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1 Introduction

When discussing the stability of geological repositories containing high-level

radioactive waste (HLW), the long-term evolution of the hydraulic behavior of a rock

mass that works as a natural barrier to the transport of radionuclides must be numerically

predicted [1]. The hydraulic behavior within the natural barrier may be governed by the

permeability of the multiple fractures that are generated when the cavity is excavated for

the disposal of the HLW [2-8]. In addition, after the disposal of the HLW into the

excavated cavity, the permeability of the fractures will be influenced by the coupled

processes of various physical/chemical phenomena. These processes include the heat

transfer from the waste package, the groundwater flow, and the reactive transport with

geochemical reactions between the rock minerals and the groundwater (e.g.,

dissolution/precipitation of the rock minerals) [9, 10]. Therefore, for evaluating the long-

term performance of a natural barrier, a coupled numerical model that can

comprehensively explain the coupled Thermal-Hydraulic-Mechanical-Chemical

(THMC) processes within fractured rock is required. In particular, among the coupled

processes, the geochemical reactions, such as the pressure solution at the contacting

asperities and the free-face dissolution/precipitation at the free surface within rock

fractures, have a non-negligible impact on the alteration of the fracture
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geometry/permeability over the long duration [11-21]. Several studies [13-15] have

confirmed that the pressure solution at the contacting asperities within fractures may bring

about the permeability evolution of the fractured rock by several orders of magnitude over

a long period. As these geochemical reactions depend on the temperature, stress, and

chemical conditions of the groundwater (e.g., solute concentration and pH value) [11-21],

they might be affected by the inflow of the alkaline cement solution from an artificial

barrier, which can be expected in the actual environments where HLW is isolated [1].

Although many numerical works employing coupled models have been performed [22-

35], the influence of the above-mentioned inflow of the alkaline cement solution on the

chemically induced change in permeability of the fractures initiated/propagated during

cavity excavation has not yet been quantitatively evaluated.

For example, Taron et al. [34] and Renchao et al. [35] presented coupled THMC

numerical simulations considering the dissolution/precipitation of multi-minerals

depending on the temperature, stress, and chemical conditions of the fluid. However, their

simulations can only describe the changes in permeability in the existing rock fractures

because no consideration was given to the process of fracture generation. Meanwhile,

although Liu et al. [36] proposed a coupled THMC numerical analysis considering the

evolution of rock damage and permeability, caused by hydraulic-chemical erosion and
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depending on the pH values, the pressure solution was not incorporated into the analysis.

Ogata et al. [37] predicted a series of rock permeability evolution processes in a natural

barrier within a geological repository of HLW, from fracture generation to subsequent

sealing, which results from the pressure solution and free-face precipitation by using a

developed coupled THMC numerical model, denoted as the interfaces packaging

problem-solving algorithm under coupled conditions, /PSACC. However, this numerical

prediction does not consider the inflow of the alkaline cement solution from an artificial

barrier because the influence of the pH values of the groundwater on geochemical

reactions is not incorporated in the model. Besides, the model does not take into account

the geochemical reactions within rock matrix, which is also necessary to precisely address

the geochemical processes in fractured rock.

In this study, our coupled THMC numerical model, /PSACC, which is improved by

adding the pH dependence and reaction scheme within rock matrix in geochemical

processes, was applied to predict the long-term permeability alteration of a natural barrier

composed of crystalline rocks within a repository of HLW under subsurface conditions,

including the inflow of the alkaline cement solution from an artificial barrier. Performing

the numerical investigation of the impacts of the inflow of the alkaline cement solution

on the chemically induced change in permeability of the fractured rock is a novelty of this
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work.

2 Numerical model

2.1 Model description

The coupled THMC numerical model, introduced in this study, is capable of addressing the
interactions of numerous physical/chemical phenomena, such as the heat transfer from the waste
package, the fluid flow, the fracture initiation/propagation within the rocks, solute transport, and the
dissolution/precipitation of the multi-minerals in the pore fluid. A natural barrier composed of
crystalline rock is the target of the numerical simulation for this model, while the phenomena in the
artificial barrier are not considered. In the model, the interactions between the T, H, M, D, and C
components were taken into account, as illustrated in Fig. 1. The model was established by making
some improvements to our previous model [37]. The most important improvement was to expand the
model and its realm of implementation for computing the laws of geochemical reactions depending on
the pH distribution in the fractured rock. This improvement will enable consideration of the influence
of the inflow of the alkaline cement solution from an artificial barrier, and will be helpful for analyzing
and understanding the controlling factors for the long-term permeability evolution of fractured rock
under the expected environment of geological repositories of HLW. The other major improvement was

to add consideration of the geochemical reactions in the rock matrix, while the previous model [37]
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considered only the reactions in the rock fractures. Above-mentioned improvements are expressed as

blue letters in Fig. 1.

