the damage mechanics theory, the stress-strain equa-
tion is written as follows (Xie, 1990)

oy = Byueg 18)

where E,-jkl is the effective elasticity matrix, and g is the elastic strain
tensor. The differential equation of Eq. (18) is (Hou, 2003; Souley et al.,
2011)

doy = Eju(dey—defi—deg) + dByu(ea—ef—eg) 19)

where dey, defj, def; are the total strain increment, plastic strain incre-
ment and creep strain increment, respectively.

Suppose that the displacement and pore pressure of element nodes
are {u}?, {p}*© and {u}ﬁ,ell, }531 from time t, to t,,1, and the incremental
displacement and pore pressure of element nodes are {Au}®, {Ap}® at
time step At, = t,11—t,. According to virtual work principle, the ele-
ment equilibrium equation for the rock skeleton in incremental form is
(ABAQUS, 2004; Kolditz et al., 2015)

[Rua @A + [kyp O {APYS = (AR + (AR + (ARYO + (ARYO
(20)

where [ﬁuu] is the element stiffness matrix, [k] is the coupling matrix,
{Af} is the external load increment array, {ARP}, {AR} and {ARY} are the
additional force arrays caused by plastic strain, creep strain and da-
mage evolution, respectively.
The continuity equation for the fluid based on Darcy’s law is
(Munoz, 2006; Kolditz et al., 2015)
ﬁpu =amp + a'’é; + g,
pet " o 1)
where k; is the permeability of rock, u; is the fluid dynamic viscosity,
an is the integrated compression factor of the porous media, o’ is Biot
coefficient, ¢; is the volumetric strain rate and g; is the fluid source.
Based on two types of seepage boundary conditions, i.e. constant
pressure and constant flux, by using Galerkin method, the continuity
equation for the fluid element is (ABAQUS, 2004; Kolditz et al., 2015)

[yl {1} + [ep]@ (BI© + [l {p}© = {Q}®

where [k, is the fluid matrix, [k,,] is the seepage matrix, and {Qs} is the

(22)
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Fig. 19. Variation with time of convergent deformation of lining in the test drift for (a) L43, (b) L52, (c) L83 and (d) L105.

fluid source array.

As the continuity equation contains time derivative, the integration
domain should be from ¢, to t,4;. By using the general form of in-
tegration of a variable with respect to time (Kolditz et al., 2015)

S Ode x A I8N + -9PIY] = At l(p)Y + ${ap)©)]

(23)
where § € [0,1] is the time integration factor, Eq. (22) becomes
[kl @ {AUYO + ([KpJ© + 8At [kyp|©){AP}©

= At({Q1)@ + ${AQe}—[kyp | {p}?) 24)

Therefore, the general equilibrium equation after combining all the
elements is written as

ﬁuu Kup {AU} _ {AR}
KlTxp Kpp AP AQs

(25)
where
iuu = z ([Euu](e)) (26)
Kup = Z ([kup](e)) 27)
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[Kppl = 2 ([kpl® + 8¢ [kpp|©) (28)
AR = ) ({Af© + {ARP® + (AR + {ARY®) (29)
{AQ} = )] (Ar({Q1@ + ${AQe} O~ [k {pk?)) (30)

3.2. Numerical implementation

The integration scheme for the creep and seepage model is similar to
that for the regular coupled HM model. Here the commercial software
ABAQUS (ABAQUS, 2004) was used to solve the HM coupling problem.
The following information is required to calculate the damage, per-
meability and deformation: (a) strain increment, (b) stress updating, (c)
changes of damage and plastic variables, and (d) permeability evolu-
tion.

The procedure of interfacing UMAT subroutine with ABAQUS is
listed as follows: (a) use ABAQUS to obtain the correction Su®™ of the
displacement increment Au at time t, by using equilibrium iteration; (b)
calculate the strain increment At based on the displacement-strain re-
lationship; (c) the UMAT subroutine provides the stress tensor ¢ at time
t, + At by using the given constitutive equation to ABAQUS; and (d)
ABAQUS continues to step t,; if the results are convergent. The de-
tailed procedure is given in Fig. 11:
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Fig. 20. Creep strain distribution around the drift for: (a) Section B-B (test drift) after
10years, (b) Section B-B after 25years and (c) Section C-C (connecting drift) after
10 years.

