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Abstract

Time-dependent deformation of rock affects the structural and hydrologic properties in terms of porosity and permeability,
which can directly influence security and injectivity of CO, geological storages in a saline aquifer. To investigate the time-
dependent response of deep saline aquifer subjected to CO, geological storage in terms of the permeability and deformation
evolution of stratum rock skeleton under external stresses and pore fluid pressure, the rock permeability evolution under
the flow-through of sodium chloride solution with mixed CO, and creep curves of reservoir rock sample was studied after
long-term hydro-mechanical laboratory testing. Furthermore, the time-dependent hydro-mechanical coupling mathematical
model, including the porous creep constitutive equation and the time-dependent relationship between volumetric deformation
and porosity, was proposed to characterize the long-term influences of evolving permeability and deformation in a saline
reservoir. To verify this time-dependent hydro-mechanical coupling model, the coupled multicomponent multiphase flow
and geomechanical simulator TOUGH-FLAC could be applied with the embedded user-defined constitutive model of porous
creep constitutive equation and the corrected permeability as function of volumetric strain in the external module. In general,
calculated results are akin to observed results, and the time-dependent hydro-mechanical coupling model has practical value.

Highlights

e Reservoir porosity and permeability change with e Long-term deformation characteristic of rock skeleton

mechanical deformation as the results of alteration of
pore pressureor lithostatic stress.

As the results of long-term hydro-mechanical labora-
tory test show, both the deformation of reservoir rockand
hydraulic conductivity are time-dependent.

in saline reservoir couldbe evaluated via porous creep
constitutive model.

The capability of of iterative calculation process between
Tough2 and Flac3Dis demonstrated on time-dependent
hydro-mechanical coupled problems related to long-term

geological storage of carbondioxide.

Keywords CO, geological storage - Hydro-mechanical coupling model - Time-dependent deformation - Strain-dependent
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faults and the destruction of caprock integrity (Vilarrasa and
Carrera 2015) occur. Furthermore, besides caprock, geome-
chanical issues also arise in reservoir injectivity (Foroutan
and Ghazanfari 2020). Aquifers consist of a rock stratum and
underground fluid. An aquifer stratum, as porous medium, is
sensitive to the fluid pressure (Coussy 2004). CO, injected
into the target reservoir, as high-density, high-pressure fluid,
will always cause geomechanical changes within and around
a reservoir (Rutqvist 2012) that will result in rock deforma-
tion and porosity changes (Foroutan and Ghazanfari 2020).
These restrict CO, storage space range in terms of pore dis-
tribution and groundwater seepage field of reservoir. Besides
salt precipitation and mineral dissolution, variations of inter-
particle stress in the formation rock also alter the pore space
size and pore connectivity and change the permeability to
a significant extent, especially when the external load var-
ies significantly. Therefore, hydromechanics, when coupled
with geomechanics, plays a critical role in the security and
injectivity of CO, geological storages.

Large amounts of long-term carbon dioxide geological
storage represent an innovative scientific endeavor with con-
siderable technical challenges (Seunghee et al. 2019). Since
CO, sequestration is aimed at keeping the injected CO, in a
permanent storage space in a deep saline aquifer, the evolu-
tion of rock deformation and permeability is valued for the
efficiency and safety of CO, sequestration. Time-depend-
ent deformation of rock exerts a potential influence on the
structural and hydrologic properties in terms of porosity and
permeability. Since the structural and hydrologic changes
can directly affect the injection rate and pressure at CO,
injection wells or CO, dissipation from the target storage
reservoir due to leakage, this creep deformation has critical
importance. For variational formation pore fluid pressure of
CO, sequestration environment during such long periods,
time-dependent compaction or expansion of the reservoir
rock matrix is considered as rock matrix creep derived from
the failure of intergranular cement and grains due to sub-
critical crack growth (Sharifzadeh et al. 2013).

Reservoir porosity and permeability change with mechan-
ical deformation as the results of alteration of pore pressure
or geostress. At the beginning of the CO, injection process,
when CO, is squeezed into the primary pores of the reser-
voir rock, pore pressure and formation stress in the aqui-
fer increase sharply, leading to the rock matrix shrinking.
Meanwhile, the porosity and hydraulic conductivity of the
formation increase with the enlarged pore volume. Follow-
ing multiple CO, capture processes, the pore pressure dis-
sipates due to the CO, dissolution and migration over a long
period. As a result, the porosity and permeability decrease
gradually. Furthermore, time-dependent deformation cou-
pled with permeability evolution of the aquifer stratum can
influence the range of CO, migration. As for the long-term
injectivity and storage of saline reservoir, the pore capacity
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and connection of the stratum rock are sensitive to time-
dependent deformation of the reservoir skeleton: with regard
to security, the enlarged range of CO, migration over time
is closely correlated with the permeability of the reservoir
rock. Therefore, a thorough understanding of the hydro-
mechanical coupling processes is demanded to quantify that
time-dependent influence.

In view of the above, understanding the long-term
response of porous rock in the reservoir to the external
stresses and pore fluid is vital to engineering design in terms
of hydraulic conductivity and creep deformation, especially
for quantitative assessment of the long-term CO, storage
behavior in terms of efficiency and security (Audigane et al.
2013). This requires a detailed study of multiple coupled
phenomena displayed in the reservoir formation during
geological sequestration, through experiments or numeri-
cal simulations of CO, injection into typical reservoir for-
mations. Many researchers (Watanabe et al. 2010; Wang
et al. 2009; Randolph and Saar 2011; Rutqvist et al. 2011;
Morris et al. 2011; Lei et al. 2015) have studied reservoir
mechanics combined with multicomponent multiphase flow
to elucidate the role of porous media behavior for deep geo-
logical storage rock with carbon dioxide. Geomechanical-
coupled modeling studies have proved that reservoir pres-
sure induced by CO, injection changes may cause ground
surface uplift or/and subsidence (Rutqvist et al. 2010) and
correlated mechanical properties to porosity and permeabil-
ity (Olden et al. 2012). Many laboratory investigations into
the multiphase flow properties of CO, and underground fluid
in reservoir rocks explored the petrophysical properties of
typical reservoir rocks during multiphase flow of gas or/
and liquid (Krevor et al. 2012); however, not many creep
tests, conducted on porous rock as reservoir matrix, com-
bined with multiphase flow, could describe the interaction
of time-dependent mechanical deformation and brine mixed
CO, migration. Most long-term experiments were imple-
mented on the chemical mechanism based on the analyses of
multiphase flow and reservoir rock, such as chemical creep
phenomena (Hangx et al. 2013). While these responses in
CO, geological storage exhibit long-term process activated
by the hydraulic conductivity of the pore fluid (CO, and
brine) and mechanics of reservoir rock, the present work
covered a time-dependent hydro-mechanical coupling model
on the basis of long-term hydro-mechanical laboratory test
to investigate the long-term influence of evolving perme-
ability and deformation on CO, geological storage in a deep
saline aquifer.