2.2 Governing equations

The coupled THMC processes addressed in the proposed model are computed using some
governing equations, including Darcy’s law and the conservation law of water mass, the heat transfer
equation, the poroelastic theory, the scalar damage model, the solute transport equation, and the law

of mineral dissolution/precipitation. In this section, these governing equations are introduced in order.

2.2.1 Mechanical equilibrium

The target material for the model is assumed as a saturated crystalline rock, indicating the
behavior of an elastic body. Regarding the mechanical behavior, and assuming the plane strain
condition, the stress/deformation distributions in the rock mass are evaluated by the quasi-static
equilibrium equation and the typical Hooke’s law, including the effect of the pore pressure and thermal

expansion based on the poroelastic theory, as follows:
-V.e=F,, (D
c=C:(e—aqrdT)+appl, 2
where o[Pa] is the stress tensor, F, [Pa m™!] is the body force, C [Pa] is the elasticity tensor, p [Pa] is

the pore pressure, £[-] is the strain tensor, gz [K!] is the thermal expansion coefficient of the solid,



107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

T [K] is the temperature, ¢ , [-] is the Biot-Willis coefficient, and [I[-] is the identity tensor.

2.2.2 Damage evolution

The initiation and propagation of rock fractures within a rock mass are computed by the isotropic

scalar damage model which has been applied in a lot of simulations for fracture evolution [28-30, 39-

44]. In the current model, the behavior of the damage evolution is expressed by a formulation proposed

previously by Tang (1997) [39] and Zhu and Tang (2004) [41]. As depicted in Fig. 2, the elastic

damage constitutive law for an element under the conditions of uniaxial tension and uniaxial

compression is utilized to simulate the rock fracturing process. It is noted that the tensile stress and

the compressive stress are set to be negative stress and positive stress, respectively. Damage in tension

or in shear begins to progress when the stress state of an element reaches the maximum tensile stress

criterion or the Mohr-Coulomb failure criterion, respectively, given by

FtE—O-’3—ftO=O

1+sind ) (3)
= ’r_ ’_ =0
Fs=o1 1—-sing”? S oo

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

respectively, ¢’ (=gi—azp ) [Pa] and ¢'3 (=g3—app ) [Pa] are the maximum and minimum

principal effective stresses, respectively, fio [Pa] and fio [Pa] are the uniaxial tensile strength and

uniaxial compressive strength, respectively, and @ [°] is the internal friction angle.
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In the isotropic damage theory, the elastic modulus £ of the damaged rock monotonically decreases

with the progress of the damage, as follows:

E=(0-D)E,, 4)

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

respectively, and D [-] is the scalar damage variable that changes from 0 to 1.0 and expresses the

degree of damage to the targeted material. D becomes 0 when no damage occurs and 1 when complete

damage occurs. In the current work, the zone where damage has progressed considerably (D > D, =

0.8) is treated as a mesoscopic fracture. And, this mesoscopic fracture (damage zone: D>D.,) is defined

as a “fracture”, while a macroscopic fracture, composed of the calescence of multiple mesoscopic

fractures, is generally called a fracture. Meanwhile, the zone where D < D, is treated as the rock

matrix zone. Damage variable D is computed by strain, as follows [31].

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

variable D is computed as follows:

0 F:<0 and F <0
p=11-180 p -0 and AF,>0 (5)
&t
1180 B =0 and Ap,>0
Ec

&1 :1{83"' d } (6)

14v 1—2y %
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T | T 1= P 1=sing 10| B 1= P

where g, [-] and g [-] are the limit tensile strain and compressive strain, respectively, 5 [-]isa
constant (7=0.1), g (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.

2.2.3 Characterization of heterogeneity

The heterogeneity of the rock mass is considered by setting the mechanical properties of each
element in the calculation domain according to the Weibull distribution, as defined in the following
probability density function [46]. Specifically, among the mechanical properties, the heterogeneity is
considered in setting the elastic modulus, uniaxial tensile strength, and uniaxial compressive strength

[39, 41].

f(u)#(”xjm_ exp —(”ﬁ} , ®)
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 10, and f o), u ® is the characteristic parameter which is related
to the average value of that mechanical parameter (i.e., #’° = Ey’U fio *U and fe0 ), and m [-] is the

homogeneity index of the material properties which defines the shape of the distribution function.
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The behavior of the groundwater flow within a rock mass is described by the conservation of

water mass employing poroelasticity and by assuming the Darcian flow as

dp de
DL v v —
pS ” +V-(p,u)+p,as o S )
k
u =—7(Vp+pwth) , (10)
1_
s=2,0-9 a1
Kf Ks
K
oas=1—— (12)
K

where p,, [kg m™] is the liquid density, S [Pa™'] is the storage coefficient, u [m s'] is the liquid velocity
tensor, f,, [kg m™ s!] is the source term for the flow, k [m?] is the rock permeability tensor, z [Pa s] is
the liquid dynamic viscosity, g [m s72] is the gravity acceleration, and 4 [m] is the potential head, ¢

is the porosity at an arbitrary time, K [Pa] is the bulk modulus of rock, Ky [Pa]is bulk modulus of
fluid, and K [Pa] is the bulk modulus of solid. The permeability within the rock mass is distinguished

by the degree of damage [47], namely,

1-p)

i

ko((l_—(”")(z] exp(a D) D<D,

k= ; (13)