(1) At a given time t,, ABAQUS provides stress tensor "o, total strain

ing, total strain increment »Ag, and time increment At to the UMAT
subroutine, which calculates the creep strain increment and stress
by using the following equations (ABAQUS, 2004)
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Fig. 21. Excavation damage distribution around the drift for (a) Section B-B and (b)
Section C-C.
t+At t+At dg. G
de, = [0 de. = f) Tor s dT
Ag,p = Ae—Ag,
Ac = JAg,,
nthlg = g + Ag 3D
where *As is the updated stress at time f, + At and J is the
Jacobian matrix. The damage value in the current step is assumed
to be equal to that in the previous step.
(2) The stress g is substituted into yield criterion to determine the

rock in elastic or plastic state. If the yield function is larger than
zero, the Euler method is adopted to obtain the plastic parameter,
plastic strain, and consistency matrix to ensure that the stress state
is on the yield surface. To improve computational efficiency, the
process of Aitken’s A? is used to accelerate the iteration convergence
(Kobayashi and Ohno, 2002). In each time step, the current plastic
multiplier increment 61,,; is replaced by the corrected one 62,,“
every three iterations. The corrected plastic multiplier SAps1 is ex-
pressed as follows (Kobayashi and Ohno, 2002):

(8241 (D=8Ans1 (=D

- - ——, (i=369,..)
a1 (D)=20241(i—1) + Ay 41(i-2)

st = OAns1 (D)

(32)

where i is the number of iterations in the current increment. The
condition for iterative convergence is
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Fig. 22. Creep damage distribution around the drift for: (a) Section B-B after 10 years, (b)
Section B-B after 25 years and (c) Section C-C after 10 years.

1—=6p41(i—1)/6Ap41 ()| < 1074 (33)
(3) The strain is updated by
At — g 4 Ag (34
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The damage is determined according to elasto-plastic damage cri-
terion given in Eq. (6) and creep damage criterion given in Eq. (9).
Then, the current elasto-plastic damage and creep damage are re-
placed with #+AD,, and +4D., respectively.

(4) A user defined subroutine USDFLD is used to calculate and update
the permeability. The current permeability is obtained according to
the current damages "+2‘D,, and “*+2‘D, and self-healing factor
tyl+Ath.

(5) At time t,,, the main routine of ABAQUS performs the equilibrium
iteration using Newton-Raphson method. If the calculation is con-
vergent, the program continues to the next time step; otherwise, the
program reduces the time increment At until the calculation is

convergent.
4. Application

In this section the proposed coupled creep and seepage model is
applied to a particular case of a high-level radioactive waste repository
in clayey rock.

4.1. Project profile

A high-activity disposal experimental site (HADES) is selected for
investigating the HM properties of clayey rock and the feasibility of
disposal of high-level radioactive waste, as shown in Fig. 12. Con-
struction of the HADES contains the following stages (Barnichon and
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Volckaert, 2003; Bastiaens et al., 2007; Wileveau and Bernier, 2008;
Jia, 2009). First, to ensure the geomechanical stability of the excava-
tion, the first shaft was constructed in pre-frozen rock from 1980 to
1982. Freezing was provided by 2 X 16 frozen tubes evenly distributed
in two concentric circles with diameters of 7m and 13 m. Given the
small excavation diameter of 4.3 m, the work was carried out using a
pneumatic drill, with the spoil being raised in a large barrel that was
used to carry men and machinery. Second, to prove the feasibility of
excavating galleries with effective diameter of some 4 m in unfrozen
clay, the excavation of test drift was carried out by hand using jac-
khammers, with a mean speed of 0.25 m/day in 1987. Third, the second
shaft was constructed with a jackhammer mounted on the hydraulic
arm and with manual air hammers from 1997 to 1999 in pre-frozen
rock, where sixteen frozen holes were arranged in a 7 m diameter circle
centered on the shaft axis. Fourth, in order to minimize the convergence
and hence to limit the excavation—-damaged zone, the connecting drift
was constructed by shield tunneling method with a mean speed of 2m/
day in 2002.

