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Abstract

A multi-physics numerical model was developed to predict the fluid flow and mass transport
[(Re2.1)] behavior of rock fracture [(Re2.1)] under coupled
thermal-hydraulic-mechanical-chemical (THMC) conditions. In particular, the model was
employed for the purpose of describing the evolution of permeability and reactive transport
behavior within rock fractures by taking into account the geochemical processes of the free-face
dissolution and the pressure dissolution. In order to examine the capability of the developed
model, the model was applied to replicate the experimental measurements of the evolution in
hydraulic aperture, permeability, and element concentrations obtained from two flow-through
experiments using single granite and mudstone fractures. The model predictions for the granite
experiment were able to follow the actual data for the evolution in hydraulic aperture and effluent
element concentrations without adopting any fitting parameters that are often used in other
THMC coupled models obtained from literature. Furthermore, the model succeeded in replicating
the actual changes in fracture permeability and effluent element concentrations within the
mudstone fracture. Although some uncertain mismatches between the experiments and the model
predictions, such as changes in the concentrations of several elements (i.e., Na and K
concentrations in the granite fracture and Al in the mudstone fracture) were remaining at this
stage, [(Re2.2)] the developed model should be valid for evaluating the evolution in the fluid
flow and mass transport behavior within rock fracture induced by mineral dissolution under

stress- and temperature-controlled conditions. [(Re2.2)]



32

33

34

35

36

37

38

39

40

41

42

Keywords: Coupled THMC model, Rock fracture, Permeability, Mineral dissolution,

Pressure solution

Key Points:

» A coupled THMC numerical model was developed to predict changes in the
permeability and reactive transport behavior within single rock fractures.

» The model was validated by replicating experimental measurements using granite and
mudstone fractures.

» There were, however, some uncertain mismatches between the experiments and the

model predictions in the concentrations of several elements.
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1. Introduction

Understanding the fluid flow behavior in the deep subsurface is essential for evaluating the
performance of many rock engineering projects, such as the geological disposal of high-level
radioactive waste [1-3] and anthropogenic CO, [4], and the enhanced geothermal system (EGS)
[5]. In the deep subsurface, the fluid flow behavior often depends on the hydraulic properties of
the rock fracture (i.e., permeability and aperture) and the spatial distribution of the fracture
network. It is well known that the permeability of fractured rocks is influenced by the coupled
thermal-hydraulic-mechanical-chemical (THMC) processes under the deep geological conditions
[6-8]. Among these several processes, mechanical-chemical (MC) processes, such as stress
corrosion and geochemical reactions between the rock minerals and the pore water and
mechanical creep, may exert a non-negligible influence on the evolution of fracture permeability
[9-11]. However, within the context of the geological disposal of high-level radioactive waste,
geochemical reactions, such as free-face dissolution/precipitation [12] and pressure dissolution
[13-21], have been well recognized as important physical phenomena which may change the
fracture permeability within a longer timescale in comparison to the mechanical processes. These
processes within rock fracture often have been investigated under the hydrothermal conditions
where the fluid-rock reaction is enhanced. [(Rel.2)] Robert et al. (2016) [22] conducted
flow-through column-like experiments for 20 and 40 days using granite samples that have a single
tensile fracture by simulating in near-field setting of shallow Enhanced Geothermal System (EGS)
(i.e., 120 °C temperature, and 25-35 MPa effective stress), and fracture permeability, fracture
aperture, and mass of minerals dissolved were computed through the pore-pressure observations,
effluent chemistry, and X-ray CT scan imaging. Their results showed the decrease in permeability
that should be due to a combination of dissolution of fracture propping asperities and mechanical

creep, but finally concluded through the measurements of the effluent solution that the
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permeability reduction was due to mineral dissolution of the fracture propping asperities rather
than mechanical effects. Beeler et al .(2004) [23] measured the time dependent closure of
fractures in quartz at 22-530°C temperature and 0.1 — 150 MPa water pressure, and reported the
aperture reduction by as much as 80 % in a few hours due to a pressure dissolution-like process.
Besides these observations, many other experimental studies [9-11, 24, 25] have confirmed a
reduction in the permeability of rock fractures by several orders of magnitude likely due to
pressure dissolution. [(Rel.2)] Therefore, in order to predict the permeability change of fractured
rocks in actual fields, it should be of great importance to model the coupled THMC processes
including the pressure dissolution. [(Rel.3), (Rel.5), (Re2.8)] Previous studies [9-11, 16, 18, 24]
have proposed the conceptual models to predict the evolution in permeability of porous and
fractured rocks due to the mechanical-chemical phenomenon (i.e., pressure dissolution). These
models can describe the processes only in the representative elementary scale, and thus they can’t
conduct coupled THMC numerical simulations at field scales. The aim of this study is to propose
a FE model that can describe coupled THMC processes including the pressure dissolution for
predicting rock permeability change at the field scales. Previously, using the FE scheme we have
developed a coupled THMC model incorporating the pressure dissolution at grain-to-grain contact
[26]. Updating the model by incorporating the process of pressure dissolution at contacting
asperities is the main purpose of this study. [(Rel.3), (Rel.5), (Re2.8)] Recent studies [25,
27-34] also have proposed several coupled THMC numerical models including the geochemical
reactions (i.e., free-face dissolution and pressure solution) within rock fracture to estimate the
evolution of fracture permeability. For instance, [(Rel.2)] Lang et al. (2015) [27] developed a
discrete  multiphysics pore-scale model by extending the direct and coupled
thermo-hydro-mechanical-chemical simulation approach of the Bernabe et.al (2007) [28] from

single, axisymmetric grain contacts to three-dimensional models of randomly rough, self-affine