- D>D

where , [m?] is the permeability of the undamaged rock, ¢, is the initial porosity, ¢ [-] is the

damage-permeability effect coefficient, and by[m] is the average fracture aperture which is defined
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only in the damage zone where D>D,,. As shown in Eq. (11), change in permeability of rock matrix

due to porosity change is considered by applying the Kozeny-Carman equation [48], while it was not

considered in our previous model [37]. The occurrence of a fracture aperture brought about the damage

progression, by p, is expressed as [47]

bf,D:\/lszeXp(OCkD) , (14)

2.2.4 Heat transfer

In the thermal transport process, the temperature field within the rock is determined by solving

the following heat transfer equations:

or
(pCp)qu:V'()uquT)_prP,Wu'VT-’-qh’ (15)
(pCb)eq :(1_(p)pm Cp,m+(/)pwcp,w9 (16)
deq=(=0) A + 0 40y . a7

where (p Cp)eq [J K m3] is the equilibrium volumetric heat capacity, Cp, [J kg™! K''] is the heat

capacity of the fluid, 4, [W m™ K] is the equilibrium thermal conductivity tensor, g [W m™] is

the heat source, p,, [kg m™] is the density of the solid, C,,, [J kg! K''] is the heat capacity of the solid,

and 2, and 2, [W m' K] are the thermal conductivity tensors of the solid and the liquid,

respectively.
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The thermal conductivity is correlated according to the evolution of damage [30] as

/lm = imoexp(OUD) (18)

where ¢ [-]is the damage-solid thermal conductivity coefficient,and A,,, [W m K] is the initial

thermal conductivity of the solid without damage.

2.2.5 Reactive transport

The advection-diffusion equation, including the reaction term, is utilized to describe the

distribution of solute concentrations. The mechanical dispersion and retardation, brought about by the

sorption processes, are not taken into account here.

N
%@Jru-vci:V'(De,iVCi)“L”’ (4
De,i = (DTDb,i > (20)
I”1=Z;l‘ViRj5 (21)

where ¢; [mol m™] is the concentration of solute i, D,;[m? s™'] is the effective diffusion coefficient

tensor, Dj,; [m* s'] is the diffusion coefficient tensor, 7 [-] is the coefficient related to tortuosity (7 =

1.0), r; [mol m™ s!] is the source term of solute i, where v;[-] is the stoichiometry coefficient of solute

i, n is the number of rock-forming minerals, and R; [mol m™ s'] is the rate of geochemical reactions
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for mineral j. The dissolution rate constant and diffusion coefficient are controlled by the system and

can be defined by an Arrhenius-type equation [49].

D= &0,1‘ exptEp,;/ RT), (22)

where pj, [m*s']and fg,, [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.

2.2.6 Geochemical reactions

The geochemical reactions between rock and water include the free-face dissolution/precipitation
and the pressure solution. Therefore, the rate of the geochemical reactions for mineral j, R;, is

represented as

Rj:RfF'i'RfSa (23)

where R/" [mol m™ s'] is the rate of the free-face dissolution/precipitation of mineral j within the

rock, and R;® [mol m™ s™'] is the rate of the pressure solution of mineral j within the rock.

In the current model, geochemical reactions within both fracture and matrix domains are
considered. However, based on the equations of the pressure solution law, presented in Yasuhara et al.
(2016)[33], it can be inferred that the pressure solution at the grain contacts within the matrix domain
may not occur in crystalline rock that has extremely low porosity. Thus, among the reactions within

the matrix domain, only free-face dissolution/precipitation is considered, while the pressure solution
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is not considered. The equation for the rate of the reactions within the fracture is formulated by setting
the geometric model derived by idealizing the arbitrary micro-domain as the representative element
of the fracture area (Fig. 3 [13]). In the proposed model, the greatly damaged zone, where D>D,,, is
defined as the fracture, while the other zone is assumed as the rock matrix. Consequently, the rates of
the free-face dissolution/precipitation in the matrix and fracture domains can be defined by using the
damage variable in the following equation. The equations for the matrix and fracture domains are

given in Lasaga (1984) [50] and Ogata et al. (2018) [27], respectively.