Furthermore, numerical analysis plays a critical role in
terms of describing the long-term hydro-mechanical cou-
pling process on CO, geological storage in deep saline aqui-
fer by time-dependent hydro-mechanical coupling models.
Various geomechanical numerical modeling studies have
been dedicated to the simulation of reservoir geomechanics
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(Rutgvist et al. 2019). Rock skeleton deformation in the res-
ervoir is a factor influencing reservoir injectivity, and storage
in terms of permeability and porosity is particularly impor-
tant (Foroutan et al. 2020). The success of carbon storage in
deep saline reservoir depends on the ability of the reservoir
to store carbon dioxide over at least thousands of years. That
means, in view of reservoir properties, its hydraulic conduc-
tivity and pore water pressure determine the CO, migration.
The pore fluid pressure, porosity, and permeability changed
in space and time, from injection to post-stabilization and
from near the well-bore to far-field conditions. Different
areas of sequestration sites will experience different hydro-
mechanical coupling problems in different phases, such as
reactivating fracture networks that develop to form leakage
pathways in the caprock and compromise the wellbores’
cement by mechanical or chemical effects. In this paper,
the long-term hydro-mechanical coupling process was simu-
lated by elucidating the relationship between time-dependent
deformation of the reservoir rock and the evolution of poros-
ity and permeability with the application of TOUGH-FLAC
simulator.

In carbon storage in deep saline reservoir, the target quan-
tity of carbon dioxide is most readily achieved through the
injection at the supercritical state. High injection pressure
and high-density carbon dioxide trigger the rapid increase
of excess pore pressure near the injection well: this gives
rise to voluminous CO, dissolution and migration from
the injection unit to the far-field region, as well as its long
time scale depending on the pore pressure with a gradually
reduced trend to a stable state. To reveal the evolution mech-
anism within the reservoir rock porosity and permeability
during CO, dissolution and migration, both the laboratory
experiments and numerical simulation described herein
were designed to investigate the effects of multiphase flow
(i.e. NaCl solution with mixed CO,) on the time-dependent
mechanical and hydraulic properties of the reservoir rock.

2 Experimental Investigation

In the process of carbon dioxide geological storage, when
vast amounts of carbon dioxide can be injected into the
aquifer of the underground geological storage site, the phys-
ico-chemical properties of the water—rock system will be
affected, and its evolution mechanism directly influences the
storage space, transport capacity, and mechanical stability
of the reservoir formation. For the purpose of experimental
mechanism research, the following laboratory test is dedi-
cated to revealing the evolution of transport and mechanical
properties of reservoir rock samples.

To analyze the time-dependent hydro-mechanical cou-
pling process of CO, capture in brine reservoirs, rock creep
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Fig. 1 SEM image (800 X magnification): porous sandstone

testing combined with permeability determination was
implemented with porous sandstone and salt water.

2.1 Experimental Materials

To provide insight into the influences of salt water flow
mixed CO, on reservoir rock and its time-dependent defor-
mation and permeability, sandstone with porosity of 22.15%
was selected as a reservoir similar material. Pore radius,
pore density, and pore-throat ratio influence reservoir per-
meability to different extents. Therefore, it is necessary to
observe the pore network of porous sandstone when using
an SEM to investigate an internal cross section of porous
sandstone. From the investigation results, the micrograph of
the sandstone specimen at 800 times magnification is shown
in Fig. 1.

As can be seen from Fig. 1, porous sandstone consists of
mineral particles with uneven particle size and intergranu-
lar cement. Sandstone particles have high roundness and
fine internal pore connectivity. As the mechanical combined
response of pore fluid pressure and formation stress, the rock
matrix is deformed in a complex manner and its stiffness
depends on the pore network structure mechanical properties
of the porous skeleton.

Referring to the main components of the underground salt
water in deep saline aquifers, sodium chloride is prevalent
and accounts for most of the salinity. The sample water was
represented by a 0.1-mol/L sodium chloride solution as a
substitute for pore salt water of reservoir in laboratory test.

The laboratory test scheme should consider the forma-
tion stress in the reservoir, underground fluid pressure, and
CO, content, which provide evidence for the selection of
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triaxial loading on rock sample, and seepage pressure gra-
dient and multiphase fluid composition of pore fluid in the
experiment, respectively. In the process of CO, storage in
the deep reservoir, the pore pressure and CO, content in
pores constantly vary with space and time due to CO, dis-
solution and diffusion. From the perspective of time scale,
the excess pore water pressure tends to be stable in the long
term. From the perspective of spatial scale, the pore pressure
gradually decreases from the injection area to the far-field
area. In addition, the CO, content in pore fluid is affected by
its solubility in salt water, which depends on the temperature
and pressure. To avoid the interference of multiple influenc-
ing factors, the CO, content of the initial mixed fluid and the
injection pressure are kept constant in the laboratory test.

2.2 Long-Term Hydro-mechanical Laboratory
Testing

Long-term hydro-mechanical laboratory tests were con-
ducted on the multi-field coupling test system with the tri-
axial cell as the core component; its outlet was connected to
the servo-motor controlled pump for collecting and obtain-
ing the outflow data, while the inlet was connected to the
reactor container with an NaCl solution containing CO,.

Fig.2 Cylindrical specimen in triaxial loading system for creep tests
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Triaxial creep tests with the flow-through of NaCl solu-
tion mixed CO, were implemented at a constant temperature
of 25 °C. Before each test, to obtain sandstone with in-pore
salt water, dry sandstone specimens were saturated with
0.1 mol/L NaCl solution using the vacuum suction method
suggested by the ISRM. This is to ensure better simulation
of the salt groundwater environment. Following this, the
cylinder saturated specimen was put in a triaxial loading
system with the radial pressure of 10 MPa and the axial
stress of 20 MPa, successively (Fig. 2). With the initiation
of the reaction, pure CO, was constantly mixed with the
NaCl solution at 25 °C at a pressure of 1 MPa until the solu-
tion was saturated with CO,. The reactor was maintained
at that constant temperature and pressure in the reactor, as
well as the concentration of influent NaCl solution. Under
constant conditions, the dissolved CO, and water achieved
chemical equilibrium in this process of dissolution and ioni-
zation. Then, the CO, saturated NaCl solution, mixed well,
was injected by means of the reactor container at a permea-
tion pressure of 1 MPa and a constant pressure difference
was maintained, which means the difference in pore pres-
sure between the inlet and outlet of specimen in the triaxial
loading system was 1 MPa. The aqueous solubility of CO,
was decreased with increasing temperature and salinity and
increased with increasing pressure. Therefore, from inlet to
outlet, excess CO, gradually escaped out of the solution.

