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Abstract

The coupled THMC model, Interface for Pressure Solution Analysis under Coupled

Conditions, IPSACC, that was proposed by the authors and can describe the long-term evolution in

rock permeability due to mineral reactions (i.e., pressure solution and free-face

dissolution/precipitation) within rock fractures, was upgraded in the present study by incorporating

the processes of fracture initiation/propagation. The remarkable characteristic of the proposed model

is its ability to simulate the generation of fractures and the mineral reactions within the generated

fractures as well as the subsequent changes in permeability. The proposed model was applied to

predictions of the long-term changes in the permeability of rock located near high-level radioactive

waste within a geological repository. The predicted results revealed that fractures were generated near

the disposal cavity and that the permeability of the damaged zone increased significantly more than

that of the intact rock during the excavation, while the permeability in almost the entire damaged zone

decreased by about one order of magnitude due to pressure solution at the contacting asperities within

the rock fractures after setting virtual radioactive waste into the disposal cavity. Overall, it was

clarified that the proposed model is capable of calculating the permeability evolution of rock through

fracture generation and subsequent sealing due to mineral reactions at the actual field scale. Thus, the

potential for using the proposed model to examine the long-term performance of natural barriers for

delaying the transport of radionuclides has been shown.
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1 Introduction

When securing the long-term performance of a geological disposal system for high-level
radioactive waste (HLW), it is essential that the long-term evolution of the hydraulic property of the
rock, that works as a natural barrier surrounding the radioactive waste, be evaluated. Within the
surrounding rock, phenomena such as heat radiation from the waste package, mass transport with fluid
flow, fracture initiation/propagation within rock masses due to the stress redistribution induced by the
cavity excavation for disposing the radioactive waste, and the dissolution/precipitation of the minerals
composing the rock, interact with each other complicatedly. These coupled interactions between the
phenomena of the thermal, hydraulic, mechanical, and chemical components should bring about
changes in the hydraulic property of the surrounding rock. Therefore, in order to evaluate the long-
term evolution of the hydraulic property, it is necessary to conduct numerical analyses that can
comprehensively consider the phenomena related to the thermal, hydraulic, mechanical, and chemical
components and the interactions between these phenomena.

From previous works [1-8], it is well known that fracture initiation and propagation within rock

masses during the excavation of a disposal cavity for radioactive waste will cause an increase in
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permeability and a decrease in the stiffness and strength of the rock masses near the disposal cavity.

The area where these changes in the mechanical and hydraulic properties occur is called the

Excavation Damaged Zone (EDZ). In addition, mineral reactions of the free-face

dissolution/precipitation at the free surface and pressure solution at the contacting asperities within

rock fractures generated by the cavity excavation may occur and they may alter the rock permeability

with time [9, 10]. Other previous works [11-13] have shown that pressure solution at the contacting

asperities within fractures may change the permeability of the fractured rock by several orders of

magnitude over a long duration. Thus, it is necessary that a coupled model be developed that can

evaluate the geochemical reactions within rock fractures that may be newly generated by the cavity

excavation in order to predict the long-term evolution of the hydraulic property of natural barriers.

To date, several coupled thermal-hydraulic-mechanical-chemical (THMC) models have been

developed [14-19]. Some coupled models developed recently can consider the changes in the physical

properties such as the mechanical and hydraulic properties of rock masses due to fracture generation

[5, 20-25]. For example, Wei et al. [20] and Li et al. [21] developed a coupled thermal-hydraulic model

that can describe the fracture propagation by utilizing the damage theory, including the heterogeneity

of the mechanical property of the rock and the changes in the thermal property of the rock. They then

evaluated the evolution of the EDZ and the mechanical property of the rock under high-temperature

and high-confining pressure conditions. In addition, several coupled THMC numerical models that
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consider the mineral dissolution/precipitation within rock fractures have been proposed in recent

studies. For instance, Lang et al. [26] presented a discrete pore scale model that can describe the

evolution of the fracture aperture due to pressure solution and elastic compression. Taron et al. [27]

introduced a coupled THMC simulator, incorporating the strain due to the influence of mineral

reactions, by linking TOUGHREACT and FLACSP. However, these coupled THMC models can

simulate the mineral reactions and changes in the fracture geometry only on the existing fractures.

[(Rev2.1.)] Although several coupled THMC models employing the damage theory include chemical

phenomena between the rock mass and the fluid driven by the fracture generation [28, 29], they cannot

consider the important process of pressure solution. Liu et al. [28] proposed a coupled THMC model

taking into account the interaction between the chemical and damage components — the change in rock

damage due to the change in the reaction rate of chemical erosion, and the change in the concentration

of the fluidized solids from hydraulic and chemical erosion due to the change in the rock porosity

brought about by the damage. Fan et al. [29] presented a coupled THMC process for acid fracturing

within rock masses by considering the chemical reactions between the minerals and the acid enhanced

by the increase in reaction sites due to the fracture initiation/propagation. As mentioned above,

although coupled models have been developed, they cannot describe the processes of the mineral

dissolution/precipitation including pressure solution and free-face dissolution/precipitation within the

newly initiated and propagated fractures. [(Rev2.1)] Currently, therefore, it is difficult to predict the
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changes in rock permeability over time in detail by the influence of the mineral reactions.

In this study, a coupled THMC model, denoted as the Interface for Pressure Solution Analysis
under Coupled Conditions, IPSACC, is proposed by incorporating the damage theory and the
processes of mineral dissolution/precipitation (i.e., pressure solution and free-face
dissolution/precipitation) within the newly generated fractures. Then, the proposed model is applied
to predict the long-term evolution of the rock permeability in geological disposal facilities containing

high-level radioactive waste.

2 Numerical model

2.1 Model description

The coupled THMC model shown in this work can describe the interactions of the thermal,
hydraulic, mechanical, and chemical processes (i.e., heat transfer from the waste package, the mass
transport with the fluid flow, the fracture initiation/propagation within the rocks due to the stress
redistribution induced by the cavity excavation for disposing radioactive waste, and the
dissolution/precipitation of the rock minerals in pore water). Porous rock, working as a natural barrier,
is set as the target of the calculation in this model; the physical phenomena in the artificial barrier are
not considered. As shown in Fig. 1, the interactions of the multi-components were considered by

adding the D (damage) component to the interactions between the T, H, M, and C components. The
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model can describe the damage (fracture initiation/propagation) and the changes in the thermal,
hydraulic, mechanical, and chemical properties of the rock due to the damage (expressed as gray
arrows in Fig. 1), which were not considered in our previous model [19] (the interactions shown as
white arrows in Fig. 1 were taken into account in our previous model). In particular, being able to
describe the mineral reactions within the generated fractures as well as the subsequent changes in
permeability is the important characteristic of this upgraded model. Moreover, this model can even
consider the mineral precipitation at the free-surface of the rock for multi-minerals, which was not

possible with our previous model [19].