{RfF:fr,ijk+,jAgeo(1_Qj/Keq’j) D= Der (24)

RfF:2fr,j)(jk+,j(1_Qj/Keq,j)/bf D>Dcr
where k:;[mol m? s'] is the mineral dissolution rate constant of mineral j, X, [-] is the volumetric

ratio of mineral j, f [-] is the roughness factor, which is the ratio of the true (microscopic) surface area
over the apparent (geometric) surface area, Q; [-] is the ionic activity product, K., [-] is the equilibrium
constant of mineral j, and 4g., [m* m] is the geometric surface area, which is simply evaluated by the
ratio of the surface area of the spherical grain of diameter d over the volume, as follows:

_ Td? _ 6
Ageo_ 7l'd3 —g (25)

6

The rate of the pressure solution for mineral j at the contacting asperities within the fracture is

expressed by applying the damage variables, criterions for tension and shear damage, given as [37]
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R*=0 DD,

3RS Vo iden i
s SRS ritiVmiko ()| (26)
RTpr(0=Rre) \Rye
s SRS j X Vimikej[ (o)) +o's) _
D= Oc¢ D>Dcr’Fs_0
RTps(1-Ry,) Ry

where R, [-] is the contact-area ratio within the fracture, V,, ; [m? mol™'] is the molar volume of
mineral j, ¢, [pa] is the critical stress, and <> are the Macaulay’s brackets. According to Eq. (26), the

pressure solution induced by compressive stress does not occur within the tension fracture when

03 <0, but it should occur when the stress state moves to a compressive state (i.e., g3>0).

The mineral dissolution rate constants, that are significantly important parameters for realizing the
geochemical reaction between the rock-forming minerals and water, are represented by the Arrhenius
expression with dependence on temperature and the pH condition (i.e., concentration of H' in the pore

water), given as [51]

k+,j=kl,jaHJrnl'Fkz,j+k3»jaH+n3 27)

b

—E (1 1
= K ey Jl L
kip = ki p{ R (T 298.15Kﬂ
, (28)

29815K
ki,j

where (i=1,2,3) [mol m? s'] is the rate constant of mineral j at 298 1.5K (25°C), pH =0

under acid, neutral, and base mechanisms, respectively, E ; ; (i = 1, 2, 3) [J mol '] is the activation
energy of mineral j under acid, neutral, and base mechanisms, respectively, ag is the activity of H,

and »; and n3 are the dimensionless catalysis constants for the acid and base mechanisms, respectively.
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In the current work, the introducing Eq. (27) is an essential improvement from our previous model

[37] for examining the influence of pH alterations brought about by the inflow of the alkaline cement

solution from artificial barrier on chemically-induced permeability change with time in natural barrier.

2.2.7 Porosity change within rock matrix

The changes in both of matrix porosity and fracture aperture are thought to be related to the

structure alteration of the pore space within the rock, while the former was not considered in our

previous work [37]. In the current model, the change in porosity is only induced by the geochemical

effect. Thus, the porosity of the rock matrix at an arbitrary time is obtained by computing the rate of

change in porosity due to the free-face dissolution/precipitation within the rock matrix, as follows:

n n
0" =LV BT =2 Vs Ageo (1= 0 Keg. ) G0
J J '

where ¢F ' is the rate of change in porosity of the free-face dissolution/precipitation within the rock

matrix.
2.2.8 Fracture aperture change

The change in the fracture aperture stems from the fracture initiation/propagation and
geochemical processes. Therefore, the fracture aperture at arbitrary time ¢ is defined by taking account
of the aperture brought about by the fracture initiation/propagation and the temporal evolution of the

aperture induced by the free-face dissolution/precipitation and pressure solution, as follows:
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. n
biF = szr,j)fj(l - Rf,c) Vi, jk+,j (1- Qj/Keq,j) (32)
J

. n =3, K ke iVl (o
bI;S(I)ZZ rj Xk iV m)j <03>—0c D> Do Fy=0
i J RT Rf,c
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n =3 K ke Vi [(0'1> +(0%3)

J

Ryre
where bjljF [m s'] is the rate of change in the fracture aperture by the free-face
dissolution/precipitation and [5})5 [m s'] is the rate of change in the fracture aperture by the pressure
solution. It may be possible to approximate the correlation between the fracture aperture and the
contact-area ratio on the fractures by the following simple representation [14]:
brO)=bs,+brp—br)eXpHR s (O)—Ryrep) a), (34)

where b . [m] is the residual fracture aperture, a [-] is a constant, and Rycp [-] is the contact-area
ratio within the fracture when a fracture is generated, which is represented as the following equation
based on the theoretical background for damage variable D [52]. The detailed derivation process is

explained in the literature [37].

Rrep=1-D. (35)

It is noted that, in the present work, after the fracture initiation/propagation, changes in damage

variable D are not considered.
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2.2.9 Numerical computing system

The proposed model is implemented into the computing system by linking two numerical tools of
COMSOL MULTIPHYSICS, a powerful FEM software package [53], and PHREEQC [54], a
computer program that performs various aqueous geochemical calculations. The main feature of the
calculation procedure is that it solves the reactive transport process (Eq. (19)) by dividing it into two
processes based on a non-iterative sequential split operator approach [55]. One process is the solute
transport, which is handled in COMSOL MULTIPHYSICS, and the other process comprises the
kinetic geochemical reactions, including the free-face dissolution/precipitation and the pressure
solution, which is computed by PHREEQC.