The equipment automatically collected displacement
data according to the acquisition frequency, while the water
flow at set intervals from the outlet was recorded during the
following 120 h. To measure and obtain the displacement
along the radial and axial directions of the rock specimen,
circular deformation-measuring devices and a linear variable
differential transducer in the axial direction were used in the
triaxial loading system for creep tests. The circular deforma-
tion-measuring device was mainly composed of spring steel
and resistance strain gauges. Calibration showed that the
linear ranges and linearities of circular deformation-meas-
uring device and LVDT are acceptable: the axial and lateral
deformations are accurate to 10~ mm and 107° mm, respec-
tively. According to the axial strain £, and lateral strain &5,
the volumetric strain e, was obtained by summing twice the
lateral strain and the axial strain, i.e. e, = €, + 2¢,.

As the measurement results of triaxial creep tests with the
flow-through of NaCl solution mixed with CO,, the axial,
lateral, and volumetric creep time curves of specimen are
shown in Fig. 3a. With the application of a servo-motor
controlled pump as an effluent collection device, the liquid
flux at the outlet under steady seepage through the sample
was measured and its hydraulic conductivity was calculated
using Darcy’s law. The hydraulic conductivity during the
flow-through experiment is shown in Fig. 3b.

In Fig. 3, under a confining pressure of 10 MPa, an axial
stress of 20 MPa, and a seepage pressure of 1 MPa, the axial,
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Fig.3 a The axial, lateral, and volumetric creep time curves and b
hydraulic conductivity—time curves of sandstone specimen with the
flow-through of NaCl solution mixed with CO, (confining pressure:
10 MPa; axial stress: 20 MPa; seepage pressure: 1 MPa)

lateral, and volumetric deformation increased with time. In
addition, the hydraulic conductivity of the sandstone speci-
men under the seepage of NaCl solution mixed with CO,
diminished with time under a constant stress. This decreas-
ing evolution of hydraulic conductivity was time dependent
and gradually decelerated.

2.3 Analysis of the Results

In previous studies, rock samples displayed similar long-
term deformation behavior characterized by time-dependent
deformation due to various experimental parameters, such
as effective stress, mineralogy, internal structure, and fluid
flow rate. These experiments involved a constant pore pres-
sure and external load to reveal the time-dependent hydro-
mechanical coupling process occurring during the flow-
through of the NaCl solution mixed CO,.

The porosity and hydraulic conductivity in a reservoir
are closely related to the deformation of reservoir rock. In
view of the porous material, a reservoir is composed of a
formation skeleton and pore fluid. The compressible rock
skeleton demonstrates time-dependent creep deformation

(Fig. 3). Differing from the excess pore water pressure and
quick seepage in the reservoir in the CO, injection phase
(Guen 2007; Rutqvist et al. 2016), after the injection pres-
sure dissipation process is implemented, the steady flow of
mixed CO, and groundwater spread to far-field flow. As the
key concern of CO, storage safety in the long term, CO,
migration and the range thereof depend on the rate of gas
transport and time. Referring to long-term hydro-mechanical
laboratory test, both the deformation of reservoir rock and
hydraulic conductivity are time dependent. This means that
the evolution of creep of the rock skeleton and permeability
is relevant: more theoretical work was expounded subse-
quently to reveal the relationship between the rock skeleton
creep deformation and its hydraulic conductivity.

Confined to the application scope of analytic solution by
Darcy’s law, the hydraulic conductivity of the liquid phase
in outflow, without a gas phase, was calculated, and the
hydraulic conductivity of the liquid phase demonstrated the
ability of the liquid phase to pass through the pore skeleton.
Due to the mutual interference and capillary resistance of
each phase during the flow process, the sum of the hydrau-
lic conductivities of each phase was less than the absolute
hydraulic conductivity. By considering the complex phase
transition, the multicomponent multiphase flow simulation
method could provide numerical results of hydraulic con-
ductivity for both gas and liquid phases. Further numerical
work was conducted to describe the evolution of hydraulic
conductivity.

3 Development and Implementation
of a Time-Dependent Hydro-mechanical
Coupling Model

Based on the long-term hydro-mechanical laboratory test
on a sandstone specimen with the flow-through of sodium
chloride solution with mixed CO,, the evolution of the
mechanical and hydraulic characteristics of the rock skeleton
was clarified. A theoretical model was applied to reveal the
co-evolution in this hydro-mechanical process. To quantify
these couplingproperties at a scale, flow and skeleton defor-
mation were described by continuum-scale physics. How-
ever, their time variabilityrepresents an additional challenge
in the theoretical model.

Mechanical deformation characteristics of reservoir rock
are directly dependent on its skeleton. This section is aimed
at a discussion of the time-dependent mechanical behavior
of the porous rock skeleton in a reservoir. Creep of the rock
skeleton is governed by compressible skeletal structures,
their mineral composition and degree of cementation, which
can be represented in this creep model by choice of mechani-
cal parameters; therefore, a sufficient mechanical constitu-
tive model should be proposed to reflect rock-skeleton creep
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during the hydro-mechanical coupling processes. For porous
rock, time-dependent compaction or expansion of rock skel-
eton depends on the combined action of stress and pore pres-
sure. In general, the deformation increment of rock-skele-
ton creep is derived from pore deformation, grain failure,
and grains separated from cement by crack initiation and
propagation, as well as intergranular pressure solution and
dissolution—precipitation processes at the free face of each
pore. In the present research, as the dominant mechanical
mechanisms contribute to hydro-mechanical coupling pro-
cess in porous reservoir, the chemical effect on the long-term
deformation is ignored.

3.1 Porous Creep Model

In view of the porous material, saline reservoirs used as CO,
storage sites consist of rock skeleton and underground salt
water with CO, in its pores: the rock skeleton includes pores
and a solid matrix. The mechanical deformation characteris-
tics of reservoir rock are directly dependent on its skeleton.
Since volumetric deformation and shear deformation as
two deformation mechanisms in traditional solid mechanics
also could be applied to the porous rock skeleton, giving its
volumetric deformation as attributed to the expansion and
contraction of the pore structure under the hydrostatic stress
component, it leads to pore collapse, cement debonding, and
coalescence of adjacent pores, while its shear deformation
is due to the distorted pore shape and solid matrix distortion

K K
K", G N o,
[% = 1
UM, r]M L —
m s 77]( 77]( M—C

| | | |
[ [ I |

Maxwell element Mohr-Coulomb element

Kelvin element

Fig.4 Schematic representation of the porous creep model

under the deviatoric stress component. As the outcomes of
two deformation mechanisms, the shape, size, and connec-
tivity of the pore structure are altered. Many researchers
have investigated the creep constitutive model applicable
to various geologic materials. Compared with other creep
constitutive models of geologic materials—such as empiri-
cism and a thermodynamic framework—the elemental creep
model is better suited to numerical calculation in such cases
owing to its easy access to model parameters.