2.2 Governing equations

This model considers the groundwater flow, heat transfer, stress and deformation, fracture
initiation/propagation, reactive transport, and mineral reactions. These phenomena are described by
utilizing the governing equations, including the fluid flow equation of Darcy’s law and the
conservation law of water mass, the heat transfer equation, the poroelastic theory, the damage theory,
the reactive transport equation, and the law of mineral reactions. In the following, the governing

equations used in the proposed model are introduced.

(a) Stress analysis

In the mechanical process, assuming the plane strain condition, the stress distribution of the rock
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structure is evaluated by the quasi-static equilibrium equation and the typical Hooke’s law considering

the changes in pore pressure and thermal stress based on the poroelastic theory, given by

-V.6=F,, Q)

O'=E:(8—aTAT)+aBpI, (2)

where o [Pa] is the stress tensor, F, [Pa m™] is the body force, E [Pa] is the elasticity tensor, p [Pa] is

the pore pressure, &[] is the strain tensor, g [K™'] is the thermal expansion coefficient of solid, T [K]

is the temperature, 5 [-] is the Biot-Willis coefficient, and 1 [-] is the identity tensor.

(b) Damage theory

The isotropic damage theory is used for calculating the behavior of the rock fracture initiation

and propagation. The damage theory defines a fracture as not discontinuous deformation, but as the

decrease in stiffness of the continuum. As this theory can consider the fracture as a continuum, it is

compatible with the FEM and has high versatility and extensibility. Thus, it has been used in a number

of calculations for fracture initiation/propagation [20-23, 30-35]. In the current model, the damage

evolution law proposed previously by Tang (1997) [30] and Zhu and Tang (2004) [32] is utilized. The

stress-strain relation of an element under the conditions of uniaxial tension and uniaxial compression

can be described as the function shown in Fig. 2. Damage induced by tension or shear occurs when
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the stress state satisfies the maximum tensile stress criterion or the Mohr-Coulomb failure criterion,

respectively, as expressed by

Fi=os + fw:O
l+sing 0 , 3
1-sing % @

F=01—

where F1 and F, are the two damage threshold functions for tensile damage and shear damage,

respectively, &, [Pa]and &,[Pa]are the maximum and minimum principal stresses, respectively, fio

[Pa] and feo [Pa] are the uniaxial tensile strength and uniaxial compressive strength, respectively, and

0 [rad] is the internal friction angle. In this work, the tensile stress and the compressive stress are set

to be negative stress and positive stress, respectively.

In the isotropic damage theory, the elastic modulus E of the damaged rock monotonically decreases

with the evolution of damage, given as

E=(1-D)E, (4)

where Eo [Pa] and E [Pa] are the elastic modulus of the rock before and after the initiation of damage,

respectively, and D [-] is the scalar damage variable that varies from 0 to 1.0 and represents the degree

of damage to the targeted material. D becomes 0 when damage does not occur and 1 when complete

damage occurs. In a damage model, the damaged zone (D > 0) can be assumed as a mesoscopic fracture

[33]. In general, a macroscopic fracture formed by the calescence of multiple mesoscopic fractures is

called a “fracture”. In the current work, however, a mesoscopic fracture (a damaged zone : D > 0) is
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defined as a “fracture”. Damage variable D is evaluated by strain as follows [31]. In the linear elastic

law, principle stress o is expressed by the principle strain and the volumetric strain, as follows:

E \
i = it v | S
“ 1+v{8 1—2v8} ®)

where ¢ (i=1, 2, 3) are the principle strains in the first, second, and third principal stress directions,
respectively, g, [-]is the volumetric strain, and v [-] is Poisson’s ratio. Based on Eq. (5), the strains

of ¢ and g, which are used to calculate damage variable D, are expressed by the following

equations:
&= 11'\/[51 + 1_V2V sv} , (6)

According to the failure criteria of Eq. (3) and the constitutive law shown in Fig. 2, damage variable

D is calculated as follows:

0 F,<0 and F,<0
u
D= 1—% F,=0 and AF>0 9)
t
Vi
1-1%° E,=0 and AF,>0
Ec

where g0 [-] and go [-] are the limit tensile and compressive strain, respectively, and » [-] is the

constant (7=2). In Eq. (9), Frand AFy> 0 express the rock damage in the tensile mode when its

stress state satisfies the maximum stress criterion and the rock is still under a loading condition.
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Similarly, F> and AF>> 0 express the damage in the shear mode when its stress state satisfies the

Mohr-Coulomb criterion and the rock is still under a loading condition. Damage variable D is an

important parameter for calculating the changes in the physical properties of the rock.

(c) Heterogeneity of mechanical properties

In the model, in order to describe the heterogeneity of the rock, local mechanical properties within
the rock mass are set by statistical dispersion based on the Weibull distribution [36]. The mechanical
properties of all the elements in the calculation domains are assumed to follow the given Weibull
distribution. Among the mechanical properties, the heterogeneity of Poisson’s ratio is the lowest.
Although the ratio is set homogeneously, the elastic modulus, uniaxial tensile strength, and uniaxial

compressive strength are defined by the following probability density function [20-23, 30-35]:

rw-2(4) exp—(“] , (10
u® \u u’

where u is the mechanical parameter of each element in the calculation domain, such as the strength
and the elastic modulus (i.e., u = Eo, f 1o, and f c0), u s is the scale parameter which is related to the
average value of the mechanical parameter, u (i.e., U = E¢®, fio°, and feo °), and m [-] is the

homogeneity index of the material properties which describe the shape of the distribution function.
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(d) Fluid flow

The groundwater flow in the rock is calculated by the conservation of water mass based on the

poroelastic theory and by assuming the Darcian flow, as follows:

op 0
PuS ——+V(pyu)+ pyoe—r = f

: 11
" o (11)

k
u= —;(Vp +p,9Vh), (12)
where pw [kg m?] is the density of the fluid, S [Pal] is the storage coefficient, u [m s] is the fluid
velocity tensor, fn [kg m=2s?] is the source term for the flow, k [m?] is the rock permeability tensor, u

[Pa s] is the fluid dynamic viscosity, g [m s] is the gravity acceleration, and h [m] is the potential

head. The permeability within the undamaged and damaged zones is expressed as

k, D=0

— 2

k=102 D>0’ (13)
12

where k,[m?] is the permeability of the undamaged rock and b [m] is the average fracture aperture.

Within the damaged zone, it is assumed that three orthogonal plane fractures have formed, as shown

in Fig. 3. The changes in rock permeability and fracture aperture due to the evolution of damage are

represented as [37]

ko =ko€Xp(ax D) » (14)

bo = v12ko =+/12koeXp(ac D) , (15)
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where kp [m?] is the permeability of the damaged rock, ¢, [-] is the coefficient that represents

the damage-permeability effect, and bp [m] is the fracture aperture of the damaged rock.