5



91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

surfaces. The model can estimate the change in fracture aperture induced by pressure dissolution
and elastic compression. [(Rel.2)] However, the focus of most of these studies [27-31] has only
been the development of theoretical THMC models; the studies have not verified the developed
models by comparing the predictions with actual measurements obtained from experiments. In
contrast, there are several studies [25, 32-34] that have developed coupled models and examined
their validity by a comparison with experimental data. Yasuhara et al. (2006) [25] developed a
numerical model using the Lagrangian-Eulerian method that can predict the evolution of
permeability and reactive transport behavior within a single novaculite fracture by describing the
geochemical reactions (i.e., free-face dissolution and pressure dissolution). This model applied
additional multipliers in the calculations of the mechanical-chemical processes in order to follow
the experimental measurements — the multipliers ranged from 30 to 10°. Based on the works by
Yasuhara et al [11, 25], in Task C1 of the Decovalex project, an attempt has been made to develop
THMC numerical models that can reproduce the experimental measurements of single rock
fractures using novaculite and granite [32-34]. In the scheme of their modeling, Bond et al. (2016)
[34] and Bond et al. (2017) [33] applied some different modeling approaches, including the
discretized 2D model that represents a 2D fracture surface taking the fracture topography data to
locally define the fracture aperture, the homogenized (0OD/1D/2D) model that treats the entire
fracture surface as a single entity, and the synthetic model that uses the fracture topography data
to define the statistics of the fracture aperture distribution. In their works [33,34], several
participating teams attempted to apply these different modeling approaches with each team
conducting calculations using their own numerical code. Most of different numerical models
developed in their works [33,34] were able to replicate the experimental measurements relatively
well (i.e., the evolution of fracture permeability and element concentrations), but in almost all

cases, the prediction results were adjusted by incorporating the fitting parameters, called
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enhancement factors and scaling factors, in the calculations of the mechanical-chemical processes

with fitting parameters in the range of 245 to 10° [32-34].

[(Rel.3), (Rel5), (Re2.8)] In this study, a new coupled THMC model incorporating the
pressure dissolution at contacting asperities in rock fracture was developed using a FE scheme in
order to predict changes in permeability of rock fracture. As mentioned above, almost of other
coupled THMC models [27-31] considering the pressure dissolution within rock fracture have not
been validated and several coupled THMC models [25, 32-34] need calibrations of the fitting
parameters in the wide range of 30 to 10° [25] and 245 to 10° [32-34] in the calculation of
mechanical-chemical process to follow the experiments, and this may not be the case for the
model developed in this study — minimizing the use and the values of unknown, fitting parameters
was a significant target for the model development. [(Rel.3).(Rel.5), (Re2.8)] As is obvious, in
order to examine the validity of the developed model, predictions made with the model were
compared with the experimental measurements obtained from flow-through experiments [11]

using granite and mudstone samples.

2. Model description

2.1. Constitutive equations

The coupled THMC model developed in this work is based on the finite element scheme that

can describe the interactions of multi-physics that include the heat transfer, the fluid flow,
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geomechanics, and the reactive transport with the geochemical reactions of mineral

dissolution/precipitation. By solving these THMC coupled processes, this model can evaluate the

evolution of permeability in rock fracture. The equations for the model are presented in this

section. The fluid flow in the fracture of saturated rock is simply modeled by the conservation of

water mass and by assuming the Darcian flow, as follows:

0
—(%‘{V¢)+V-(pwu)= f, 1)
u=—%(Vp+p,gvh), @
Y7,
b’
k = T 3)

where p, [kg m™] is the density of the fluid, ¢ [-] is the porosity, u [m s™'] is the fluid velocity
tensor, f,, [kg m3s™] is the source term for the flow, k [m?] is the rock permeability tensor, 4 [Pa
s] is the fluid dynamic viscosity, p [Pa] is the fluid pressure, g [m 5] is the gravity acceleration, h

[m] is the potential head, and by, [m] is the hydraulic fracture aperture.

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

oT
(pCp)qu‘{'pWCp,wu'VT =V'(kquT)+th (4)

where T [K] is the system temperature, (oCp)eq [J K™ m™] is the equilibrium volumetric heat
capacity, Cpw [J kg™ K] is the heat capacity of the fluid, k., [W m™ K™] is the equilibrium

thermal conductivity tensor, and Q, [W m™] is the heat source.

[(Rel.1),(Rel.4)] The mechanical behavior of rock structure id is calculated by the

quasi-static equilibrium equation and the constitutive poroelasticity.
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O'=E:(8—8T)+O(BPI (6)

Where ¢ [Pa] is the stress tensor, F,[Pa m™] is the body force, E [Pa] is the elasticity tensor ,
¢ [-] is the strain tensor, ¢7[-] is the thermal strain tensor, «g[-] is the Biot-Willis coefficient

and I[-] is the direction tensor. [(Rel.1),(Rel.4),]

The reactive transport behavior is calculated by the basic advection-diffusion equation. The

mechanical dispersion and sorption processes are not considered here.