To describe the time-dependent deformation of porous
rock in reservoir, including the volumetric part and shear
part, the porous creep model is composed of a Maxwell
element, a Kelvin element, and a Mohr—Coulomb element
(Fig. 4). The parameters in the creep model are listed in
Table 1.

After entering the plastic stage, the Mohr—Coulomb
plastic element in the model begins to play a role, and its
Mohr—Coulomb yield envelope contains two criteria based
on shear and tensile stresses. The yield criterion is f = 0,
combined with the principle of effective stress, such that:

ey

@

f=o0,-0}N,+ 2c\/N7qJ.
Tensile yield is represented as:
f=0't—6;,
where ¢ is the apparent cohesion;

N, = (1 +sing)/(1 - sin @), and @ is the friction angle; ¢’
denotes the tensile strength; o-{ and o-é are the maximum and
minimum principal effective stresses, respectively.

The maximum and minimum principal effective stresses
are expressed as 0| = 0 — byp and 6} = 03 — byp, where o,
and o5 are the maximum and minimum principal stresses, p
is the pore fluid pressure, and b, and b5 are the corresponding
effective stress coefficients. In the isotropic case, b; = bs.

The Mohr—Coulomb criterion is used with a non-associ-
ated flow rule, and its potential function g is defined in the
following form:

g =0, — 03N, (shear failure),

3

Table 1 Parameters in the creep

Symbol
model

Meaning

KM
GM

Bulk moduli of the elastic part in a Maxwell element

Shear moduli of the elastic part in a Maxwell element
Volumetric viscosity coefficients of the viscous part in a Maxwell element
Deviatoric viscosity coefficients of the viscous part in a Maxwell element

Bulk moduli of the elastic part in a Kelvin element

Shear moduli of the elastic part in a Kelvin element

Volumetric viscosity coefficients of the viscous part in a Kelvin element

Deviatoric viscosity coefficients of the viscous part in a Kelvin element
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Table 2 The volumetric and
deviatoric strain rates of

different elements in the porous
creep model of sandstone under
spherical and deviatoric stress

Volumetric strain rate & Deviatoric strain rate ¢;;
vol ij
Maxwell element M _ Sn . On ) 8 S,
e = —m €M — ij i
vol KM i 26M(—wy) | 29 (1—wy)
: r— K K K K 1 — 5, KK K K
Kelvin element o) = nMpen T K ey S = 2ng &+ 2G e;
Mohr—Coulomb plastic element P dg Jg g P )98 _Lp s
e =AMt o € / 3019
vol doy, da’, da’, v ”U,j 3
; s — oK M P o _ K oM P
Total strain rate b =y teg, e e;=¢;+ é; +é

g = —o; (tensile failure), )
where N, = (1 + siny)/(1 —siny), w is the angle of
dilation.

According to the deformation characteristics of porous
sandstone under different stress elements, the total strain
rate is the sum of the volume strain rate and deviatoric strain
rate, which can constitute the deformation of three elements
in this model under spherical stress and deviatoric stress,
respectively. Therefore, the strain rate is expressed as:

_ €yol

v 3

8;+ ;. )

The volumetric strain rates and deviatoric strain rates of
the Maxwell element, Kelvin element, and Mohr—Coulomb
plastic element under spherical and deviatoric stress are
summarized in Table 2.

In Table 1, A is the parameter that is not O only at the
stage of plastic flow and f = 0 is determined by the plastic
yield condition.

Different from the conventional creep model, this porous
creep model considers the volumetric time-dependent strain
under spherical stress state. As a result, the three-dimen-
sional constitutive relationship of the viscoelastic part under
spherical stress state is obtained as:

M M K M, K M, K

’ r’m nm+’1m ./ nmrlm ) _ .M m 'm..
o, t K_M + —KK o, t KMKK 0, =N, € T _KK €0l
(6)

where 6/ and 67 are the first and second differential of the
mean effective stress with respect to time; ¢, and &, are the
first and second differential volumetric strains with respect
to time, respectively.

Similarly, the three-dimensional constitutive relation-
ship of the viscoelastic part under deviatoric stress state is
expressed as:

DO (S 3 TSP .
ij GM GK i’ GMGKTi N €jj GK ij

@)
where Sz/; and S; are the first and second differential devia-

toric effective stresses with respect to time; ¢; and €; denote

the first and second differential shear strains with respect to
time, respectively.

Furthermore, before entering the plastic yield stage, the
sandstone is in a viscoelastic state; the creep constitutive
equation of this porous creep model is given by:

o’ o’ o’ _xX,
— m m_ _m — s .
£,:I~(t) = <3KM + 3th + 3KK <1 e >>6l]
s,s, s, e,
+ t—tt——(1—e * ).
2GM T oM T 2GR ( ¢ > ®

Once it enters the plastic stage, plastic strain needs to be
added according to the Mohr—Coulomb flow rule.

3.2 Determination and Calibration of the Model
Parameters

The porous creep model includes eight parameters as given
in Eq. (8): four parameters were considered to describe the
volumetric behavior, such as the bulk moduli in Maxwell
elements and Kelvin elements, and the volumetric viscosity
coefficients in Maxwell elements and Kelvin elements, while
four parameters were used for deviatoric behavior, such as
the shear moduli of the elastic part in Maxwell elements and
Kelvin elements, and the deviatoric viscosity coefficients of
the viscous part in Maxwell elements and Kelvin elements.
These two suites of parameters were, respectively, deter-
mined by volumetric creep data and deviatoric creep data.
The bulk moduli and shear moduli of the elastic part in
the Maxwell element were obtained from Eq. (9), which
are derived from Eq. (8) with the initial volumetric strain,
and initial axial deviatoric strain. Other uncertain param-
eters were obtained by minimizing the objective function
of n fitting points of volumetric creep data and deviatoric
creep data at the beginning. Taking the uncertain volumet-
ric parameters as the example, ¥, (K¥, 7™, #X) is the objec-
tive function used to find the optimal solution for the three
parameters representing the volumetric behavior.

o’ s
m L
Calt =0)= 55 €t =0)= 2G’M, )
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T . ) 0.17
K M K vol(i) — ©vol(i)
an(K 9’7m9’1m): Z <—> n, (10) 0.16 1
i=1 evol(i)
0.15
where &,,,; is the simulated result of i group data, e, 0144

denotes the experimental data, and n represents the number
of fitting points.

Taking the volumetric parameters in the experiment as
the reference value, the influences of volumetric parameters
with deviations of + 15% and +30% are shown in Fig. Sa—c.

Figure Sa—c shows that three uncertain volumetric param-
eters are sensitive to volumetric creep in different stages.
Rock creep is divided into stable creep and unsteady creep.
For stable creep, deformation changes over time, but after
the transition creep stage, the deformation rate tends to
zero, and the deformation eventually tends to a stable value
without causing failure. However, during unsteady creep,
deformation develops continuously with time, and the typi-
cal deformation process is transitional creep, steady creep,
and accelerated creep, which eventually lead to failure.