(e) Heat transfer

In the thermal process, the temperature of the rock is calculated by the following heat transfer

equations:

oT
(pCp)quT =V (3eqVT) = 0, Coull- VT 40, (16)
(pc p)eq = (1_(/)) mep,m +(/),0WC p.w 1 (17)

where (o Cp)eq [ K* m3] is the equilibrium volumetric heat capacity, Cow [J kgt K] is the heat
capacity of the fluid, 7., [W m™ K] is the equilibrium thermal conductivity tensor, gn [W m=] is
the heat source, pm [kg m] is the density of the solid, Cpm [J kg™ K] is the heat capacity of the solid,
and ¢ [-] is the porosity. When referring to Zimmerman (1989) [38], the equilibrium thermal
conductivity is expressed by the known Hashin-Shtrikman upper bound [39] by assuming that the
targeted media have spherical pores, as

Blm ()»w - }»m)w
Blm + (lw - lm)(l_ (ﬂ) ,

Jeq=Am+ (18)

where ;, and 2, [W m? K?] are the thermal conductivity tensors of the solid and the fluid,

respectively.
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In the model, the change in thermal conductivity due to the evolution of damage is assumed as [33]

/1m0
D<1
An=70.99+T(Ca—Cb/ Amo) (19)

é:ﬂmo D=1

where Ao [W m?t K?] is the initial thermal conductivity of the solid without the effect of either
temperature or damage, Ca [-] and Cy, [-] are empirical constants derived from the experimental results
[40] (the constants for crystalline rocks are C, = 0.0030 +£0.0015 and C, = 0.0042 +0.0006 ; the
corresponding coefficients for sedimentary rocks are Ca= 0.0034 +0.006 and Cp = 0.0039 +0.0014 ),
and & (&£ <1)is the coefficient representing the effect of the damage on the thermal conductivity ( £is

the ratio of the thermal conductivity of the solid to the fluid, &=,/ A.0)-

(f) Reactive transport

The solute transport behavior in the pore water is calculated by the basic advection-diffusion
equation. In the proposed model, the mechanical dispersion and the retardation due to the sorption

processes are not considered.
I(c
%:v'(De,iVCi)_u'vCi+ria (20)
De,i = ¢t Db, (21)

ri=2jviR;, (22)
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where ci [mol m] is the concentration of solute i in the pore water, Dei[m? s1] is the effective diffusion

coefficient tensor, Dy [m? s1] is the diffusion coefficient tensor, 7 [-] is the coefficient related to

tortuosity (7 = 1.0), ri [mol m= s%] is the source term of solute i, where vi [-] is the stoichiometry

coefficient of solute i in the pore water, n is the number of minerals composing the targeted rock, and

Rj [mol m3s1] is the rate of the mineral reactions for mineral j. The dissolution rate constant and

diffusion coefficient are temperature-dependent and can be defined by an Arrhenius-type equation [41].

Dy, = Dg,i exp(—Ep;/RT), (23)

where p); [m?s?]and Ep; [Jmol ] are the pre-exponential factor and the activation energy of

the diffusion of solute i, respectively, and R [J mol -*K!] is the gas constant.

(g) Pressure solution within fractures

In the current work, the mineral reactions include the mineral dissolution/precipitation on the

free-surface within the rock fractures and the mineral dissolution at the contacting asperities within

the rock fractures (pressure solution). Thus, the rate of the mineral reactions for mineral j, R;, is

expressed by

Ri=Rj +R}°, (24)
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where R [mol m s7] is the rate of the free-face dissolution/precipitation of mineral j within the

rock fracture, and R" [mol m s?] is the rate of the pressure solution of mineral j at the contacting

asperities within the rock fracture.

Within rock fractures, pressure solution may occur at the contacting asperities (fracture contacts).

When pressure solution occurs continuously at the fracture contacts, fracture aperture b decreases and

the fracture contact area increases with time. As shown in Fig. 4, when the geometric model obtained

by idealizing the arbitrary micro-domain, composed of contacting asperities and pore space, is set as

the representative element of the rock fractures [11], the rate of the pressure solution of mineral j at

the contacting asperities within the rock fracture, defined by Ogata et al. [19], is given as follows:

3 iR m,j R+ j !
RI]_’S: fer cV kavJ. O'm_o_c ' (25)

RTb(l_Rc) Rc
Re="0) (26)

where k:j[mol m? s] is the mineral dissolution rate constant of mineral j, % ; [-] is the volumetric
ratio of mineral j, Rc [-] is the contact-area ratio within the fracture, \/,, ; [m® mol?] is the molar
volume of mineral j, f; [-] is the roughness factor, which is the ratio of the true (microscopic) surface
area over the apparent (geometric) surface area, o', [Pa] is the mean effective stress, . [pa] is the
critical stress, Al [m?] is the total fracture cross-sectional area in the representative element, and A.
[m?] is the contact area within the fracture of the representative element, AL = R, Al . The mineral

dissolution rate constants are defined by the Arrhenius expression, given as
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k+,j = kgj exp(_ Ek+yj / RT) ) (27)

where k?; [ mol m?s?] is the pre-exponential factor of mineral j and Ex. ; [J mol 1] is the activation

energy of the dissolution of mineral j.

The occurrence of pressure solution induced by the generated fractures is formulated based on Eqg.
(25). In the proposed model, a fracture is generated when D > 0. Therefore, the free-face dissolution
and pressure solution within fractures occur only in the damaged zone where D > 0. In addition, Eq.
(25) can be extended by considering the failure mode of fractures. To date, the component of stress
that works as the driving force of pressure solution in a multi-dimensional space has not been clearly
established. Some previous studies have implied that pressure solution is related to plastic or brittle
deformation in the contact-area (e.g., Tada and Silver (1987) [42]). Thus, in this work, the differential
stress between the principal stresses that work as the driving force of the rock failure and the pore
pressure is assumed as the driving force of pressure solution at the contacting asperities within the
fracture after any damage has been generated.

Consequently, the rate of pressure solution is expressed by considering damage variable D and

the failure modes of the fracture, F1 and F2 (Eq. (3)), given as follows:

R =0 D=0
3R Viksif {6
';S:7R° (FiVnikes <‘”>-UC D>0,F,=0 , (28)
RTb (1-R) | Re
3Rcf vak+ "Ntia"
P rAjvmj J<01> <03>_0_C D>0,F,=0
RTbh (1-R.) Re
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where <> represents the following function:

X x20
W=ls %o @

The proposed model assumes that the directions of the principal stresses do not change with time after
the termination of the fracture initiation/propagation. Thus, the influence of the changes in the
directions of the principal stresses after the fracture initiation/propagation on the pressure solution is

not considered.

(h) Free-face dissolution/precipitation within fractures

The rate of the free-face dissolution within rock fractures has been defined by Ogata et al. [19]

as follows:
R'j:F:2fijkj,+(1_Qj/KeqyJ')/b’ (30)

where Qj [-] is the ionic activity product and Kegqjj [-] is the equilibrium constant of mineral j. When Q;

! Kegj < 1, free-face dissolution occurs, and when Q; / Kegj > 1, free-face precipitation occurs.