Numerous instruments were placed in the gallery lining and the
surrounding host rock since the operational start of HADES, but this
study focuses on some representative set-ups allowing the long-term
evolution of HM behaviour of clayey rock. The convergence measure-
ments were carried out on the concrete lining segments of the test drift,
recording the parameters relating to the long-term behaviour of the
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Fig. 24. Total damage distribution of HADES: (a)
10years after the test drift was constructed and
(b) 10years after the connecting drift was con-
structed.

host rock and lining. In order to study the EDZ of clayey rock, two
sections of the connecting drift were equipped with multi-piezometers
allowing long-term follow-up of pore pressures and measurement of the
hydraulic conductivity. Fig. 12 shows the layout of these sections with
robust and reliable data: (a) diametrical convergences of L43, L52, L83
and L105 in the test drift; (b) one upward (20 m, labelled L13) and one
downward (40 m, labelled L55) piezometers installed in the connecting
drift.

4.2. Computational condition

The initial vertical effective stress is 2.25MPa and the lateral
pressure coefficient is 0.85 (Jia, 2009). Both laboratory and field tests
demonstrate that the permeability of clayey rock is anisotropic, and the
horizontal permeability is larger than the vertical one (Li et al., 2011).
As the permeability of clayey rock is very small, it is reasonable to
assume that undrained conditions are imposed at the wall of the sur-
rounding rock during excavation process. The mechanical properties of
clayey rock are taken to be isotropic. The stress-strain curves under
confining pressure 2.5 MPa are used to verify the mechanical damage
parameters (Fig. 13). The creep tests are used to determine the creep
parameters, and a comparison between simulation and testing results is
shown in Fig. 14. The calculated parameters of clayey rock are shown in
Table 1 (Barnichon and Volckaert, 2003; Bastiaens et al., 2007;
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Fig. 25. Permeability distribution around the drift after excavation for (a) Section B-B
and (b) Section C-C.

Wileveau and Bernier, 2008; Jia, 2009; Li et al., 2011).

The lining in the horizontal gallery is assumed to be elastic, and its
stiffness is reduced because of the segment joints of lining. As its per-
meability is one order of magnitude larger than that of clayey rock, the
drainage of lining must be considered. On the contrary, the shaft lining
has a large width and good waterproofing ability, and thus the drainage
of two shaft could be ignored. The material parameters for different
linings are shown in Table 2.

The creep test on lining material shows that the concrete has an
obvious non-linear viscoelasticity (Jia, 2009). To characterize effec-
tively the long-term deformation of the gallery, the creep behaviour of
lining should be considered. The elastic modulus, E, of concrete mate-
rial is defined as a function of strain

E = Ey—aye0—az€. (35)

where E, is the initial elastic modulus, a; and a, are material constants,
o and ¢, are the instantaneous elastic strain and creep strain, respec-
tively.

It is assumed that the non-linear viscoelasticity of lining is caused by
the damage of the material. The damage variable for lining is defined as
follows (Xie, 1990)

Ey—E

Dy = —— =
L EO

mEy + ape.

E, (36)
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According to the results of creep tests on concrete material under a
confining pressure close to the initial in-situ stress, the damage evolu-
tion equation based on the fitted curve shown in Fig. 15 is obtained

Dy = 0.03271¢035318 (37)

where ¢ is time with a unit of day.

To simulate precisely the construction process of HADES including
the first and second shaft, the test drift and connecting drift, the nu-
merical model uses the actual size as shown in Fig. 16 and the simu-
lation step is the same as the construction sequence in the real case.
Because both the first and second shafts were constructed in the pre-
frozen rock, release of in-situ stresses was ignored. The test drift was
constructed by hand using jackhammers with an over-excavation radius
of 20cm. The connecting drift was constructed by using the shield
tunneling method with an over-excavation radius of 4.5 cm.

4.3. Numerical results and discussion

The numerical analysis focused on the evolution of damage and
permeability, transport of underground water, deformation of the sur-
rounding rock, and lining convergence of the HADES. The number of
the lining and layout of the survey line are shown in Fig. 12.

