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ABSTRACT

A multi-physics simulator, with geochemical reactions that depend on the pH condition, was proposed. The simulator
was validated by replicating the measurements of the evolving permeability and the solute concentrations in a single
rock fracture obtained from flow-through experiments under different pH conditions. Then, the changes in fracture
permeability during the virtual long-term flow-through tests were predicted by assuming the permeant under various
pH, stress, and temperature conditions. The predicted results show that the rate of permeability reduction under a pH
of 11 was about 10 times faster than that under a pH of 7.0, and the impact of the pH condition was confirmed.
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1 INTRODUCTION

When investigating the performance of a rock mass,
which works as a natural barrier for a geological
repository of high-level radioactive waste (HLW), it is
essential to predict the long-term permeability change in
the rock fractures that defines the groundwater flow.
From previous experimental works (e.g., Yasuhara et al.,
2011), it is well known that the permeability of rock
fractures is altered by the geochemical reactions
enhanced by stress and temperature, such as the mineral
dissolution/precipitation within the rock fractures over a
long duration. In particular, pressure dissolution, which
is mineral dissolution at the asperity contacts within
fractures, exerts a significant impact on the evolution of
fracture permeability (e.g., Yasuhara et al., 2011). In
addition, the above-mentioned geochemical reactions
also depend on the chemical condition of the fluid, such
as the pH condition (e.g., Kinoshita and Yasuhara, 2012;
Yasuhara et al., 2012). Thus, they may be affected by the
inflow of the alkaline cement solution from an artificial
barrier, which can be assumed in the actual environment
where HLW is disposed. However, numerical simulators
that can consider the influence of the pH condition of the
fluid on the permeability change of rock fractures due to
geochemical effects, have not yet been well developed
or validated by comparisons with experimental data.

For example, Ogata et al. (2018) proposed a coupled
thermo-hydro-mechanical-chemical (THMC) simulator
based on FEM, which can reproduce the permeability
evolution due to the geochemical effects obtained from
flow-through experiments by employing single fractures
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of granite and mudstone (Yasuhara et al., 2011).
However, this simulator does not consider the influence
of the pH on the geochemical reactions. Although Bond
et al. (2016) presented a coupled THMC simulator that
considers the pH dependence on geochemical reactions,
it was applied only to the simulation of flow-through
experiments using deionized water (pH~7) as permeable
water (Yasuhara et al., 2011). Yasuhara et al. (2012)
attempted to replicate the change in effluent solute
concentrations with time measured from a series of flow-
through experiments on a single rock fracture in granite
under various pH conditions (Kinoshita and Yasuhara,
2012) by using a simple rate law for kinetic mineral
dissolution. However, their work did not take into
account the influence of the pressure dissolution.

In this study, a coupled THMC simulator was
proposed by adding the pH dependence on the
geochemical reactions, such as pressure dissolution, into
our previous simulator (Ogata et al, 2018).
Subsequently, the simulator was applied to replicate the
results measured from flow-through experiments on
single rock fractures in granite under various pH
conditions, namely, permeable water, stressed, and
temperature-elevated  conditions  (Kinoshita and
Yasuhara, 2012), and validated by comparisons with
experimental data. Finally, the differences in the long-
term permeability change of rock fractures under various
pH conditions were examined by the simulator.

2 SIMULATOR DESCRIPTION

The simulator used in this work is based on FEM that



can calculate the THMC coupling process including
mineral dissolution at the asperity contacts and the pore
wall within rock fractures that depend on the pH
condition. This simulator was presented by
incorporating the geochemical reactions depending on
the pH value into our previous simulator (Ogata et al.,
2018). In the target experiments for the numerical
simulation of this work, the temperature and stress
distributions within rock specimens can be assumed
homogeneous. Thus, in this work, only the coupled
process, including the fluid flow, reactive transport with
geochemical effects, and updating the geometry with
time within rock fractures, are solved by the FEM engine
of COMSOL MULTIPHYSICS.

The fluid flow behavior in the fractures of saturated
rock is predicted by the conservation of water mass and
by assuming the Darcian flow, as follows:
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where p,, [kg m™] is the density of the fluid, ¢ [-] is the
porosity, u [m s7'] is the fluid velocity vector, f,, [kg m™
s1] is the source term for the flow, k [m?] is the rock
permeability, u [Pa s] is the fluid dynamic viscosity, p
[Pa] is the water pressure, and b, [m] is the hydraulic
aperture of the rock fracture.