Details on the above-mentioned computing system can be found in the literature [37].

3 Numerical investigations of permeability evolution within

natural barrier for geological disposal of HLW

The proposed model was applied to numerical simulations for predicting the long-term
permeability alteration in rock that works as a natural barrier within a geological repository of HLW.
The environment of the target subsurface in the following simulations was set by referring to the
Mizunami area of Gifu, Japan, and the actual data were obtained from relevant literature. In the
simulations, the horizontal storage system of radioactive waste, introduced in the scientific and

technical report summarizing HLW disposal construction in Japan [1], was assumed. The numerical
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domain, as illustrated in Fig. 4, expresses the natural barrier from depths of 450 m to 550 m from the

Earth’s surface. The disposal cavity had a depth of 500 m and its domain was discretized into 51064

rectangular elements. The canisters of radioactive waste were virtually installed in the cavity as a heat

source. The horizontal length of 13.32 m was selected for the numerical domain because it may be

one-half of the center-to-center distance of each disposal cavity with a diameter of 2.22 m. The

numerical domain was composed of granite with a porosity of 1.12% and a dry density of 2620 kg/m?.

These physical properties were determined by observing core samples drilled from the target site at a

depth of 500 m [56, 57]. Considering the heterogeneity of the mechanical properties in the target rock

mass, the elastic modulus and strengths (uniaxial tensile strength and uniaxial compressive strength)

were distributed within the domain based on the Weibull distribution, and the other properties were

set homogeneously. In the current simulations, firstly, an excavation analysis of the disposal cavity

was performed. Subsequently, the long-term prediction of the alteration in permeability was

implemented by employing the stress condition and the damage distribution obtained from the

excavation analysis as the initial conditions. The parameters used in the simulations are shown in

Table 1. These parameter values were selected by referring to the literature [14, 28, 41, 43, 49, 56, 57,

60~62].
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3.1 Numerical analysis of disposal cavity excavation

Through the numerical analysis of the disposal cavity, with a diameter of 2.22 m and a depth of
500 m, shown in Fig. 4, the behavior of the fracture initiation/propagation rock was predicted. The
characteristic parameters related to the average value of the mechanical properties, distributed by the
Weibull distribution (i.e., fio *, feo °, and Eo®, (see Eq. (8)), were set to be 5.36 MPa, 159.6 MPa, and
50.3 GPa, respectively. These values are equivalent to the mechanical properties evaluated by the core
samples collected in-situ from a depth of 500 m [56, 57]. Employing an appropriate value for
homogeneity index m (see Eq. (8)), in the range of 1.2~5.0, as shown in previous studies [41, 43], the
value of that parameter was set to be 2.0. Poisson’s ratio and the internal friction angle were set to be
0.27 and 52.6°, respectively [56, 57]. The initial stress conditions, given in Fig. 5, were approximated
from the data obtained from the hydraulic fracturing tests conducted at various depths at the target site,
and lateral pressure coefficient Ko was set to be 1.6704 [63]. The initial pore pressure was equivalent
to the hydrostatic pressure at the steady state. In the excavation analysis, the excavated wall was set to
be in an undrained condition during the excavation because a short-term excavation was assumed. To
simulate the excavation process in this analysis, the internal outward radial pressure applied to the
cavity boundary was reduced monotonically by 0.25% per step for 400 steps (Fig. 5). The fracturing
process (change in distribution of damage variable D) around the disposal cavity during the excavation

is depicted in Fig. 6. The figure distinguishes the tensile damage from the shear damage by modifying
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the sign for the damage variable D values in the shear mode to negative (i.e., 0 <D <10 -1 <D <0).
Thus, the negative numbers (-1 <D < 0) express the shear damage (areas with blue color), while the
positive ones express the tensile damage (areas with red color). The figure shows that multiple
fractures grow vertically around the crown, and that the invert and tensile damage is more remarkable
than the shear damage. The shear damage occurs near the tensile damage. The maximum principal
stress is further increased by the stress concentration due to the decrease in stiffness (reduction) in the

neighboring tensile damage zone which may result in shear failure near the tensile damage.