%wwi=v-(¢mb,ivci)+n, @)

where ¢; [mol m™] is the concentration of solute i in the pore water, ¢ [-] is the porosity, Dj,; [m?
s is the diffusion coefficient tensor, 7 [-] is the coefficient related to tortuosity, and r; [mol m?
s is the source term of solute i. The diffusion coefficient is temperature-dependent and can be

defined by a Arhenius-type equation [35], as

Db,i = D ;eXp(—Ep,i/RT), (8)

where Dg,i [m?s™] and Ep.i[J mol 1] 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.

In this work, the rock domain consists of multi-minerals. When the number of minerals

included in the targeted rocks is m, the total solute source is expressed by

ri= rPViij (9)

where v; [-] is the stoichiometry coefficient of solute i in the pore water and R; [mol m3s7] is the

rate of the geochemical reactions for mineral j.
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2.2. Geochemical reaction
The geochemical reaction includes free-face dissolution/precipitation and pressure
dissolution. Thus, R; is expressed by
Rj=R.F+R"S, (10)
where R and R;™ [mol m® s'] are the rates of free-face dissolution/precipitation and the
pressure dissolution of mineral j, respectively.

Firstly, the way to estimate the rate of free-face dissolution/precipitation in rock fractures is
shown. The fracture area, composed of contacting asperities and pore space, is set as the
representative element (Fig. 1). The flux of the free face dissolution/precipitation per time in the

representative element is represented by [12],
M F = k+Area(1_Q /Keq,)’ (11)

where M T [mol s is the flux of mineral j, induced by the free-face dissolution/precipitation

per time in the representative element, k., [mol m?s™] is the dissolution rate constant, Q [-] is the
ionic activity product, Keq [-] is the equilibrium constant, Are, [m?] is the reactive surface area.
The reactive surface area is obtained by a geometric relation in the representative element, given

as

Area=2(1-R¢) A{ ) (12)

Rc = , (13)

> (>

10
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where R, [-] is the contact-area ratio of the fracture asperities, Al [m?] is the total fracture cross

sectional area in the representative element, and AL [m?] is the contact area within the fracture of
the representative element. The dissolution rate constants are defined by the Arrhenius expression,

given as

ks j=k2 j€xp(=Ey, ;/RT), (14)

where k?;[ mol m? s'] is the pre-exponential factor of mineral j and Ekﬂ-[J mol ] is the

activation energy of the dissolution of mineral j. The volume of the pore space in the

representative element is expressed by
Vo=(@0-R)AlD, (15)

where V [m®] is the volume of pore space in the representative element and b [m] is the average

mechanical fracture aperture. The rate of the free-face dissolution/precipitation of the rock

fracture can be obtained by dividing Eq. (11) by Eq. (15), as follows:
RFF =2k, (1-Q /Keg)/b. (16)

It represents the rate of the free face dissolution/precipitation for rock composed of a single

mineral. Therefore, it can be extended to that for rocks composed of multi-minerals [11]. Defining

the volumetric ratio of mineral j as X and the roughness factor [36] fei of mineral j, which is

the ratio of the true (microscopic) surface area over the apparent (geometric) surface area, the rate

of the free-face dissolution/precipitation for mineral j is given by

le:F:2fr’ijk+,j(1_Qj/Keq,j)/b' (17)

11
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The roughness factor is calculated by the specific surface area, as follows:

)
rj 6/,0]'dj’

(18)

where S ; [m? g-1] is the specific surface area of mineral j, Pj [kg m™] is the density of mineral j,

and d;[m] is the grain diameter of mineral j. If the number of minerals composing the targeted

rock is n, the total rate of the free-face dissolution/precipitation can be defined as
n n
RFF:ZR'J':F2221:rijjk+,j(1_Qj/Keq,j)/b- (19)
j

When the rock is far from the equilibrium condition, it may be possible to simplify Eq. (19) by

ignoring the effect of the precipitation.
FF _ v pFF _ <
R :ZJ:RJ :ZZfr’ijkJr’j/b. (20)

Secondly, the way to estimate the rate of pressure dissolution at the contacts within rock
fractures is shown. Yasuhara et al. [9] defined the strain rate of the pressure dissolution at the
contacting asperities within a fracture by evaluating the gradient of chemical potential between

the contacting fracture asperities and the void space in the fracture area, given as

ps_ 1dV _V%k+

VR 9T
1Ab V2mk On
:——:—+ _— y 21
b At RTb(RC oc) (1)
oa=2", (22)

Re

where zPS[s™'] is the strain rate of the pressure dissolution at the contacting asperities within the

fracture, v, [m® mol™] is the molar volume, &, [Pa] is the disjoining pressure [37] which is the