As a fracture is generated when D > 0 in the proposed model, the rate of the free-face

dissolution/precipitation is defined as

RFF=0 D=0
{ : (31)

R =2f, 7,k.j1-Q,/Ke)/b D>0"
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(i) Fracture aperture change

In the current work, only the change in the fracture aperture is considered in the calculation; the
change in the porosity within the rock matrix is not considered. The change in the fracture aperture is
induced by the fracture initiation/propagation and mineral dissolution/precipitation. Thus, the fracture
aperture at arbitrary time t is defined by considering the aperture generated by the fracture
initiation/propagation and the temporal alternation of the aperture due to the free-face

dissolution/precipitation and pressure solution, as

b(t) =bo + /b (Ddt+[p™ (t)dt, (32)

-FF

(=)
Il
—[M=

2 fr,ij(l_ Rc)Vm,jk+,j(1_Qj/Keq,j) (33)

n —3f yikii mZ_ !
e -3 2 IkeaVeiflo ) b g
i RT Re (34)
. n=3f, 7k Vi ( (o) +(c"3) '
PSt — rA R+l )] 1 S D>0, =0
b (t) ? RT R o F

where " [m s] is the rate of change in the fracture aperture by free-face dissolution/precipitation

and ™ [m s is the rate of change in the fracture aperture by pressure solution. Mineral reactions

alter the fracture aperture, and the contact-area ratio within the fractures changes due to the change in

the fracture aperture. The relation between the fracture aperture and the contact-area ratio within the

fractures may be given by the following simple equation [12]:

b(t) = br + (bo —br) &Xp(—(R: (1) = Re0) / ) , (35)

where b, [m] is the residual fracture aperture, Rc (t) [-] is the contact-area ratio within the fracture at
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arbitrary time t, Rep [-] is the contact-area ratio within the fracture when a fracture is generated, and a

[-] is a constant.

(J) Relation between fracture initiation/propagation and contact area ratio with

change in fracture aperture

The contact-area ratio within the fracture when a fracture is generated, given in Eq. (35), is

explained in detail. Based on the continuum damage theory, damage variable D is defined as the ratio

of the arbitrary cross-sectional area of the representative element over the pore space of the

representative element [43]. In the proposed model, the arbitrary domain composed of contacting

asperities and pore space, is assumed as the representative element of the rock fractures. Therefore,

the contact-area ratio within the fracture, when a fracture is generated, R¢p, is represented using

damage variable D of the representative element of the rock fractures, given as

/-\: (1_R D)
D= c
N (36)
Ro=1-D. (37)

In the current work, after the fracture initiation/propagation, changes in damage variable D are not

considered.
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2.2 Numerical implementation

The calculation procedure for the proposed model is shown in Fig. 5. As shown in this figure, the
proposed model is solved by using two numerical tools of COMSOL MULTIPHYSICS [44], namely,
simulation software using the Finite Element Method (FEM), and PHREEQC [45], a geochemical
code that enables the calculation of various geochemical reactions for multi-minerals based on
abundant thermo-dynamic databases. The interface between COMSOL and PHREEQC that controls
the calculation procedure (Fig. 5) is linked by MATLAB language. In the calculation scheme, the
reactive transport process (Eg. (20)) is divided into two parts by applying a non-iterative sequential
split operator approach [46] - one part is the solute transport by advection and diffusion, and the other

part comprises the mineral reactions. The model is calculated according to the following steps:

(1) In the beginning of the whole process, the fracture initiation and propagation within the rock under
the given boundary conditions of stress and deformation are calculated by a damage analysis using the
damage theory. This process is implemented in COMSOL by applying the calculation steps based on
the steady-state analysis. The stress distribution, when completing the damage analysis, is set as the
initial condition for subsequent time-dependent analyses. In the same way, other variables given by
damage analysis —damage variable D and the physical properties of rock, that depend on D (i.e., elastic

modulus, permeability, fracture aperture, thermal conductivity, and contact-area ratio within the
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fracture — see Egs. (4), (13), (15), (19), and (37)), are utilized to define the fracture distribution and

the initial material properties for the next calculation process.

(2) At the beginning of the subsequent time-dependent process, the solute transport step (see Eg. (38))

in a time step At is solved with other coupled THM processes using COMSOL.

Ad) _y.(p, vy -u-ve, (39)
ot

where ¢f [mol m™3] is the concentration of solute i in the pore water calculated by the solute transport
step.

(3) Then, selected variables for the concentrations of each solute, temperature, fracture aperture, the
contact-area ratio within the fracture, the rate of the pressure solution of each mineral, the rate of
change in fracture aperture by pressure solution at each finite element mesh node in the damaged area
(D > 0) are outputted to PHREEQC. In the proposed model, mineral reactions occur only within the
damaged area. Thus, the calculation of the mineral reactions by PHREEQC is performed for node
points within the damaged area. The temperature, fracture aperture, and contact-area ratio within the
fracture are used to define the rate of the free-face dissolution/precipitation and the rate of change in
the fracture aperture by the free-face dissolution/precipitation for each mineral (Egs. (31) and (33)) in
PHREEQC. Through the calculation by PHREEQC, the updated concentrations of each solute due to
the mineral reactions of the free-face dissolution/precipitation and pressure solution at each finite

element mesh node in the damaged area in time step At are given as follows:



369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

=g+ AL, (39)
where ¢! [mol m3] is the concentration of solute i in the pore water, updated by the process of mineral
reactions. Moreover, the updated fracture aperture and permeability are also calculated. Subsequently,
these variables obtained from PHREEQC at all the mesh nodes within the damaged area are set as the

initial values of the calculation by COMSOL in the next time step.

The time-dependent coupled THMC processes are solved by repeating the above-mentioned steps (2)-

©

3 Model verification

In the following, some benchmark simulations are conducted in order to verify the basic

performance of the proposed model.

3.1 Coupled THM process

The thermal pressurization problem solved by Coussy (2004) [47] is selected as a benchmark
simulation for the coupled THM process. The model geometry and the initial/boundary conditions
utilized in the simulation are shown in Fig. 6. The calculation domain, which has a length of 15.0 m
and a width of 1.0 m, is discretized into 40x600 (24000) square elements. In the initial state, the pore

pressure, temperature, and displacement are all equal to zero. On the top boundary, temperature Ty =
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50°C is applied, and the border is set to be drained and free of stress. Under these initial/boundary

conditions, analytical solutions for the non-dimensional temperature and pore pressure are derived by

Coussy (2004) [47], as follows:

T :lzl—erfc y (40)
Th 2y/crt
p cr )’ y y
— f
D= [1—) erfc| —X— |—erfc (41)
CiTo M cr 2crt 2ert
=20kt 3, (42)
K+-G
3
K (K+:G]
=g T (42)
=G
(K 3 j
leq
o= (44)
" (pCh)g

where T and p are the non-dimensional temperature and pore pressure, respectively, y [m] is the
depth from the top boundary, ¢; [m? s?] is the heat diffusion coefficient, ¢, [m? s?] is the fluid
diffusion coefficient, K [Pa] is the bulk modulus, K,=K+g3/S is the undrained bulk modulus, G
[Pa] is the shear modulus, and ¢,, [K™] is the coefficient of total thermal expansion. The parameters
used in the simulation are summarized in Table 1. Comparisons of the simulation results by the current
model and the analytical solutions (Coussy, 2004) [47] for the distribution of non-dimensional
temperature and non-dimensional pore pressure at different depths and at various times (t = 1.0 x108,

5.0 x10°, and 1.0 x107 s) are depicted in Figs. 7 (a) and (b). These figures show that all the simulation



402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

results are in excellent agreement with the analytical solutions and that the proposed model can

describe the theoretical response of coupled THM problems accurately.