The behavior of the reactive transport in rock
fractures is described by solving the basic advection-
diffusion equation. The mechanical dispersion and
sorption processes are not considered here.
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where ¢; [mol m?] is the concentration of solute i in the
pore water, Dj,; [m? s7'] is the diffusion coefficient tensor,
7 [-] (r=1.0) is the coefficient related to tortuosity, and
r; [mol m™ s7!] is the source term of solute i. In this work,
the target rock consists of multi-minerals. When the
number of minerals included in the targeted rocks is m,
the total solute source is expressed by
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where v; [-] is the stoichiometry coefficient of solute i in
the pore water and R; [mol m™ s'] is the rate of the
geochemical reactions for mineral j.

The kinetic mineral dissolution/precipitation at the
free surface of the rock fractures (i.e., free-face
dissolution/precipitation) and the pressure dissolution at
the asperity contact of the rock fractures are considered
as geochemical reactions in the simulator. Therefore, R;
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Fig. 1. Geometrical model that includes representative element
within rock fracture domain (Yasuhara et al., 2011). Tributary area
Al is the representative element composed of asperity contact area
R: Al and pore space.

is represented by

R;=R;"+R}® (6)

where R/" [mol m? s'] and R [mol m? s™'] are the
rates of free-face dissolution/precipitation and pressure
dissolution of mineral j on the rock fracture, respectively.
When the micro fracture area that is composed of
contacting asperities and pore space is set as the
representative element shown in Fig. 1, the rate of the
free-face dissolution/precipitation of mineral j, R/*, can
be expressed by (Ogata et al., 2018)
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where f;; [-] is the roughness factor of mineral j, y;[-] is
the volumetric ratio of mineral j, k+; [mol m™2 s7'] is the
mineral dissolution rate constant, Q; [-] is the ionic
activity product of mineral j, K.q;[-] is the equilibrium
constant of mineral j, and b [m] is the mechanical
aperture of the rock fracture. In this work, Eq. (7) is
reformulated to a form which does not consider the effect
of precipitation by assuming the system of interest under
the far-from-equilibrium condition, namely,
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The rate of pressure dissolution at the contacting
asperities within the fracture, R/, is expressed as
(Ogata et al., 2018)
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where V,,, ; [m* mol'] is the molar volume of the solid of
mineral j, R [kJ mol!' K] is the gas constant, R, [-] is
the contact area ratio of the fracture asperities, o, [MPa]



is the compressive stress acting on the rock domain, and
o [Pa] is the critical stress.

The mineral dissolution rate constants, that are
significantly important parameters for calculating
geochemical reactions, are represented by the Arrhenius
expression with dependence on the temperature and the
pH condition, given as (Palandri and Kharaka, 2004)
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where (7 (i=1,2,3) [mol m™s'] is the rate constant

of mineral j at 298.15K (25°C) and pH = 0 under acid,
neutral, and base mechanisms, respectively, £ ; ; (i = 1,
2, 3) [J mol -'] is the activation energy of mineral j under
acid, neutral, and base mechanisms, respectively, an. is
the activity of H*, and n; and n3 are the dimensionless
catalysis constants for the acid and base mechanisms,
respectively.

In this work, the fracture aperture is induced only by
the geochemical reactions of both the free-face
dissolution and the pressure dissolution. The fracture
aperture at an arbitrary time is given as follows:

b(t) = bo+[p" ()dt+[p" dt (12)

where by [m] is the initial fracture aperture, 5" [m s]
is the rate of fracture aperture change by the free-face
dissolution, and ;™ [m s!] is the rate of fracture

aperture change by the pressure dissolution. The rates of
aperture change by free-face dissolution and pressure
dissolution in the rock fracture are defined as follows:
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The contact area of the fracture is altered depending on
the change in fracture aperture. This relationship
between the fracture aperture and the contact area of the
fracture may be given by the following simple function
(Yasuhara et al., 2011):

b=p,+(bo—b,)exp(—(R.— R.0)/ @) (15)

where b, [m] is the residual fracture aperture and a [-] is
a constant. The hydraulic aperture of a rock fracture is
calculated by using the mechanical aperture and the
contact area ratio of the fracture asperities (Walsh, 1981).
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3  VALIDATION OF SIMULATOR