3.2 Long-term simulations with THMC coupling

The initial conditions were set by employing the physical/chemical properties of the target rock
that were updated by the damage state (i.e., elastic modulus, permeability, thermal conductivity,
fracture aperture, and contact-area ratio within the fracture) through the excavation analysis.
Subsequently, the long-term simulations were performed. These long-term simulations target the
coupled THMC phenomena after the disposal of the waste package in the excavated cavity. The target
rock was assumed to be composed of five minerals, namely, quartz (50 vol%), k-feldspar (12 vol%),
albite (10 vol%), anorthite (20 vol%), and biotite (8.0 vol%). The volumetric ratios of the minerals,

X ;» were given by referring to those evaluated by the XRD analysis with Mizunami granite [14]. The

important parameters of the kinetic dissolution rate constants (see Egs. (24) and (25)) for the minerals
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considered in the simulations, obtained from Palandri and Kharaka (2004) [51] and Li et al. (2006)

[64], are given in Table 2. The hydraulic and thermal gradients were set to be 0.01 and 2°C/100 m,

respectively [65]. When considering radiation from canisters, time-dependent change 75(t) outside the

buffer material, obtained from the literature [1] (Fig. 7), was set at the periphery of the cavity as the

boundary conditions. The inflow of the alkaline cement solution from an artificial barrier was virtually

considered by setting solute concentration c;, shown in Table 3, at the periphery of the cavity as the

boundary conditions. The solute concentrations contained in the alkaline cement solution were

obtained from the literature [66, 67]. A summary of the boundary/initial conditions used in long-term

simulations is shown in Fig. 8. The chemical conditions of the groundwater at the initial state,

including the solute concentrations and the pH value shown in Table 4, were set to be the measured

values at the target site at a depth of 500 m [68]. In the present work, the fracture initiation/extension

is considered during the excavation process of the disposal cavity; namely, the forming of new

fractures after the excavation is not taken into account.

In the present work, the long-term predictions were implemented in two different cases. The first case
is that which virtually considers the inflow of the alkaline cement solution from an artificial barrier by
setting the concentrations shown in Table 3 at the cavity boundary; it is called the “inflow”. The other
case is that which excludes the above-mentioned inflow phenomenon,; it is called the “no-inflow”. The
Fig. 8 shows the boundary/initial conditions utilized in the inflow case. In the no-inflow case, the
following Neumann boundary condition is set at the cavity boundary instead of the inlet conditions

used in the “inflow” case.
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da

S=0. (36)

where n represents the outward normal direction to the targeted boundary.

The changes in the permeability distribution around the cavity with time in the range of 0 — 4.0

years, under the no-inflow condition and the inflow condition, are shown in Fig. 9. In the figure, the

permeability is given by log notation (i.e., logiok). The initial state shown in figure suggests that the

permeability in the fractured zone, formed by the cavity excavation, increases to about two orders of

magnitude greater than the intact rock zone at the maximum. As shown in the figure, in both cases,

the permeability within several fractures eventually decreases with time. This may be because of the

geochemical reactions that seal the fracture (i.e., pressure solution and precipitation). The maximum

reduction in permeability is about two orders of magnitude and occurs after 0.1 years. The difference

in permeability evolution between the two cases cannot be clearly confirmed with the time tracking

shown in the figure. On the other hand, within the undamaged zones, the permeability around the

cavity remains almost unchanged in both cases.

An additional case was computed under the inflow condition, which does not consider the

occurrence of the pressure solution, in order to examine which geochemical reaction dominates the

permeability reduction within the fractures. Permeability distributions at the initial state and after 10

years, predicted in the above-mentioned case, are shown in Fig. 10. The figure shows that, in the case

which does not involve the pressure solution, the permeability within the fractures is almost unchanged.
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Thus, the decrease in fracture permeability with time, observed in Figs. 9, is mainly controlled by the

occurrence of the pressure solution at the contacting asperities within the fractures. A comparison of

Figs. 6 and 9 implies that the fractures where the permeability changes almost coincide with the shear-

induced fractures. This is because the driving force of the pressure solution is the compressive stress

which does not occur under the tensile stress condition.

In order to investigate the difference in permeability evolution within the fractures, by the influence

of the inflow of the alkaline solution, the changes in permeability at an early period under the no-

inflow and inflow conditions are shown in Fig. 11. In figure, the permeability distribution except the

rock matrix is extracted to visualize the permeability evolution within the fractures. Note that the

permeability is normalized by the initial value of this long-term coupled analyses after the disposal of

the waste package. The figure shows that the relatively clear difference in the permeability distribution

close to the cavity at 0.001 years between two cases can be confirmed visually, while there is almost

no difference after 0.1 years. The distributions of normalized fracture permeability focused near the

invert at 0.001 years the no-inflow and inflow conditions are shown in Fig. 12. As is apparent from

the figure, the progress of permeability reduction under the inflow condition is faster than that under

the no-inflow condition. Subsequently, the changes in pH within fractures with time under the no-

inflow condition and the inflow condition, are shown in Fig. 13. In the figure, it is showed that the pH

close to the cavity increases to around 12 due to gradually expansion of the alkaline solution from the
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cavity boundary with time under the inflow condition, while the pH is around 9.0 under the no-inflow

condition. The increase of pH with time within the fractures in both also be affected by the

consumption of H" ion which is induced by the occurrence of mineral dissolution (e.g., pressure