3.2 Reactive transport process

Subsequently, the accuracy of the implementation of the reactive transport process is verified. In
particular, the correctness of the linking between the transport solver (COMSOL) and the geochemical
reaction solver (PHREEQC) by MATLAB for describing the total reactive transport process is
investigated. As shown in Fig. 8, the 1D reactive transport problem performed by Nardi et al. (2014)
[48] is solved as the benchmark. The calculation domain, composed of 160 nodes, is fully saturated
under the isothermal condition. In the domain, the velocity and the diffusion coefficient within the
pore water are set to be 2.78 x10° m/s and 5.55x10°m?/s , respectively. The concentration of chemical
solutes in the domain is altered with time by the interaction between the inflow water from the inlet
and the multi-minerals contained in the domain (illite, k-feldspar, albite, pyrite, and calcite). All the
minerals, except for the calcite, employ kinetic dissolution, and the calcite is in equilibrium with the
initial water composition. The chemical conditions (compositions of the chemical solutes/minerals
and pH) of the calculation domain at the initial state and the inlet boundary used in the benchmark
simulation are summarized in Table 2. All the parameters and formulas for the kinetic dissolution used

here are equivalent to those of the PHREEQC source code by Nardi et al. (2014) [48]. Comparisons
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of the results by the proposed model and the PHREEQC solution for the concentrations of Al and K
observed at the outlet boundary are shown in Figs. 9 (a) and (b), respectively. As is apparent from
the figures, the profiles for the concentrations of both Al and K coincide well with the solutions derived
by PHREEQC alone, and they imply the correctness of the numerical implementation in the reactive

transport process, including the link between COMSOL and PHREEQC by MATLAB.

4 Numerical analyses for long-term prediction

The proposed model was also applied to predict the long-term evolution of the permeability in
rock located near high-level radioactive waste within a geological disposal system. In the following
predictions, the subsurface environment was modeled by referring to the Horonobe area of Hokkaido,
Japan and the actual data were obtained from related literature. In the analysis, the horizontal storage
of radioactive waste, as shown in the scientific and technical report summarizing the HLW disposal
construction in Japan [49], was assumed. As shown in Fig. 10, bedrock from depths of 325 m to 375
m from the ground surface, with a disposal cavity at a depth of 350 m, was set as the calculation
domain [1]. The calculation domain was discretized into 82184 triangular elements. The canisters of
radioactive waste were virtually installed in the cavity as a heat source. The horizontal length of the
calculation domain was 50.0 m. The target for the calculation was set to be siliceous mudstone with a

porosity 41.6% and a dry density of 1420 kg/m?[1]. These physical properties were obtained from in-
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situ experiments conducted in the gallery at a depth of 350 m by the Horonobe Underground Research
Center of the Japan Atomic Energy Agency (JAEA) [1]. With regard to the mechanical properties, the
elastic modulus and each type of strength (uniaxial tensile strength and uniaxial compressive strength)
were distributed within the domain by the Weibull distribution and the other properties were set
homogeneously. The hydraulic and thermal gradients were set to be 1/1000 and 5°C/100 m,
respectively [50]. In this analysis, at first, a simulation of the cavity excavation was conducted.
Secondly, by setting the stress condition obtained from the excavation analysis as the initial condition,
the long-term prediction of the changes in permeability was conducted. It should be noted that
although the simulation of the cavity excavation was relatively simple compared to the real in-situ
construction process of a geological repository, the assumed subsurface conditions (e.g., the initial
stress conditions, the material properties of the rock, and the chemical conditions, including the pH
and the mineral compositions) may conform to those of the actual field. Therefore, the trend of the
evolution of the physical/chemical behavior of the rock at the targeted site during the period of

geological disposal can be captured by the following analyses.

4.1 Analysis of cavity excavation

In the analysis of the cavity excavation, as shown in Fig. 10, the mechanical behavior of the rock

was evaluated, including the fracture evolution during the excavation of the disposal cavity with a
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diameter of 2.0 m and a depth of 350 m. The characteristic values for the distributions of the

mechanical properties that conform to the Weibull distribution, namely, o ®, feo®, and Eo®, (see Eq. (10),

were set to be 1.83 MPa, 15.4 MPa, and 1.82 GPa, respectively. These values are equivalent to the

average values of the mechanical properties obtained from the laboratory tests conducted with rock

cores collected from a borehole drilled at a depth of 350 m [1]. Based on previous studies [32, 34], it

was suggested that homogeneity index m (see Eq. (10)) be in the range of 1.2 ~ 5.0 for accurately

simulating the fracture process within the rock. With reference to these literary references,

homogeneity index m was set to be 3.0. Poisson’s ratio and the internal friction angle were set to be

0.17 [1] and 30° [51], respectively. Confining stresses of 5.08 MPa and 4.84 MPa were imposed at the

top and side boundaries, respectively (Fig. 11). These initial stress conditions were estimated by

Aoyagi and Ishii (2018) [1] based on hydraulic fracturing tests conducted at the target site and in the

350-m gallery [52]. The initial pore pressure at a depth of 350 m corresponds to the measured value

at the equivalent depth in the boreholes installed at the target site [1]. The excavation analysis of this

work assumed a short-term excavation [1]. In this situation, it is assumed that the excavated wall is in

an undrained condition during the excavation. Thus, the mechanical stress/deformation and damage

were calculated without hydro-mechanical coupling. In this analysis, firstly, the internal outward radial

pressure applied to the cavity boundary to replace the in-situ stress condition is evaluated, and then it

decreases monotonically by 1% per step for 100 steps (Fig. 11). The evolution of the fracture
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initiation/propagation (change in distribution of damage variable D) around the cavity during the
excavation is shown in Fig. 12. In this figure, in order to distinctly display the two kinds of damage
modes (i.e., tensile damage and shear damage), the sign of the damage variable D values in the shear
damage is changed to negative (i.e., 0 <D < 1=-1 < D < 0). Therefore, the shear damage (areas in
red) is represented with negative numbers (-1 < D < 0), while the tensile damage (areas in blue) is
represented with positive ones (0 < D < 1). As is apparent from the figure, a number of fractures were
generated around the periphery of the cavity and the shear damage is more remarkable than the tensile
damage. The tensile damage occurs near the shear damage. This is likely to be because the compressive
deformation is enhanced by the decrease in the elastic modulus due to the evolution of shear damage,
and tensile stress occurs within the surrounding rock (rock near the shear damage zone), which may

result in the pulling of the neighboring shear damage.