12
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stress acting at the contacting asperities within the fracture, & [pa] is the critical stress [35], and
on[Pa] is the compressive effective stress acting on the rock domain. The derived strain rate in
Eq. (21) shows the uniaxial compressive state. However, under real stress conditions, the pressure
dissolution may occur under triaxial compressive conditions. Therefore, it is necessary to extend
Eq. (21) to the one for such conditions. The volumetric strain summing the principal strains may
represent the strain induced by the pressure dissolution under the triaxial compressive conditions,

and the extended strain rate may be expressed as

2
PS _ PS_ .PS | .ps _Vmks o1tortos
& &1t &+ éEs RTb ( Re 30¢)
:3\/%k+(0'1+0'2+0'3_0)
RTh 3R, ¢
Vak. om
== (=1_ , 23
RTb (Rc O'c) ( )
+ oo+
Gm:O-l Oéz (73, (24)

where S, ¢PS and ££° [s7] are the strain rates in the first, second, and third principal stress

directions induced by the pressure dissolution, respectively, and &, [Pa] is the mean effective
stress, o1, o2, o3 are the first, second, and third principal stress [Pa] . Then, the change in the

averaged mechanical aperture, due to the pressure dissolution, is defined using Eq. (23).

. PS
Ab V'3V

== Vinky (O'm_ac), (25)
At A RT "R
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where P [m3s™] is the rate of volume change by the pressure dissolution in the representative
element. The rate of volume change by pressure dissolution \; " is obtained by Eq. (25) and by

the relation AL=R.Al as

b Ab-AL 3VZK.RA o
_ _ Om _ 26
V I aT ( oc)- (26)

Accordingly, the mineral dissolution flux per time by the pressure dissolution in the representative

element is defined by dividing Eq. (26) by the molar volume, as follows:

) 3Vm kiRA
M P = %(——ac) (27)

where ™ [mol s is the flux with pressure per time in the representative element. Finally, the

rate of pressure dissolution in a rock fracture is defined by dividing Eq. (27) by Eq. (15).

3V k+ Rc (Gm

RTb(—R) R 7% 29

RPS —

As shown in the case of the free face dissolution/precipitation, the rate of pressure dissolution for

mineral j is defined by using the volumetric ratio and the roughness factor of mineral j, given as

3f, XV ks iR
SRR G ), (29)

. RTbLl-R.)  Re

2.3. Aperture change with geochemical reaction

Interactive processes of free face dissolution/precipitation and pressure dissolution
irreversibly alter the fracture mechanical aperture, and the contact area within the fracture changes

due to the change in mechanical aperture. [(Rel.6)] The relationship between the mechanical

14
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fracture aperture and the contact area within the fracture in the representative element may be

given by the following simple equation [9]:

b= br + (bO - br) exp(_(Rc - RCO)/a) ) (30)

where b[m] is the average mechanical fracture aperture, [(Rel.6)] b,[m] is the residual

fracture aperture, bp [m] is the initial fracture aperture, and a[-] is a constant. The relationship

indicated by Eqg. (30) is shown in Fig. 2. Constant a is an important parameter that effects the

gradient of the curve.

In this work, changes in the fracture aperture are only induced by the geochemical reactions
of both free face dissolution/precipitation and pressure dissolution. The rate of aperture change

due to free face dissolution/precipitation and pressure dissolution in the rock fracture is defined as

follows:
L
ZMj Vm,j n Q;
67 = —— =221, xRk, L), (31)
Af J Keq,j
SNV, 2
bPS:_ i J mJ :igfr’ij k+,ij,j(l_ RC) (@_0) (32)
A - RT Re

where ™ [m s?] is the rate of aperture change within the fracture by free-face

dissolution/precipitation and bps [m s7] is the rate of aperture change within the fracture by

pressure dissolution. The fracture aperture at an arbitrary time is evaluated using Eq. (33).

b(t) =bo+"" ()t +p™ (t)dt , (33)
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where by [m] is the initial fracture aperture. Once the mechanical fracture aperture is calculated,
the hydraulic fracture aperture is also evaluated by using the following relationship [38, 39]

between the hydraulic fracture aperture and the mechanical fracture aperture:

3 _ (1_ Rc)
P Ry

b*, (34)

[(Rel.7)] In this work, the COMSOL Multiphysics [40] is used to solve the differential
equations. The calculation procedure of model is shown in Fig. 3. Using the scheme that the
dependent variables (i.e., fracture aperture /permeability, flow velocity, stress, temperature, and

dissolution/precipitation rate constants) are exchanged reciprocally, the coupled THMC processes

are calculated sequentially. [(Rel.7)]

3. Model verification

3.1. Replicating experimental measurements

In order to verify the model proposed in the previous section, an attempt is made to replicate
the experimental results by the model. The experiments that are targeted for the numerical
analysis are the flow-through experiments conducted on the granite and mudstone samples [11].
Rock samples which have a single artificial fracture, shown in Fig. 4, are used for the experiments.
The experimental setup is also shown in this figure. [(Rel1.8)] Two experiments, namely, E-3 and
H-11, are conducted with samples of the granite (30 mm in diameter x 60 mm in length) and

mudstone (50 mm in diameter x 100 mm in length), respectively. E-3 is conducted using
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deionized water (pH ~7) as the permanent at confining pressures of 5.0 MPa, time dependent
temperatures of 25 and 90°C (0-380 h: 25°C, after 380 h: 90°C ) and at differential water pressure
levels ranging from 0.04 to 0.10 MPa. Similarly, H-11 is conducted using deionized water (pH
~6) at confining pressure of 3.0 MPa, temperatures of 90°C, and at differential water pressure of
0.4 MPa. In two experiments, hydraulic aperture is obtained from the measured flow rate via

parallel plate approximation, as follows:

12,40 3

<bn >=( WAP ) (35)

Q [m® s] is the measured flow rates, AP [Pa] is differential pressure, <p,> [m] is the
equivalent hydraulic aperture, w [m] is width of the sample, | [m] is the length of the sample. The
concentrations of effluent element (Si, Al, K, Fe, Ca, Na, and Mg) are obtained by examining the
compositions of fluid samples taken from the flow outlet in two experiments using
inductively-coupled plasma atomic emission spectrometry (ICP-AES). [(Rel.8)] The chemical

compositions of the granite and mudstone used for the experiments are listed in Table 1 [11].

[(Rel.9), (Re2.5)] The numerical calculations using the coupled THMC model presented in this
work are conducted to reproduce the experimental measurements of evolution in hydraulic
fracture aperture and effluent element concentrations for experiments of granite (E-3) and
mudstone (H-11). The numerical domains that represent the rock fracture of samples in two
dimensions are set to be rectangles with width of 30 mm and length of 60mm (E-3) and with
width of 50 mm and length of 100mm (H-11), and these domains for E-3 and H-11 are divided

into 1800 and 5000 square elements, respectively (Fig. 5). In the models of E-3 and H-11, the

17



316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

equivalent values are applied as the initial hydraulic aperture and contact-area ratio within the
whole domains. The values of initial hydraulic aperture are obtained from experimental
measurements of E-3 and H-11. As noted in Yasuhara and Elsworth (2006) [25], the values of
initial contact-area ratio, residual aperture and constant a should be derived by evaluating the
relation represented in Eq. (30) from experimental measurements. [(Rel.10)] However, the
relation is not obtained in two experiments of E-3 and H-11, so the initial contact-area ratio,
residual aperture, and constant a are assumed equivalent to those defined by Yasuhara et al. (2011)
[11]. [(Rel.10)] The critical stresses are assumed to be 100 MPa and 15 MPa for E-3 and H-11,
which are closely equivalent to their uniaxial compressive strength, respectively. Isothermal
condition within the whole domains changes from 25°C to 90°C by corresponding to the
experimental period for E-3 and is invariant of 90 °C for H-11, respectively. All the element (Si,
Al, K, Fe, Ca, Na, Mg) concentrations of 0 mol mare prescribed as the initial condition within
the domain and as fixed concentration condition of the inflow boundary for E-3 and H-11.
[(Rel.1)] In the calculation of geochemical reactions, the model uses the Eq.(20) that assumes
that the dissolved mineral concentrations are far from equilibrium based on the experimental
observations [11]. Therefore, the concentrations of each element depend only on time and
temperature and are calculated via the simple rate law of Eq. (20). [(Rel.1)] The differential

pressures ranging from 0.04-0.1 MPa and that of 0.4 MPa are set in the inlet and outlet boundary
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of the domain for E-3 and H-11, respectively. The mass of water and chemical species are

obtained at the outlet boundary. In all models, effective stress analysis is conducted by

considering both confining pressure and water pressure distribution and thermal expansion of rock

structure is not considered. [(Rel.9), (Re2.5)] In the numerical analysis for the granite experiment,

E-3, five minerals, namely, quartz (50 vol.%), orthoclase (20 vol.%), albite (8.0 vol.%), anorthite

(20 vol.%), and biotite (2.0 vol.%), are considered [11]. In the case of the mudstone experiment,

six minerals, namely, quartz (10 vol.%), orthoclase (10 vol.%), albite (15 vol.%), Illite (13 vol.%),

smectite (12 vol.%), and Opal-CT (40 vol.%), are considered [41]. In the predictions for the

granite experiment, it is assumed that the surface roughness of the rock fracture is equivalent to

that of the minerals composing the rock. Therefore, in all the predictions, the roughness factors of

the minerals composing the granite (see Eq.(18)) are estimated using the specific surface area of

the granite-ground particles measured by the BET method [11]. However, the roughness factor of

biotite is calculated using only the specific surface area of the biotite itself, obtained from the

literature [42], because it is much greater than the specific surface areas of the other four minerals

(i.e., quartz, orthoclase, albite, and anorthite). For the granite experiment, the roughness factor of

the quartz, orthoclase, albite, and anorthite is 7.12 [11] and that of biotite is 512 [42]. Similarly, in

the case of the mudstone predictions, the roughness factors of the minerals composing the

mudstone are also estimated using the specific surface area of the mudstone-ground particles
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measured by the BET method, but those of illite and smectite are calculated using the values

obtained from the literature [43]. For the mudstone experiment, the roughness factor of the quartz,

orthoclase, albite, and Opal-CT is 219 and that of illite and smectite are 513 and 1860,

respectively [43]. The parameters of the kinetic dissolution rate constant (see Eq. (14)) for the

minerals considered in the calculations obtained from literature are given in Table 2 [44-50].