As shown in Fig. 5a, the volumetric viscosity coefficient
in Kelvin elements is the sensitive parameter in the transition
creep stage and affects the duration of the first stage. The
smaller its value, the earlier does its creep enter the stable
stage. As shown in Fig. 5b, the bulk moduli in Kelvin ele-
ments can be the sensitive parameter in the transition creep
stage and stable creep stage and affect the critical deforma-
tion between the transition creep stage and the stable creep
stage. The smaller the bulk moduli in Kelvin elements, the
larger is the critical deformation. As shown in Fig. 5c, the
volumetric viscosity coefficient in Maxwell elements is the
sensitive parameter in the stable creep stage and affects the
slope of the curve in the stable creep stage. The smaller its
value, the larger is the slope of the curve in the stable creep
stage. The deviatoric uncertain parameters play similar roles
in the deviatoric part of Eq. (8) as the volumetric param-
eters do in the volumetric part; therefore, a similar influence
on the creep curve should be considered for the deviatoric
uncertain parameters. Since the plastic part is subject to
the Mohr—Coulomb criterion, the determination of plastic
parameters without innovation is omitted.

Besides the model parameters, the creep curve also
depends on stress; so, the influences of parameters in differ-
ent creep stages under different stress states vary and should
be confirmed by analysis and further parametric calibration.

To improve the prediction accuracy of time-dependent
deformation evolution, the sensitivity analysis is crucial
for parameter calibration. For a system containing k fac-
tors, its system characteristic is defined as P* under a cer-
tain benchmark condition a* = {a’f,a;, ,a;:}. When
each influencing factor changes within its possible range
of values, the system characteristic P will deviate from the
reference state P*. The influence of this parameter on the
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Fig.5 The influence of a volumetric viscosity coefficient in Kel-
vin elements, b bulk moduli in Kelvin elements, and ¢ volumetric
viscosity coefficient in Maxwell elements with deviations of +15%
and +30%

system characteristics is determined by observing the change
of system characteristic P caused by certain changes in the
influencing factors; therefore, the sensitivity function is
expressed as:
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af

L =12,k

AP Aai
= () /()| 2
(11)

where a is the factor ¢; under benchmark conditions; Aa;
is the difference from the benchmark condition value of the
factor @;. P* is the system characteristic; AP denotes the dif-
ference from the system benchmark characteristic. S; ( ai) is
the sensitivity of the factor a;.

This porous creep model is calibrated based on sensitivity
analysis results by adjusting only the most sensitive param-
eters, and the root mean square relative error is adopted as
an objective function to calibrate each parameter.

mos N2
D, (o) = Z(%) / m, (12)
i=1 i

where @, (a,,.) 1S the root mean square relative error, ¥;
denotes calculated data, y; refers to observed data, and m
(m > n) represents the total number of measurement points.
If ®_ (a,0s) is minimized, the parameter calibration is con-
sidered complete.

Ap
Aa;

3.3 Porosity and Permeability as Time-Dependent
Variables

The deformable rock skeleton in the reservoir is a porous
material and the porosity is sensitive to deformation and the
permeability of the rock. The decrease in permeability with
increased confining pressure has been well demonstrated for
a great variety of reservoir rocks and many relationships
linking porosity/permeability and deformation or stress have
been developed. However, fluid pressure derives from the
injection well and propagates to the reservoir during car-
bon storage in deep saline aquifers, changing the pore pres-
sures therein. This pore pressure dissipation, as a long-term
process, depends on the mechanical and physical properties
of reservoir formation and the prevailing multiphase flow
characteristic. The influence of long-term deformation on
porosity and permeability is an issue of critical concern.

Since pore geometry is the fundamental control of
stress-/strain-dependent permeability in porous reservoirs,
for long-term evolution, both porosity and permeability are
time-dependent variables related to stress/strain. It should
be noted that, in spite of the precipitation and dissolution
behaviors in the rock matrix also influencing the skeleton
porosity and permeability, compared with the stress-depend-
ent part, the chemically induced changes in permeability are
ignored.

According to the definition of porosity ¢, it is the ratio of
pore space volume V), to the total volume of the skeleton V,
as @ = ﬁ In mechanics, volumetric deformation ¢, is

t

described as the ratio of volume increment AV, to initial
volume V,. For a porous material, the contribution to the
volume increment in the skeleton comes from the pore and
solid matrix. In view of poro-mechanics (Coussy 2004), the
volume balance relationship is expressed as:

e, = (11— + @ — @, (13)

where €] is the volume dilation undergone by the solid
matrix, and ¢ and ¢, represent the porosity and initial
porosity.

Under the assumption that the pores are absolutely con-
nected, the volume change of solid grains is negligible,
which means that the matrix can be considered as incom-
pressible. Accordingly, we set €] = 0in Eq. (13), giving:

£, =@~ 9 (14)

This means the change of the porosity during creep then
corresponds to the skeleton volumetric deformation. For
long-term deformation, creep volumetric strain reflects the
change in porosity with time. Since permeability and poros-
ity are exponentially related (Rutqvist et al. 2002), combined
with Eq. (13), permeability as a function of volumetric strain
can be derived as:

k=k0.exp<ﬁ>, (15)
Po

where k; denotes the initial permeability and c is a constant
coefficient.

4 Coupling Simulation by TOUGH-FLAC

TOUGH-FLAC links the multicomponent multiphase
flow simulator TOUGH2 with the geomechanical simula-
tor FLAC?P. Tough?2 is a relatively mature software, and
its state module ECO,N is widely used in the calculation
and analysis of multiphase flow of CO, brine mixtures. In
consequence, Tough2 combined with FLAC?P provides the
ability to model the geomechanics of CO, geological seals
(Rutqvist 2011). The application of Tough2-FLAC?® to
study time-dependent hydro-mechanical coupling process
of CO, sequestrate in saline aquifer requires some modifica-
tions to the simulator: the changes in volumetric deforma-
tion with time are considered in the creep model of porosity
as a secondary development tool in Flac®P. The external
coupling modules should be corrected to reflect the rela-
tionship between rock skeleton deformation and reservoir
hydraulic conductivity. Here, we conducted a coupling cal-
culation of the reservoir creep process and time-dependent
changes in permeability during the process of CO, injec-
tion with the application of the TOUGH-FLAC coupled
program. Besides, the time-dependent hydro-mechanical
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coupling model which considers rock skeleton volumetric
creep and time evolution of permeability is expected to be
adopted to describe the long-term hydraulic characteristics
and mechanical stability during/after injection of CO, into
a brine reservoir.

4.1 Numerical Simulation of Porous Creep Model
in FLAC?P

Before presenting the development and implementation of
a time-dependent hydro-mechanical coupling model into
the coupled multicomponent multiphase flow and geome-
chanical software TOUGH-FLAC, a constitutive equation
of porous creep model was embedded in FLAC?P to deduce
the long-term deformation of a porous reservoir rock.