4.2 Long-term coupled THMC analysis

The physical properties of rock that depend on damage variable D (i.e., elastic modulus,
permeability, fracture aperture, thermal conductivity, and contact-area ratio within the fracture), and
were calculated by the excavation analysis, are set as the initial conditions. Then, the coupled THMC
numerical analysis was conducted. The analysis period was set to be 10 years after the disposal of the

waste package in the excavated cavity.
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In this analysis, the rock used for the calculations was assumed to be fully saturated with water
and to be composed of six minerals, namely, quartz, k-feldspar, albite, anorthite, smectite, and
cristobalite. The volumetric ratios of composing minerals x; are listed in Table 3. These mineral
compositions were set by referring to those obtained from the gallery at a depth of 350 m at the target
site [53], but the opal-CT contained in the mudstone was replaced with cristobalite whose chemical
properties are almost similar to those of opal-CT. The concentrations of seven chemical solutes (Si,
Na, K, Ca, Al, Mg, and Fe), contained in the above forming minerals, were considered in the reactive
transport process. The parameters of the kinetic dissolution rate constants for the minerals considered
in the calculations are summarized in Table 4. The important parameters of the dissolution rate
constants for the six minerals used in Eq. (27), which depend on the temperature, were obtained from

the literature [54-59].

In this analysis, the heat source from the radioactive waste was considered by setting the time-
dependent temperature Ty(t) outside the buffer material obtained from the literature [49] (Fig. 13) at
the periphery of the cavity as the boundary conditions. A description of the long-term coupled THMC
analysis, including the boundary/initial conditions, is given in Fig. 14. In the calculation of the heat
transfer, the following Neumann boundary condition is set at all the boundaries excluding the
periphery of the cavity:

_20’ (39)
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where n represents the outward normal direction to the targeted boundary. In the calculation of the

reactive transport, the following Neumann boundary condition is set at all the boundaries.

9ci
on

—0. (40)

The concentrations of each chemical solute in the pore water at the average temperature of the whole

domain at the initial state (i.e., 32.5 °C) and the pH value measured at a depth of 350 m at the target

site (pH = 7.15) [60] were calculated by PHREEQC. These concentrations were set as the initial

conditions within the domain (Table 5). The initial pore pressure at the depth of 350 m corresponds to

the measured value at the equivalent depth in the boreholes installed at the target site [1]. The influence

of the pre-existing fracture network in the rock was not considered. In the current work, the fracture

initiation/propagation is considered only in the process of the cavity excavation; the generation of new

fractures after the excavation is not considered. The parameters utilized in the calculation are

summarized in Table 6. These parameter values were determined by referring to the literature [1, 19,

32, 34,40, 41, 51, 61, 62, 63, and 64].

In the current work, the predictions were conducted for two different cases. One case, considering

the THMC processes with pressure solution, is called the “PS condition” (including both pressure

solution and free-face dissolution/precipitation in the mineral reactions). The other case, excluding the

process of pressure solution, is called the “no-PS condition” (including only free-face

dissolution/precipitation in the mineral reactions).
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Changes in the distributions of the Ca and Si concentrations in the pore water around the disposal

cavity with time, predicted under the PS condition, are shown in Fig. 15. In the figure, the

concentrations of Ca and Si (cca [mol/L] and csj [mol/L]) are shown by log notation (i.e., logioCca and

logiecsi). This figure indicates that the concentrations of Ca and Si in the damaged zone increase over

time by the continuous supply of dissolved solutes due to the occurrence of pressure solution and free-

face dissolution within the fractures. Then, the solutes gradually diffuse from the damaged zone to the

intact rock zone. It should be noted that the predicted alternations in all solutes concentrations with

time, under the no-PS condition, show a little difference from those under the PS condition. This is

because the solute concentrations in the domain approach the equilibrium values in a relatively short

period, due to precipitation within the free-face, when additional dissolved solutes is supplied in pore

water due to pressure solution.

The changes in permeability with time around the disposal cavity under the no-PS and PS

conditions are shown in Fig. 16. In the figure, the permeability is shown by log notation (i.e., [0giok).

The initial distribution of permeability depicted in the figure shows that the permeability in the

damaged zone, generated by the cavity excavation, increases to about two orders of magnitude greater

than the intact rock zone at the maximum. As is apparent from the figure, the permeability changes

the little with time under the no-PS condition, while the permeability in the damaged zone decreases

with time under the PS condition. The permeability in almost all the damaged zone eventually
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decreases by about one order of magnitude after the disposal of the waste package. This is because of

the occurrence of pressure solution at the contacting asperities within the fractures in the damaged

Zone.

In order to more quantitatively evaluate the permeability reduction within the damaged zone (D

> 0), due to pressure solution, the changes in permeability with time under the no-PS condition and

the PS condition at a specific observation point (Point 1, see Fig. 17) within the damaged zone are

shown in Fig. 18. It is apparent from the figure that, within the focused damaged zone, permeability

slightly increases with time due to free-face dissolution under the no-PS condition, while permeability

significantly decreases in the early stages of the analysis period under the PS condition. Afterwards, it

approaches the convergence value. For investigating the permeability reduction confirmed in Fig. 18,

changes in permeability within the first 10 years under the no-PS condition and the PS condition at

Point 1 are shown in Fig. 17. The figure shows that the permeability decreases by about one order of

magnitude within 5 years due to pressure solution.

As mentioned above, although the permeability decreases with time in almost all of the damaged

zone, due to the influence of pressure solution, the permeability in the tensile damage zone changes

little with time. A comparison of Figs. 12 and 16 indicates that under the PS condition, the domain

where the permeability changes little within the damaged zone almost corresponds to the tensile

damage zone. This is because the pressure solution induced by the compressive stress does not occur
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under the tensile stress condition. Thus, it is also important to investigate the failure mode of the

fractures in order to precisely predict the evolution of the rock permeability after the disposal of the

radioactive waste.

5 Conclusion

In this study, our coupled THMC model, denoted as IPSACC, was upgraded such that it can

describe the fracture evolution by incorporating the damage theory and the process of the mineral

dissolution/precipitation (i.e., pressure solution and free-face dissolution/precipitation) within the

generated fractures. The long-term evolution of the permeability in the porous rock within the

geological disposal system of high-level radioactive waste was predicted by the upgraded model. The

predictions for the excavation of the disposal cavity confirmed that the permeability within the

damaged zone, generated near the cavity during the excavation, increased to about two orders of

magnitude greater than that of the intact rock zone. The long-term coupled analysis after the disposal

of the radioactive waste showed that the permeability in almost all of the damaged zone, induced by

the shear mode, decreased by about one order of magnitude due to pressure solution at the contacting

asperities within the fractures. However, the permeability in the tensile damage zone changed little

from the initial state.
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This work has focused on the process of the fracture initiation/propagation and the long-term

changes in permeability in the rock due to the mineral reactions. Therefore, the fracture

initiation/propagation is considered only in the process of the cavity excavation. Consequently, the

fracture initiation/propagation, due to the time-dependent deformation and the alternation of the stress

state, such as the thermal stress and creep after the disposal of the radioactive material, is not

considered and the actual fracture distribution within the rock may not be predicted precisely. Thus,

conducting numerical analyses that consider the time-dependent facture evolution is necessary.