Furthermore, each calibrations of the parameters used in the analysis are shown in Table 3 [11,

35,42-50].

3.2. Comparisons with experimental measurements

In the numerical analysis for the granite experiment, E-3, the predictions of the evolution in
hydraulic aperture and effluent element concentrations obtained from the experimental results
were made with the model. These predictions were obtained by utilizing different values for the
uncertain parameter, a (=0.02, 0.03, and 0.04), in the relation between the aperture and the
contact-area ratio (Eg. (30)) to evaluate the influence on changes in the hydraulic aperture and

element concentrations.

A comparison of the change in hydraulic aperture between the experimental results and the
predictions for E-3 is shown in Fig. 6. When the temperature is 25°C (i.e., 0 - 380 h), the
predictions with a of 0.03 and 0.04 can replicate the experimental data. After increasing the

temperature from 25°C to 90°C, predictions with a of 0.02 and 0.03 follow the experimental
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results relatively well. In particular, among the three cases, the prediction with a of 0.03 is the

most congruent with the measurements throughout the experimental period.

Predictions of the evolution in concentrations for the seven elements for E-3 are shown in
Fig. 7, together with the corresponding experimental data. The predicted changes in
concentrations for five elements (i.e., Si, Al, Fe, Ca, and Mg), except for K and Na, are similar to
the measurements. The K and Na concentrations are underestimated by the predictions. In the
case of the K concentration, the difference between the experiments and the predictions is
relatively small. However, in the case of the Na concentration, the gap is relatively significant,
and this is unexplainable at this stage. Although there are some differences between the
experiments and the predictions, the current model can predict the evolution of the concentrations
for most elements. The relationships in each element concentration, between the measurements
and the predictions with a=0.03, are shown in Fig. 8. This figure shows that the predicted
concentrations for four elements (i.e., Al, Fe, Ca, and Mg) coincide well with the measurements

for the other elements.

All the results for the comparisons between the predictions and the experimental results for
E-3 indicate that the current model can replicate changes in the hydraulic aperture and
concentrations within the granite fracture due to the geochemical reactions (i.e., free-face
dissolution and pressure dissolution) only by tuning uncertain parameter a. Previous works [11,
28], which make predictions of the experimental measurements for E-11 by numerical models,
conclude that it is difficult to replicate the evolution in element concentrations only by the simple
parameterizations (i.e., tuning of the parameter, namely, a in this work) for geochemical reactions.
For example, Bond et al. [28] utilized fitting parameters, called “rate enhancement factors”,

ranging widely from 245 to 10° for adjusting the rates of free-face dissolution and pressure
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dissolution. [(Re2.11)] In contrast, the current model shown in this work can replicate the

experiments without these fitting parameters used in the model [28]. [(Re2.11)]

In the numerical analysis for the mudstone experiment, H-11, the predictions of evolution in
rock permeability and effluent element concentrations obtained from the experimental results
were made with the model. In these predictions, three kinds of uncertain parameter a, namely,
0.06, 0.07, and 0.08, were utilized. Predictions of the evolution in rock permeability for H-11 are
shown in Fig. 9, together with the experimental data. Each prediction with three kinds of a (=0.06,
0.07, and 0.08) slightly underestimates the experimental measurements, but they are relatively
congruent with the measurements taken throughout the experimental period. In particular, among

the three cases, the prediction with a of 0.06 coincides the best with the measurements.

The predicted changes in concentrations for the seven elements for H-11 are shown in Fig.
10, together with the corresponding experimental data. The trends in evolution for the element
concentrations are different between the experiments and the predictions. In the experiments, the
concentrations generally decrease with time, while the predicted concentrations increase with time.
In experiment H-11, the fracture surfaces of the mudstone sample were not washed with water
before initiating the flow. Thus, fine particles might have remained on the surfaces, and the
detection of the dissolution of the fine particles might have caused the higher concentrations
observed in the early experimental period. This was not considered in the predictions.
Consequently, in actual data, the element concentrations are the highest at the beginning of the
experiments and they decrease monotonically with time. After 200 h in the experiment, the
observed concentrations are likely to be steady. This implies that the dissolution of the fine
particles is completed within 200 h and that the dissolution of the rock itself (i.e., free face

dissolution and pressure dissolution) becomes dominant. Once again, in the current model, the
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above-mentioned mechanism is not taken into account and the predictions are mismatched with
the actual data in the early experimental period. However, the predicted concentrations begin to
approach the experimental measurements after 200 h. The predictions of concentrations for five
elements (i.e., Si, K, Fe, Ca, and Mg), except for Al and Na, follow the measurements well after
200 h. In particular, the predicted Si concentration is in good agreement with the actual
measurements. Comparisons of each element concentration between the measurements and the
predictions, with a = 0.06 for the whole experimental period and for that after 200 h, are shown in
Figs. 11a and 11b, respectively. The mismatches between the measurements and the predictions
are apparent from Fig. 11a, but somewhat better agreements, except for Al, are obtained for the
predictions after 200 h (Fig. 11b). Only the Al concentration is significantly overestimated by the
prediction during most of the experimental period. This mismatch may be the result of an
unaccounted contribution of the precipitation at the fracture void walls, which should be further

examined.