FLAC3P, when edited by object-oriented C + +, is con-
venient and simple with regard to the addition of a user-
defined constitutive model. To demonstrate the creep proper-
ties of porous sandstone, the creep constitutive model was
programmed to incorporate this secondary development of
the Burger-creep visco-plastic model. On that basis, the .4
and .cpp files were modified to generate the new dynamic
link library file as then used for subsequent numerical
calculations.

According to the finite difference method, differential
forms of the creep constitutive equation for this porous creep
model can be derived from relationships in Table 1. By using
the superscripts N and O to refer to the new and old data in
each time step, the new volumetric strain in the Kelvin ele-
ment is expressed as:

kN _ 1 kKo, At (/N 0
evo] - A_m[Bmevol + 2’7E <6m+o-m):|’ (16)
— KAt 4 KXA:r
where Am =1+ ﬁ’Bm =1 P

Similarly, the new deviatoric strain in the Kelvin element
is given as:

kN _ 1 Ko , At (N | 4O

e; _A_S[Bseif +W(SU+SU>]’ (17)
_ GXArp 1 _ GFAr
where A, =1+ 2 B, =1 e
The new updated mean stress is expressed as:
B
o/N = 1 aey, + bpo® — [ = —1 )80, (18)
am Am

1 At 1 1 1 At 1 1
wherea, = — + = = b,==—->= .
m= gt 2<WM+H,‘§Am> "KM 2<m‘}3+nEAm>

The new updated deviatoric stress is deduced as:

B
=1 [Ae,j +b,S'] - <X - 1>e§.’0], (19)

aS S
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s T 2GM + 4 <ng4 + KA, )’ s T ogM 4 \(yM + nKa,

Then, the porous creep model is calculated by following
the flowchart as shown in Fig. 6.

4.2 TOUGH2-FLAC?® Joint Simulation
of the Time-Dependent Hydro-mechanical
Coupling Model

A time-dependent hydro-mechanical coupling model was
established on the framework of the TOUGH2-FLAC?P
coupled simulation by taking advantage of the component-
based programming design approach. External modules
were designed for joint programs as relatively independent
components from TOUGH2 and FLAC?P, which can be
compiled, linked, and operated separately. The calculation
process can be divided into two phases (Wei et al. 2013): one
is the initialization phase necessary to acquire the informa-
tion pertaining to the initial pore fluid pressure field, tem-
perature field, and initial geostress field; the other involves
iterative calculation between Tough2 and Flac?P.

Based on the component-based programming design
approach originally proposed by Rutqvist (Rutqvist 2011),
disk files were compiled to deliver data in each Newtonian
iteration: the data direction and order were controlled by a
DOS batch sequence, as well as the entire computational
step. The disk data of the whole coupling computation can
be divided into the following four categories: pre-processing
files, functional files, transitional files, and results files. The
pre-processing command files are called to modify the input
parameters required for the calculation model and target in
Tough?2 and Flac®P. Functional files are written to extract
the node, element, or stress information from mechanical
calculation and a transition file is generated and called by
the executable program to exchange data as input or output
parameters.

The initialization of the coupling calculation process is
conventional for time-dependent and time-independent con-
ditions; however, the mechanical model of iterative calcula-
tion in previous research does not consider the time-depend-
ent deformation within the reservoir rock. As a result, the
porous creep model is configured in a mechanical simula-
tor. For iterative calculations, Tough2 and Flac®® were used
to calculate the results and update the input parameters at
each time step. It is worth noting that each time step for the
iterative calculation process is different from a creep time
step which is an independent iterative process in mechanical
property calculation terms.

Moreover, the external module (A) was explored to update
the pore pressure and density in input files to mechanical
simulation. Meanwhile, the external module (B) was devel-
oped to correct these parameters in input files to the Tough2
simulation according to the mechanical calculation results
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Fig.6 Flowchart through the
porous creep model in FLAC3P
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<
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According to the Eqs. (18-19), the first mean stress and deviatoric stress are
calculated respectively (the total strain increment in the formula is given by the

variable StnE in the structure; the plastic strain increment is first set to 0)

M-C criterion?

'

Does the element yield under

the new stress according to the

Correcting the
stress by
Mohr-Coulomb

Substituting the stress into Eqs. (16) and (17) to get the strain increment

of Kelvin component in current time-step

'

The main program calculates the

out-of-balance force, node velocity, and

node displacement from corrected stress

and the evolutionary relationship formula of permeability
and porosity. The process of iterative calculation between
Tough?2 and Flac®® is shown in Fig. 7.

FLAC?P determines
whether the imbalance is

convergent?

Complete the

loop or not?

"

With the application of the iterative calculation between
Tough?2 and Flac®P equipped with a porous creep model, the
long-term deformation and hydraulic properties of reservoir
rock during CO, injection were evaluated.

@ Springer



5856

H.Zheng et al.

Tough2

Tough2
result file

Update:

* Permeability

« Capillary pressure
« Porosity

Function of volumetric strain
c

Je= 1k, - exi &,

0

External module A External module B

Creep model for porous

Update: sandstone
« Pore pressure Flac3D
« Density result file

FLAC3D

Fig.7 The process of iterative calculation between Tough2 and
Flac®®

According to the initial and boundary conditions in the
above experiment, the simulation of a specimen subject to
triaxial stress conditions with the flow-through of NaCl solu-
tion mixed with CO, was demonstrated. The initialization
of the geostress field, pore fluid pressure field and geother-
mal field should be undertaken before the hydro-mechanical
coupling process. Based on initialization calculations, the
surrounding temperature is about 25 °C, the initial pore
pressure P is about 1 MPa and the initial triaxial stresses
are the radial pressure ¢, of 10 MPa and the axial stress o,
of 20 MPa. Figure 8 shows the geometric dimensions and
simulation conditions.

In the process of NaCl solution with mixed CO, pen-
etration, the internal flow-through path in the triaxial test is

6,=20MPa

P=0MPa

—fo-{o

BdINOT

25°C

P=1MPa

CO, & 0.1 mol/L
NaCl solution

Fig.8 Dimension and test conditions for the cylindrical specimen
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Fig. 9 The sensitivity curves of a volumetric parameters and b devia-
toric parameters

bottom-up. The pressure at the lower end of the rock sample
is 1 MPa, and the pressure at the upper end is 0 MPa. Driven
by the pore pressure difference, the fluid in the sandstone
pores moves upward along the pore channels, and the axial
and lateral displacement of the sample can be observed
simultaneously: the initial composition of the NaCl solution
with mixed CO, at the lower end of the rock sample is kept
the same as that used in the experiment by specifying the
same input parameters such as salinity, temperature, pres-
sure, and potential CO, saturation ability.