Moreover, the proposed model only considers the geochemical effect due to the mineral

dissolution/precipitation for calculating the changes in rock permeability with time; and therefore, it

is necessary to consider the mechanical effects, such as the collapse of the grains and the elastic

deformation, in order to predict the changes in permeability more exactly. The proposed model

assumes that the rock stiffness does not recover with time after the fracture initiation/propagation, but

the healing of the rock stiffness may occur by an increase in the contact area within the fractures when

pressure solution is enhanced at the fracture contacts. Thus, updating the current model by taking into

account not only the fracture initiation/propagation, but also the recovery of the rock stiffness caused

by the mineral reactions, is required.
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Figures

Fig. 1 THMC interactions considered in the proposed model. The interactions expressed as gray
arrows were not considered in our previous model [19], while the ones expressed as white arrows were

taken into account.

Fig. 2 Constitutive law of elastic damage theory under uniaxial tensile stress and uniaxial

compressive stress (illustrated in Wei et al., 2015) [22].

Fig. 3 Conceptualization of mesoscopic fractures.

Fig. 4 Geometrical model that includes representative element in rock fracture area [11].

Fig. 5 Calculation procedure of proposed model.

Fig. 6 Description of benchmark simulation (thermal pressurization problem).

Fig. 7 Comparisons of results by proposed model versus analytical solution for non-dimensional
temperature and non-dimensional pore pressure at different depth and at various times (t = 1.0 x108,
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Fig. 12 Evolution of damaged zone during cavity excavation.

Fig. 13 Temperature depending on time Ty (t) used as boundary condition applied on periphery of
cavity [49].

Fig. 14 Description of long-term coupled THMC analysis.

Fig. 15 Changes in distribution of solute concentrations with time under PS condition: (a) Ca

concentrations and (b) Si concentrations.

Fig. 16 Changes in permeability with time under (a) no-PS condition and (b) PS condition.

Fig. 17 Specific observation points close to cavity. The damaged zone is obtained after the completion
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Fig. 18 Changes in permeability with time under no-PS condition and PS condition at observation
point (Point 1) within damaged zone shown in Fig. 17.

Fig. 19 Changes in permeability within first 10 years under no-PS condition and PS condition at

observation point (Point 1) within damaged zone shown in Fig. 17.
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862 Table 1 Parameters used in benchmark simulation of coupled THM problem.

863 Parameter Value

Young’s modulus [Pa] E 6.0x10°

864 Porosity [-] ¢ 0.40

Poisson’s ratio [-] v 0.30
865

866
867
868
869
870
871

Fluid dynamic viscosity [Pas] u 1.0x10°3
Permeability [m?] k 9.20x10Y7
Thermal expansion coefficient of solid [K] a1 6.20x10®
Equilibrium volumetric heat capacity [k m2 K] (o Cp)eq 2.70x10°
Equilibrium thermal conductivity [Wm™ K] = Aeq 0.50
Biot’s coefficient [-] a3 1.0

Storage coefficient [Pa™l] S 1.1x10°10

872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890



891
892

893  Table 2 Chemical conditions (compositions of aqueous species/minerals and pH) of calculation
894  domain at initial state and inlet boundary for benchmark simulation of 1D reactive transport problem.
895

896 Chemical conditions: compositions of Initial state Inlet boundary
897 aqueous species/minerals and pH

898 Al [mol/L] 5.11x10°° 1.00x10°8
899 Br [mol/L] 1.75x105 0

900 C [mol/L] 4.94x10°8 1.90x10*
901 Ca [mol/L] 1.40x10°3 3.04x10*
902 ClI [mol/L] 1.10x102 9.03x10*
903 F [mol/L] 3.16x105 1.60x10°
904 Fe [mol/L] 7.18x10® 5.37x10°
905 K [mol/L] 2.50x10* 7.16x104
906 Mn [mol/L] 3.46x10° 0

907 Mg [mol/L] 7.40x10* 1.99x10*
908 Na [mol/L] 1.31x107? 3.04x10*
909 P [mol/L] 3.87x10° 0

910 S [mol/L] 9.59x104 4.80x104
911 Si [mol/L] 1.99x10* 2.50x10°
912 Sr [mol/L] 0 6.84x107
913 pH [-] 7.52 7.30

914 Calcite [mol/L] 6.065 -

915 K-feldspar [mol/L] 0.239 -

916 Albite [mol/L] 0.289 -

917 Ilite [mol/L] 0.144 -

918 Pyrite [mol/L] 1.17 -

919

920

921

922

923
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950
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958

Table 3 Settings of mineral composition (volumetric ratios of minerals) used in simulation.

Mineral composition

Volumetric ratio X

Quartz
K-feldspar
Albite
Anorthite
Smectite

Cristobalite

0.16
0.05
0.06
0.02
0.26
0.45

Table 4 Parameters of kinetic dissolution rate constants for minerals.

Mineral Molar volume Vi, Pre-exponential 9 ; Activation Energy g9 ;
[m® mol] factor [mol m2s?] [kJ mol]

Quartz 2.27x10° 276 [55] 90 [55]

K-feldspar 1.09x10* 1.28x10°° [56] 38.0 [56]

Albite 1.00x10* 3.91x104[57, 58] 50.7 [57, 58]

Anorthite 1.01x10* 9.97x107 [59] 17.8 [59]

Smectite 1.40x10* 4.64x105 [60] 49.4[60]

Cristobalite 2.57x10° 1.20x10* [61] 65.0 [61]

Table 5 Initial pore water composition used in simulation.