All the results of the comparisons between the predictions and the experimental
measurements for H-11 indicate that the current model can follow the evolution in rock
permeability and element concentrations within the mudstone fracture, resulting in the fact that
the dominant mechanism of the permeability change should be a convolved phenomenon of the
free face dissolution and pressure dissolution. Overall, a comparison between the results of the
numerical analysis and the experiments for E-3 and H-11 provides confidence and support for the
use of the current model for evaluating the evolution in flow and transport behavior within rock
fractures due to the free face dissolution and the pressure dissolution, depending on the applied

stress and temperature conditions.
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4, Conclusion

A coupled THMC model was developed based on the finite element scheme to evaluate the
evolution of permeability and reactive transport behavior in fractured rocks at field scale. The
model can describe the interactions of the multi-components including heat transfer, fluid flow,
the variation in stress distribution, and the reactive transport with geochemical reactions (i.e., the
free-face dissolution and pressure dissolution). In order to verify the developed model, the model
was applied to replicate the experimental results of the changes in hydraulic aperture, fracture
permeability, and element concentrations obtained from flow-through experiments conducted on
granite and mudstone samples with a single artificial fracture. [(Re2.11)] The predictions for the
granite and mudstone experiments showed that the model can replicate the evolution in hydraulic
aperture, fracture permeability and effluent element concentrations by a simple parameterization
(i.e., adjustment of the parameter “a” in Eq. (30)). Previous coupled THMC models [25, 32-34]
need calibrations using the fitting parameters ranging widely from 30 to 10° [25] and 245 to 10°
[32-34] in the calculation of geochemical reactions to follow the experiments, but our model
presented in this study can replicate the experimental measurements without the fitting parameters.
So, the developed model requires less calibration than the previous models [25, 32-34]. [(Re2.11)]
From the analysis results obtained in this work, it can be concluded that the current model should
be valid for evaluating the evolution in fluid flow and mass transport behavior within rock
fracture under the coupled thermal-hydraulic-mechanical-chemical conditions that may enhance
the geochemical reactions of free-face dissolution and pressure dissolution. However, some
unpredictable behaviors, such as the evolution in the concentrations of Na and K elements for the

granite experiment and that of the Al element concentration for the mudstone experiment, still

24



462

463

464

465

466

467

468

469

exist at this stage. Thus, further detailed investigations into the reactive transport behavior due to

the geochemical process are required.
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470 Nomenclature [(Rel.7)]

471 Area reactive surface area [m?]

472 Al total fracture cross sectional area in the representative element [m’]
473 Ak contact area within the fracture of the representative element [m?]
474 a constant [-]

475 b average mechanical fracture aperture [m]

476 b residual fracture aperture [m]

477 bo initial fracture aperture [m]

478 bn hydraulic fracture aperture [m]

479 b rate of aperture change within the fracture by free-face

480 dissolution/precipitation [m s™]

481 b"s rate of aperture change within the fracture by pressure dissolution
482 [ms™]

483

484 Ci concentration of solute i in the pore water [mol m™]

485 Cow heat capacity of the fluid [J kg™ K]

486 Dy, diffusion coefficient tensor [m*s™]

487 dj grain diameter of mineral j [m]
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489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

Eb.i

PS

elasticity tensor [Pa]

activation energy of the diffusion of the solute i [J mol™]
activation energy of dissolution of mineral j [J mol™]
body force [Pa m™]

source term for flow [kg m>s™]

roughness factor of mineral j[-]

gravity acceleration [m s

potential head of the fluid [m]

direction tensor [-]

equilibrium constant of mineral j [-]

rock permeability tensor [m?]

equilibrium thermal conductivity tensor [W m™ K]

dissolution rate constant [mol m?s™]

The flux of the free face dissolution/precipitation per time in the
representative element [kg m™s™]
flux with pressure dissolution per time in the representative element

in the representative element [kg m™= 5]
fluid pressure [Pa]
ionic activity product [-]
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508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

Qn

Re
RF

P
st

li

PS

Vi

Greek letters

aB

€r

heat source [W m™]
gas constant [J mol™ K™

contact-area ratio of fracture asperities [-]

rate of the free face dissolution/precipitation for mineral j [mol m™s?]

rate of pressure dissolution for mineral j [mol m=>s™]

rate of the geochemical reactions for mineral j [mol m=s™]
source term of solute i [mol m™>s™]

specific surface area of mineral j [m? g-']

system temperature [K]

fluid velocity tensor [m s]

volume of pore space in the representative element [m?]
rate of volume change by the pressure dissolution in the representative

element [m*s™]

molar volume [m* mol™]

Biot-Willis coefficient [-]

strain tensor [-]

thermal strain tensor [-]
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528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

PS

-PS
&2

.PS
€3

-PS
&

Pij

(2 Cp)eq

Vi

Oc

strain rates in the first principal stress directions induced by the

pressure dissolution [s]

strain rates in the second principal stress directions induced by the

pressure dissolution [s™]

strain rates in the third principal stress directions induced by the

pressure dissolution [s™]

strain rate of the pressure dissolution at the contacting asperities within
the fracture [s]

porosity [-]

fluid dynamic viscosity [Pa s]

density of the mineral j [kg m'3]

density of the fluid [kg m™]

equilibrium volumetric heat capacity [J K m™]

stoichiometry coefficient of solute i in the pore water

volumetric ratio of mineral j [-]

stress tensor [Pa]
stress acting at the contact area [Pa]

critical stress [Pa]
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545

546

547

548

549

550

551

552

o1

02

02

mean effective stress [Pa]

compressive effective stress acting on the rock domain [Pa]
first principal stress [Pa]
second principal stress [Pa]

third principal stress [Pa]

tortuosity [-]
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Table 1. Composition of granite and mudstone [11].