4.3.1. Numerical results

4.3.1.1. Creep deformation of the HADES. The deformation in the
surrounding rock is shown in Figs. 17 and 18. It can be seen that the
maximum displacement around the test drift is 7.312 cm when it was
constructed, while that around the connecting drift is 3.983 cm when it
was constructed. As the connecting drift is excavated by shield
tunneling method, better construction quality and higher stiffness of
lining segments make stress release and convergence of the surrounding
rock less than those of the test drift. The creep effect is obvious for
clayey rock with a maximum displacement of 9.590 cm around test drift
after 10 years and 10.260 cm after 25 years. However, the maximum
displacement around the connecting drift is 5.919 cm after 10 years.

Fig. 19 compares the convergent deformation of the lining in the
test drift between the measured values and simulation results. As a
result of the construction of the second shaft and connecting drift, the
seepage field is disturbed, leading to changes in the creep condition of
the surrounding rock and lining. It can be seen from Fig. 19 that the
simulation results are in first order agreement with the testing data
except that they fluctuated in the range of 10 to 15 years.

Fig. 20 shows the contour of the creep strain in the surrounding
rock. The creep strain in the middle of Section B-B is much larger than
that at the top and bottom, and the horizontal creep zone is larger than
the vertical one. The maximum creep strain of the surrounding rock is
1.547% after 10 years and 1.813% after 25 years. The creep distribution
of Section C-C is similar to that of Section B-B, but the maximum creep
strain is 0.902% after 10 years. In addition, the creep strain and dis-
turbed zone of the connecting drift is smaller than those of the test drift
because of its good construction and lining qualities.

4.3.1.2. Damage evolution of the HADES. Fig. 21 shows the contour of
the excavation damage in the surrounding rock. It is found that the
damage around the test drift is larger than that around the connecting
drift because of the influence of construction quality. The horizontal
zone of damage is smaller than that of floor and roof around the test
drift, whereas the damage zone around the connecting drift is almost
round. The maximum damage around the test drift is approximately
0.379, while that around the connecting drift is about 0.204.

Fig. 22 displays the contours of creep damage in the surrounding
rock and Fig. 23 presents the variations of creep damage with time at
three points (roof, side wall and bottom of the drift) on Section B-B and
Section C-C. It can be seen that (1) the creep damage in both sections
increases rapidly at the early stage and tends to stabilize gradually; (2)
the creep damage at the side wall of the drift is larger than that at the
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Fig. 26. Pore pressure variation with time in Section B-B around the drift: (a) after the test drift was constructed, (b) 10 years after the test drift was constructed (since 1987), (c) after the
connecting drift was constructed and (d) 10 years after the connecting drift was constructed (since 2002).

roof and bottom of the drift; (3) the creep damage in Section B-B (with a
maximum value of 0.079 and 0.099 after 10 and 25 years, respectively)
is more serious than that in Section C-C (with a maximum value of
0.039 after 10 years).

The contour for the total damage of the HADES is plotted in Fig. 24,
where the total damage around the test drift is larger than that around
the connecting drift. The damage zone around the underground gallery
expands gradually with creep damage. In addition, the creep damage
around the second shaft is so small that it can be ignored, but the creep
damage around the first shaft cannot be neglected from a long-term
point of view.

4.3.1.3. Permeability evolution of the HADES. The contour for the
permeability in the surrounding rock after excavation is shown in Fig.
25. It can be seen that the permeability of the EDZ around the test drift
is larger than that around the connecting drift. The maximum
permeability of the EDZ around the test drift is 108.6 times larger
than that of the original clayey rock, while the maximum permeability
around the connecting drift is 24 times larger than that of the original
clay. The EDZ of the test drift has a larger radius (7.21 m) than that of
connecting drift with a radius 3.98 m.

The contour for the pore pressure in the surrounding rock is shown
in Figs. 26 and 27. The seepage field in the surrounding rock tends to be
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steady state, and the pore pressure at the inner wall of gallery is smaller
than that in the surround rock.

The permeability testing tools were set up in the L13 and L55
boreholes (Fig. 12), which are above and below the connecting drift,
respectively. Fig. 28 compares the permeability in the disturbed zone
between the numerical prediction and measured results (Bastiaens et
al., 2007; Li et al., 2011). It can be found that they are in first order
agreement, and the permeability along the given path varies in the
same way. It has to be mentioned that, due to errors in upward testing,
there exists a difference between the numerical and measured results
when the measurement points are close to the tunnel wall, as shown in
Fig. 28(b).