Initial pore water composition Value

Al [mol L] 1.7x10°3
Ca [mol L] 8.6x107
K [mol L] 7.9x106
Na [mol L] 1.6x10°3
Si [mol L] 2.2x10*
Mg [mol L] 1.8x107
Fe [mol L] 1.1x107
pH 7.15 [60]
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960

961

962

963

964 Table 6 Parameters used in simulation.
Parameter Value
Homogeneity index of material properties [-] m 3.0[32, 34]
Characteristic value of elastic modulus [GPa] Eo*® 1.82[1]
Characteristic value of uniaxial tensile strength [MPa] fwo*® 1.83[1]
Characteristic value of uniaxial compressive strength [MPa] fco® 15.411]
Internal friction angle [°] 6 30.0 [51]
Poisson’s ratio [-] v 0.17[1]
Initial permeability [m?] ko 2.88x10%6[61]
Porosity [-] ¢ 0.416[1]
Initial thermal conductivity of the solid [w m™ K]  Amo 0.75 [62]
Heat capacity of the solid [kJ kg K] Cpm 0.8[62]
Empirical constant [-] Ca 0.0034 [41]
Empirical constant [-] Cb 0.0039 [41]
Biot-Willis coefficient [-] ¢ 0.92 [63]
Storage coefficient [Pa!] S 2.85x1010[63]
Coefficient that represents the damage-permeability effect [-] ¢, 5.0 [64]
Thermal expansion coefficient of solid [K™Y] aT 1.15x10°[62]
Roughness factor [-] fr 6.75[19]
Critical stress [MPa] oc 15.0 [19]
Pre-exponential factor of diffusion of solute [m?s?] Y 5.2x10%[41]
Activation energy of diffusion of solute [kI mol 1] Ej 13.5 [41]
Constant[-] a 0.07 [19]
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Fig. 1 THMC interactions considered in the proposed model. The interactions expressed as gray
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Fig. 2 Constitutive law of elastic damage theory under uniaxial tensile stress and uniaxial

compressive stress (illustrated in Wei et al., 2015 [22]).



980

981
982

983
984
985
986
987
988
989
990
991
992
993
994
995
996
997

T
b

Fig. 3 Conceptualization of mesoscopic fractures.



Tributary area, 4",

_____ (=R A
__.+—contact
b " area

REV in fracture area

998

999 Fig. 4 Geometrical model that includes representative element in rock fracture area [11].



1000

1001

1002
1003

t+At

Mechanical-Damage

(Damage analysis)

I
D,Esksbl/lmaRc,Uilgi
v

Thermal
(Heat transfer)
Hydraulic
(Darcian flow)
Mechanical
(Poroelastic analysis)
Chemical
(Advection-Diffusion)

Chemical
(Mineral reactions)
Free-face diss/prec
= FF -FF
RJ 1b

*Pressure solution
ps -PS

new bnew, knew

Ci ]

Analysis
time

Fig. 5 Calculation procedure of proposed model.

COMSOL
‘ ,nv‘

A

4

Linked by
MATLAB

v

PHREEQC



1004
1005
1006
1007
1008

p,=0 Pa
To=0°C

1009 =
1010 Fig. 6 Description of benchmark simulation (thermal pressurization problem).

1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023



1024
1025

1026

1027

1028
1029
1030
1031
1032

Current model t=1.0e6 s
Current model t=5.0e6 s
Current model t=1.0e7 s
° Analytical t=1.0e6 s
o Analytical t=5.0e6 s
Analytical t=1.0e7 s

0.8

0.6

0.4

Non-dimensional temperature

0.2
0 ! Nrrrrvorars - I” v o _ I”
0 0.2 0.4 0.6 0.8 1
Non-dimensional depth y/L

o

a 0.5 [ T T T T ]
) L (b) :
o 04 L Current model t = 1.0e6 s ]
()] C Current model t = 5.0e6 s i
o X Current model t = 1.0e7 s ]
E' 03 ° Analyticalt=1.0e6 s ]
2 o Analytical t =5.0e6 s ]
.% Analytical t = 1.0e7 s .
c ]
o ]
£ .
S ]
c ]
o | 1

pd 0.6 0.8 1

Non-dimensional depth y/L

Fig. 7 Comparisons of results by proposed model versus analytical solution for (a) non-dimensional
temperature and (b) non-dimensional pore pressure at different depths and at various times (t = 1.0
%108, 5.0 x108, and 1.0 x107.



1033
1034

1035

1036

1037
1038
1039
1040

Total numbeiof node :160 Outlet

d
1

Inlet
~L

) Length : 0.08 m

Fig. 8 Description of benchmark simulation of 1D reactive transport problem.

-8

8.010° : : : : :
7010° £ (a) E
6.010° | E
= s5010° F E
o s F Current model ]
£, 4010° £ o PHREEQC E
< 3010° E E
2010° | E
1.010° | E

00 E ! ! ! !

0 20000 40000 60000 80000 100000
Time [s]
-4

8.010" L : : : :
7010* £ (b) __
T 6.010" [ ]
= : ]
o 4 Current model .
£ 5010" [ © PHREEQC g
N P :
3.010% [ 3

2010 I I L I

0 20000 40000 60000 80000 100000
Time [s]

Fig. 9 Comparisons of results by proposed model versus PHREEQC solutions for evolution in

concentrations of (a) Al and (b) K.



1041
1042

1043

1044
1045
1046
1047

Modeling

4....!!‘ 50.0m

7 Om
50.0m

Analysis area

"'

4 N

iy 1-350m

Fig. 10 Calculation domain of long-term coupled THMC simulation.

Oy

0y =5.04 MPa
Ox =4.81 MPa

Ox

Fig. 11 Description of excavation analysis.



1048
1049
1050
1051
1052

1053

1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066

Step70 Step80 Step90 Step100
_ v A N Y |
g ~\ g N x-’“jv \",-E';
‘ - { P
S — ; v.:- \‘,{1 . u:-},\:j; —7_;}1 .

Fig. 12 Evolution of damaged zone during cavity excavation.




90.0

— 80.0
O
L
o 70.0
2
S
S
) 60.0
o
5
- 50.0
40.0 I I I I I I
10° 102 10" 10° 10" 10° 10° 10*
Time [year]

1067
1068  Fig. 13 Temperature depending on time Ty (t) used as boundary condition applied on periphery of
1069  cavity [49].

1070
1071
0y =5.04 MPa
g,  Ux =48LMPa
] I l l l l l l l ! l Boundary conditions
o a N
— o — @@ Poo Do By
on on an
- Initial conditions —
— — P
To=15+0.05%(375-Y) b B a_, &g
— Po=pu9x@375-Y) — O H=H G on
—> j—
— e [ Gl a
Oy N (b) (O) (©) le— (©) H=H, %:0 G—E:U
— [ aC\
— e— i(e): T=T,(t) : Fig.13 %:0
y — [
—> l«— H : Hydraulic head [m]
— “—  H,-H,=0.001x50
) (@ '_
X SONIONONONONONNONONONONON®)
1072
1073 Fig. 14 Description of long-term coupled THMC analysis.
1074

1075



1076

1077
1078
1079
1080
1081
(a) Ca concentration : 10g4o(Cca) o
-3
-3.5
0 10" 100 10" [year] F
(b) Si concentration : logqo(Cs;)
4.5
A 5
o e e
A
‘ -,
0 101 100 101 L
1082 Lyear]

1083  Fig. 15 Changes in distribution of solute concentrations with time under PS conditions: (a) Ca

1084  concentrations and (b) Si concentrations.
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Fig. 16 Changes in permeability with time under (a) no-PS condition and (b) PS condition.
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1108  Fig. 18 Changes in permeability with time under no-PS condition and PS condition at observation point
1109  (Point 1) within damaged zone shown in Fig. 17.
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point (Point 1) within damaged zone shown in Fig. 17.
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