3.1 Simulating experimental results

In order to validate the proposed simulator, the
simulator is applied to replicate the experimental results.
The target experiments for the numerical simulation are
the flow-through experiments performed by employing
the granite specimens (Kinoshita and Yasuhara, 2012).
As shown in Fig. 2, the rock specimen utilized for the
experiment includes an artificial single fracture. The
experimental system is also depicted in Fig. 2. Two
experiments, namely, E-4 and E-7, are conducted using
cylindrical specimens of granite (E-4: 29.8 mm in
diameter x 57.4 mm in length, E7: 29.7 mm in diameter
x 62.1 mm in length). The experimental conditions of E-
4 and E-7 are denoted in Table 1. E-4 is performed using
deionized water (pH~7) as the permeant at a confining
pressure of 5 MPa, temperatures of 25-90°C, and
differential water pressure of 0.1-0.13 MPa. E-7 is
conducted using a NaOH aqueous solution (pH ~ 11) as
the permeant at a confining pressure of 5.0 MPa,
temperatures of 25-90°C, and differential water pressure
of 0.015-0.05 MPa. In the two experiments, equivalent
hydraulic aperture <b;> is calculated from the measured
flow rate via the parallel plate approximation, namely,
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where Q [m? s!] represents the measured flow rates, Ap
[Pa] is the differential water pressure, w [m] is the width
of the specimen, and / [m] is the length of the specimen.
The equivalent permeability is derived based on an
equivalent hydraulic aperture.
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Fig. 2. Schematics of flow-through experiment (left side) from
Yasuhara et al. (2011) and rock specimen (right side).

Table 1. Experimental conditions.

Specimen E-4 E-7
Confining pressure [MPa] 5.0 5.0
System temperature [°C] 25-90 25-90
pH of permeant 7.0 11.0
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The fluid samples were taken from the flow outlet in the
two experiments in order to measure the pH and
determine the effluent Si, Al, K, Fe, Ca, Na, and Mg
aqueous concentrations, using inductively coupled
plasma atomic emission spectrometry (ICP-AES).

3.2 Setup of numerical simulations

The experimental measurements of the evolution in
the equivalent permeability of the rock fracture and the
effluent element concentrations for E-4 and E-7, are
replicated by the simulator proposed in this work. The
calculation domains that express the rock fracture area
of the specimens in 2D are set to be square with the
length and width corresponding to those of the
specimens used in the experiments (Fig. 3). In the
simulations for E-4 and E-7, the initial hydraulic aperture
and the contact area ratio of the fracture are assumed
homogeneous within the entire domains. The values for
the initial hydraulic aperture are determined from the
experimental data for E-4 and E-7. The values for the
initial contact area ratio, the residual aperture, and
constant a were not measured in the target experiments.
Therefore, these parameters are set to be the values
assumed by Yasuhara et al. (2011). In the simulation for
E-4, all the element (Si, Al, K, Fe, Ca, Na, and Mg)
concentrations of 0 mol m= are prescribed as the fixed
concentration condition of the inlet boundary, while only
the Na concentration at the inlet boundary is set to be the
non-zero value of 1.0 mol m? corresponding to the
inflow of the NaOH aqueous solution for E-7. The
isothermal condition within the entire domains changes
from 25°C to 90°C, corresponding to the experimental
period in the experiments. Differential pressures of 0.1-
0.13 MPa and 0.015-0.05 MPa are set at the inlet and
outlet boundaries of the geometry for E-4 and E-7,
respectively. The calculation domains for E-4 and E-7
are assumed to be composed of five minerals, namely,
quartz (50 vol%), orthoclase (12 vol%), albite (10 vol%),
anorthite (20 vol%), and biotite (8.0 vol%), after
referring to the literature (Yasuhara et al., 2011). The
roughness factor of the quartz, orthoclase, albite, and
anorthite is 7.12 (Yasuhara et al., 2011), while that of
biotite is 512 (Kalinowski and Schweda, 1996). The
important parameters of the kinetic dissolution rate
constant (see Eqgs. (10) and (11)) for the minerals
considered in the simulations obtained from Palandri and
Kharaka (2004) are given in Table 2. Each setup of the
parameters used in the simulations is summarized in
Table 3. In the simulations, the equivalent hydraulic
aperture is calculated by the following equation:
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Fig. 3. Model geometry discretized by finite element and
boundary conditions for simulations of E-4 and E-7.

Table 2. Parameters of kinetic dissolution rate constant for
minerals obtained from Palandri and Kharaka (2004).

Parameter Quartz Ortho Ar?or Albite  Biotite
clase thite
log 29815 - -10.66 -3.50 -10.16 -9.84
log 29815 -13.99  -1256 -9.12 -12.56 -12.55
log 3°815K - 2212 - -15.6 -
E\1 [kJ/mol] - 51.7 16.6 65 22.0
E> [kJ/mol] 87.6 38.0 17.8 69.8 22.0
E3[kJ/mol] - 94.1 1411  71.0 -
ni - 0.50 - 0.457 0.525
n3 - -0.823 - -0.572 -

Table 3. Parameters used in the simulations of E-4 and E-7
(Yasuhara et al., 2011).