Fig. 29 shows the evolution of permeability with time at three
points on the tunnel wall. Fig. 29(a) and (b) are for Section B-B (test
drift) and Section C-C (connecting drift), respectively. The permeability
at these three points increases rapidly after excavation and then it
reaches a maximum value as a result of the creep damage effect. After
that, it starts to decreases with time due to HM interaction and self-
healing of fractures. After about three years, the permeability of the
disturbed zone approaches that of the original clayey rock with an order
of magnitude 10~ '°m?, which is consistent with the field monitoring
data (Bastiaens et al., 2007; Li et al., 2011).
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Fig. 27. Pore pressure variation with time in Section C-C around the drift: (a) after the
connecting drift was constructed and (b) 10years after the connecting drift was con-
structed (since 2002).

4.3.2. Discussion

In this work, it is assumed that the lining is isotropic and elastic. As
for the lining around horizontal gallery, its physical characteristics is
very complex because each ring around the test drift consists of 64
concrete blocks and 64 wooden plates, and each lining around the
connecting drift is made of 10 segments. It should be noted that the
nonlinear and discontinuous mechanical characteristics, and the cou-
pled unsaturated water flow in concrete support and ventilation pro-
cesses after excavation are beyond the scope of this paper. The present
study focuses on modelling of creep and seepage coupling in clayey
rock where the lining could be considered as in saturated state for long
term response of the clayey rock.

The creation of EDZ is expected by using different construction
methods, and the damage due to initiation and growth of macro- and
micro-fractures has been observed (Mertens et al., 2004; Bastiaens et
al., 2007). Our model shows that the permeability of EDZ increases very
quickly after excavation and then decreases gradually with time after
lining support, which agrees with the in situ observations (Bastiaens et
al., 2007; Li et al., 2011; Jia et al., 2015). In the EDZ, the permeability
of clayey rock decreases gradually with the distance away from the
tunnel wall. The excavation damage does trigger significant increases of
permeability due to unloading, but the permeability change of transient
excavation is different from that of creep damage effect. The self-
healing of macro- and micro-fractures in clayey rock is a combined
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Fig. 28. Comparison of permeability between numerical and measured results: (a) con-
necting drift, L55 drill down and (b) connecting drift, L13 drill up.

result of creep deformation and seepage which requires special stress
state, fluid flow and saturated time through long term coupling. Due to
lack of experimental data about the effect of fracture self-healing on the
mechanical properties and creep damage, the mechanical parameters
and creep parameters are assumed to be independent of the self-healing
effect in this study. Therefore, further work on the coupled process of
self-healing and creep behaviour in clayey rock is required in the future
as it is of great importance for the studying the safety issue of the nu-
clear waste repository.

5. Conclusions

Based on laboratory experiments and field tests on excavation dis-
turbed zone, a new viscoelastic-plastic creep model was developed by
using a modified Mohr—Coulomb criterion, in which the damage evo-
lution equations is dependent on the relationship between damage and
strain. The proposed model can explain the damage mechanism of
hardening, softening behaviours and creep deformation of clayey rock.
The permeability equations of clayey rock were constructed with em-
phasis on the damage and self-healing processes.

The construction quality has a considerable effect on the excavation
disturbed zone (EDZ) of the surrounding rock. The shape of EDZ is al-
most round with good construction quality. The creep damage of the
surrounding rock increases rapidly in the early stage and tends to
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Fig. 29. Evolution of permeability ratio of the surrounding rock as a function of time for
(a) Section B-B and (b) Section C-C.

stabilize gradually. The damage of the middle part of the surrounding
rock is larger than that of the bottom and top parts. The permeability of
EDZ increases after excavation and tends to self-heal with time.
Approximately three years later, the permeability of EDZ is close to that
of the original clayey rock. The proposed coupled creep and seepage
model can effectively explain the initial permeability increase caused
by excavation and creep damage, and the subsequent permeability
decrease resulting from the self-healing effect of clayey rock.
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