solution). From the Figs 11~13, it is confirmed that the difference in the permeability evolution

between two cases (no-inflow condition and inflow condition) is significant only in the vicinity of the

cavity in the early stage of disposal period and it is brough about by the locally enhancement of

pressure solution by increase of the reaction rates depending on the pH value due to expansion of the

alkaline solution. The occurrence of these local trend is because of a greatly difference between

pressure solution rate and expansion rate of alkaline solution. In the scheme of pressure solution

expressed by Eq. (26), the reaction stops at equilibrium when the stress acting on the asperity contacts

within the fractures (contact stress) becomes equal to the critical stress. The time-dependent

degradation of contact stress to reach critical stress is induced by increase of contact area linked to

decrease of fracture aperture as defined by Eq. (34). From Fig. 11, it can be expected that the rapid

aperture reduction within the several fractures, is caused by pressure solution after disposal of waste

package and at 0.1 years pressure solution has already stopped within most fractures in both cases.

Compared to the progress rate of pressure solution until reaching equilibrium, the expansion rate of

alkaline solution from the cavity is sol slow. Thus, the behaviour of the pressure solution within the
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fractures only close to the cavity where the alkaline solution can reach immediately is influenced by

the inflow of the alkaline solution.

In order to further verify the above-mentioned insights, the changes in permeability and pH with

time under the no-inflow condition and the inflow condition at two specific observation point (points

1 and 2, see Fig. 14) within the fracture are depicted in Figs 15 and 16. As shown in Fig. 14, pointl is

installed in the vicinity of the cavity boundary, while point2 is set in a place a little away from the

cavity boundary. As is apparent from the Figs 15 and 16, in the fracture close to the cavity (pointl)

the difference in permeability reduction is significant in the early period (within first 0.015 years)

between no-inflow condition and inflow condition, while there is almost no difference in the fracture

at a distance from the cavity (point2). This is because that alkaline solution has reached pointl, but

has not reached point2 under the inflow condition. At the point2, pH evolution under no-inflow

condition is almost same as the one under inflow condition and in both cases, permeability almost

ends up in the convergence value within first 0.015 years. That is, at a distance from the cavity, the

permeability reduction induced by pressure solution has already completed sooner than the alkaline

solution arrives. These results observed at specific points are consistent with the insights expected

from Figs 11~13.
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In order to perform the integrated evaluation of permeability reduction throughout the fracture

zone , the spatially integrated permeability reduction is taken over the fracture domain at arbitrary

time 7, Ak (t) [m*], which is represented as follows:
Q

S Ak (1) = [lis = e (0 ey (37)

where ky; [m?] is the permeability of the fracture domain at the initial condition in this analysis, and ©Q
is the entire fracture domain. The evolution in the spatially integrated permeability reductions over the
fracture domain under no-inflow and inflow conditions is depicted in Fig. 17. As is apparent from the
figure, in both cases, the amounts of integrated reductions rapidly increase in the early stages of the
analysis period. Afterwards, they approach almost equal values. To focus on the difference in rates of
reduction between the two cases in more detail, an extract of the early period in Fig. 17 is shown in
Fig. 18. This figure shows slight differences in the amounts/rates of reduction affected by the inflow
of the alkaline solution, and the differences are a little clear to some extent within the first 0.02 years.
Much of the difference may have been brought about by the enhancement of the pressure solution only

close to the cavity due to the expansion of the alkaline solution.

4 Conclusion

In order to examine the impact of the inflow of the alkaline cement solution on the change in
permeability over time within the fractured rocks at an actual field, a coupled THMC numerical model,
IPSACC, that is able to address a series of permeability evolution, from fracture generation to

subsequent geochemical creep, has been upgraded by incorporating the dependence of the
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geochemical reactions on the pH value. Then, the upgraded model was applied to predict the long-

term alteration of the permeability in crystalline rock, which is located in geological disposal facilities

of HLW. In the numerical predictions, subsurface conditions were assumed that also virtually consider

the inflow of the alkaline cement solution from an artificial barrier. The predicted results show that

many fractures are generated during the excavation, and that the permeability within the several shear-

induced fractures rapidly decreases afterwards with time due to the pressure solution at the contacting

asperities of the fractures. The fracture permeability reduction is locally accelerated only in the vicinity

of the disposal cavity due to the significant alkalization of the groundwater induced by the inflow of

the alkaline component. This is attributed to that the alkaline component cannot spread the fractures

except near the disposal cavity before the permeability reduction induced by pressure solution quickly

reaches the steady state. Overall, the performed numerical predictions in this work suggests the

possibility that the influence of the inflow of the alkaline cement solution from an artificial barrier is

spatiotemporally limited and is not dominant on the long-term performance of a natural barrier

composed of crystalline rock for delaying the transport of radionuclides.
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Table 1 Parameters used in simulation.