The model parameters were determined as described in
Sect. 3.2. Furthermore, the sensitivity analysis of uncertain
parameters was undertaken by setting the objective function
of volumetric and deviatoric creep deformation in Eq. (12)
as the system characteristic, respectively: the deviations are
set to+ 15% and +30% in Table 3.

As shown in Fig. 9, under these experimental conditions,
the most sensitive parameters affecting the volumetric and
deviatoric creep curves are the bulk and shear moduli of
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Table 3 Parameters for Deviation value KX(Pa) MPah)  nKPah) GX(Pa)  qM(Pah)  nX(Pah)
sensitivity analysis of m m s s
volumetric parameters and -30% 6.11x 1010 1.98x10% 3.89x 10! 1.42x10° 2.97x10"2? 9.67x10'°
deviatoric parameters —15% 7.43%10'° 240x10"% 472x10" 1.72x10' 3.61x102 1.17x10'!
0 8.74% 1010 2.83%10" 555x10"" 2.03x10"0 4.24x10" 1.38x10"
15% 1.00x 10" 3.25%10"% 6.38x10" 2.33x10'" 4.88x10% 1.59x10"
30% 1.14x 10" 3.68x10" 7.22%x10" 2.63%x10'° 552x10" 1.80x10"!

Kelvin elements, respectively; therefore, the parameter cali-
bration is optimized by minimizing the objective function.
Combined with other parameters, and referring to previous
research (Zheng et al. 2015), in this porous rock, the cor-
responding model parameters of mechanical calculation
are summarized in Table 4. The boundary and initial con-
dition parameters for iterative calculation are summarized
in Table 5, and other parameters are set with reference to
general settings in Tough?2.

Sodium chloride solution at a concentration of 0.1 mol/L
is saturated with CO, under a constant pressure of 1 MPa at
a steady temperature of 25 °C, and the mixed fluid is con-
tinually injected at a constant pressure of 1 MPa. As a dilute
solution, the density of the mixed fluid is approximately 1 g/
cm?. The solubility of carbon dioxide in10 mmol/L NaCl
solution increases with the pressure, so the solubility of car-
bon dioxide decreases gradually along the flow-through path,
and the dissolved carbon dioxide escapes in the form of gas
phase at the low-pressure end of the system. The most direct
influence of the change in the carbon dioxide phase on the
flow-through process is the phase saturation and relative per-
meability of each phase in the pore. Based on the assumption
of isotropic materials and continuous deformation, only one
direction of seepage action is considered in the pore fluid
migration equation in Tough2. Then, the simulation of the
flow-through process is simplified to one dimension.
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Fig. 10 Comparison of numerical simulation results and experimental
results: a the volumetric creep curve and b the lateral creep curve of
sandstone under the flow-through of NaCl solution mixed with CO,

. . . (under a radial pressure of 10 MPa and an axial stress of 20 MPa)
Table4 The corresponding model parameters used in mechanical

calculation (under a radial pressure of 10 MPa and an axial stress of

20 MPay After 120 h, the iterative calculation had been completed.
KMPa)  K¥(Pa) M@Pah)  n¥Pah) ¢ MPa) $(°) The volumetric strain was calculated through tracing the
3.25x10° 9.81x10" 2.83x10" 555%x10'' 7.37 15.42 deformation data of observation point in the middle cross
GM(Pa)  GX(Pa) nM(Pah) nK(Pah) w(°) o' (MPa)  section of the rock sample and extracting the axial and
249%10° 2.48x10'0 424x10'2 1.38x10'" 0 1.5 radial deformation data from the final result file. As shown

in Fig. 10, numerical simulation results and experimental

Table 5 The boundary and initial condition parameters for iterative calculation

o, (MPa) o0,=0; (MPa) Pore pressure at the inlet (MPa) Initial permeability (m?) Initial porosity Initial NaCl concentration Temperature
(mol/L)

20 10 1 4%x10718 0.2135 0.1 25°C
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Fig. 11 The evolution of perme-
ability in the vertical section of
rock sample at different times

Permeability
(X10-19m?)

t=10 hours

t=70 hours

results of volumetric creep curve and lateral creep curve of
sandstone under the flow-through of an NaCl solution mixed
with CO, were compared.

Permeability as an input parameter in Tough2 and the
output parameter in the external module B were updated in
each iterative loop. During the 120 h of this creep experi-
ment, permeability of the vertical section in the rock sample
at different times was extracted from each result. As shown
in Fig. 11, the permeability in the representative vertical sec-
tion zone is decreased with prolonged creep. Results show-
ing the pore pressure gradient is illustrated in Fig. 12: the
permeability decreases along the seepage path from the inlet
(bottom) to outlet (top) in the corresponding vertical section
at each time. This means that the greater the pore pressure to
which the zone is subjected, the bigger is the contribution to
the volumetric strain from pore expansion and the more per-
meable is the zone. At the scale of amplification, as shown
in Fig. 12b, the evolution of permeability alone the seepage
path is demonstrated.

To compare with the hydraulic conductivity of sandstone
in experimental results, the outflow data of all the outlet
zones in the rock sample in each iterative step were extracted
from the result files of Tough2. The hydraulic conductivity
was calculated by the flow rate per unit cross-sectional area,
differential pore pressure between the bottom and top of the
sample, density, and viscosity. As shown in Fig. 13, numeri-
cal simulation results and experimental results of hydraulic
conductivity of sandstone under the flow-through of an NaCl
solution mixed with CO, were compared.

To compare data with the simulated results under differ-
ent stress states, the rock sample from the same source was
subjected to a radial pressure o, of 5 MPa, and an axial stress
o, of 10 MPa, while the other conditions of the mixed flow-
through that are the same as the aforementioned experiment,
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such as the composition ratio, the surrounding temperature,
and the initial pore pressure, were examined. Except for the
stress state, the boundary and initial condition parameters
are as listed in Table 5. By iterative solution of the data
in the previous stage, the model parameters were obtained
(Table 6).

As shown in Fig. 14a and b, numerical simulation results
and experimental results of volumetric creep curve and lat-
eral creep curve of sandstone under a radial pressure o, of
5 MPa and an axial stress o; of 10 MPa were compared.

By comparing the variations in these parameters of simu-
lation results under different stress states, the increasing con-
solidation effect of the confining pressure on porous sand-
stone can be accounted for by the associated increases in the
elastic deformation parameters, as well as the decrease in the
initial hydraulic conductivity. The parameters with respect to
deviatoric viscous behavior and volumetric viscous behavior
were affected differently by the stress state. The more com-
pact the material, the harder it was to deform and penetrate.

The volumetric creep curves under different stress states
are in good agreement with the experimental data, while the
simulated hydraulic conductivity was greater than that meas-
ured. The contributions to the changes in porosity and per-
meability not only come from the mechanical deformation,
but also include those arising from mineral dissolution and
precipitation. That means the difference may be due to the
neglect of any chemical action and its effect on pore structure.