Parameter Value
Critical stress o: [MPa] 100
Residual aperture b [um] 0.40
Initial contact area ratio Reo [-] 0.01
Constant a 0.02

where z¢ is the total flux flowing through the numerical

domain, Ap [Pa] is determined by the differential water
pressure between the inlet and outlet boundaries of the
numerical domain. The effluent element concentrations are
obtained at the outlet boundary of the analysis domain.

3.3 Comparisons with experimental results
Predictions of the permeability change with time,
together with experimental measurements for E-4 and E-
7, are shown in Fig. 4. The figure shows that the
predictions well capture the trends of the decrease in
permeability measured in experiments for E-4 and E-7.
In the case of E-4, the predicted permeability is similar



to the measurements throughout the experimental period
and shows an excellent agreement with the actual data
until the end of the experiments. From comparisons of
the experimental results between E-4 and E-7, it is
implied that the amount of permeability reduction
enhanced by the increasing temperature of E-7 is greater
than that of E-4. The simulator replicates this
phenomenon well. In the case of E-7, the predicted
permeability slightly underestimates the measurements
after the temperature is decreased from 90°C to 25°C. In
this period, the actual permeability increases. As this
behavior may be attributed to the release of thermal
expansion due to temperature degradation, a simulator
that does not consider the mechanical deformation of the
fracture due to the thermal effect cannot describe this
behavior.

The predicted changes in concentrations for the seven
elements (Si, Al, K, Fe, Ca, Na, and Mg) for E-4 and E-
7 are shown in Fig. 5, together with the corresponding
experimental data. The predicted element concentrations
for E-4, except for K and Na, agree relatively well with
the  experimental  data, although  generally
underestimating the experimental measurements. The
gaps related to the Na and K concentrations are
unexplainable at this stage. In the case of E-7, the
predicted concentrations for five elements (Si, Fe, Ca,
Na, and Mg), but not for Al and K, can replicate the ex-
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Fig. 4. Comparisons of fracture permeability evolution with time
between measurements and predictions for (a) E-4 and (b) E-7.
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perimental data within about one order of gaps. The
overestimation of the Al concentration may be caused by
an unaccounted contribution of the precipitation at the
free surface of the fractures. In the experiment for E-7,
the concentration of Na remains high due to the
continuous inflow of the NaOH aqueous solution. Due
to the situation, the albite including element Na may
reach the supersaturated state and the precipitation of
albite may occur continuously, which should be further
examined. Overall, it is shown that the current simulator
can follow the evolution of the fracture permeability of
rock and the reactive transport behavior within a rock
fracture due to geochemical effects depending on the pH
conditions.
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3.4 Long-term prediction of permeability evolution
under various pH conditions

In order to quantitatively examine the difference in
permeability evolution depending on the pH condition,
long-term predictions under various pH conditions (pH
= 7.0, 9.0, 11.0) were performed (Fig. 6). A constant
temperature of 90 °C and a confining pressure of 5 MPa
are applied to a numerical specimen that has the same
dimensions as E-7. The differential water pressure is set
to be 0.05 MPa. The figure shows that the rate of the
permeability reduction increases with an increase in the
pH value and that the time it takes to reach the residual
value under a pH of 11 is about one tenth of that under a
pH of 7.0. These results confirm the significant impact
of the pH condition on the permeability evolution of a
rock fracture with time under the coupled THMC
condition.

4 CONCLUSIONS

A coupled THMC simulator, IPSACC (Interface for
Pressure Solution Analysis under Coupled Conditions),
was presented by employing the geochemical reactions
depending on the pH condition. Subsequently, the
simulator was utilized to replicate the changes in
permeability and element concentrations within single
rock fractures mainly due to the geochemical effects
measured from two flow-through experiments in granite,
that were conducted using permeants of different pH
levels under stressed and temperature—elevated
conditions. The simulated reductions in fracture
permeability were in good agreement with the actual
data of both experiments and exactly captured the
observed difference in the reduction rate depending on
the pH condition. The effluent element concentrations
induced by the reactive transport obtained from the
experiments were reproduced relatively well by the
predictions. All comparisons between the experimental
data and the predictions provide confidence for using the
proposed simulator to estimate the alteration of
permeability and reactive transport behavior within rock
fractures resulting from the geochemical reactions
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depending on the pH condition. Finally, the long-term
predictions of the fracture permeability under various pH
conditions and constant thermal-mechanical loading
were performed, and the significant increase in the rate
of permeability decrease by the transition of the pH
condition from neutral to alkaline was confirmed. The
results obtained from this work suggest that considering
and accurately modeling the impact of the pH condition
on geochemical reactions will play an important role in
understanding the property of the fluid flow within
fractured rock under coupled THMC conditions in actual
engineering problems, such as the geological disposal of
HLW.
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