Parameter Value
Homogeneity index of material properties [-] m 2.0[41,43]
Characteristic value of elastic modulus [GPa] Eo* 50.3 [56,57]
Characteristic value of uniaxial tensile strength [MPa] fio* 5.36[56,57]
Characteristic value of uniaxial compressive strength [MPa] feo® 159.6[56,57]
Internal friction angle [°] € 52.6 [56,57]
Poisson’s ratio [-] v 0.27[56,57]
Bulk modulus of solid [GPa] K 40 [58, 59]
Bulk modulus of fluid [GPa] Kr 2.0
Permeability of the undamaged rock [m?] ko 1.82x1071[60]
Initial porosity [%] o, 1.12 [56,57]
Initial thermal conductivity of the solid [w m™ K] Amo 3.0[61]
Heat capacity of the solid [kJ kg™ K'] Cpm 0.8[61]
Thermal expansion coefficient of solid [K''] a7 1.15x10°[61]
Coefficient that represents the damage-permeability effect [-] ¢y, 5.0 [62]
CoefTicient that represents the damage-solid thermal conductivity [-] ¢, 5.0 [28]
Roughness factor [-] fr 7.12[14]
Critical stress [MPa] oc 150 [56,57]
Pre-exponential factor of diffusion of solute [m? s™]  p? 5.2x108 [49]
Activation energy of diffusion of solute [kJ mol '] £, 13.5 [49]
Constant [-] «a 0.04 [14]

set to be equivalent to uniaxial compressive strength of target rock.

Note: The bulk modulus of fluid Krwas set to the general value of water and the critical stress oc was



650

651
652
653 Table 2 Parameters of kinetic dissolution rate constant [51,63].
654 Parameter Quartz K-feldspar ~ Anorthite Albite Biotite Amcﬁ)hous
silica
655 log k1293'15K -10.66 -3.50 -10.16 -9.84
log k§98*15K -13.99 -12.56 -9.12 -12.56 -12.55 -12.3
656 log 228 15K 212 - -15.6 -
E\ [kJ/mol] 51.7 16.6 65 22.0
657 E> [kJ/mol] 87.6 38.0 17.8 69.8 22.0 76.0
Es [kJ/mol] 94.1 1.411 71.0 -
658 n 0.50 - 0.457 0.525
n3 -0.823 - -0.572 -
659

660  Note: The data on the anorthite and other minerals were obtained from Li et al. (2006) [63] and
661 Palandri and Kharaka (2004) [51], respectively.

662

663  Table 3 Chemical composition of alkaline cement solution from cavity boundary (Inlet boundary)

664  [64,65].

665

Initial pore water composition Value
666 Al [mol L] 1.29%10°
667 Ca [mol L] 5.35x107
668 K [mol L] 5.81x10?
669 Na [mol L] 3.76x1072
670 Si [mol L] 1.19%10%
671 Mg [mol L] 6.08x10°
672 pH 13.90
673
674
675
676
677

678



679

680

681

682

683

684

685

686 Table 4 Initial chemical composition of groundwater utilized in simulation [66].
687 Initial pore water composition Value
638 Al [mol L] 1.9x10°
689 Mn [mol L] 3.6x107
690 K [mol L] 2.0x10°
691 Na [mol L] 7.8x1073
690 Si [mol L] 3.0x10*
693 Ca [mol L] 2.1x10°
694 Mg [mol L] 6.0x10°¢
695 Fe [mol L] 4.0x107
696 F [mol L] 3.0x10*
697 Cl [mol L] 1.2x102
698 S [mol L] 5.0x107
699 N [mol L] 2.2x10°
700 pH 8.59
701

702

703

704

705

706

707

708

709

710
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799  Fig. 9 Change in permeability distribution around cavity with time in range of 0 — 4.0 years under (a)

800  no-inflow condition and (b) inflow condition
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804  Fig. 10 Permeability distributions around cavity at initial state and after 1.0 years in case considering
805  inflow condition, which does not consider occurrence of pressure solution.
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830  Fig. 13 Change in pH distribution within fracture with time in range of 0 — 0.1 years under (a) no-

831 inflow condition and (b) inflow condition
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835  Fig. 14 Setting observation point. Pointsl and 2 are set in the computed fracture zone where
836  permeability reduction with time occurs. Pointl is set in the vicinity of the cavity and Point2 is set in

837  aplace a little away from the cavity.
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839  Fig. 15 Changes in permeability and pH within first 0.1 years under no-inflow condition and inflow
840  condition at observation point (point 1) in fracture zone depicted in Fig. 14.
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844  Fig. 16 Changes in permeability and pH within first 0.1 years under no-inflow condition and inflow

845  condition at observation point (point 2) in fracture zone depicted in Fig. 14.
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849  Fig. 17 Changes in space integrated permeability reduction within 1.0 years under no-inflow condition

850 and inflow condition.
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853  Fig. 18 Changes in space integrated permeability reduction within first 0.1 years under no-inflow

854 condition and inflow condition.