5 Conclusions and Discussion

Porosity and permeability in saline reservoir, as evaluation
parameters of the CO, storage volume in a saline aquifer and
range of CO, migration, play a significant role in optimizing
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Fig. 12 Pore pressure gradient distribution (a) and contour of perme-
ability at 120 h (b) in the vertical section of the rock sample

the injection rate and pressure of CO, and assessment of
geological carbon storage potential. For long-term processes
activated by hydraulics of pore fluid (CO, and brine) and
mechanics of reservoir rock, the time-dependent influences
of evolving permeability and deformation on carbon dioxide
geological storage in deep saline aquifer were investigated
using different methods.

In test methods, triaxial creep tests with the flow-through
of NaCl solution mixed with CO, were implemented at a
constant 25 °C. As the test results show, both the defor-
mation of reservoir rock and hydraulic conductivity are
time dependent: the axial, lateral, and volumetric deforma-
tion increased with time, while the hydraulic conductivity
diminished with time. Subsequently, based on long-term
hydro-mechanical laboratory testing, a theoretical method
was utilized by referring to an established time-dependent
hydro-mechanical coupling model.

In the theoretical models, the relationship between
mechanical process and hydraulic conduction process is
generally established as one that includes stress-dependent
or strain-dependent permeability. In the view of the mechan-
ics of porous media, porosity is closely related to the defor-
mation of the porous rock skeleton. In this article, based
on the porous creep model, permeability was established as
the function of volumetric deformation by means of poros-
ity. After CO, injection, the formation pressure dissipates
and enters normal and constant conditions in the reservoir
and the rapid expansion or compression of the storage space
does not occur, but, as a material undergoes time-dependent
deformation, the reservoir rock is subject to a creep process
that also contributes to the changes in its hydraulic conduc-
tivity. In consequence, strain-dependent permeability rela-
tionships combined with the porous creep model are suit-
able to describe the long-term evolution of reservoir rock
hydro-mechanical coupling processes. Besides the long-term
strain-dependent permeability evolution of the reservoir,
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Fig. 13 Comparison of numerical simulation results and experimental
results: hydraulic conductivity of sandstone under the through-flow of
NaCl solution mixed with CO,

other problems beyond the scope of this article such as the
subsidence caused by groundwater extraction and the creep
characteristic of pore geomaterial could be solved by the
porous creep model.

The coupled multicomponent multiphase flow and
geomechanical simulator TOUGH-FLAC can be applied
to verify the time-dependent hydro-mechanical coupling
model, including a porous creep model and a time-depend-
ent relationship between permeability and volumetric strain
of reservoir rock. Previous studies (Wei et al. 2013; Rutqvist
et al. 2006; Rutqvist, 2011) could be referred to for details of
the whole iteration and circulation process between TOUGH
and FLAC; however, in the present work, only the embedded
creep model for porous sandstone in FLAC and the exter-
nal module to corrected permeability and porosity in input
files to the Tough simulation are described as two theoretical
innovations. Then, the volumetric deformation was extracted
from the result files of Flac®P based on strain data in the
lateral and axial directions, and at each iterative step, the
outflow data from all the outlet elements in the rock sample
were extracted from the result files of Tough? to calculate
the hydraulic conductivity.

As the simulated results under two different stress states,
the volumetric creep curves better match the experimental
value than the case with the hydraulic conductivity. Along
the flow-through path, minerals dissolve in dilute concentra-
tion and precipitate in supersaturated condition at solid-lig-
uid contact surfaces; meanwhile, minerals dissolve under
higher stress at intergranular contact points and precipitate
under lower stress at the free face around the mineral grains.
The chemical dissolution and precipitation process occurs
between sandstone and the NaCl solution mixed with CO,;
whether it is the pressure dissolution process of particle con-
tact surface or the dissolution and precipitation of pore free
surfaces, it will lead to a change in pore volume. Hence, the
chemical dissolution and precipitation processes induce lit-
tle difference to the simulated results and experiment data.
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Table 6 The corresponding
model parameters used in
mechanical calculation (under a
radial pressure of 5 MPa and an
axial stress of 10 MPa)

KM (Pa)
3.01x10°
GM (Pa)
1.64x10°
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1.03x 10!
GK (Pa)

1.61x 10

™M (Pah) nX (Pah) c (Pa) ¢ ()
291x10" 8.72x 10" 7.37%10° 15.42
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Fig. 14 Comparison of numerical simulation results and experimen-
tal results: a the volumetric creep curve, b lateral creep curve, and ¢
hydraulic conductivity of sandstone under the flow-through of NaCl
solution mixed with CO, (under a radial pressure of 5 MPa and an
axial stress of 10 MPa)

Therefore, equipped with the porous creep model and the
external module, the capability of the TOUGH-FLAC joint
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calculation software is demonstrated on time-dependent
hydro-mechanical coupled problems related to long-term
geological storage of carbon dioxide.

It is noted that the permeability as a function of volu-
metric strain in Eq. (15) is the absolute permeability, which
is an intrinsic property of reservoir rock that does not vary
with the properties of the fluid flowing through it. Due to the
outflow data acquisition method used during flow-through
experiments, hydraulic conductivities derived from the use
of Darcy’s law were used to describe how easily the liquid
phase can pass through the pore skeleton. From a more rig-
orous perspective, the hydraulic conductivity used herein
should be defined as the effective hydraulic conductivity of
the liquid phase. Since the gas flow data in the test were not
obtained for comparison with data arising from numerical
simulation, there is no need to distinguish between the types
of hydraulic conductivity used for each of the two phases.

Limited by the lack of field data for geological storage
of carbon dioxide within a certain time frame, the feasibil-
ity of the time-dependent hydro-mechanical coupled model
and its calculation method were verified only on the scale
of the available experimental data: however, it provided a
new decision-making factor for schematic comparison of
the target reservoir from the perspective of long-term perme-
ability evolution. The stronger the time-dependent mechani-
cal properties displayed by the reservoir rock, the smaller is
the extent of the spread of carbon dioxide in the reservoir
after sealing the well. Therefore, based on the numerical
model applied in triaxial creep tests with the flow-through
of NaCl solution mixed with CO,, the time-dependent
hydro-mechanical coupling mechanism from experiment
and numerical computation method could be applied to
the analysis of CO, sequestration in deep saline aquifers
for long-term evaluation of sequestration potential at large
scale. With the application of the iterative calculation pro-
cess between Tough2 and Flac®P, permeability evolution in
the formation rock with changing pore pressure during or
after CO, injection could be deduced to overcome problems
in reservoir storage capacity and caprock impermeability. In
consequence, this result provides a theoretical foundation for
the demonstration and optimization of site selection, injec-
tion scheme, and related parameters in deep CO, sequestra-
tion operations.
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