. Granite Mudstone
Oxide
results (wt %) results (wt %)

SiO, 65.47 71.2
Al,0;3 11.56 10.7

K20 7.39 2.78
Fe,O3 6.24 6.78

Ca0o 3.75 1.66
Na,O 3.40 1.51
TiO; 0.55 0.876
MgO 0.54 151
MnO 0.24

SO; 3.26
Others 0.66 0.48
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698 Table 2. The parameters of the kinetic dissolution rate constant for the minerals [44-50].
Mineral Chemical formula Molar volume Pre-exponential Activation
(m* mol™) factor [mol m?s™']  energy (kJ mol™)

Quartz SiO, 2.27x10° 276 90

Orthoclase ~ KAISizOg 1.09x10™ 1.28x10° 38.0

Albite NaAlSiz3Og 1.00x10™ 3.91x10™ 50.7

Anorthite  CaAl,Si,Og 1.01x10™ 9.97x10” 17.8

Biotite K Mg2sFeosAISiz010(OH)1 75F0.25 1.40x10* 1.01x10”7 22.0

Cristobalite ~ SiO, 2.59x10° 1.20x10™ 65.0

Smectite Ko.04Caos(Aloz sFeos3Mgo7) 3.22x10™ 4.64x107 49.4
(Si7.65Al0.35)O20(OH)a4

Ilite (Ca0,01Nao_13K0,53)(AI1_27Feo_36Mg0_44) 1.48X10_4 4.64X10_5 49.4
(Siz.55Al0.45)O10(OH):
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707 Table 3. Calibration of the parameters used in the analysis [11,35, 42-50]. [(Rel1.7)]

Parameters

Calibrations

System temperature T

Equivalent to experimental conditions of E-3 [11] and H-11

Diffusion coefficient Dy

Eq.(16) with literature [35]

Initial aperture by

Initial contact area ratio R

Residual aperture by

Critical stress o

Constant a

Roughness factor  f;;

Kinetic dissolution rate constants k.
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709

710

711

712

713

714  List of Figures

Experimental measurements of E-3[11] and H-11

Equivalent to that defined by Yasuhara et al. (2011) [11]

Equivalent to that defined by Yasuhara et al. (2011) [11]

Closely equivalent to uniaxial compressive strength

Closely equivalent to that defined by Yasuhara et al. (2011) [11]

Eq.(16) with literature [11,42,43]
Eq.(12) with literature [44-50]
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Fig. 1. Geometrical model that includes representative element in rock fracture area [11].
Tributary area A'; (center) is the representative element composed of asperity contact area

R. A, and pore space (right side).

Fig. 2. Relation between fracture aperture and contact area ratio [11].

Fig. 3. Sequential procedure to conduct consistent calculations of aperture change with time.

Fig. 4. Schematic of flow-through experiment (left side) and rock samples (right side) [11].

Fig. 5. Model geometry for analysis of E-3 and H-11

Fig. 6. Comparisons of evolution in fracture aperture (E-3) between measurements and

predictions with different values for a used in Eq. (28).

Fig. 7. Comparisons of element concentrations (E-3) between measurements and predictions ((a)

Si, (b) Al, () K, (d) Fe, (e) Ca, (f) Na, and (g) Mg).

Fig. 8. Comparisons of element concentrations (E-3) between measurements and predictions with

a=0.03 used in Eq. (28).

Fig. 9. Comparisons of evolution of fracture aperture (H-11) between measurements and

predictions with different values for a used in Eq. (28).
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730  Fig. 10. Comparisons of element concentrations (H-11) between measurements and predictions

731 with different values for a used in Eq. (28) ((a) Si, (b) Al, (c) K, (d) Fe, (e) Ca, (f) Na,

732 and (g) Mg).

733  Fig. 11. Comparisons of element concentrations (H-11) between measurements and predictions

734 with a = 0.06 used in Eqg. (28): (a) for whole experimental period and (b) for
735 experimental period after 200 h.
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740 Fig. 1. Geometrical model that includes representative element in rock fracture area [11].

741 Tributary area Al; (center) is the representative element composed of asperity contact area R; A,

742 and pore space (right side).
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782 Fig. 5. Model geometry for analysis of E-3 and H-11. [(Rel.9), (Re2.5)]
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Fig. 6. Comparisons of evolution in fracture aperture (E-3) between measurements and

predictions with different values for a used in Eq. (30).
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831 Fig. 10. Comparisons of element concentrations (H-11) between measurements and predictions
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840 Fig. 11. Comparisons of element concentrations (H-11) between measurements and predictions

841 with a = 0.06 used in Eqg. (30): (a) for whole experimental period and (b) for experimental period

842 after 200 h.
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